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ABSTRACT. One-pot separate reactions of an asymmetric carboxy-ether-phenol based Schiff base H2L (2-((2-

hydroxy-3-methoxybenzylidene)amino)benzoic acid) with selected Ln(NO3)3∙nH2O and [Co2(µ-

OH2)(O2CCMe3)4(HO2CCMe3)4] (Co2-Piv) in basic MeOH medium resulted in a family of three octanuclear 

complexes, [CoII
4LnIII

4L4(µ1,3-Piv)4(µ1,1,3-Piv)2(h1-Piv)2(µ3-OH)4(MeOH)2]∙mMeOH∙nH2O (Ln = Dy; m=3, n=1 (1), 

Ho; m=4, n=0 (2), Yb; m=3, n=1 (3)). The options for incorporating different 4f ions in synthesis, without altering 

the actual metallic core structure, were successful for the three complexes. Single-crystal X-ray diffraction studies 

revealed that they are isostructural and built from two initially formed partial dicubane type {Co2Ln2L2} units. In 

each tetranuclear part the metal centres are held together by two L2‒, two μ3-HO‒, three Piv‒ bridges, one terminal 

Piv‒ and one MeOH. The L2‒ provides adjacent ONO and OO binding pockets ideal for selective coordination of 

bivalent cobalt and trivalent 4f ions. Four carboxylate ends of four L2‒ units are responsible to connect two Co2Ln2 

units into octanuclear structures. The unique distortion about the CoII center is presented by the coordination of 4f 

metal ions at the hard OO coordination site. The distortion is further supported by the presence of COO- groups on 

the ligand backbone and engaged in inter-tetrameric interactions. The dc magnetic susceptibility data revealed 

ferromagnetic coupling between the CoII and LnIII centers. Ac magnetic susceptibility measurements showed that 

complex 1 having highly anisotropic DyIII ion behave as a single-molecule magnet (SMM) in absence of external 

magnetic field, with an energy barrier Ueff of 12.5 K. 
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Introduction 

Synthesis and comprehensive characterization of 

multinuclear trivalent lanthanide ion based aggregates 

with bi- or trivalent transition metal ions as neighbor 

has received considerable attention in recent times. 

The research endeavors not only provided intricate and 

aesthetically pleasing molecular structures but also 

face enormous synthetic challenges while providing 

interesting physical properties and applications.1-7 

These 3d-4f coordination aggregates (CAs) bearing 3d 

and 4f ions as near neighbors are of interest during the 

last two decades for their expected SMM behavior to 

show slow paramagnetic relaxation and hysteresis. 8-12 

In recent years, synthesis of such molecular magnets 

showed potential in high-density magnetic data 

storage,13 spintronics,14-16 quantum computing,17-19 and 

magnetic refrigeration.20-22 The SMM complexes show 

facile quantum tunneling mechanism which shortcuts 

the effective relaxation energy barrier and thereby 

making them to lose magnetization very quickly. 

Hence for the goal of obtaining better SMMs, 

combination of 3d and 4f ions within a ligand frame 

and clipping them through appropriate donor atom 

bridges can be an advantageous process as the 

intermediate 3d–4f exchange interaction can 

significantly mitigate this quantum tunneling of 

magnetization (QTM) and improve the energy barrier 

for spin reversal.23,24 The lanthanide ion present in 

these types of complexes have large ground spin state 

(S) and large anisotropy (D) due to its intrinsic single 

ion Ising type magnetic anisotropy, which can mediate 

ferromagnetic coupling. 

Axially symmetric crystal-field around the 4f ions 

and strong exchange coupling between paramagnetic 

centers usually promotes the SMM behavior.25,26 CoII is 

a Kramers ion (S = 3/2) and the anisotropy in most six-

coordinate octahedral CoII complexes is generated 

from large and positive D values.27 Many of the 4f ions 

exhibit strong magnetic anisotropy, such as TbIII (7F6), 

DyIII (6H15/2), and HoIII (5H8), thus can be incorporated 

for the development of new CoII-4f coordination 

aggregates expected to show SMM properties. 

Processes like fast QTM are usual for Co(II) and the 

lanthanoid ions, which can promote through-the-

barrier fast relaxations.28-30  The quenching of QTM is 

important to obtain better SMMs.31,32 Hence the use of 

combined Co(II)-4f ions has as a goal to increase the 

energy barrier (Ueff) and magnetic blocking 

temperature (TB) to show reasonably good SMM 

behaviour.33,34 This is not always achieved and since 

the collinearity of anisotropy axes on the 4f ion in a 

polynuclear molecule is difficult to control, but it is 

necessary to garner the compound with strong axial 

anisotropy required for SMMs.35    
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The trivalent 4f ions are hard Lewis acids and show 

strong affinity for ligands having hard O-donors and 

ancillary bridges like HO- and O2-.36-38 Thus hydrolytic 

reaction conditions can impose adventitious hydrolysis 

producing required numbers of hydroxide and oxide 

groups. 39-42 Choice of base and reaction medium is 

important to allow for the deprotonation of the 

lanthanide ion bound H2O molecules followed by 

aggregation from the initially created ligand anion 

capped fragments. Thus, a rational approach for 

synthesis of HO--bridged 3d-4f aggregates can 

contribute to a significant progress toward ligand-

controlled hydrolysis and aggregation reactions.  

Carboxylates are also known as traditional ligands for 

lanthanide coordination, which can bind/bridge 

through varying mode favoring the incorporation of 

multiple numbers of 3d and 4f ions in any molecular 

aggregates in the presence of externally added or in 

situ generated hydroxide ions for the final product 

formation. 42,43-49  

The biggest synthetic challenge thus lies on the ligand 

design to arrest the outcome of the chosen reaction 

protocol. Standardization of the best reaction condition 

is of paramount importance to obtain 3d-4f aggregates 

of new structure. The procedure quite often follows the 

serendipitous and spontaneous self-assembly path 

because the outcome of that particular reaction path is 

unknown to the researchers by controlling/managing 

the hydrolysis. Thus, we expect a rich structural 

diversity in 3d-4f complexes compared to only 

transition metal ion bearing aggregates. In case of 3d 

ions the propensity for generation of several hydroxido 

and oxido linkers amongst multiple metal ions is low. 

The presence of ligand anion bound 3d ions can 

provide appropriate crystal fields to the 4f ions and the 

required anisotropy to see SMM properties. Fine-

tuning and control of the anisotropy of such high 

nuclearity complexes are difficult to achieve through 

synthetic manipulations.  

Herein, the asymmetric carboxy-ether-phenol based 

ligand 2-((2-hydroxy-3-

methoxybenzylidene)amino)benzoic acid (H2L) (Chart 

I) was synthesized to discover its synergistic metal ion 

binding capacity for new family of  CoII−4f 

coordination aggregates. Previously H2L was explored 

for the reactions with dysprosium chloride and nitrate 

salts for Dy4 and Dy8 complexes from the assembly of 

as many as four and ten HL- ions respectively.50 In 

another work hydrothermal condition was utilized for 

Na2Ln6L8 (Ln = Dy, Tb, Gd, Sm) complex.51 Assembly 

of four L2- ions around two M(II) and two Dy(III) ions 

provided one-dimensional ladder like double helical 

chain structures in M2Dy2L4 complexes (M = Ni, Co).52 

Contrary to these findings our attempts following a 

new synthesis protocol instead provided a new family 

of octanuclear (4+4) Co4Ln4L4 aggregates having bis-
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partial-dicubane structures decorated and stabilized by 

several pivalate (Piv-) groups.  

Chart I. ChemDraw of H2L showing two coordination 

bites 

 

Composition of the resulting multimetallic aggregates 

were established as [CoII
4LnIII

4L4(µ1,3- 

Me3CCOO)4(µ1,1,3- Me3CCOO)2(h1-Me3CCOO)2(µ3-

OH)4(MeOH)2]∙mMeOH∙nH2O (Ln = Dy; m=3, n=1 

(1), Ho; m=4, n=0 (2), Yb; m=3, n=1 (3)). Two types 

of bridging coordination were achieved from terminal 

carboxy end of four L2- which is responsible for the 

higher degree of aggregation (Scheme 1).  

 

Scheme 1. Varying binding modes of carboxy ends L2‒ 

observed in this work 

 

Experimental section  

Reagents and Starting Materials. All the solvents 

and the reagents, were obtained from commercial 

sources and used as received without further 

purification. The following were used as obtained: 

Dy(NO3)3·5H2O, Ho(NO3)3·5H2O and Yb(NO3)3·6H2O 

(Alfa Aeser, UK); CoCO3 (SD Fine Chemicals, 

Mumbai, India); pivalic acid, 2-aminobenzoic acid, o-

vanillin (Spectrochem Pvt. Ltd., Mumbai, India). Gram 

scale synthesis of Co2-Piv was achieved following a 

known procedure.53 Cobalt carbonate (4.0 g, 34mmol) 

and excess of pivalic acid (20.0 g, 196mmol) in 

presence of small amount of water (3 mL) was 

refluxed for 24 h at 100°C for the complete dissolution 

of the carbonate salt. Next, the solution was cooled to 

room temperature and 50 mL MeCN was added on 

rigorous stirring condition. The solution was then 

filtered and cooled to 5°C to produce pink coloured 

block shaped crystals which were washed with cold 

MeCN and dried in air. Yield = 67.2 %.  The Schiff 

base H2L was obtained following previously reported 

literature procedures of the condensation of o-vanillin 

and 2-aminobenzoic acid in a 1:1 molar ratio in MeOH 

(Scheme 2) and used as liquid.54 Selected FT-IR peaks 

(KBr disc, cm-1, vs = very strong, s = strong, m = 

medium, b = broad): 3364 (br), 2942 (br), 1671 (s), 

1615 (vs), 1591 (s), 1486 (s), 1457 (m), 1369 (m), 

1234 (vs), 1161 (m), 1067 (m), 1023 (m), 755 (m), 731 

(m). 
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Scheme 2. Imine condensation for H2L 

 

General synthetic routes for 1, 2, and 3. The 

complexes 1−3 were obtained following a general 

synthetic protocol. To H2L (1 mL, 0.1mmol) solution 

in MeOH, Ln(NO3)3∙nH2O (n= 5, Dy, Ho; 6, Yb) 

(0.1mmol) in 2 mL MeOH and NEt3 (55.6 μL, 

0.4mmol) were added to obtain a clear solution. After 

1 h of stirring at room temperature, Co2-Piv (0.0474 g, 

0.05mmol) in 2 mL MeOH was added dropwise 

producing a faint precipitate. The resulting orange 

reaction mixture was finally refluxed for 5 h at 

70−80ºC. Filtrate obtained from the reaction mixture 

was kept for slow evaporation of solvent to obtain X-

ray diffraction quality rhombus shaped orange crystals 

after 3 days. 

[Co4Dy4L4(µ1,3-Me3CCOO)4(µ1,1,3-Me3CCOO)2(h1-

Me3CCOO)2(µ3-OH)4(MeOH)2]∙H2O∙3MeOH (1). The 

following reagents were used: H2L (1 mL, 0.1mmol), 

Dy(NO3)3·5H2O (0.0438 g, 0.1mmol), Co2-Piv (0.0474 

g, 0.05mmol), NEt3 (55.6 μL, 0.4mmol). Yield: 0.037 

g, 49 % (based on Dy). Anal. Calcd for 

C105H142Co4Dy4N4O42 (3017.92 g mol−1): C, 41.79; H, 

4.74; N, 1.86. Found: C, 41.63; H, 4.68; N; 1.75. 

Selected FTIR peaks (KBr, cm−1; s = strong, vs = very 

strong, m = medium, br = broad, w = weak): 2957 (br), 

2927 (br), 1605 (s), 1552 (vs), 1483 (m), 1470 (m), 

1457 (m), 1417 (s), 1388 (m), 1375 (m), 1358 (m), 

1309 (m), 1230 (vs), 1194 (s), 1095 (m), 1075 (w), 973 

(m), 858 (m), 769 (m), 736 (s), 601 (m), 585 (m), 555 

(m).   

[Co4Ho4L4(µ1,3-Me3CCOO)4(µ1,1,3-Me3CCOO)2(h1-

Me3CCOO)2(µ3-OH)4(MeOH)2]∙4MeOH (2). 

Ho(NO3)3·5H2O (0.0441 g, 0.1mmol) was used in place 

of Dy(NO3)3·5H2O as in previous synthesis . Yield: 

0.044 g; 57% (based on Ho). Anal. Calcd for 

C106H144Ho4Co4N4O42 (3041.68 g mol−1): C, 41.86; H, 

4.77; N, 1.84. Found: C, 41.79; H, 4.69; N; 1.81. 

Selected FTIR peaks (KBr, cm−1; s = strong, vs = very 

strong, m = medium, br = broad): 2957 (br), 2924 (br), 

1605 (vs), 1552 (vs), 1483 (m), 1470 (m), 1457 (m), 

1417 (vs), 1388 (s), 1375 (m), 1358 (m), 1309 (m), 

1233 (vs), 1194 (vs), 1095 (m), 1078 (m), 970 (m), 858 

(m), 769 (m), 733 (vs), 601 (m), 582 (m).  

[Co4Yb4L4(µ1,3-Me3CCOO)4(µ1,1,3-Me3 CCOO)2(h1-

Me3CCOO)2(µ3-OH)4(MeOH)2]∙H2O∙3MeOH (3). 

Yb(NO3)3·6H2O (0.0467 g, 0.1mmol) was used instead 

of Dy(NO3)3·5H2O. Yield: 0.040 g; 52% (based on 

Yb). Anal. Calcd for C105H142Yb4Co4N4O42 (3060.08 g 

mol−1) C, 41.21; H, 4.68; N, 1.83. Found: C, 41.12; H, 
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4.75; N; 1.75. Selected FTIR peaks (KBr, cm−1; s = 

strong, vs = very strong, m = medium, br = broad): 

2953 (br), 2924 (br), 1605 (s), 1552 (vs), 1482 (m), 

1470 (m), 1460 (m), 1417 (vs), 1388 (m), 1375 (m), 

1358 (m), 1309 (m), 1233 (vs), 1194 (vs), 1095 (m), 

1075 (m), 970 (m), 858 (m), 769 (m), 736 (s), 605 (m), 

588 (m).  

Physical Measurements. Elemental analysis (CHN) 

was performed by a PerkinElmer model 240C 

elemental analyzer. A Perkin Elmer Spectrum Two 

spectrometer was used to record the ATR-FTIR spectra 

by placing the samples over the ATR crystal. The 

phase purity of the compounds in the powder state was 

examined by powder X-ray diffraction (PXRD) 

patterns with a Bruker AXS X-ray diffractometer (40 

kV, 20 mA) using Cu Kα radiation (λ = 1.5418 Å) 

within a 2θ range of 5−70° and a fixed-time counting 

of 4s at 25°C. 

Magnetic Measurements. Magnetic measurements 

were carried out in the Unitat de Mesures Magnètiques 

(Universitat de Barcelona) on polycrystalline samples 

(circa 30 mg) with a Quantum Design SQUID MPMS-

XL magnetometer equipped with a 5 T magnet. 

Diamagnetic corrections were calculated using Pascal's 

constants and an experimental correction for the 

sample holder was applied. 

X-ray Crystallographic Measurements. The single 

crystal X-ray structures of the complexes 1-3 were 

measured on Bruker SMART APEX-II CCD X-ray 

diffractometer, equipped with a graphite 

monochromator of Mo-Ka radiation (λ = 0.71073 Å) 

by the ω scan (width of 0.3° frame−1) method at 293 K 

with a scan rate of 6 s per frame. The program 

SMART55 was used for collecting frames of data, 

indexing of reflections. The software XPREP was used 

to determine space group and SAINT was used for 

integration of data.55 The empirical absorption 

corrections were applied to the data using the program 

SADABS.56 The structures were solved by direct 

method using the SHELXS-201457 program and 

refined with full-matrix least-squares technique against 

F2 using SHELXL-201458 program package in Olex-

2.59 The hydrogen atoms were fixed in calculated 

position and refined with fixed geometry and riding 

thermal parameters with respect to their carrier atoms. 

All the non-hydrogen atoms were refined 

anisotropically. The used crystallographic figures were 

generated using Mercury 3.1 and POV-ray software.60 

The information regarding X-ray refinement data is 

summarized in Table 1. Crystallographic data have 

been deposited with the Cambridge Crystallographic 

Data Centre as supplementary publications CCDC 

2075692 (1), 2075693 (2) and 2075694 (3). 
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Results and Discussion 

Design Strategy and Synthesis. Structurally 

pentadentate imine-centered and ether side group 

bearing ligand H2L was obtained from direct Schiff 

base condensation reaction of 2-aminobenzoic acid and 

o-vanillin. Plan was made to reserve the tridentate 

imine pocket for coordination of CoII ion and let the 

adjacent -OMe group attracts bigger lanthanide ions 

through 3d-4f bridging action of central phenolate 

group. In lieu of any simple cobalt(II) salt, use of Co2-

Piv was considered to adopt a different course of 

reaction with help of already bound pivalate anions to 

the cobalt(II) centers which may not possible through 

external addition of pivalate anions from outside after 

mixing of the initial ingredients. These cobalt bound 

pivalate anions help in a positive manner to grow the 

aggregate during bridging and scrambling for 

coordination of these carboxylate anions between the 

3d and 4f ions. Thus stepwise reactions of H2L with 

Ln(NO3)3·nH2O (Ln = Dy, Ho, Yb) and Co2-Piv 

followed by dropwise addition of NEt3 in a particular 

(1:1:0.5:4) molar ratio in MeOH medium and long 

refluxing condition provided [Co4Ln4L4(µ1,3-

Me3CCOO)4(µ1,1,3-Me3CCOO)2(µ-Me3CCOO)2(µ3-

OH)4(MeOH)2]∙ mMeOH∙nH2O (Co = CoII; Ln = DyIII 

(1), HoIII (2), YbIII (3); (Scheme 3). In all three cases 

the complexes were isolated as single-crystalline 

materials and nice rhombus shaped orange-colored 

crystals were obtained after 3 days. The selected single 

crystals were next used for X-ray structure 

determinations. The spontaneous assembly reaction for 

the generation of the coordination aggregates 1−3 is 

summarized in eq 1.  

4H!L + 4Ln(NO")"	 ∙ (5 − 6)H!O + 2[Co!(𝜇

− OH!)(O!CCMe")$(HO!CCMe")$]

→ [Co$Ln$L${𝜇%,"
− (Me"CCOO)}${𝜇%,%,"
− (Me"CCOO)}!{𝜂%

−Me"CCOO}!{𝜇"
− OH)$(MeOH)!] ∙ mMeOH ∙ nH!O

+ 12NO"' + 8Me"COOH + 	12𝐻(

+	𝐻!𝑂 

                                                                                                                                    

… (1) 

The octanuclear (4+4) 3d-4f aggregates were produced 

from spontaneous and cooperative assembling of four 

L2− units, around four cobalt and four chosen 4f metal 

ions, and both types have dissimilar coordination 

demands. The crystalline and pure solid products thus 

obtained from the above-mentioned reaction protocols 

were analyzed first by ATR-FTIR spectroscopy  

Scheme 3. Synthetic route for complexes 1-3 
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and PXRD patterns (Figures S1 and S2 in Supporting 

Information). The imine bond stretching vibration 

(ṽC=N) is observed at 1603-1606 cm-1 confirming the 

binging of four CoII ions by four L2− through central 

imine N atom. The presence of multiple numbers of 

sterically bigger pivalate groups were identified from 

the asymmetric ṽas(C=O) bond stretching vibration at 

1549-1552 cm-1 and the symmetric (ṽsC=O) one at 1415-

1417 cm-1 for 1−3. The phase purity and the crystalline 

nature of the products from each synthetic attempt 

were confirmed by solid-state PXRD patterns, which 

showed good agreement of experimental peak 

positions with those of simulated versions from the 

single-crystal X-ray diffraction. The reproducibility of 

the PXRD patterns along with FTIR spectra were 

useful to identify and compare the products in each 

attempt. 

Crystal Structure Descriptions. Suitable single 

crystals of 1−3 were directly obtained from the filtrate 

of the final reaction mixtures following slow 

evaporation of solvent in ambient conditions. All three 

electro-neutral complexes are found to be isostructural, 

and interestingly, all of them crystallize in same 

monoclinic system and space group, P21/c. In all cases, 

the entire structure appeared as a whole without the 

appearance of any smaller asymmetric fragment of the 

unit cell. However, smaller parts may be considered as 

the aggregating fragments involved in the growth of 

the whole structure. 

All the three complexes are structurally similar and 

thus a complete description of structure for complex 1 

(Ln = DyIII) has been considered as a representative 

one for the whole family. Selected bond distances and 

bond angles are presented in Tables S3−S4 in the 

Supporting Information. The perspective view for 

dinuclear, tetranuclear fragments and the whole 

octanuclear aggregate of complex 1 is shown in Figure 

1. 
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The analysis of the X-ray structure revealed that each 

L2− unit (there are four such overall) binds one CoII 

center in the imine pocket I also bears several pivalate 

anions obtained from Co2-Piv used in the synthesis 

(Chart I). The available O,O donor part, consisting of 

the bridging phenoxido oxygen and adjacent −OMe of 

pocket II, was exclusively used to grab the bigger, hard 

and oxophilic DyIII center. Thus, each L2− 

accommodate one each of CoII and DyIII centers and 

further clipped by one solvent derived HO- ion. Self-

aggregation of four such units through terminal 

carboxylate end of L2− and bridging Piv- groups finally 

provided the double-dicubane core structure of 1. The 

octanuclear Co4Dy4 magnetic core was grown from the 

stacking of one Co2Dy2 partial dicubane (Figure 2) 

over another, through four column-like supports of 

carboxylate ends of four L2−. Eight Piv- anions bound 

to four CoII ions and four DyIII ions and two terminal 

MeOH groups fulfil the varying coordination demands 

of individual metal ions.  

                                              

 

 

Figure 1. Retro structural analysis for (a) dimeric and 

(b) tetrameric fragments within 1; (c) growth of 

octamer 1; H atoms are shown for μ3-OH groups only; 

(d) different binding modes of pivalate groups. Color 

code violet, CoII; yellow, DyIII; red, O; blue, N; grey, 

C; orange, H 

(b) 

(d) 

(a) (c) 
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Figure 2. Atom connectivity within the two defective 

dicubane cores present in 1 with atom numbering 

scheme. Color codes as above 

The eight-coordinate coordination geometry around 

Dy1 and Dy3 revealed distorted triangular 

dodecahedron structure (Figure 4a) as calculated from 

Continuous SHAPE Measures (CShM) by SHAPE 

2.1.61 The CShM of a molecular fragment is defined as 

its distance from an ideal shape, independent of size 

and orientation.  Herein the measured value is close to 

the value for square antiprism structure (Table S1 in 

SI). Around Dy2 and Dy4 the shape is again distorted 

triangular dodecahedron (Figure 4b). Around Dy1 and 

Dy3 centers the eight coordination positions are 

assembled from O,OMe chelate part of L2-, two μ3-

hydroxido, one μ1,3-pivalato bridge, one μ1,1,3-pivalato 

bridge, one monodentate pivalato group and one 

bridging carboxylato end of adjacent L2-. Around Dy2 

and Dy4 centers the eight coordination is fulfilled by 

one extra bridging carboxylato end of adjacent 

L2- instead of one monodentate pivalate group. The 

Dy−O bonds span a considerable range of 

2.299(6)−2.690(6) Å to result the distorted 

coordination environment with elastic bonding feature 

which is well matched to accommodate the bigger 

lanthanide ions.  The longest length is thus achieved 

with coordination from −OMe end of L2- to DyIII 

centers, otherwise remain dangling as substitution on 

the ligand backbone, if appropriate coordination 

direction is not available. Water molecule derived two 

μ3-OH nuclei were crucial to map the Co2Dy2 dicubane 

(defect) fragments. Within these units the DyIII centers 

stayed at butterfly tips and form two Dy2O2 rhombuses 

having Dy···Dy separations of 3.661 Å and 3.685 Å. 

Where the Dy−O−Dy angles range from 102.30(19)º to 

103.23(19)º, and O−Dy−O angles span the 73.94(17) 

to 75.53(18)º range. Within these Co2Dy2 units, 

showing considerable structural plasticity, four types 

of Co−O−Dy bond angles are detected within 
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88.16º−109.4(2)º range, resulting in eight different 

Co···Dy separations from 3.411 Å to 3.615 Å (Figure 

3). The coordination from the other ends of the ligand 

carboxylate ends forces the aggregation of two such 

Co2Dy2 dicubane units through the formation of four 

new Dy-O bonds at 2.302(6)−2.396(6) Å.  

                

 
 

Figure 3. Different Dy···Dy and Co···Dy separations 

within the two different dicubane cores 

The tridentate O,N,O half from carboxylate oxygen, 

imine nitrogen and phenoxido oxygen donors bind 

Co1, Co2, Co3 and Co4 centers in facial mode. A 

stressed arrangement of the ONO donor atoms on L2- 

offered a severe distortion of the octahedral geometry 

around CoII centers. The structural modification was 

achieved for an intermediate type, neither perfect 

facial nor meridional coordination of the ONO 

tridentate part to the CoII center (Figure S4). Ancillary 

bridging support from μ3-hydroxido, μ1,3 and 

μ1,1,3-pivalato groups, and terminal MeOH groups 

complete the Co4Dy4 core structure. Firm binding of 

the ligand anion resulted Co‒N bonds within 2.109(8) 

to 2.148(7) Å.  In octahedral coordination spheres 

around Co1 and Co3, the sixth coordination positions 

are occupied by terminal MeOH molecules. The 

dicubane site comprising Co1 and Co3 centers register 

O−Co−O and O−Co−N angles within a normal range 

of 77.4(2)º−99.7(3)º and 82.6(2)º−102.3(3)º 

confirming less distorted octahedral geometries (Figure 

4c). Highly distorted octahedral geometry around Co2 

and Co4 mainly arise from considerable elongation in 

Co‒O bonds from 2.011(6) to 2.701 Å. Both six-

coordinate Co2 and Co4 centers have distorted 

octahedral geometry (Shape Measures data in Table 

S2) with long Co−O bond (Co2−O22, 2.586 Å; 

Co4−O30, 2.701 Å) from oxygen donors of μ1,1,3-

pivalato groups resulting unusually high magnitude of 

O−Co−N cis angles (O22−Co2−N2; O30−Co4−N4) of 

120.90º and 121.80º. The complementary O−Co−O cis 

angles around Co2 and Co4 centers also suffered 

compression and elongation in 66.94º−109.6(2)º range. 

The CoII centers within these aggregates had a natural 

preference for tetrahedral geometry thus could sustain 
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the huge distortion from neighboring DyIII sites (Figure 

4d). Both the chelate bites for coordination of L2− 

anions to CoII centers are six-membered. The amount 

of distortion is different for Co1 and Co3 compared to 

Co2 and Co4. In 1 the O−Co−N and O−Co−O angles 

from the binding of L2- remain within 80.7(3)° to 

109.6(2)° which are deviated from ideal angles for 

facial coordination. The NO3 basal plane, in this 

orientation, is 21%, 32%, 20% and 33% distorted 

toward Td (τ4 is 0.21, 0.32, 0.20 and 0.33.) geometry. 

Monodentate coordination from -OMe group and 

bridging coordination via carboxylate end to bigger 

DyIII centers further distort the bound ligand anion 

(L2−) from a planar structure normally expected for 

considerable π-conjugation. For complex 1, the amount 

of deviation is measured at 39.36º, 47.02º, 38.11º and 

52.49º for the single L2− anion with respect to the two 

phenyl rings present in the backbone of the ligand 

anion. Only one type 

            

 

             

 

Figure 4. Four different coordination geometry around 

Dy1, Dy2, Co1 and Co2 in complex 1 (a) distorted 

triangular dodecahedron; (b) distorted triangular 

(c) (d) 

(a) (b) 
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dodecahedron; (c) distorted octahedron and (d) 

severely distorted octahedron  

of double defect dicubane parts were formed during 

the initial stage of ligand-controlled aggregation. 

Within these {Ln2O2} diamond cores the LnIII···LnIII 

separations follow the order 1 > 2 > 3 (Dy···Dy, 3.661 

Å, 3.685 Å; Ho···Ho, 3.603 Å, 3.608 Å; Yb···Yb, 3.543 

Å, 3.537 Å) due to the onset of lanthanide contraction 

across the series in trivalent states.  

The entire structure experienced coordination of 

three different types of connectivity from pivalato 

anions solely originated from the Co2-Piv salt. The 

connections from µ1,3-Me3CCO2
- unit to CoII and DyIII 

centers provide shorter Co-O bonds at 

2.011(6)−2.080(6) Å and longer Dy-O bonds at 

2.310(6)−2.330(6) Å. The corresponding distances for 

µ1,1,3-Me3CCO2
- bridges are slightly longer at 

2.586−2.701 and 2.442(6)−2.467(6) Å. The terminal 

coordination from Me3CCO2
- to DyIII centers resulted 

shortest Dy-O bonds at 2.299(6) Å and 2.306(6) Å. 

These variations were crucial for the required 

adjustments in the metal ion and ligand donor atom 

separations. Likewise, carboxylato ends of L2- 

provided µ1,3 and µ1,1,3 modes of bridging and expected 

bond distances for Co-O and Dy-O bonds.  

Mean plane analysis for the coplanar arrangement of 

metal ions in Co2Dy2 parts revealed that the DyIII 

centers remained 0.308-0.371 Å above and CoII centers 

stayed 0.332-0.348 Å below this imaginary mean 

plane. Within the entire structure consisting of two 

such planes, the DyIII ions remained above the plane 

with respect to the top one and stayed below with 

respect to latter (Figure 5).  

 

Figure 5. Orientation of two dicubane units with 

respect to the two mean planes. The rotation imposed 

by the ligands is clearly shown in this illustration. 

Hydrogen bonding interactions involving µ3−HO- core 

bridging groups were important to maintain the 

secondary interactions for the stabilization of the 

grown crystals and crucial in holding the network 

structure in 1. The µ3−HO– groups showed hydrogen 

bonds to the oxygen atoms of ligand carboxylato ends 

and other pivalate groups. Likewise, the µ3−HO– (O36 

and O38) groups showed interactions with O15 and O7 
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(O36∙∙∙O15, 2.867 Å; O38∙∙∙O7, 2.882 Å) of ligand 

carboxylato donors. The other two µ3−HO– groups 

(O35 and O37) hydrogen bonded (O35∙∙∙O24, 2.972 Å; 

O37∙∙∙O32, 2.974 Å) to O24 and O32 of the pivalate 

anions already bound to Dy1 and Dy3. Further these 

pivalate oxygen (O24 and O32) donors engaged in 

hydrogen bond interactions with the O40 and O39 of 

MeOH solvent molecules (O24∙∙∙O40, 2.893 Å; 

O32∙∙∙O39, 2.813 Å) (Figure 6). Two such Co4Dy4 

octamers showed inter molecular hydrogen bonding 

interaction with lattice MeOH (O41∙∙∙O39, 2.641 Å). 

 

Figure 6. Intramolecular hydrogen bonding 

interactions in 1 

Table 1. Summary of crystallographic data and 

refinement parameters for 1−3 

 1 (Dy) 2 (Ho) 3 (Yb) 

Empirical C105H142Co4 C106H144Co4 C105H142Co4

formula Dy4N4O42 Ho4N4O42 Yb4N4O42 

Formula 

weight(g∙

mol-1) 

3017.92 3041.68 3060.08 

Crystal 

system 

monoclinic monoclinic monoclinic 

Space 

group 

P21/c P21/c P21/c 

a (Å) 29.919 29.607 29.157 

b (Å) 16.360 15.931 15.799 

c (Å) 26.979 26.598 26.258 

β (o) 102.66 102.88 102.80 

Volume 

(Å3) 

12884.8 12230 11795.3 

Z 4 4 4 

Dcalcd (g 

cm-3) 

1.555 1.652 1.722 

Absorptio

n 

coefficien

t (mm-1) 

2.868 3.166 3.770 

F (000) 6024 6080 6088 
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Temperat

ure(K) 

299 293 298 

Reflection

s 

collected/

unique 

125064 / 

27789 

127831 / 

26580 

120937 / 

27401 

Parameter

s 

1486 1488 1468 

Index 

range 

h = -38 → 

38 

k = -16 → 

20 

l = -34 → 

34 

h = -36 → 

37 

k = -19 → 

20 

l = -34 → 

31 

h = -38 → 

35 

k = -20 → 

20 

l = -32 → 

34 

Goodness

-of-fit 

(F2) 

1.058 1.026 1.112 

Largest 

diff 

peak/h

ole (e 

Å−3) 

 

1.874, -

1.169 

0.952, -

0.941 

2.072, -

1.327 

Rint 0.0898 0.0787 0.0797 

R1; 0.0554; 0.0465; 0.0534; 

wR2 [I 

>2σ(I)] 

 

0.1171 0.0963 0.1208 

CCDC 2075692 2075693 2075694 

 

Magnetic properties 

Magnetic susceptibility data for complexes 1-3 were 

collected at 193 Oe (2-30 K) and 3000 Oe (2-300 K). 

Field dependent phenomena were not observed. The 

cT product under applied dc magnetic field in the 

temperature range of 2 to 300 K for complexes 1−3 is 

shown in Figure 7a. The dc magnetic measurements 

reveal a room temperature cT value of 66, 64 and 20 

cm3 K mol−1 for complexes 1−3 respectively, which are 

in good agreement with the expected value of 68, 68 

and 22 cm3 K mol−1 for four CoII and four LnIII ions, 

taking into account the strong spin-orbit coupling for 

DyIII, HoIII and YbIII. As temperature decreases, the 

magnetic susceptibility value is nearly constant until a 

temperature of 100 K. Below this temperature, a 

marked decrease is observed for all complexes, as 

expected due to the depopulation of the MJ sublevels of 

the LnIII and CoII centers. An increase in the cT values 

is observed below 15 K for all complexes, being this 

increase more pronounced for 1 (Dy) and 2 (Ho) 

analogues. This increase should be attributed to 

ferromagnetic coupling between the metal centers of 
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the Co4Ln4 complexes. A simple Curie Weiss analysis 

yields Curie constant of 66 cm3/mol for 1, 64 cm3/mol 

for 2 and 20 cm3/mol for 3. The Weiss constant for all 

samples is small and yields values of -2.13 K for 1, 

-1.99 K for 2 and -5.12 K for 3 (Figure 7b). The 

values are small, as expected for lanthanoid 

complexes, that usually display weak magnetic 

coupling to other 4f or 3d ions. The negative sign 

indicates overall antiferromagnetic behavior. Part of 

the magnetic coupling can be dipolar in origin, as usual 

for Ln ions. The Dy2O2 diamonds observed in the 

crystal structure with Dy-O-Dy angles between 102º 

and 103º and the Co-O-Dy angles between 94º and 

109º can lead to both ferromagnetic or 

antiferromagnetic coupling. Dipolar contributions are 

usually important for DyIII complexes, and a simple 

model relates the dipolar contribution to the magnetic 

coupling with the distances between the metal ion 

centers and the angle between the anisotropy axes. We 

used Magellan62 to calculate the anisotropy axes on the 

Dy ions of complex 1, as shown in Figure 7d. The 

dipolar interactions between each DyIII ion with its first 

neighbors were calculated, within the effective 

Hamiltonian, with the expression 

𝐽𝑑𝑖𝑝 = 	 )*+!
∗#)$

#

,-.%
(3𝑐𝑜𝑠!𝜃 − 1)	taking into account the 

Dy‧‧‧Dy separation of r and the relative orientation of 

the anisotropy axes of the considered Dy ions, as 

calculated by Magellan package. The results, 

summarized in Table 2, show a weak ferromagnetic 

contribution to the magnetic exchange by the dipolar 

interaction between the DyIII ions in 1. The collinearity 

of the anisotropy axes on all four DyIII ions is 

responsible for this ferromagnetic contribution and it 

provides the molecule with axial anisotropy, a 

requirement for an SMM. 

Table 2. Dipolar contribution to the magnetic coupling 

Dy‧‧‧Dy 

Dy‧‧‧Dy 

distance 

(Å) 

Angle 

(radians) J*dip/kB (K) 

1-2 3.661 0.795 1.020 

3-4 3.685 0.706 1.569 

1-3 7.955 0.474 0.291 

1-4 7.247 0.855 0.081 

2-3 7.202 0.779 0.148 

2-4 5.669 0.203 1.099 

 

The molar magnetization (M) vs field (H) plot for the 

complexes 1−3 is shown in Figure 7c, which shows a 

rapid increase at low field followed by a gradual 

increase which reaches at 28, 28 and 15 N𝜇/  at 
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temperature 2K at 5 T for complexes 1−3 respectively, 

indicating a strong magnetic interaction, another 

requirement for an SMM. It is worth noting here that 

the ligand anions persuade a rotation of one Co2Ln2 

unit with respect to the other, this is clearly shown in 

Figure 5. This greatly affects the magnetic properties 

of complex 1. One DyIII ion at the top of Co2Ln2 unit, 

Dy1 in Table 2, is further apart from the bottom 

Co2Ln2 unit than Dy2. Therefore, even though in each 

Co2Ln2 unit the Dy‧‧‧Dy coordination and bridging 

are the same, the DyIII ions in the Dy2O2 diamond cores 

were not magnetically equivalent.  

Given the anisotropic nature of the DyIII in 1, and that 

there is a non-diamagnetic ground state, we decided to 

explore the dynamic magnetic properties of the 

complexes, with a focus on the Dy analogue 1. 

Alternating current (ac) magnetic susceptibility 

measurements were performed to investigate the slow 

relaxation of the magnetization. Data were collected 

for all samples at temperatures between 1.8 and 10 K, 

and with frequencies of the oscillating ac field between 

1 and 1488 Hz. For all cases, data with and without 

applied dc field were collected but only 

 

       

 

                    

 

(a) (b) 

(c) (d) 



 
 
 
Cite this as: Inorg. Chem. 2021, 60, 11129–11139      DOI: https://doi.org/10.1021/acs.inorgchem.1c01070 

 18 

Figure 7. (a) Plot of cT product vs T for 1−3 at applied 

fields of 193 Oe (2-30 K) and 3000 Oe (2-300 K); (b) 

Curie-Weiss plots for 1−3, see text for fitting 

parameters; (c) anisotropy axes on the DyIII of 1, as 

calculated by Magellan; (d) magnetization vs field plot 

for 1−3 at 2 K  

for complex 1 an out-of-phase ac magnetic 

susceptibility signal was observed without an applied 

dc field. When a dc field was applied to collect ac data, 

significant changes were not observed for any of the 

compounds. For complex 1, the only analogue with an 

ac peak without an applied dc field, a significant shift 

of the signal was not observed when a dc magnetic 

field was applied, so the ac data reported has been 

collected without applied dc field. The plot of 

temperature dependent and frequency dependent out-

of-phase (χ″) susceptibility signals shown in Figure 8a 

and 8b are characteristic of slow relaxation of 

magnetization in complex 1. The magnetization 

relaxation time (t) is extracted from the temperature 

dependent data and fitted to the simple Arrhenius 

model as a plot of ln (1/t) vs 1/T as shown in Figure 

8c. The values extracted from the linear Arrhenius fit 

[τ = 𝜏0	exp (Ueff/𝑘/T)] were a relaxation time, 𝜏0 = 

1.51× 10-6 s and an effective energy barrier, Ueff = 12.5 

K. At the lowest possible temperature in a commercial 

SQUID (1.8 K), a hysteresis loop of magnetization vs 

magnetic field was not observed for the complex 1. A 

Cole-Cole plot is used to study the distribution of the 

relaxation process (χ″ vs χʹ) which is shown in Figure 

8d between 1.8 K and 2.7 K. The data was fitted using 

the Debye model63 (solid lines, fitting values in SI 

Table S6) to obtain an average alpha value of 0.05, in 

agreement with a single relaxation process with a 

narrow distribution of energy barriers. Since the Ho 

and Yb analogues 2 and 3 do not display SMM 

character, it is clear that the contribution to the 

molecular magnetic anisotropy of Dy ions is a key 

factor for the SMM properties in 1. This is not always 

the case for cobalt(II)-4f complexes,35 but in this series 

of complexes it is a combination of a ground state 

magnetic moment and the collinearity of the anisotropy 

axes on the four Dy ions that led to the observed SMM 

behavior. 

 
(a) (b) 
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Figure 8. Ac magnetic susceptibility data for complex 

1 at frequencies between 1 Hz and 1488 Hz, and 

temperatures between 1.8 K and 6 K, without an 

applied dc field: (a) c'' vs T plot, (b) c'' vs freq. plot 

with a logarithmic frequency scale; (c) Arrhenius plot 

and (d) Argand plot for the dynamic ac magnetic 

susceptibility data between 1.8 K and 2.7 K 

 

 

The core found in these [Co2Ln2]2 complexes is a well-
known structure found for many transition metal 
complexes, known as defective dicubane. Many 
Mn(II)2Mn(III)2 complexes have been reported with 
this core that are SMMs, a review of their properties 
and structures can be found in Aromi and Brechin's 
review.1 In the complexes reported here the 

(c) (d) 
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tetranuclear units are linked by the ligand into 
octanuclear complexes. For transition metals there are 
also examples of this kind of dimers, as those reported 
by Sañudo et al for Mn and Fe.2,3 The coupling 
between units is usually weak, since the ligands are 
large enough to accommodate two tetranuclear 
complexes in close proximity. However, the 
compounds reported here are a very special case due to 
the rotation imposed by the short ligands. The rotation 
or twist, illustrated in Figures 5 and 7(c), between the 
two Co2Dy2 fragments makes both Dy ions in the 
Dy2O2 diamond units magnetically non-equivalent. 
This further complicates the magnetic analysis. As 
reviewed by Rosado and Sañudo, most Co2Ln2 
defective dicubane complexes that report SMM 
properties contain Co(III) and are good SMMs.4 Very 
good examples are reported by Funes et al.5 and 
Langley et al., where they show complexes with large 
energy barriers,6,7 and independent Dy sites that lead to 
a distribution of barriers.8 However, the complexes 
reported here contain the known defective dicubane 
core but the oxidation state of Cobalt is Co(II), not 
Co(III). Thus the Co(II) ions contribute to the magnetic 
properties of the resulting complex, but they fail to 
provide the extra boost needed to achieve better 
SMMs. 
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Structure and Bonding; Springer-Verlag: 
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H.; Roubeau, O.; Teat, S. J.; Aromí, G. 
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Conclusions 

    Initial focus on the stepwise assembly of binuclear 

to tetranuclear to octanuclear aggregates from the use 

of multiple ions within binucleating ligand anion 

scaffold has been shifted on to the use of lanthanide 

ions on account of their larger anisotropies and larger 

spin values in probing their SMM behavior. Recent 

studies like the work reported in this paper have 

demonstrated that coordination chemistry and 

structural modification can be exploited to manipulate 

magnetic properties of 4f ion bearing species to 

maximize energy barrier heights and minimize under 

barrier relaxation processes such as QTM. The 

reported work exposed several characteristic 
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observations: (a) the importance and presence of LnIII 

ions capable of showing a higher coordination number 

nicely matched with varying types and numbers of 

carboxylate coordination; (b) placement of different 

bridging entities attaching two different coordination 

spheres lead to distortions around CoII environments 

for synergistic and cooperative clipping of CoII and 

LnIII ions; (c) trapping of two different categories of 

metal ions in two different coordination pockets of 

single ligand backbone was responsible for the 

distortions of both the polyhedral types; (d) the 

presence of terminal carboxylato ends of the organic 

ligands were available for linking two Co2Ln2 partial 

dicubane units.  This is a new report of such drum-

shaped octanuclear CoII-LnIII complexes established 

from the fascinating arrangements of endogenous and 

exogenous carboxylate anions. We have successfully 

validated the use and involvement of hydrolysis 

limiting and structure supporting ligand anions for the 

desired aggregation processes. The work also 

demonstrated that the chosen organic Schiff base is 

most efficient to limit the hydrolysis at the 4f ion 

centers and controlled the condensation pathway by 

trapping the Co4Ln4 species as final stable isolable 

products. The reported synergistic coordination 

chemistry of transition and lanthanide metal ions, is 

full of potential for further synthetic modification and 

discovery of newer coordination aggregates through 

incorporation of appropriate numbers of 3d and 4f 

ions. From the dynamic participation of the transition 

metal ions, the template effects of bridging phenoxido 

group of the ligand anion and the availability of the in 

situ generated and 4f ion bound HO- ions are 

important in availing the reaction products in ambient 

condition.  

The magnetic properties of complexes 1−3 have 

been examined in detail. Complex 1, the Dy analogue, 

is shown to be a new example of SMM. The {Co2Ln2}2 

core contains a fairly common structure of carboxylato 

connected two Ln2O2 diamond units. The cobalt(II) 

ions did not provide the central {M2O2} cores, but at 

the tips of the fragments, resulting in two fairly well 

separated ligand anion bound cobalt(II) ions, nearly 

magnetically independent. However, structure of the 

ligand in the complex leads to a twisting between the 

two Co2Dy2 fragments that makes both Dy ions in the 

Dy2O2 diamond units magnetically non-equivalent. 
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TOC Synopsis 

Four Schiff base ligands [(2-((2-hydroxy-3-

methoxybenzylidene)amino)benzoic acid), H2L] have 

been utilized for the spontaneous self-assembly of 

Co4Ln4 coordination aggregates. Terminal carboxy 

ends of the ligand anion showed inter tetrameric 

coordination and Dy(III) analogue showed SMM 

behavior in absence of external magnetic field, with 

Ueff of 12.5 K. 

 


