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摘  要 

在Co(II)离子中，d轨道上总共有7个电子，其中3个为不成对电子。由于它的轨道角动量未淬灭且自旋轨

道耦合相对较强，CuII表现出明显的磁各向异性，使其成为磁性材料中优良且稳定的自旋载体。同时，

CuII容易氧化为CoIII，在配位环境中通常表现出抗磁性行为。这一特性在3d-4f单分子磁体(SMMs)中被用

作磁稀释剂，有效抑制QTM。研究人员利用这些特性合成了许多钴–稀土(Co-Ln)SMMs。因此，本文通

过对近年来典型的钴–稀土单分子磁体进行综述，以期为3d-4f单分子磁体的发展奠定一定的基础。 
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Abstract 
In the Co (II) ion, there are a total of 7 electrons present in the d orbitals, including 3 unpaired 
electrons. Due to its unquenched orbital angular momentum and relatively strong spin-orbit cou-
pling, CoII exhibits significant magnetic anisotropy, making it an excellent and stable spin carrier 
within magnetic materials. Simultaneously, CoII readily undergoes oxidation to CoIII, which often 
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exhibits diamagnetic behavior in coordination environments. This property is harnessed in 3d-4f 
single molecule magnets (SMMs)to serve as a magnetic diluter, effectively suppressing QTM. Re-
searchers have exploited these characteristics to synthesize numerous Co-Ln SMMs. 
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1. 引言 

单分子磁体领域的研究始于 90 年代初，意大利科学家 Sessoli 等[1] [2]报道了一例具有高自旋态的混

合价锰的簇合物，并且发现该化合物具有磁体行为。单分子磁体(single-molecule magnets, SMMs)是一类

纳米尺度的磁性材料，由于其具有特殊的量子特性，在量子比特、高密度信息存储和分子自旋电子学等

方面具有潜在的应用价值而备受关注。相对于传统的磁性存储材料，单分子磁体尺寸通常小于 3 nm，且

每个分子高度一致，可以在性质上保证完全一致。此外，单分子磁体在化学上易于调控，且可以溶解在

普通溶剂中，易于成膜，可降低成本。 
在过去的十几年里，关于 f 元素的配合物发表数量呈指数级增长，这些化合物大多都显示出磁矩的

缓慢弛豫。稀土离子具有显著的单离子各向异性，大的磁矩使其成为 SMMs 的优良自旋载体。然而，由

于 4f 轨道的有限径向伸展展现出了非常弱，甚至没有交换作用的现象。而其中一种提供强磁交换相互作

用的方法是将 3d 离子引入 4f 系统，并且分子的大基态和磁各向异性可以通过控制磁交换相互作用力来

引导。通过增加配合物中 3d 和 4f 离子之间的磁耦合，利用 4f 离子的单离子各向异性来增加有效能垒(Ueff) 
[3]。因此，利用 f 元素的大磁矩和各向异性，3d-4f 磁耦合抑制量子隧穿效应(QTM)，从而获得高性能的

3d-4f SMMs [4]-[10]。 
在 Co(II)离子中，d 轨道上总共有 7 个电子，其中 3 个为不成对电子。与镧系金属离子相比，虽然

3d 过渡金属离子没有很强的自旋轨道耦合和磁矩，但是其受配体场的影响较大。通常，弱的配体场会导

致电子基态和激发态之间的 d 轨道能量分裂能隙变小，进而使自旋轨道耦合最大化，从而增强磁各向异

性[11]-[13]。同时，CoⅡ容易氧化为 CoⅢ，在配位环境中通常表现出抗磁性行为。为了实现对于建立 3d-4f
稳定构型的控制，进行大量的实验探究是必不可少的，归根结底，如果结构能够稳定建立，应该是合成

显示出某种特定属性的目标配合物，但显然，实现这一目标还是一个漫长的过程。因此，本文通过对近

年来典型的钴-稀土单分子磁体进行综述，以期为 3d-4f 单分子磁体的发展奠定一定的基础。 

2. 钴–稀土单分子磁体的研究进展 

目前，已报道的钴–稀土单分子磁体如表 1 所示，本论文仅选其中一些例子进行描述，并根据其核

数进行分类，以研究其结构与磁性行为之间的关系。 

2.1. [Co2Dy]型单分子磁体 

近年来，随着人们对稀土配合物的不断研究，由镧系金属与有机配体形成的多功能配合物在许多领
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域表现出了其特殊的应用价值。2012 年唐金魁研究组利用多齿席夫碱配体成功合成了一例线性四核配合

物[Co2Dy2(L1)2(CH3COO)4(OH)2(H2O)2] (ClO4)2 4CH3CN (1，H2L1 = N1，N3-双(3-甲氧基水杨亚胺)二乙烯

三胺) [14] (图 1)。相较于其他配合物而言，所得配合物 1 结构简单。磁性研究表明，在高于 6 K 的弛豫

过程中遵循热激活 Orbach 弛豫。根据公式拟合，有效能垒为 33.8 K，τ0 为 3.73 × 10−6 s。低于 6 K 时，数

据偏离了 Orbach 弛豫，表明热激活弛豫过程逐渐被直接过程所取代。由于存在抗磁性 CoⅢ，配合物 1 中

的磁核可视为由四个乙酸盐配体连接的 Dy2 系统。抗磁部分有效降低了 Dy2 二聚体磁核之间的磁相互作

用，从而提高了 SMM 的有效能垒。 
 

Table 1. The magnetic data of Co-Ln SMMs 
表 1. 钴–稀土单分子磁体的磁性数据 

Complexes Hdc/k
Oe Ueff/K τ0/s v/m 

T/s TB/K Ref 

[Co2Dy2(L1)2(CH3COO)4(OH)2(H2O)2]·(ClO4)2·4CH3C
N (1) 0 33.8 3.73 × 10−6   [14] 

[Co2Dy(valdien)2(OCH3)2(chp)2] (2) 2 71.4(4.2) 5.6(0.3) × 10−6   [15] 
[Co2Tb(valdien)2(OCH3)2(chp)2] (3) 2 32.3(2.6) 2.5(1.1) × 10−10   [15] 

Dy2Co2(L2)10(bipy)2 (4) 0 118(3) 1.85 × 10−11   [16] 
[DyCo(CN)6(hep)2(H2O)4] (5) 2 63 7.1 × 10−11   [17] 
[Dy2CoⅡ(C7H5O2)8]·6H2O (6) 0 127.27(2) 1.69 × 10−9   [18] 

[Co2Dy((L3)Br)2(H2O)]NO3·3H2O (7·3H2O) 0 422 2.4× 10−11   [19] 
[Co2Dy((L3)Br)2(H2O)]NO3 (7) 0 600 1.4× 10−11   [19] 

[Co2Dy((L3)Br)2(H2O)]NO3 (7·H2O) 0 522 1.8× 10−10   [19] 
[Co2Dy(TTTTCl)2(MeOH)]NO3·3MeOH (8) 0 401(13) 1.3(6) × 10−10   [20] 

[Co2Dy(TTTTCl)2(MeOH)] [Co(HTTTTCl)] (9) 0 536(10) 3.8(10) × 10−11 20 10 [20] 
(PPh4)[Dy2(bbpen)2{Co(CN)6}]·3.5MeCN (10) 2 1075(22) 4.51 × 10−13   [21] 

[L4CoYCoL4]NO3·CH3OH 2 53 K 7.66 × 10−7   [22] 
[L5CoYCoL5]NO3·CH3OH 2 51.3 2 × 10−6   [22] 

[L5CoGdCoL5]NO3 0 29.4 1.47 × 10−7 2 1.1 [22] 
[L5CoGdCoL5]ClO4·2CHCl3 0 27.4 1.50 × 10−7 2 1.6 [22] 

[L5CoGdCoL5](C5HF6O2) 0 29.5 1.3 × 10−7 2 1.6 [22] 
[Co2Dy2(L1)2(pdm)2(CH3COO)2(CH3OH)2] 0 64.6(1) 1.3(7) × 10−6   [23] 
[Dy2CoⅢ2(OMe)2(teaH)2(O2CPh)4(MeOH)4] 

(NO3)2·MeOH·H2O (11) 0 88.8(2) 5.64 × 10−8   [24] 

[Tb2CoⅢ2(OMe)2(teaH)2(O2CPh)4(MeOH)4] 
(NO3)2·MeOH·H2O (12) 1 14.31(1) 2.84 × 10−6   [24] 

[Dy2CoⅢ2(OMe)2(dea)2(O2CPh)4(MeOH)4] (13) 0 102.9 6.05 × 10−8   [25] 
[Dy2CoⅢ2(OMe)2(mdea)2(O2CPh)4(NO3)2] (14) 0 78.6 1.03 × 10−7   [25] 

[Dy2CoⅢ2(OMe)2(bdea)2(O2CPh)4(MeOH)4] (15) 0 114.4 3.38 × 10−8   [25] 
[Dy2CoⅢ2(OMe)2(teaH)2(acac)4(NO3)2] (16) 0 27 8.1 × 10−6   [26] 

[Dy2CoⅢ2(OH)2(teaH)2(acac)4(NO3)2]·4H2O (17) 0 28 7.4 × 10−6   [26] 
[Dy2CoⅢ2(OMe)2(mdea)2(acac)4(NO3)2] (18) 0 38 2.6 × 10−6   [26] 

[CoⅢ2Dy2(OMe)2(O2CPh-2-Cl)4(bdea)2(NO3)2] (19) 0 114.9 1.8 × 10−8   [27] 
[CoⅢ2Dy2(OMe)2(O2CPh-4-tBu)4(bdea)2(NO3)(MeOH)3

] (20) 0 137.3 5.6 × 10−8   [27] 

[CoⅢ2CoⅡDy(OH)(O2CPh-4-OH)(bdea)3(NO3)3(MeOH)
] (21) 1.5 167.3 3.4 × 10−7   [27] 

[CoⅢ2Dy2(OMe)2(O2CPh-2-CF3)4(bdea)2(NO3)2] (22) 0 125.8 1.4 × 10−8   [27] 
[CoⅢ2Dy2(mdea)4(hfacac)3(O2CCF3)(H2O)] (23) 0 32.3 1.4 × 10−6   [27] 

[CoⅢ2Dy2(μ3-OH)2(o-tol)4(mdea)2(NO3)2] 0 116.9(2) 9.8 × 10−9   [28] 
[CoⅢ2Tb2(μ3-OH)2(o-tol)4(mdea)2(NO3)2] 5 49.2 6.6 × 10−11   [28] 
[Co2Dy2(L6)4(NO3)2(THF)2]·4THF (24) 0 117.4 6.2 × 10−7 235 3 [29] 
[Co2Dy2(L6)4(NO3)2(MeOH)2]·2CH2Cl2 0 104.8 9.2 × 10−7   [30] 
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续表 

[Co2Dy2(L6)4(NO3)2(DMF)2]·2C2H6CO 0 94.5 .2 × 10−6   [30] 
[Dy2Co2(L5)4(NO3)2(DMF)2]·2DMF 0 125.1 2.67 × 10−6   [31] 

[Dy(4-MMNO)(H2O)5][Co(CN)6] (25) 0 595(3) 1.29 × 10−11 50 25 [32] 
[CoDy3(HBpz3)6(dto)3]·4CH3CN·2CH2Cl2 (26) 0.8 52 3.6 × 10−8   [33] 

[Co4Dy2(μ3-O)2(μ-N3)2(OH)2(H2O)2(HL7)4] 0 73.5 1.86 × 10−8   [34] 
[L82CoII2GdⅢ][NO3] 0 27.2 1.7 × 10−7   [35] 

[Co2Dy10(L9)4(OAc)16(SCN)2(MeCN)2(H2O)4(OH)2(μ3-
OH)4]·2Co(SCN)4·H2O·2MeCN·2H2O 0 25 3.14 × 10−6   [36] 

[CoⅢ2Dy4(OH)2(ib)8(bdea)2(NO3)4(H2O)2]·2MeCN 0 26.6 2.26 × 10−5   [37] 
[CoⅢ3Dy3(µ3-OH)4(O2CtBu)6(teaH)3]·(NO3)2·H2O 2 17.5 2.3×10−6   [38] 

[Dy2Co2(2, 3-DCB)10(2, 2’-bpy)2] 2 2 7 × 10−5   [39] 
[Dy2Co8(μ3-OCH3)2(L10)4(HL10)2(OAc)2(NO3)2(CH3CN

)2] 0 14.89 1.68 × 10−7   [40] 

[Dy4Co6(L10)4(HL)2(OAc)6(OCH2CH2OH)2(HOCH2C
H2OH)(H2O)] 0 5.49 2.88 × 10−5   [40] 

[Dy2Co4(L11)4(NO3)2(OH)4(C2H5OH)2]·2C2H5OH 0 27.50 3.36×10−8   [41] 
[CoII4Dy4(L12)4(μ1,3-Piv)4(μ1,1,3-Piv)2(η1-Piv)2(μ3-OH)4(

MeOH)2] 0 12.5 1.51×10−6   [42] 

[CoⅢDy(CH3CN)0.5(L13)3(NO3)3] 3 2.58 3.11×10−5   [43] 
[CoⅢ2Dy4(μ3-OH)2(NO3)4(OAc)4(L32)4(DMF)2]·2C2H5

OH 0 27.8 1.94 × 10−7   [44] 

[DyCo(CN)6(H2L14)(H2O)(DMF)]2·5H2O 1 11.17 1.36 × 10−6   [45] 
[CoⅢ2Dy3Na(CH3CH2COO)6(OH)6(NO3)4(H2O)2] 0 60.3 9.6 × 10−8   [46] 

[Dy18CoIICoⅢ6(OH)14(CO3)9(CH3CH2COO)6(dea)12(H2
O)30] 0 3.53 6.03 × 10−6   [47] 

[Ni(L15)Dy(H2O)4][Co(CN)6]·3H2O 0.8 47.02 6.7 × 10−9   [48] 
[Dy(pyzic){Dy3Co2(pyzha)6(*pyzha)(NO3)2(H2O)(MeO

H)2}]2 0 1.46 2.4 × 10−5   [49] 

Dy[CoⅢ(CN)6] 2 58.3(5) 1.76(13)×10−6   [50] 
[(L16)4Ru2Co2](BF4)4 3 12.58 3.1 × 10−5   [51] 

[Nd(18-crown-6)(H2O)4][Co(CN)6]∙2H2O 0.8 37.0 2.9×10−8   [52] 
[CoⅢ4Dy3(L17)4(μ4-O)2(μ-OMe)2(μ1,3-OAc)4(H2O)2(NO3

)2]·NO3·3CH3OH·1.5H2O 0 73.5 9.40 × 10−7   [53] 

[CoⅡ4Gd(OH)2(chp)4(saloh)5(H2O)(MeCN)(Solv)] 2 86 6.95 × 10−12   [54] 
[CoⅡ4Dy(OH)2(chp)4(saloh)5(H2O)(MeCN)(Solv)] 2 66 3.43× 10−7   [54] 

[CoⅡDy (R-HL18)(hfac)5] 1.5 297.4 4.7 × 10−10   [55] 
[Co2Eu(NO3)(Piv)6(EtPy)2] 1 4 4.7 × 10−6   [56] 

Co(μ-L19)(μ-CCl3COO)Y(NO3)2] 1.2 8.4(6) 3.2(4) × 10−6   [57] 
[Co(μ-L19)(μ-CH3COO)Y(NO3)2]·CH3CN 1.2 11.0(4) 2.5(2) × 10−6   [57] 

[Co(μ-L19)(μ-PhCOO)Y(NO3)2]·3CH3CN·2H2O 1.2 13.7(8) 2.6(4) × 10−6   [57] 
[Co(μ-L19)-(μ-tBuCOO)Y(NO3)2]·CHCl3·2H2O 1.2 18.7(6) 7.4(9) × 10−7   [57] 

[Co6Dy2(O)2(dhpb)6(NO3)2(DMF)2] 0 11.1 2.8 × 10−7   [58] 
[Co6Ho2(O)2(dhpb)6(NO3)2(DMF)2] 1.5 7.3 2 × 10−7   [58] 

[CoⅢ2Dy2(HL20)L20{(py)2CO2}{(py)2C(OCH3)O}(NO3)
4CH3OH] 0.6 59.4(9) 3.1(1) × 10−8   [59] 

[CoⅢ{(py)2C(OH)O}2][CoⅡ 2DyⅢ 4DyⅢ(HL20)4(L20)4] 0.8 10.9(6) 3.5(3) × 10−8   [59] 
[Co2Dy2(L21)4(Ac)2(DMF)2]·3CH3CN 0 15 2.37 × 10−5   [60] 

Na[CoⅢ2CoⅡCe0.65Dy0.35(H3L22)2(OAc)2(NO3)2]Cl2⋅
4H2O 1.5 2.13 1.03 × 10−4   [61] 

[Co2La(HL42)4(NO3)] (NO3)2 1.5 10.65 1.6 × 10−4   [62] 
[Co2Pr(HL42)4(NO3)] (NO3)2 2 15.03 2.63 × 10−7   [62] 
[Co2Gd(HL24)4(NO3)](NO3)2 0 6.69 3.73 × 10−8   [63] 
[Co2Tb(HL24)4(NO3)](NO3)2 0 1.0 3.15 × 10−5   [63] 
[Co2Dy(HL24)4(NO3)](NO3)2 0 0.58 s 3.86 × 10−5   [63] 
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续表 

[CoⅢ2Dy4(μ3- 
OH)2(NO3)4(OAc)4(L25)4(DMF)2]·2C2H5OH 0 31.6 5.66 × 10−6   [64] 

[Dy2Co(2, 3-pzdc)4(H2O)4]·4H2O 2 5 10−5   [65] 

[L26CoⅢBr2Dy(acac)2]·CH2Cl2 0 167.66(0.
03) 8.28(5) × 10−8 5 3.5 [66] 

[L27CoⅢCl2Dy(acac)Cl(MeO)] 0 118.72(4.
27) 4.76(2) × 10−7 5 3 [66] 

[L27CoⅢCl2Dy(acac)Cl(H2O)] 0 75.28(13.
02) 3.47(1) × 10−6 5 3 [66] 

[L27CoⅢCl2 Dy0.05Y0.95 (acac)Cl(H2O)] 0 128.27(9.
61) 4.51(1) × 10−7 5 4 [66] 

[CoⅡ5EuⅢ4(OMe)8(OAc)12(NO3)2(MeOH)6]·4MeOH 2 16.4    [67] 
[CoⅡ5DyⅢ4(OH)2(OMe)6(OAc)10(NO3)4(MeOH)6]·4Me

OH 0 7.4    [67] 

[(μ3-CO3){CoⅡDyⅢL28(μ3-OH)(OH2)}3](ClO4)·3H2O 1 9.2 1.0 × 10−7   [68] 
[Co(H0.5L29)Dy(DBM)2(H2O)](ClO4)0.5·3H2O 2 88.9 1.34 × 10−10   [69] 

[Tb2Co2(hfac)10(NITPhPybis)2] 0 7.98 5.4 × 10−6   [70] 
[Dy2Co2(hfac)10(NITPhPybis)2] 1 6.03 5.2 × 10−5   [70] 

[Dy45Co7(OH)68(CO3)12(CH3COO)26(CH3CH2COO)6(H
2O)70] 0 4.34 3.25 × 10−7   [71] 

[CoⅢ6DyⅢ6(μ3-OH)8(nbdea)6(m-CH3C6H4COO)16]·2H2
O·2CH3CN 1 20.8 8.5 × 10−7   [72] 

[CoⅡ2Dy2(Hhms)2(CH3COO)6(CH3OH)2(H2O)2]·(NO3)2 0.8 13.8 3.2 × 10−6   [73] 
[CoⅢ4Dy4(μ-F)4(μ3-OH)4(o-tol)8(mdea)4]3H2O∙EtOH∙M

eOH 0 55.77 1.0 × 10−6   [74] 

[Co(μ-L30)(μ-NO3)Y(NO3)2] 1 23.9(8) 1.5 × 10−6   [75] 
[Zn0.9Co0.1(μ-L30)(μ-NO3)Y(NO3)2] 1 24.8(1) 1.4 × 10−6   [75] 

[Zn0.9Co0.1(μ-L30)(μ-benzoate)Y(NO3)2] 1 33.2(4) 2.5 × 10−7   [75] 
[Zn0.9Co0.1(μ-L30)(μ-9-anthracenecarboxylato)Y(NO3)2] 1 34.6(9) 2.3 × 10−7   [75] 

[CoⅢ2Yb2(OCH3)2(teaH)2(Piv)6] 1.5 32.89 2.1 × 10−6   [76] 
[CoⅢ2Ho2(OCH3)2(teaH)2(Piv)6] 3 42.9 6.2 × 10−9   [76] 
[CoⅢ2Dy2(OCH3)2(teaH)2(Piv)6] 0 51 6.1 × 10−7   [77] 

[Dy4Co2(μ3-OH)2(NO3)4(CH3COO)4(L31)4(DMF)2] 0 41.9 1.21×10−7   [78] 
[(vdpyCH2O)2Co2Dy2ac8] 2.4 15.9 2.5 × 10−6 140 0.5 [79] 

[CoⅢ2Tb(L32)2(μ-O2CCH3)2(H2O)3] 1.5 15.6(4) 1 × 10−7   [80] 
[CoⅢ2Er(L32)2(μ-O2CCH3)2(H2O)3] 1 9.9(8) 8 × 10−7   [80] 

[Dy2CoⅢ2(OH)2(teaH)2(acac)6]·MeCN 0 71 2.7 × 10−7   [81] 
[Dy2CoⅢ2(OH)2(bdea)2(acac)6]·2H2O 0.5 38 2.7 × 10−7   [81] 

[Dy2CoⅢ2(OH)2(edea)2(acac)6]·2H2O·4MeCN 1 16 1.3 × 10−6   [81] 
[CoⅢ2Dy(L33)2(μ-O2CCH3)2(H2O)3]·NO3·MeOH·4H2O 1 88(8) 1.0 × 10−8   [82] 

[CoⅡY(L34)(DBM)3] 2 8.56 1.01× 10−4   [83] 
[Co2Dy4(µ3-OH)2(piv)4(hmmp)4(ae)2]·(NO3)2·2H2O 0.8 32.4 4.2 × 10−7   [84] 
[(CoⅡ)3(CoⅢ)2Dy3(μ3-OH)5(O2CtBu)12(L35)2]·2H2O 0 3.8 1.5 × 10−6   [85] 

[(CoⅢ)3Dy3(μ3-OH)4(O2CtBu)6(L35)3](NO3)2·2CH3CN·2
H2O 2 17.4 2.5 × 10−6   [85] 

[Co(3-MeOsaltn)(MeOH)x(ac)Tb(hfac)2] 1 17.0(4) 6.1(10) × 10−8   [86] 
[CoⅢ2Dy2(OH)2(bdea)2(acac)2(NO3)4] 0 169 1.47 × 10−7   [87] 

[Co(μ-L36)(μ-OAc)Y(NO3)2 1 22.6 8.9 × 10−7   [88] 
[Dy42CoⅡ9CoⅢ(μ3-OH)68(CO3)12(CH3COO)30(H2O)70] 0 3.67 9.78 × 10−7   [89] 

[L37CoGdCoL37]NO3 0 21.3 1.52 × 10−7 2 1.1 [90] 
[L37CoTbCoL37]NO3 0 14.5 3.0 × 10−6 140 1.1 [90] 

[{(S)P[N(Me)N=CH-C6H3-2-O-3-OMe]3}2Co2Tb] 1.5 25.8 3.7 × 10−6   [91] 
[{(S)P[N(Me)N=CH-C6H3-2-O-3-OMe]3}2Co2Dy] 0 14.2 5.1 × 10−6   [91] 
[{(S)P[N(Me)N=CH-C6H3-2-O-3-OMe]3}2Co2Ho] 0 8 13 × 10−5   [91] 

[Dy4Co2(HL38)2(μ3-OH)2(piv)10(OH2)2] 0 26.3 8.7 × 10−6   [92] 
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续表 

H2L1 = N1, N3-bis(3-methoxysalicylidene)diethylenetriamine; H2valdien = N1, 
N3-bis(3-methoxysalicylidene)diethylenetriamine; Hchp = 6-chloro-2-hydroxypyridine; HL2 = 3, 5-dichlorobenzoic acid; 
bipy = 2, 2’-bipyridine; hep = 1-(2-hydroxyethyl)-2-pyrrolidinone; C7H6O2 = salicylic aldehyde; (L3)Br = 2, 2’, 
2”-(((nitrilotris(ethane-2, 1-diyl))tris(azanediyl))tris(methylene))tris-(4-bromophenol); H3TTTTCl = 2, 2’, 
2”-(((nitrilotris(ethane-2, 1-diyl)) tris(azanediyl)) tris(methylene))tris-(4-chlorophenol); H2bbpen = N, 
N’-bis(2-hydroxybenzyl)-N, N’-bis(2- picolyl)ethylene diamine; H2L4 = 2-hydroxy-3-methoxybenzaldehyde with 1, 1, 
1-tris(aminomethyl)ethane, Me-C(CH2NH2)3; H2L5 = 2-hydroxy-3-methoxybenzaldehyde with N, N’, 
N”-trimethylphosphorothioic trihydrazide, P(S)[NMe-NH2]3; H2L1 = N1, 
N3-bis(3-methoxysalicylidene)diethylenetriamine; pdmH2 = 2, 6-pyridinedimethanol; teaH3 = triethanolamine; H3dea = 
diethanolamine; H2mdea = N-methydiethanolamine; H2bdea = N-n-butyldiethanolamine; acac = acetylacetonate; hfacacH 
= hexafluoroacetylacetone; o-tol = o-toluate; H2L6 = o-vanillin with 2-aminophenol; H2L5 = 
(E)-2-ethoxy-6-(((2-hydroxyphenyl)imino)methyl)phenol; 4-MMNO = 4- methylmorpholine N-oxide; dto2- = dithiooxa-
lato dianion; HBpz3- = hydrotris(pyrazolyl)borate; H3L7 = 
2-[Bis(pyridin-2-ylmethyl)amino]-2-(hydroxymethyl)propane-1, 3-diol; H3L8 = (S)P[N(Me)NH2]3 with o-vanillin; H2L9 = 
2-Bis(2-hydroxy-3-methoxybenzylidene) hydrazine; Hib = isobutyric acid; 2, 3-HDCB = 2, 3-dichlorobenzoic acid; 
H3L10= 3-amino-1,2-propanediol with 2-hydroxy-1-naphthaldehyde; H2L11 = 2-(((2-hydroxy-3-methoxybenzyl) 
imino)methyl)-4-methoxyphenol; H2L12 = 2-((2-hydroxy-3-methoxybenzylidene)amino)benzoic acid; Piv = 
(μ-OH2)(O2CCMe3)4(HO2CCMe3)4; HL13 = 8-hydroxyquinoline; H2L32 = 
(E)-1-(((2-(hydroxymethyl)phenyl)imino)methyl)nap- hthalen-2-ol; H2L14 = 
2,6-diylbis(ethan-1-yl-1-ylidene)-di(isonicotinohydrazide); H2L15 = N, N-ethylenebis(3-methoxysalicylaldiimine); 
H2pyzha = pyrazinehydroxamic acid; Hpyzic = pyrazinic acid; HL16 = bis(tridentate) pyrazolate-bridged ligand; H2L17 = 
3-methoxysalicyl-aldehyde with 2-amino-2-methyl-1-propanol; Hchp = deprotonated 6‐chloro‐2‐ hydroxypyridine; 
H2saloh = 3,5‐ditert‐butylsalicylic acid; HL18 = chiral nitronyl-nitroxide ligands; H2L19 = 
Fe[(C5H4){-C(Me)=N−N=CH-C6H3-2-OH-3- OCH3}]2; H2dhpb = 6, 6’-dihydroxyl-2, 2’-bipyridine; H3L20 = 
2-((2-hydroxy-benzylidene)amino)propane-1, 3-diol; (py)2C(OH)2 = the gem-diol form of di-2-pyridyl ketone (dpk); 
(py)2C(OCH3)OH = the hemiacetal form of dpk; H2L21 = 
(E)-2-((2-hydroxy-3-methoxybenzylidene)amino)-4-methylphenol; H6L22 = bis-tris propane; H2L23 = 
2-methoxy-6-[(E)-2’-hydroxymethyl-phenyliminomethyl]-phenol; H2L24 = 
2-[(2-hydroxymethyl-phenylimino)-methyl]-6-methoxy-phenol; H2L25 = (E)-4-chloro-2-(((2-(hydroxymethyl) phe-
nyl)imino)methyl)phenol; 2, 3-H2pzdc = pyrazine-2, 3-dicarboxylic acid; H2L26 = N, 
N’-bis(2-oxy-3-methoxybenzylidene)-1,2-phenyl-enediamine; H2L27 = N, N’-bis(2-oxy-3-methoxybenzylidene)-1, 
2-diaminocyclohexane); H3L28 = 6, 6’, 6”-(nitrilotris(methylene))tris(2-methoxy-4-methylphenol); H4L29 = 2, 2’-[1, 
2-ethanediylbis[(hydroxyethylimino)methylene]]bis[6-methoxy-4-methyl-phenol]; HDBM = dibenzoylmethane; NIT-
PhPybis = 5-(4-pyridyl)-1, 3-bis(1’-oxyl-3’-oxido-4’, 4’, 5’, 5’-tetramethyl-4, 5-hydro-1H-imidazol-2-yl)benzene; H2hms 
= 1-(2-hydroxy-3-methoxybenzy-lidene)-semicarbazide; H2L30 = N, N’, N”-trimethyl-N, 
N”-bis(2-hydroxy-3-methoxy-5-methylbenzyl)diethylenetriamine; H2L31 = 
2-((2-(hydroxymethyl)phenylimino)methyl)-6-methoxyphenol; H3vdpyCH2OH = 1, 5-dimethyl-3-[3’- (hydroxyme-
thyl)-2’-pyridine]-6-oxotetrazane; H3L32 = 2-methoxy-6-[{2-(2-hydroxyethylamino)ethyl-imino}methyl]phenol; edeaH2 
= N-ethyldiethanolamine; H3L33 = 2-methoxy-6-[{2-(2-hydroxyethylamino)ethylimino}methyl]phenol; H2L34 = N, 
N’-dimethyl-N, N’-(2- hydroxy-3-methoxy-5-methyl-benzyl)ethylenediamine; H2hmmp = 2-[(2- hydroxy-
ethylimino)methyl]-6-methoxyphenol; Hae = 2-aminoethanol; H2L35 = n-N-butyldiethanolamine; 3-MeOsaltn = N, 
N’-Bis(3-methoxy-2-oxybenzylidene)-1, 3-propanediaminato; H2L36 = N, N’, N”-trimethyl-N, 
N”-bis(2-hydroxy-3-methoxy-5-methylbenzyl)-diethylenetriamine; H3L37 = N, N’, 
N”-tris(2-hydroxy-3-methoxybenzilidene)-2- (aminomethyl)-2-methyl-1, 3-propanediamine; H3L38 = 2-(2, 
3-dihydroxpropyliminomethyl)-6-methoxyphenol. 

 

 
Figure 1. The molecular structure of 1 (a) and structure of ligand H2L1 with two types of coordination sites (b). Color code: 
Co, green; Dy, purple; O, pink; N, blue; C, gray. H atoms are omitted for clarity  
图 1. 1 的分子结构和配体 H2L1具有两种配位位点的结构(b)。颜色代码：Co，绿色；Dy，紫色；O，粉红色；N， 蓝
色；C，灰色。为了清晰起见省略了 H 原子 
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2014 年，研究小组利用邻香兰素衍生的席夫碱配体成功合成了一个三核 CoIII-DyIII SMM 
[Co2Ln(valdien)2(OCH3)2(chp)2] ClO4 5H2O (Ln = Dy (2)，Tb (3)，H2valdien = N1，N3-双(3-甲氧基水杨亚

胺)二乙基三胺，Hchp = 6-氯-2-羟基吡啶[15]。在零场交流磁化率测试中，配合物 2 和 3 均显示出与频率

相关的虚部信号，但没有观察到完整的峰值。然而，在施加 2 kOe 的外部场后，这两种配合物的交流磁

化率实部和虚部均表现出明显的峰值。利用 Arrhenius 定律拟合，分别得到配合物 2 和 3 的有效能垒为

71.4 (4.2) K 和 32.3 (2.6) K，τ0 分别为 5.6(3) × 10−6 s 和 2.5(1) × 10−10 s。因此，与双核 4f 金属的配合物 1
相比，单核配合物 2 在调控磁各向异性方面更容易实现。 

2014 年，研究团队利用 3, 5-二氯苯甲酸(HL2)作为桥联配体和 2, 2'-联吡啶(bipy)作为末端双齿配体，

合成了一种四核链状阳离子团簇 Dy2Co2(L2)10(bipy)2 (4) [16]。DyⅢ与七个 L2-的氧原子配位，采用单帽三

角棱柱配位结构。在磁性方面，配合物 4 在交流磁化率测量中表现出缓慢的磁弛豫行为。通过拉曼过程、

量子隧穿和奥巴赫过程拟合，分别在零磁场和 1 kOe 外磁场下得到有效能垒为 118 (3) K 和 114.2 (7) K，

有效能垒相差不大。 
2015 年，Powell 等人通过将配合物中的 FeⅢ替换为 CoⅢ，合成了配合物[DyCo(CN)6(hep)2(H2O)4] (5) 

[17]。在结构上，与其原来的相似。在磁性方面，直流磁化率测试表明，配合物 5 内通过二聚体偶极-偶
极相互作用表现出弱的铁磁耦合。在 2 kOe 直流场下进行的交流磁化率试验中，拟合数据得到的有效能

垒为 63 K，指数前因子(τ0)为 7.1 × 10−11 s，与配合物 2 相关数据相差不大。由于 CoⅢ的抗磁性和较长的

Dy-Dy 距离，表明配合物 5 的磁弛豫行为可能是由单离子 DyⅢ主导的。 
2015 年，唐金魁研究组成功地将配合物中的 MnⅡ替换为 CoⅡ，合成了配合物[Ln2CoⅡ(C7H5O2)8] 6H2O 

[18]。直流磁化测量结果显示，在配合物自旋载体之间存在显著的磁相互作用。在 1.9 K 至 16 K 的温度

范围内，配合物 6 表现出两个独立的弛豫过程。利用 Arrhenius 定律拟合，当温度低于 5 K 时，能垒为

16.77 (4) K，其前指数因子 τ0 为 3.55 × 10−5 s。在高于 5 K 的情况下，获得了能量壁垒为 127.27 (2) K，其

前指数因子 τ0 为 1.69 × 10−9 s，说明温度对其离子之间的作用产生了巨大的影响。在较高温度下，单个

DyⅢ离子与激发 Kramers 双稳态弛豫有关，而在较低温度下，DyⅢ和 CoⅢ离子之间的弱耦合占主导地位。

因此，通过引入具有基态双稳态和各向异性的 4f 金属离子或选择合适的顺磁性 3d 金属离子，利用 d 和 f
自旋产生的强磁相互作用，可以提高 SMMs 的性能。 

在 2015 年，由童明良团队合成了一系列线性型 SMMs，[Co2Dy((L3)Br)2(H2O)] NO3 3H2O(7 3H2O)，
[Co2Dy((L3)Br)2(H2O)] NO3 H2O (7 H2O)，以及[Co2Dy((L3)Br)2(H2O)]NO3 (7) [19]，形成了一种新的配合物结

构。在此系列中，三个配合物中 DyⅢ离子具有压扁的五角双锥形(D5h)配位几何结构。随着水分子损失，

沿赤道方向与 DyⅢ键合的五个氧原子的共面性变得更加明显，将配合物的能量壁垒从 422 K 提高到 600 
K(7)。这项工作还强调了在合成 SMMs 时，在晶体结构中避免配合物之间的分子间接触的必要性，因为

溶剂或水分子可以与磁性单元形成氢键，从而增强晶体中不同[CoDyCo]单元之间的振动耦合，并导致更

快的磁性弛豫。 
2018 年，该研究团队合成了一个线性三核配合物，[Co2Dy(TTTTCl)2(MeOH)]NO3·3MeOH (8) [20]。

此外，通过[CoⅢ(TTTTCl)]+与[Co2Dy(TTTTCl)2(MeOH)]+的共结晶，形成了配合物 9 (图 2)，从而显著提高

了单分子磁体的性能。在交流磁化率测试中，两种配合物均表现出频率依赖性的虚部交流磁化率信号。

然而，在较低温度下，温度依赖性的虚部信号显示出长尾现象，这表明两种配合物中都存在量子隧穿或

更快的弛豫过程。分析 Cole-Cole 图发现两种情况下都存在多个弛豫过程。通过公式拟合，确定配合物 8
和 9 的有效能垒分别为 401 K 和 536 K，其前指数因子分别为 1.3 (6) × 10−10 s 和 3.8 (10) × 10−11 s，有效

能垒相差不大，但前指数因子有较大差距。配合物 9 中的能垒比配合物 8 中的高，这可能是由于 DyⅢ的

配位环境更接近五角双锥，并加入了抗磁性 CoⅢ，稀释了磁性相互作用。 
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Figure 2. Molecular structures of the complexes [Co2Dy(TTTTCl)2(MeOH)]NO3·3MeOH (a) and [Co2Dy(TTTTCl)2(MeOH)] 
[Co(HTTTTCl)] (b). Color code: Co, green; Dy, purple; O, pink; N, blue; Cl, orange; C, gray. H atoms are omitted for clarity  
图 2. 配合物[Co2Dy(TTTTCl)2(MeOH)]NO3·3MeOH (a)和[Co2Dy(TTTTCl)2(MeOH)] [Co(HTTTTCl)] (b)的分子结构。颜

色代码：Co，绿色；Dy，紫色；O，粉红色；N，蓝色；Cl，橙色；C，灰色。为了清晰起见，省略了 H 原子 

 
随后该团队用顺磁低自旋的[Co(CN)6]3−取代了[Fe(CN)6]3−部分，从而合成了配合物{Dy2Co}(10) [21]，

该类型的配合物的结构与其他配合物相比，比较复杂。这种改变导致零直流场下的有效能垒显著增加，

达到 975 K，磁化磁滞回线的开口温度也上升到 15 K。此外，当施加 2 kOe 的外部磁场时，有效能势垒

进一步增强至 1075 (22) K。本研究采用在两个 DyⅢ离子之间进行顺磁性或抗磁性六氰基金属配合物的选

择性整合，以有效调节磁滞。因此，在合成具有高各向异性的 3d-4f SMMs 时，应避免类顺磁离子的并排

排列。 

2.2. 蝴蝶型单分子磁体 

除了[Co2Dy]型配合物外，[Co2Ln2]型 SMMs 也是 Co-Ln SMMs 领域的重要组成部分。值得注意的是，

Langley 研究组合成了一系列[CoⅢ
2Ln2]型单分子磁体。尽管有机配体有所不同，但这些配合物都保持着

类似蝴蝶的核结构，表现出非凡的性能。2012 年报道了三种结构相同的 3d-4f 配合物中，每个晶体结构

都包含一个不对称单元中的两种不同分子：[LnⅢ
2CoⅢ

2(OMe)2(teaH)2(O2CPh)4(MeOH)4](NO3)2 MeOH H2O 
(Ln = Gd, Tb (11a)和 Dy (12a)，teaH3 = 三乙醇胺)和[LnⅢ

2CoⅢ
2(OMe)2(teaH)2(O2CPh)4(MeOH)2(NO3)2] 

MeOH H2O (Ln = Gd，Tb (11b)和 Dy (12b) [24]。在低于 20 K 的条件下，配合物 12 的交流磁化率表现出

频率和温度依赖性。理论计算表明，由于存在抗磁性的 CoⅢ离子，配合物 12 的弛豫行为受 DyⅢ单离子性

质的控制。此外，配合物 12 中 Dy 离子之间的弱分子内反铁磁交换相互作用抑制了零场下的 QTM。另

一方面，在配合物 11 中，在零场下的虚部交流磁化率信号中未观察到的峰值，可见[Co2Dy]型单分子磁

体和蝴蝶型单分子磁体在性质上有某些相同之处。然而，在 1 kOe 的外部磁场下，有效能垒上升到 14.3 K，

与配合物 4 相差较大。 
2014 年，他们用二乙醇胺(H3dea)、N-甲基二乙醇胺(H2mdea)和 N-正丁基二乙醇胺)取代了 H3tea (图

3(a))，从而形成配合物 13 (图 3(b))、14 (图 3(c))和 15 (图 3(d)) [25]。这些配合物的主体核心结构与仍然

与配合物 3 相似。其主要区别在于，在配合物 13-15 中，配体采用不同的配位模式，导致金属离子的配

位环境发生细微变化。配合物 12-15 均表现出 SMM 行为，在零场下能垒分别为 102.9 K、78.6 K 和 114.4 
K。这项工作表明，通过简单地调整磁性中心周围的配体以及化学修饰与磁性中心无关的周围配体，可

以增强 SMMs 的性能。 
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Figure 3. (a) Proligands used towards the synthesis of complexes 13-15. The molecular structure of 13 (b), 14 (c), 15 (d). 
Color code: Co, green; Dy, purple; O, pink; N, blue; C, gray. H atoms are omitted for clarity 
图 3. (a) 用于合成配合物 13-15 的前配体。配合物 13 (b)，14 (c)，15 (d)的分子结构。颜色代码：Co，绿色；Dy，紫

色；O，粉红色；N，蓝色；C，灰色。为了清晰起见，省略了 H 原子 

 
此外，他们利用乙酰乙酸(acac)取代苯甲酸配体，得到了三个蝴蝶状的异金属配合物，分别为

[Dy2CoⅢ
2(OMe)2(teaH)2(acac)4(NO3)2] (16), [Dy2CoⅢ

2(OH)2(teaH)2(acac)4(NO3)2]·4H2O (17)和[Dy2CoⅢ
2(Om- 

e)2(mdea)2(acac)4(NO3)2] (18) [26]。配合物 16-18 的结构核心与 12 有相似之处。随后，使用胺–多元醇配

体 H2bdea 和四种羧酸配体：2-氯苯甲酸、4-叔丁基苯甲酸、4-羟基苯甲酸和 2-(三氟甲基)苯甲酸合成了配

合物 19-22。配合物 19、20 和 22 均呈现出与 12 相似的蝴蝶状结构。除此之外，Langley 研究组还成功合

成了以先前用于配合体 7 的 H2mdea 和 Hhfacac 为配体的蝴蝶状配合物 23 [27]。在变温和变频交流磁化

率测试中，配合物 19-23 表现出频率依赖性和温度依赖性的虚部磁化率信号，与配合物 6 相似，其中配

合物 21 在零场下没有完整的峰值。配合物 19-22 分别显示出显著的各向异性能垒为 114.9 K、(110.1 K 和

137.3 K)、167.3 K 和 125.8 K，虽然配合物 12-15 也表现出了较强的频率依赖性的实部和虚部信号，但有

效能垒没有 19-22 的高。在这些配合物中，19 和 22 中存在的电子吸引基团有助于提高它们的各向异性能

垒，而 20 则表现出双重弛豫现象。配合物 19-22 在 1.8 K 以上没有表现出磁滞现象，而配合物 7 的阻塞

温度被确定为 2.2 K。这再次证实了在设计 3d-4f SMMs 时，加入吸电子基团和选择具有强交换作用的 3d
和 4f 金属的重要性。 

除了上述含有 CoⅢ的蝴蝶型 3d-4f SMMs 外，含有 CoⅡ的 SMMs 也表现出非凡的特性。2012 年，Powell
研究组合成了一种配合物[Co2Dy2(L6)4(NO3)2(THF)2] 4THF(24，H2L6 为邻香草醛和 2-氨基酚缩合得到的席

夫碱)，其显示出中心对称的排列，其中四个金属离子通过(L6)2−配体连接，形成蝴蝶状(或缺陷立方烷)拓
扑结构[29]。直流磁化测量表明，在配合物 24 中存在铁磁交换相互作用。在零直流场下，交流磁化率的

实部和虚部均表现出温度和频率依赖性，可能是由于配合物 24 内单离子 DyⅢ的贡献所致，而较低温度下

的能垒则与 DyⅢ和 CoⅡ之间的耦合有关。配合物 24 中可观察到双弛豫现象，与配合物 20 类似，可能是

由于 CoⅡ的存在所致，这导致低能级交换分裂比纯{Dy2}配合物大十倍。 

2.3. 其他类型的单分子磁体 

除了线性结构和蝴蝶型配合物外，研究人员还合成了具有其他结构的 Co-Ln SMMs。基于配合物 8，
高松等人用 CoⅢ代替 CrⅢ合成了化合物{DyCo}(25) [32]。虽然与配合物 8 的结构相似，但 25 在磁性方面

却存在显著差异。在 20 K 时，配合物 25 的磁滞回线仍然开口，而低于 10 K 时，与配合物 8 相比，其矫
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顽力和剩余磁化强度显著提高。此外，由于 CoⅢ的抗磁性，在配合物 25 中，弱 DyⅢ-DyⅢ偶极相互作用

占主导地位。因此，与配合物 12 类似，QTM 效应被 DyⅢ的 D5h 高对称性所抑制。通过对各种弛豫过程

的数据拟合，在零直流场下得到 595 (3) K 的有效能垒。 
2012 年，唐金魁等人使用二硫代氧杂环二阴离子(dto2−)将[DyⅢ(HBpz3)2]2+单元(HBpz3− = 三(吡唑基)

硼酸盐)与过渡金属 CoⅢ组装在一起，从而合成了具有三叶螺旋桨状结构的配合物[CoDy3(HBpz3)6(dto)3] 
4CH3CN 2CH2Cl2(26) [33]。在零场条件下，配合物 26 表现出频率和温度依赖的交流磁化率，没有明显的

峰值，与配合物 11 相似，表明存在 QTM 现象。即使在 800 Oe 的最优场下，QTM 仍然很明显。通过拟

合得到的配合物 26 的有效能垒为 52 K。 

3. 结论 

单分子磁体作为一类具有独特磁学性质的材料，吸引了研究者们广泛的研究兴趣。目前已报道的 Co
单分子磁体还相对较少，研究主要集中在理解磁体的磁学行为和性质，并改进合成和制备技术。通过研

究发现，对 Co-SMMs 的调控归根到底是对其磁各向异性的调控，而其磁各向异性主要来源于基态的零

场分裂，还受耦合作用的影响。现阶段已取得了一些重要的进展，但显然，我们对单分子磁体的了解还

远不够，有关 Co-Ln 单分子磁体的研究报告没有非常全面，并且大部分 Co-Ln 配合物在奥巴赫、拉曼、

量子隧穿这些弛豫过程中的参数(Ueff、τ0、QTM)普遍是利用理性数据拟合所得，并非确切真实数据，其

可靠度需要评估。 
综合以上研究进展，本文综述了不同结构类型且单分子磁体性能优异的 Co-Ln 单分子磁体。随着科

学技术的不断进步，相信这些磁构关系不明朗、磁性行为理解片面、工业化生产困难、研究方向单一等

一系列问题会被逐个解决。如果可以得到解决，相信对单分子磁体的应用会有更好的指导意义，可以将

Co-Ln 单分子磁体纳入纳米技术中，实现更高级别的磁性控制，并用于纳米电子学和纳米磁性器件，为

稀土–过渡异金属单分子磁体的应用和发展做出了重要贡献。 

基金项目 

江苏省研究生科研与实践创新计划项目(KYCX24_3546、SJCX24_1995、SJCX24_1992)资助，南通大

学大学生创新创业训练计划项目(2024116)，南通大学大型仪器开放基金资助(KFJN2471、KFJN2437)，感

谢南通大学分析测试中心。 

参考文献 
[1] Caneschi, A., Gatteschi, D., Sessoli, R., Barra, A.L., Brunel, L.C. and Guillot, M. (1991) Alternating Current Suscepti-

bility, High Field Magnetization, and Millimeter Band EPR Evidence for a Ground S=10 State in [Mn12O12- 
(Ch3COO)16(H2O)4].2CH3COOH.4H2O. Journal of the American Chemical Society, 113, 5873-5874.  
https://doi.org/10.1021/ja00015a057  

[2] Sessoli, R., Tsai, H.L., Schake, A.R., Wang, S., Vincent, J.B., Folting, K., et al. (1993) High-Spin Molecules: 
[Mn12O12(O2CR)16(H2O)4]. Journal of the American Chemical Society, 115, 1804-1816.  
https://doi.org/10.1021/ja00058a027  

[3] Rinehart, J.D. and Long, J.R. (2011) Exploiting Single-Ion Anisotropy in the Design of F-Element Single-Molecule 
Magnets. Chemical Science, 2, Article 2078. https://doi.org/10.1039/c1sc00513h  

[4] Liu, K., Shi, W. and Cheng, P. (2015) Toward Heterometallic Single-Molecule Magnets: Synthetic Strategy, Structures 
and Properties of 3d-4f Discrete Complexes. Coordination Chemistry Reviews, 289, 74-122.  
https://doi.org/10.1016/j.ccr.2014.10.004  

[5] Chakraborty, A., Goura, J., Kalita, P., Swain, A., Rajaraman, G. and Chandrasekhar, V. (2018) Heterometallic 3d-4f 
Single Molecule Magnets Containing Diamagnetic Metal Ions. Dalton Transactions, 47, 8841-8864.  
https://doi.org/10.1039/c8dt01883a  

https://doi.org/10.12677/japc.2024.133051
https://doi.org/10.1021/ja00015a057
https://doi.org/10.1021/ja00058a027
https://doi.org/10.1039/c1sc00513h
https://doi.org/10.1016/j.ccr.2014.10.004
https://doi.org/10.1039/c8dt01883a


李嘉欣 等 
 

 

DOI: 10.12677/japc.2024.133051 477 物理化学进展 
 
 

[6] Li, G., Tang, H., Gao, R., Wang, Y., Sun, X. and Zhang, K. (2023) Tuning Quantum Tunneling in Isomorphic 
{MII2DyIII2} “Butterfly” System via 3d-4f Magnetic Interaction. Crystal Growth & Design, 23, 1575-1580.  
https://doi.org/10.1021/acs.cgd.2c01198  

[7] Peng, Y. and Powell, A.K. (2021) What Do 3d-4f Butterflies Tell Us? Coordination Chemistry Reviews, 426, Article 
213490. https://doi.org/10.1016/j.ccr.2020.213490  

[8] Oyarzabal, I., Echenique-Errandonea, E., San Sebastián, E., Rodríguez-Diéguez, A., Seco, J.M. and Colacio, E. (2021) 
Synthesis, Structural Features and Physical Properties of a Family of Triply Bridged Dinuclear 3d-4f Complexes. 
Magnetochemistry, 7, Article 22. https://doi.org/10.3390/magnetochemistry7020022  

[9] Yin, J., Chen, C., Zhuang, G., Zheng, J., Zheng, X. and Kong, X. (2020) Anion-Dependent Assembly of 3d-4f Heter-
ometallic Clusters Ln5Cr2 and Ln8Cr4. Inorganic Chemistry, 59, 1959-1966.  
https://doi.org/10.1021/acs.inorgchem.9b03308  

[10] Salerno, E.V., Kampf, J.W., Pecoraro, V.L. and Mallah, T. (2021) Magnetic Properties of Two Gdiiifeiii4 Metalla-
crowns and Strategies for Optimizing the Magnetocaloric Effect of This Topology. Inorganic Chemistry Frontiers, 8, 
2611-2623. https://doi.org/10.1039/d1qi00207d  

[11] Gómez-Coca, S., Aravena, D., Morales, R. and Ruiz, E. (2015) Large Magnetic Anisotropy in Mononuclear Metal 
Complexes. Coordination Chemistry Reviews, 289, 379-392. https://doi.org/10.1016/j.ccr.2015.01.021  

[12] Vaidya, S., Upadhyay, A., Singh, S.K., Gupta, T., Tewary, S., Langley, S.K., et al. (2015) A Synthetic Strategy for 
Switching the Single Ion Anisotropy in Tetrahedral Co(Ii) Complexes. Chemical Communications, 51, 3739-3742.  
https://doi.org/10.1039/c4cc08305a  

[13] Habib, F., Luca, O.R., Vieru, V., Shiddiq, M., Korobkov, I., Gorelsky, S.I., et al. (2013) Influence of the Ligand Field on 
Slow Magnetization Relaxation versus Spin Crossover in Mononuclear Cobalt Complexes. Angewandte Chemie Inter-
national Edition, 52, 11290-11293. https://doi.org/10.1002/anie.201303005  

[14] Zhao, L., Wu, J., Xue, S. and Tang, J. (2012) A Linear 3d-4f Tetranuclear Coiii2dyiii2 Single-Molecule Magnet: Synthesis, 
Structure, and Magnetic Properties. Chemistry—An Asian Journal, 7, 2419-2423.  
https://doi.org/10.1002/asia.201200548  

[15] Liu, C., Zhang, D., Hao, X. and Zhu, D. (2014) Trinuclear [CoIII2-LnIII] (Ln=Tb, Dy) Single-Ion Magnets with Mixed 
6-Chloro-2-Hydroxypyridine and Schiff Base Ligands. Chemistry—An Asian Journal, 9, 1847-1853.  
https://doi.org/10.1002/asia.201402001  

[16] Zhao, F.H., Li, H., Che, Y.X., Zheng, J.M., Vieru, V., Chibotaru, L.F., Grandjean, F. and Long, G.J. (2014) Synthesis, 
Structure, and Magnetic Properties of Dy2Co2L10(bipy)2 and Ln2Ni2L10(bipy)2, Ln = La, Gd, Tb, Dy, and Ho: Slow 
Magnetic Relaxation in Dy2Co2L10(bipy)2 and Dy2Ni2L10(bipy)2. Inorganic Chemistry Journal, 53, 9785-9799.  

[17] Zhang, Y., Guo, Z., Xie, S., Li, H., Zhu, W., Liu, L., et al. (2015) Tuning the Origin of Magnetic Relaxation by Sub-
stituting the 3D or Rare-Earth Ions into Three Isostructural Cyano-Bridged 3d-4f Heterodinuclear Compounds. Inor-
ganic Chemistry, 54, 10316-10322. https://doi.org/10.1021/acs.inorgchem.5b01763  

[18] Li, X., Min, F., Wang, C., Lin, S., Liu, Z. and Tang, J. (2015) Utilizing 3d-4f Magnetic Interaction to Slow the Mag-
netic Relaxation of Heterometallic Complexes. Inorganic Chemistry, 54, 4337-4344.  
https://doi.org/10.1021/acs.inorgchem.5b00019  

[19] Liu, J., Wu, J., Huang, G., Chen, Y., Jia, J., Ungur, L., et al. (2015) Desolvation-Driven 100-Fold Slow-Down of Tun-
neling Relaxation Rate in Co(II)-Dy(III) Single-Molecule Magnets through a Single-Crystal-to-Single-Crystal Process. 
Scientific Reports, 5, Article No. 16621. https://doi.org/10.1038/srep16621  

[20] Huang, G., Ruan, Z., Zheng, J., Wu, J., Chen, Y., Li, Q., et al. (2018) Enhancing Single-Molecule Magnet Behavior of 
Linear CoII-DyIIIcoII Complex by Introducing Bulky Diamagnetic Moiety. Science China Chemistry, 61, 1399-1404.  
https://doi.org/10.1007/s11426-018-9310-y  

[21] Costes, J., Novitchi, G., Vieru, V., Chibotaru, L.F., Duhayon, C., Vendier, L., et al. (2018) Effects of the Exchange 
Coupling on Dynamic Properties in a Series of CoGdCo Complexes. Inorganic Chemistry, 58, 756-768.  
https://doi.org/10.1021/acs.inorgchem.8b02921  

[22] Liu, Y., Chen, Y., Liu, J., Chen, W., Huang, G., Wu, S., et al. (2019) Cyanometallate-Bridged Didysprosium Sin-
gle-Molecule Magnets Constructed with Single-Ion Magnet Building Block. Inorganic Chemistry, 59, 687-694.  
https://doi.org/10.1021/acs.inorgchem.9b02948  

[23] Wang, H., Yin, C., Hu, Z., Chen, Y., Pan, Z., Song, Y., et al. (2019) Regulation of Magnetic Relaxation Behavior by 
Replacing 3d Transition Metal Ions in [M2Dy2] Complexes Containing Two Different Organic Chelating Ligands. 
Dalton Transactions, 48, 10011-10022. https://doi.org/10.1039/c9dt00774a  

[24] Langley, S.K., Chilton, N.F., Ungur, L., Moubaraki, B., Chibotaru, L.F. and Murray, K.S. (2012) Heterometallic 
Tetranuclear [LnIII2CoIII2] Complexes Including Suppression of Quantum Tunneling of Magnetization in the [Dy-

https://doi.org/10.12677/japc.2024.133051
https://doi.org/10.1021/acs.cgd.2c01198
https://doi.org/10.1016/j.ccr.2020.213490
https://doi.org/10.3390/magnetochemistry7020022
https://doi.org/10.1021/acs.inorgchem.9b03308
https://doi.org/10.1039/d1qi00207d
https://doi.org/10.1016/j.ccr.2015.01.021
https://doi.org/10.1039/c4cc08305a
https://doi.org/10.1002/anie.201303005
https://doi.org/10.1002/asia.201200548
https://doi.org/10.1002/asia.201402001
https://doi.org/10.1021/acs.inorgchem.5b01763
https://doi.org/10.1021/acs.inorgchem.5b00019
https://doi.org/10.1038/srep16621
https://doi.org/10.1007/s11426-018-9310-y
https://doi.org/10.1021/acs.inorgchem.8b02921
https://doi.org/10.1021/acs.inorgchem.9b02948
https://doi.org/10.1039/c9dt00774a


李嘉欣 等 
 

 

DOI: 10.12677/japc.2024.133051 478 物理化学进展 
 
 

III2CoIII2] Single Molecule Magnet. Inorganic Chemistry, 51, 11873-11881. https://doi.org/10.1021/ic301784m  
[25] Langley, S.K., Ungur, L., Chilton, N.F., Moubaraki, B., Chibotaru, L.F. and Murray, K.S. (2014) Single-Molecule 

Magnetism in a Family of {CoIII2DyIII2} Butterfly Complexes: Effects of Ligand Replacement on the Dynamics of 
Magnetic Relaxation. Inorganic Chemistry, 53, 4303-4315. https://doi.org/10.1021/ic4029645  

[26] Langley, S.K., Chilton, N.F., Moubaraki, B. and Murray, K.S. (2013) Single-Molecule Magnetism in Three Related 
{CoIII2DyIII2}-Acetylacetonate Complexes with Multiple Relaxation Mechanisms. Inorganic Chemistry, 52, 7183-7192.  
https://doi.org/10.1021/ic400789k  

[27] Langley, S.K., Le, C., Ungur, L., Moubaraki, B., Abrahams, B.F., Chibotaru, L.F., et al. (2015) Heterometallic 3d-4f 
Single-Molecule Magnets: Ligand and Metal Ion Influences on the Magnetic Relaxation. Inorganic Chemistry, 54, 
3631-3642. https://doi.org/10.1021/acs.inorgchem.5b00219  

[28] Vignesh, K.R., Langley, S.K., Murray, K.S. and Rajaraman, G. (2017) Exploring the Influence of Diamagnetic Ions on 
the Mechanism of Magnetization Relaxation in {CoIII2LnIII2} (Ln=Dy, Tb, Ho) “Butterfly” Complexes. Inorganic 
Chemistry, 56, 2518-2532. https://doi.org/10.1021/acs.inorgchem.6b02720  

[29] Mondal, K.C., Sundt, A., Lan, Y., Kostakis, G.E., Waldmann, O., Ungur, L., et al. (2012) Coexistence of Distinct Sin-
gle-Ion and Exchange-Based Mechanisms for Blocking of Magnetization in a CoII2DyIII2 Single-Molecule Magnet. 
Angewandte Chemie International Edition, 51, 7550-7554. https://doi.org/10.1002/anie.201201478  

[30] Peng, Y., Mereacre, V., Anson, C.E. and Powell, A.K. (2017) The Role of Coordinated Solvent on Co(II) Ions in Tun-
ing the Single Molecule Magnet Properties in a {CoII2DyIII2} System. Dalton Transactions, 46, 5337-5343.  
https://doi.org/10.1039/c7dt00548b  

[31] Li, J., Wei, R., Pu, T., Cao, F., Yang, L., Han, Y., et al. (2017) Tuning Quantum Tunnelling of Magnetization through 
3d-4f Magnetic Interactions: An Alternative Approach for Manipulating Single-Molecule Magnetism. Inorganic 
Chemistry Frontiers, 4, 114-122. https://doi.org/10.1039/c6qi00407e  

[32] Li, S., Xiong, J., Yuan, Q., Zhu, W., Gong, H., Wang, F., et al. (2021) Effect of the Transition Metal Ions on the Sin-
gle-Molecule Magnet Properties in a Family of Air-Stable 3d-4f Ion-Pair Compounds with Pentagonal Bipyramidal 
Ln(III) Ions. Inorganic Chemistry, 60, 18990-19000. https://doi.org/10.1021/acs.inorgchem.1c02828  

[33] Xu, G., Gamez, P., Tang, J., Clérac, R., Guo, Y. and Guo, Y. (2012) MIIIDyIII3(M=FeIII, CoIII) Complexes: Three-Blade 
Propellers Exhibiting Slow Relaxation of Magnetization. Inorganic Chemistry, 51, 5693-5698.  
https://doi.org/10.1021/ic300126q  

[34] Li, Q., Peng, Y., Qian, J., Yan, T., Du, L. and Zhao, Q. (2019) A Family of Planar Hexanuclear CoIII4LnIII2 Clusters 
with Lucanidae-Like Arrangement and Single-Molecule Magnet Behavior. Dalton Transactions, 48, 12880-12887.  
https://doi.org/10.1039/c9dt02103e  

[35] Chandrasekhar, V., Pandian, B.M., Azhakar, R., Vittal, J.J. and Clerac, R. (2007) Linear Trinuclear Mixed-Metal 
CoII-GdIII-CoII Single-Molecule Magnet:  [L2Co2Gd][NO3]·2CHCl3 (LH3 = (S)P[N(Me)NCH-C6H3-2-OH-3-OMe]3). Inor-
ganic Chemistry Journal, 46, 5140-5142.  

[36] Zou, L., Zhao, L., Guo, Y., Yu, G., Guo, Y., Tang, J., et al. (2011) A Dodecanuclear Heterometallic Dysprosi-
um-Cobalt Wheel Exhibiting Single-Molecule Magnet Behaviour. Chemical Communications, 47, Article 8659.  
https://doi.org/10.1039/c1cc12405f  

[37] Stati, D., van Leusen, J., Ahmed, N., Kravtsov, V.C., Kögerler, P. and Baca, S.G. (2022) A {CoIII2DyIII4} Sin-
gle-Molecule Magnet with an Expanded Core Structure. Crystal Growth & Design, 23, 395-402.  
https://doi.org/10.1021/acs.cgd.2c01085  

[38] Sheikh, J.A., Jena, H.S. and Konar, S. (2022) Co3Gd4 Cage as Magnetic Refrigerant and Co3Dy3 Cage Showing Slow 
Relaxation of Magnetisation. Molecules, 27, Article 1130. https://doi.org/10.3390/molecules27031130  

[39] Zheng, J., Zhang, Y., Shen, Y., Zhang, X., Liu, B. and Zhang, J. (2021) A Series of Zero-Dimensional Co(II)-Ln(III) 
Heterometallic Complexes Derived from 2,3-Dichlorobenzoate and 2,2’-Bipyridine: Syntheses, Structures and Mag-
netic Properties. Inorganica Chimica Acta, 527, Article 120550. https://doi.org/10.1016/j.ica.2021.120550  

[40] Yu, S., Wang, H., Chen, Z., Zou, H., Hu, H., Zhu, Z., et al. (2021) Two Decanuclear Dyiiixcoii10-x (X=2,4) Nanoclusters: 
Structure, Assembly Mechanism, and Magnetic Properties. Inorganic Chemistry, 60, 4904-4914.  
https://doi.org/10.1021/acs.inorgchem.0c03814  

[41] Li, D., Li, Y., Tello Yepes, D.F., Zhang, X., Li, Y. and Yao, J. (2021) Hexanuclear Co4Dy2, Zn4Dy2, and Co4Dy2 
Complexes with Defect Tetracubane Cores: Syntheses, Structures, and Magnetic Properties. Chemistry—An Asian 
Journal, 16, 2545-2551. https://doi.org/10.1002/asia.202100571  

[42] Biswas, M., Sañudo, E.C. and Ray, D. (2021) Carboxylate-Decorated Aggregation of Octanuclear Co4Ln4 (Ln=Dy, Ho, 
Yb) Complexes from Ligand-Controlled Hydrolysis: Synthesis, Structures, and Magnetic Properties. Inorganic Chem-
istry, 60, 11129-11139. https://doi.org/10.1021/acs.inorgchem.1c01070  

https://doi.org/10.12677/japc.2024.133051
https://doi.org/10.1021/ic301784m
https://doi.org/10.1021/ic4029645
https://doi.org/10.1021/ic400789k
https://doi.org/10.1021/acs.inorgchem.5b00219
https://doi.org/10.1021/acs.inorgchem.6b02720
https://doi.org/10.1002/anie.201201478
https://doi.org/10.1039/c7dt00548b
https://doi.org/10.1039/c6qi00407e
https://doi.org/10.1021/acs.inorgchem.1c02828
https://doi.org/10.1021/ic300126q
https://doi.org/10.1039/c9dt02103e
https://doi.org/10.1039/c1cc12405f
https://doi.org/10.1021/acs.cgd.2c01085
https://doi.org/10.3390/molecules27031130
https://doi.org/10.1016/j.ica.2021.120550
https://doi.org/10.1021/acs.inorgchem.0c03814
https://doi.org/10.1002/asia.202100571
https://doi.org/10.1021/acs.inorgchem.1c01070


李嘉欣 等 
 

 

DOI: 10.12677/japc.2024.133051 479 物理化学进展 
 
 

[43] Yang, P., Yu, S., Quan, L., Hu, H., Liu, D., Liang, Y., et al. (2020) Structure and Magnetic Properties of Two Discrete 
3d-4f Heterometallic Complexes. ChemistrySelect, 5, 9946-9951. https://doi.org/10.1002/slct.202002611  

[44] Wang, Y., Yuan, Z., Ren, H., Xu, W., Xu, J., Zhang, H., et al. (2020) Structures and Magnetic Properties of Two Hex-
anuclear [Co2Ln4] Complexes. Inorganica Chimica Acta, 511, Article 119786.  
https://doi.org/10.1016/j.ica.2020.119786  

[45] Wang, R., Wang, H., Wang, J., Bai, F., Ma, Y., Li, L., et al. (2020) The Different Magnetic Relaxation Behaviors in 
[Fe(CN)6]3− or [Co(CN)6]3− Bridged 3d-4f Heterometallic Compounds. CrystEngComm, 22, 2998-3004.  
https://doi.org/10.1039/d0ce00039f  

[46] Lun, H., Kong, X., Long, L. and Zheng, L. (2020) Trigonal Bipyramidal CoIII2Dy3cluster Exhibiting Single-Molecule 
Magnet Behavior. Dalton Transactions, 49, 2421-2425. https://doi.org/10.1039/c9dt04600c  

[47] Lun, H., Du, M., Wang, D., Kong, X., Long, L. and Zheng, L. (2020) Double-Propeller-like Heterometallic 3d-4f 
Clusters Ln18Co7. Inorganic Chemistry, 59, 7900-7904. https://doi.org/10.1021/acs.inorgchem.0c00613  

[48] Zhou, H., Dong, R., Wang, Z., Wu, L., Liu, Y. and Shen, X. (2019) The Influence of d-f Coupling on Slow Magnetic 
Relaxation in NiIILnIIIMIII (Ln=Gd, Tb, Dy; M=Cr, Fe, Co) Clusters. European Journal of Inorganic Chemistry, 2019, 
2361-2367. https://doi.org/10.1002/ejic.201900263  

[49] Zhang, H., Du, Y., Yang, H., Zhuang, M., Li, D. and Dou, J. (2019) A New Family of {Co4Ln8} Metallacrowns with a 
Butterfly-Shaped Structure. Inorganic Chemistry Frontiers, 6, 1904-1908. https://doi.org/10.1039/c9qi00661c  

[50] Xin, Y., Wang, J., Zychowicz, M., Zakrzewski, J.J., Nakabayashi, K., Sieklucka, B., et al. (2019) Dehydra-
tion-Hydration Switching of Single-Molecule Magnet Behavior and Visible Photoluminescence in a Cyanido-Bridged 
DyIIICoIII Framework. Journal of the American Chemical Society, 141, 18211-18220.  
https://doi.org/10.1021/jacs.9b09103  

[51] Wong, J.W.L., Demeshko, S., Dechert, S. and Meyer, F. (2019) Heterometallic Ru2Co2 [2×2] Grid with Localized Sin-
gle Molecule Magnet Behavior. Inorganic Chemistry, 58, 13337-13345.  
https://doi.org/10.1021/acs.inorgchem.9b02214  

[52] Wei, R., Liu, T., Li, J., Zhang, X., Chen, Y. and Zhang, Y. (2019) Tuning the Magnetization Dynamic Properties of 
Nd⋅⋅⋅Fe and Nd⋅⋅⋅Co Single-Molecular Magnets by Introducing 3d-4f Magnetic Interactions. Chemistry—An Asian 
Journal, 14, 2029-2035. https://doi.org/10.1002/asia.201900139  

[53] Roy, S., Hari, N. and Mohanta, S. (2019) Synthesis, Crystal Structures, Magnetic Properties, and Fluorescence of Two 
Heptanuclear CoIII4LnIII3 Compounds (Ln=GdIII, DyIII): Multiple Relaxation Dynamics in the DyIII Analogue. European 
Journal of Inorganic Chemistry, 2019, 3411-3423. https://doi.org/10.1002/ejic.201900383  

[54] Rosado Piquer, L., Dey, S., Castilla-Amorós, L., Teat, S.J., Cirera, J., Rajaraman, G., et al. (2019) Microwave Assisted 
Synthesis of Heterometallic 3d-4f M4Ln Complexes. Dalton Transactions, 48, 12440-12450.  
https://doi.org/10.1039/c9dt02567g  

[55] Patrascu, A.A., Briganti, M., Soriano, S., Calancea, S., Allão Cassaro, R.A., Totti, F., et al. (2019) SMM Behavior 
Tuned by an Exchange Coupling LEGO Approach for Chimeric Compounds: First 2p-3d-4f Heterotrispin Complexes 
with Different Metal Ions Bridged by One Aminoxyl Group. Inorganic Chemistry, 58, 13090-13101.  
https://doi.org/10.1021/acs.inorgchem.9b01998  

[56] Lutsenko, I.A., Kiskin, M.A., Nikolaevskii, S.A., Starikova, A.A., Efimov, N.N., Khoroshilov, A.V., et al. (2019) Fer-
romagnetically Coupled Molecular Complexes with a CoII2GdIII Pivalate Core: Synthesis, Structure, Magnetic Proper-
ties and Thermal Stability. ChemistrySelect, 4, 14261-14270. https://doi.org/10.1002/slct.201904585  

[57] Acharya, J., Swain, A., Chakraborty, A., Kumar, V., Kumar, P., Gonzalez, J.F., et al. (2019) Slow Magnetic Relaxation 
in Dinuclear CoIIYIII Complexes. Inorganic Chemistry, 58, 10725-10735.  
https://doi.org/10.1021/acs.inorgchem.9b00864  

[58] Zhao, S., Zhu, X., Wang, X., Cao, Y., Li, Q., Qin, S., et al. (2023) Catalytic Water Oxidation Mediated by Cop-
per-Triazolylpyridine Complexes. Applied Organometallic Chemistry, 37, e7198. https://doi.org/10.1002/aoc.7198  

[59] Wang, H., Yu, C., Ye, S., Chen, Y., Liu, X., Wu, Y., et al. (2023) Modulating the Structural Topologies from Star-Shape to 
Cross-Shape for Co-Dy Heterometallic Complexes with Slow Magnetic Relaxation Behavior. CrystEngComm, 25, 726-737.  
https://doi.org/10.1039/d2ce01381a  

[60] Li, G., Tang, H., Gao, R., Wang, Y., Sun, X. and Zhang, K. (2023) Tuning Quantum Tunneling in Isomorphic {MII2DyIII2} 
“Butterfly” System via 3d-4f Magnetic Interaction. Crystal Growth & Design, 23, 1575-1580.  
https://doi.org/10.1021/acs.cgd.2c01198  

[61] Liu, Y., Shi, D. and Xu, F. (2022) Design of Molecular Magnetic Materials Based on a New Family of Mixed-Lanthanide 
Co-Ln Clusters by the Use of the 1,3-Bis[tris(hydroxymethyl)-methylamino]propane ligand. Polyhedron, 217, Article 
115754. https://doi.org/10.1016/j.poly.2022.115754  

https://doi.org/10.12677/japc.2024.133051
https://doi.org/10.1002/slct.202002611
https://doi.org/10.1016/j.ica.2020.119786
https://doi.org/10.1039/d0ce00039f
https://doi.org/10.1039/c9dt04600c
https://doi.org/10.1021/acs.inorgchem.0c00613
https://doi.org/10.1002/ejic.201900263
https://doi.org/10.1039/c9qi00661c
https://doi.org/10.1021/jacs.9b09103
https://doi.org/10.1021/acs.inorgchem.9b02214
https://doi.org/10.1002/asia.201900139
https://doi.org/10.1002/ejic.201900383
https://doi.org/10.1039/c9dt02567g
https://doi.org/10.1021/acs.inorgchem.9b01998
https://doi.org/10.1002/slct.201904585
https://doi.org/10.1021/acs.inorgchem.9b00864
https://doi.org/10.1002/aoc.7198
https://doi.org/10.1039/d2ce01381a
https://doi.org/10.1021/acs.cgd.2c01198
https://doi.org/10.1016/j.poly.2022.115754


李嘉欣 等 
 

 

DOI: 10.12677/japc.2024.133051 480 物理化学进展 
 
 

[62] Ahmed, N. and Uddin Ansari, K. (2022) Experimental and Theoretical Insights into Co-Ln Magnetic Exchange and the 
Rare Slow-Magnetic Relaxation Behavior of [CoII2Pr]2+ in a Series of Linear [CoII2Ln]2+ Complexes. Dalton Transac-
tions, 51, 4122-4134. https://doi.org/10.1039/d1dt03573h  

[63] Modak, R., Sikdar, Y., Thuijs, A.E., Christou, G. and Goswami, S. (2016) CoII4, CoII7, and a Series of CoII2LnIII (LnIII 

=NdIII, SmIII, GdIII, TbIII, DyIII) Coordination Clusters: Search for Single Molecule Magnets. Inorganic Chemistry, 55, 
10192-10202. https://doi.org/10.1021/acs.inorgchem.6b01402  

[64] Wang, Y., Du, C., Zhao, L., Zhang, X., Wang, D., Sha, J., et al. (2020) Two Hexanuclear [Co2III-Ln4III] Clusters In-
cluding a [Co2III-Dy4III] Single Molecule Magnet. Inorganic Chemistry Communications, 116, Article 107913.  
https://doi.org/10.1016/j.inoche.2020.107913  

[65] Zhang, J., Ren, Y., Li, J., Liu, B. and Dong, Y. (2018) Syntheses, Structures, and Magnetic Properties of Two Series of 
3d-4f Heterometallic Coordination Polymers Derived from Pyrazine-2, 3-dicarboxylic Acid. European Journal of In-
organic Chemistry, 2018, 1099-1106. https://doi.org/10.1002/ejic.201701394  

[66] Yang, J., Tian, Y., Tao, J., Chen, P., Li, H., Zhang, Y., et al. (2018) Modulation of the Coordination Environment 
around the Magnetic Easy Axis Leads to Significant Magnetic Relaxations in a Series of 3d-4f Schiff Complexes. In-
organic Chemistry, 57, 8065-8077. https://doi.org/10.1021/acs.inorgchem.8b00056  

[67] Shao, F., Zhuang, J., Chen, M., Wang, N., Shi, H., Tong, J., et al. (2018) Facile and Environmentally Friendly Synthe-
sis of Six Heterometallic Dumbbell-Shaped MII5LnIII4 (M=Co, Ni; L =Eu, Gd, Dy) Clusters as Cryogenic Magnetic 
Coolants and Molecular Magnets. Dalton Transactions, 47, 16850-16854. https://doi.org/10.1039/c8dt04153a  

[68] Majee, M.C., Towsif Abtab, S.M., Mondal, D., Maity, M., Weselski, M., Witwicki, M., et al. (2018) Synthesis and 
Magneto-Structural Studies on a New Family of Carbonato Bridged 3d-4f Complexes Featuring a [CoII3LnIII3(Co3)] 
(Ln=La, Gd, Tb, Dy and Ho) Core: Slow Magnetic Relaxation Displayed by the Cobalt(II)-Dysprosium(III) Analogue. 
Dalton Transactions, 47, 3425-3439. https://doi.org/10.1039/c7dt04389a  

[69] Liu, M., Yuan, J., Wang, B., Wu, S., Zhang, Y., Liu, C., et al. (2018) Spontaneous Resolution of Chiral Co(III)Dy(III) 
Single-Molecule Magnet Based on an Achiral Flexible Ligand. Crystal Growth & Design, 18, 7611-7617.  
https://doi.org/10.1021/acs.cgd.8b01410  

[70] Li, H., Sun, J., Yang, M., Sun, Z., Tang, J., Ma, Y., et al. (2018) Functionalized Nitronyl Nitroxide Biradicals for the 
Construction of 3d-4f Heterometallic Compounds. Inorganic Chemistry, 57, 9757-9765.  
https://doi.org/10.1021/acs.inorgchem.7b03186  

[71] Fan, S., Xu, S., Zheng, X., Yan, Z., Kong, X., Long, L., et al. (2018) Four 3d-4f Heterometallic Ln45M7 Clusters Pro-
tected by Mixed Ligands. CrystEngComm, 20, 2120-2125. https://doi.org/10.1039/c8ce00173a  

[72] Chen, S., Mereacre, V., Zhao, Z., Zhang, W., Zhang, M. and He, Z. (2018) Targeted Replacement: Systematic Studies 
of Dodecanuclear {MIII6LnIII6} Coordination Clusters (M=Cr, Co; Ln=Dy, Y). Dalton Transactions, 47, 7456-7462.  
https://doi.org/10.1039/c8dt01289j  

[73] Wu, H., Li, M., Zhang, S., Ke, H., Zhang, Y., Zhuang, G., et al. (2017) Magnetic Interaction Affecting the Zero-Field 
Single-Molecule Magnet Behaviors in Isomorphic {NIII2DyIII2} and {CoII2DyIII2} Tetranuclear Complexes. Inorganic 
Chemistry, 56, 11387-11397. https://doi.org/10.1021/acs.inorgchem.7b01840  

[74] Vignesh, K.R., Langley, S.K., Murray, K.S. and Rajaraman, G. (2017) Quenching the Quantum Tunneling of Magnet-
ization in Heterometallic Octanuclear {TmIII4DyIII4} (Tm=Co and Cr) Single-Molecule Magnets by Modification of the 
Bridging Ligands and Enhancing the Magnetic Exchange Coupling. Chemistry—A European Journal, 23, 1654-1666.  
https://doi.org/10.1002/chem.201604835  

[75] Palacios, M.A., Nehrkorn, J., Suturina, E.A., Ruiz, E., Gómez-Coca, S., Holldack, K., et al. (2017) Analysis of Mag-
netic Anisotropy and the Role of Magnetic Dilution in Triggering Single-Molecule Magnet (SMM) Behavior in a Fam-
ily of CoIIYIII Dinuclear Complexes with Easy-Plane Anisotropy. Chemistry—A European Journal, 23, 11649-11661.  
https://doi.org/10.1002/chem.201702099  

[76] Funes, A.V., Carrella, L., Rechkemmer, Y., van Slageren, J., Rentschler, E. and Alborés, P. (2017) Synthesis, Structur-
al Characterization and Magnetic Behaviour of a Family of [CoIII2LnIII2] Butterfly Compounds. Dalton Transactions, 
46, 3400-3409. https://doi.org/10.1039/c6dt04713k  

[77] Funes, A.V., Carrella, L., Rentschler, E. and Alborés, P. (2014) {CoIII2DyIII2} Single Molecule Magnet with Two Re-
solved Thermal Activated Magnetization Relaxation Pathways at Zero Field. Dalton Transsactions, 43, 2361-2364.  
https://doi.org/10.1039/c3dt52765d  

[78] Zhang, H., Liu, R., Zhang, J., Li, Y. and Liu, W. (2016) Chair-Like [LnIII4CoIII2] (Ln=Dy, Eu, Gd, Tb) Clusters In-
cluding a [DyIII4CoIII2] Single Molecule Magnet. CrystEngComm, 18, 8246-8252.  
https://doi.org/10.1039/c6ce01589a  

[79] Novitchi, G., Shova, S., Lan, Y., Wernsdorfer, W. and Train, C. (2016) Verdazyl Radical, a Building Block for a 

https://doi.org/10.12677/japc.2024.133051
https://doi.org/10.1039/d1dt03573h
https://doi.org/10.1021/acs.inorgchem.6b01402
https://doi.org/10.1016/j.inoche.2020.107913
https://doi.org/10.1002/ejic.201701394
https://doi.org/10.1021/acs.inorgchem.8b00056
https://doi.org/10.1039/c8dt04153a
https://doi.org/10.1039/c7dt04389a
https://doi.org/10.1021/acs.cgd.8b01410
https://doi.org/10.1021/acs.inorgchem.7b03186
https://doi.org/10.1039/c8ce00173a
https://doi.org/10.1039/c8dt01289j
https://doi.org/10.1021/acs.inorgchem.7b01840
https://doi.org/10.1002/chem.201604835
https://doi.org/10.1002/chem.201702099
https://doi.org/10.1039/c6dt04713k
https://doi.org/10.1039/c3dt52765d
https://doi.org/10.1039/c6ce01589a


李嘉欣 等 
 

 

DOI: 10.12677/japc.2024.133051 481 物理化学进展 
 
 

Six-Spin-Center 2p-3d-4f Single-Molecule Magnet. Inorganic Chemistry, 55, 12122-12125.  
https://doi.org/10.1021/acs.inorgchem.6b02380  

[80] Goura, J., Brambleby, J., Topping, C.V., Goddard, P.A., Suriya Narayanan, R., Bar, A.K., et al. (2016) Heterometallic 
Trinuclear {CoIII2LnIII} (Ln=Gd, Tb, Ho and Er) Complexes in a Bent Geometry. Field-Induced Single-Ion Magnetic 
Behavior of the ErIII and TbIII Analogues. Dalton Transactions, 45, 9235-9249. https://doi.org/10.1039/c5dt03871e  

[81] Langley, S.K., Chilton, N.F., Moubaraki, B. and Murray, K.S. (2015) Single-Molecule Magnetism in {CoIII2DyIII2}- 
Amine-Polyalcohol-Acetylacetonate Complexes: Effects of Ligand Replacement at the DyIII Sites on the Dynamics of 
Magnetic Relaxation. Inorganic Chemistry Frontiers, 2, 867-875. https://doi.org/10.1039/c5qi00076a  

[82] Goura, J., Brambleby, J., Goddard, P. and Chandrasekhar, V. (2015) A Single-Ion Magnet Based on a Heterometallic 
CoIII2DyIII Complex. Chemistry—A European Journal, 21, 4926-4930. https://doi.org/10.1002/chem.201406021  

[83] Xie, Q., Wu, S., Shi, W., Liu, C., Cui, A. and Kou, H. (2014) Heterodinuclear MII–LnIII Single Molecule Magnets 
Constructed from Exchange-Coupled Single Ion Magnets. Dalton Transactions, 43, Article 11309.  
https://doi.org/10.1039/c4dt00740a  

[84] Tian, C., Yuan, D., Han, Y., Li, Z., Lin, P. and Du, S. (2014) Synthesis, Structures, and Magnetic Properties of a Series 
of New Heterometallic Hexanuclear Co2Ln4(Ln=Eu, Gd, Tb and Dy) Clusters. Inorganic Chemistry Frontiers, 1, 
695-704. https://doi.org/10.1039/c4qi00116h  

[85] Sheikh, J.A., Goswami, S. and Konar, S. (2014) Modulating the Magnetic Properties by Structural Modification in a 
Family of Co-Ln (Ln=Gd, Dy) Molecular Aggregates. Dalton Transactions, 43, 14577-14585.  
https://doi.org/10.1039/c4dt01791a  

[86] Towatari, M., Nishi, K., Fujinami, T., Matsumoto, N., Sunatsuki, Y., Kojima, M., Mochida, N., Ishida, T., Re, N. and 
Mrozinski, J. (2013) Syntheses, Structures, and Magnetic Properties of Acetato- and Diphenolato-Bridged 3d-4f Binu-
clear Complexes [M(3-MeOsaltn)(MeOH)x(ac)Ln(hfac)2] (M = ZnII, CuII, NiII, CoII; Ln = LaIII, GdIII, TbIII, DyIII; 
3-MeOsaltn = N,N′-Bis(3-methoxy-2-oxybenzylidene)-1,3-propanediaminato; ac = Acetato; hfac = Hexafluoroacety-
lacetonato; x = 0 or 1). Inorganic Chemistry Journal, 52, 6160-6178.  

[87] Langley, S.K., Chilton, N.F., Moubaraki, B. and Murray, K.S. (2013) Anisotropy Barrier Enhancement via Ligand 
Substitution in Tetranuclear {CoIII2LnIII2} Single Molecule Magnets. Chemical Communications, 49, Article 6965.  
https://doi.org/10.1039/c3cc44037k  

[88] Colacio, E., Ruiz, J., Ruiz, E., Cremades, E., Krzystek, J., Carretta, S., et al. (2013) Slow Magnetic Relaxation in a 
CoII-YIII Single-Ion Magnet with Positive Axial Zero-Field Splitting. Angewandte Chemie International Edition, 52, 
9130-9134. https://doi.org/10.1002/anie.201304386  

[89] Peng, J., Zhang, Q., Kong, X., Zheng, Y., Ren, Y., Long, L., et al. (2012) High-Nuclearity 3d-4f Clusters as Enhanced 
Magnetic Coolers and Molecular Magnets. Journal of the American Chemical Society, 134, 3314-3317.  
https://doi.org/10.1021/ja209752z  

[90] Yamaguchi, T., Costes, J., Kishima, Y., Kojima, M., Sunatsuki, Y., Bréfuel, N., et al. (2010) Face-Sharing Heterotri-
nuclear MII-LnIII-MII (M=Mn, Fe, Co, Zn; Ln=La, Gd, Tb, Dy) Complexes: Synthesis, Structures, and Magnetic Prop-
erties. Inorganic Chemistry, 49, 9125-9135. https://doi.org/10.1021/ic100460w  

[91] Chandrasekhar, V., Pandian, B.M., Vittal, J.J. and Clerac, R. (2009) Synthesis, structure, and magnetism of heterobimetallic 
trinuclear complexes {[L2Co2Ln][X]} [Ln = Eu, X = Cl; Ln = Tb, Dy, Ho, X = NO3; LH3 = (S)P[N(Me)N=CH-C6H3-2-OH- 
3-OMe]3]: A 3d-4f family of single-molecule magnets. Inorganic Chemistry Journal, 48, 1148-1157. 

[92] Zou, H., Sheng, L., Liang, F., Chen, Z. and Zhang, Y. (2015) Experimental and Theoretical Investigations of Four 
3d-4f Butterfly Single-Molecule Magnets. Dalton Transactions, 44, 18544-18552. https://doi.org/10.1039/c5dt03368c  

https://doi.org/10.12677/japc.2024.133051
https://doi.org/10.1021/acs.inorgchem.6b02380
https://doi.org/10.1039/c5dt03871e
https://doi.org/10.1039/c5qi00076a
https://doi.org/10.1002/chem.201406021
https://doi.org/10.1039/c4dt00740a
https://doi.org/10.1039/c4qi00116h
https://doi.org/10.1039/c4dt01791a
https://doi.org/10.1039/c3cc44037k
https://doi.org/10.1002/anie.201304386
https://doi.org/10.1021/ja209752z
https://doi.org/10.1021/ic100460w
https://doi.org/10.1039/c5dt03368c

	钴–稀土单分子磁体的研究进展
	摘  要
	关键词
	Research Progress in Co-Ln Single-Molecule Magnets
	Abstract
	Keywords
	1. 引言
	2. 钴–稀土单分子磁体的研究进展
	2.1. [Co2Dy]型单分子磁体
	2.2. 蝴蝶型单分子磁体
	2.3. 其他类型的单分子磁体

	3. 结论
	基金项目
	参考文献

