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Abstract 

Two new families of cobalt(II/III)‒lanthanide(III) coordination aggregates have been reported: 

Tetranuclear [Ln
III

2Co
III

2L2(N‒BuDEA)2(O2CCMe3)4(H2O)2]·(MeOH)n·(H2O)m (Ln = Gd, 1; Tb, 

2; Dy, 3; n=2, m=10 for 1 and 2; n=6, m=2 for 3) and Pentanuclear Ln
III

2Co
II
Co

III
2L2(N‒

BuDEA)2(O2CCMe3)6(MeOH)2 (Ln = Dy, 4; Ho, 5) formed from the reaction of two aggregation 

assisting ligands H2L (o‒vanillin oxime) and N‒BuDEAH2 (N‒butyldiethanolamine). A change 

in preference from lower to higher nuclearity structure was observed on going across the 

lanthanide series brought about by the variation in size of the Ln
III

 ions. An interesting 

observation was made for the varying sequence of addition of the ligands in the reaction medium 

paving the way to access both structural types for Ln = Dy. HRMS (+ve) of solutions gave 

further insight into the formation of the aggregates via different pathways. The tetranuclear 

complexes adopt a modified butterfly structure with a more complex bridging network while 

trapping of an extra Co
II
 ion in the pentanuclear complexes destroy this arrangement putting the 

Co‒Co‒Co axis above the Ln‒Ln axis. Direct current (dc) magnetic susceptibility measurements 

reveal weak antiferromagnetic coupling in 1. Complexes 2 and 5 display no slow magnetic 

relaxation, whereas complexes 3 and 4 display out‒of‒phase signals at low temperature. All 
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compounds were analyzed with DFT and CASSCF calculations and information about the 

single-ion anisotropies and mutual 4f‒4f / 4f‒3d magnetic interactions were derived. 

Introduction 

The choice of ligand anions and solution phase reaction conditions are important parameters 

which can guide the synthesis of polynuclear aggregates although their formation is poorly 

understood and they are mostly synthesized serendipitously.
1
 Recent efforts to understand the 

complex pathways for the aggregation processes has shed some light in this area.
2,3,4,5

 During the 

past two decades, synthesis and characterization of multimetallic complexes based on 3d and 4f 

ions in single molecular entity have attracted great interest because of their potential single‒

molecule magnet (SMM) behaviour. The construction of polynuclear aggregates of desired shape 

with precise control over the position and coordination environment of the different types of 

metal ion is a challenge on its own. A possible strategy employed in the synthesis of 3d‒4f 

molecules is the use of hard‒soft donors for discriminatory coordination of 3d and 4f ions.
6
 

Though successful in certain aspects, this cannot help predict the structure of the final compound 

in polynuclear aggregate synthesis. Hence it is imperative to understand the mechanism of 

formation of coordination aggregates in order to advance the study of self‒assembly.
7
 In recent 

years mass spectrometry has become a useful tool for investigation of formation of cluster 

molecules in solution.
2,3,4,5,7,8

  

The formation and nuclearity of coordination aggregates also depends on the electronic 

configuration and ionic radius of the metal ions, which consequently determines its coordination 

number.
9a

 In the case of 4f metal ions the change in ionic radius across the series is more 

pronounced due to lanthanide contraction. The effect of this phenomenon on 3d‒4f cluster 

formation has not been explored in detail for 4f metal ions.
9b,9c,9d

 In a previous study we showed 

the effect of lanthanide ion size on the oxidation state of cobalt ions.
5b

 The aim for the 

introduction of lanthanide ions in coordination clusters is to take advantage of their considerable 

single ion anisotropy and large spin
10

 while the presence of 3d ions in close proximity to the 4f 

ions brings in stronger exchange interactions
11

 compared to the weak 4f‒4f dipolar interaction.
12

 

The 3d
7
 octahedral Co

II
 ion in high spin state is characterized by strong spin orbit coupling and 

its usefulness for slow magnetic relaxation is known.
13

 On the other hand the presence of 

diamagnetic low spin Co
III

 in conjunction with paramagnetic Ln
III

 also tends to affect the 

magnetization reversal energy barrier.
14
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Compared to the study of assembly of coordination cluster molecules using one “key” ligand, 

studies of systems with mixed ligands possess greater difficulties due to competition between 

ligands.
15

 In this respect use of ligands varying in denticity and coordination preferences is 

expected to simplify the issue. Phenol based oxime ligands are known to form homometallic as 

well as heterometallic polynuclear aggregates with or without the utilization of the bridging 

potency of the =N‒O
‒
 group.

16
 Similarly polyalcohol amines tend to sequester multiple metal 

ions via their bridging alkoxido arms.
17

 Substituted diethanolamines have been utilized for the 

synthesis of 3d‒4f complexes with the familiar butterfly topology having the 4f ion in the body 

position.
18

 Previously both these two types of ligands were used together for the synthesis of 

Mn3Ln4 clusters
19

 but their formation was not investigated in detail nor could other structural 

types be accessed.  

In this work we have utilized o-vanillin oxime (H2L) in conjunction with N‒Butyldiethanolamine 

(N‒BuDEAH2) (Chart 1) to explore their reactivity towards Co2(µ-

OH2)(O2CCMe3)4(HO2CCMe3)4 for the formation of Co
II/III

‒Ln
III

 aggregates. Interestingly a 

transition was observed from a tetranuclear Ln
III

2Co
III

2 structure to a pentanuclear 

Ln
III

2Co
II
Co

III
2 structure on going across the lanthanide series (Ln = Gd, Tb, Dy, Ho). 

Interestingly, variation in the sequence of ligand addition gave access to both the structural types. 

HRMS analysis of solutions revealed the various pathways for formation of the aggregates made 

possible by the differential cleavage of the dinuclear structure of Co2(µ-

OH2)(O2CCMe3)4(HO2CCMe3)4 by the two ligands. The various binding modes of the pivalate 

ion observed in this work are represented in Chart S1.  

 

Chart 1. Metal ion coordination and bridging potential of L
2‒

 and N‒BuDEA
2‒

 observed in this work. 
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Experimental Section 

Reagents and starting materials. Chemicals used were obtained from the following sources: 

Cobalt carbonate, hydroxylamine hydrochloride and sodium acetate from SRL India; 

triethylamine from Merck, India; pivalic acid from Sigma Aldrich; Gd(NO3)3·6H2O, 

Tb(NO3)3·5H2O, Dy(NO3)3∙5H2O, Ho(NO3)3∙5H2O and N‒Butyldiethanolamine from Alfa 

Aesar; o-vanillin from Spetrochem, India. All other chemicals and solvents used in this work 

were reagent-grade materials and were used as received without further purification. 

Co2(µ-OH2)(O2CCMe3)4(HO2CCMe3)4 was prepared according to a literature procedure.
20

 

Cobalt carbonate (4.0 g, 34 mmol) was treated with an excess of pivalic acid (20.0 g, 196 mmol) 

in water (3 mL) at 100°C for 24 h, leading to dissolution of the carbonate salt. The solution was 

cooled to room temperature. MeCN (50 mL) was added and the mixture was briefly stirred. The 

solution was then filtered and cooled to 5 °C, yielding pink crystals within one day. The crystals 

were collected and the solution was then cooled to –4 °C for 2 days to give a second crop. The 

second crop was collected by filtration, washed with cold MeCN and dried in air. Yield = 65.8 

%.  

o-vanillin oxime was synthesized according to reported literature procedure.
16f 

 

Synthesis of Complexes 

[Ln
III

2Co
III

2L2(N‒BuDEA)2(O2CCMe3)4(H2O)2]·(MeOH)n·(H2O)m (Ln = Gd, 1; Tb, 2; Dy, 3; 

n=2, m=10 for 1 and 2; n=6, m=2 for 3). All three tetranuclear complexes (1‒3) were obtained 

by following a general synthetic protocol. A 5ml solution of Co2(µ-

OH2)(O2CCMe3)4(HO2CCMe3)4 (0.05 mmol) and Ln(NO3)3·xH2O (0.1 mmol) in MeOH/DCM 

(2:1) was treated with N‒Butyldiethanolamine (N‒BuDEAH2) (0.1 mmol) and stirred for 5 mins. 

H2L (0.1 mmol) was added to the stirring solution followed by Et3N (0.4 mmol) after another 5 

mins. The resulting reddish brown solution was stirred for 3 h and filtered. The filtrate was left 

for slow evaporation of solvent and brown block shaped crystals suitable for single crystal X-ray 

analysis were formed over a period of 7 days. When H2L is added before N‒BuDEAH2 the same 

tetranuclear complexes were isolated for Ln = Gd, Tb but for Ln = Dy it gave rise to 4 the 

synthesis of which is discussed in the following section. Details about the reactions and 

individual complexes are delineated below.  

[Gd
III

2Co
III

2] (1). Co2(µ-OH2)(O2CCMe3)4(HO2CCMe3)4 (0.0474 g, 0.05 mmol), 

Gd(NO3)3·6H2O (0.0451 g, 0.1 mmol), N‒BuDEAH2 (16.6 µL, 0.1 mmol), H2L (0.0167 g, 0.1 
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mmol) and Et3N (55.6 µL, 0.4 mmol). Yield: 0.035 g (40% based on Gd). Anal.Calcd (%) for 

C54H116Co2Gd2N4O32: C, 36.73; H, 6.62; N, 3.17. Found (%): C, 36.70; H, 6.67; N, 3.20. 

Selected IR peaks: (KBr, cm
–1

, vs = very strong, br = broad, s = strong, m = medium, w = weak): 

3152‒3460 (br, OH), 1581 (s, C=N), 1568 (s, asym. COO), 1413 (s, sym. COO). UV-vis: max, 

nm (, L mol
–1 

cm
–1

)] (MeOH) = 680 (66), 372 (2300), 298 (12100), 252 (44300), 218 (37300). 

[Tb
III

2Co
III

2] (2). Co2(µ-OH2)(O2CCMe3)4(HO2CCMe3)4 (0.0474 g, 0.05 mmol), 

Tb(NO3)3·5H2O (0.0435 g, 0.1 mmol), N‒BuDEAH2 (16.6 µL, 0.1 mmol), H2L (0.0167 g, 0.1 

mmol) and Et3N (55.6 µL, 0.4 mmol). Yield: 0.037 g (42% based on Tb). Anal.Calcd (%) for 

C54H116Co2Tb2N4O32: C, 36.66; H, 6.61; N, 3.17. Found (%): C, 36.69; H, 6.65; N, 3.19. 

Selected IR peaks: (KBr, cm
–1

, vs = very strong, br = broad, s = strong, m = medium, w = weak): 

3180‒3490 (br, OH), 1581 (s, C=N), 1567 (s, asym. COO), 1412 (s, sym. COO). UV-vis: max, 

nm (, L mol
–1 

cm
–1

)] (MeOH) = 682 (74), 374 (2000), 298 (11600), 252 (46200), 216 (24900). 

[Dy
III

2Co
III

2] (3). Co2(µ-OH2)(O2CCMe3)4(HO2CCMe3)4 (0.0474 g, 0.05 mmol), 

Dy(NO3)3·5H2O (0.0438 g, 0.1 mmol), N‒BuDEAH2 (16.6 µL, 0.1 mmol), H2L (0.0167 g, 0.1 

mmol) and Et3N (55.6 µL, 0.4 mmol). Yield: 0.039 g (45% based on Dy). Anal.Calcd (%) for 

C58H116Co2Dy2N4O28: C, 39.57; H, 6.64; N, 3.18. Found (%):C, 39.60; H, 6.67; N, 3.20. Selected 

IR peaks: (KBr, cm
–1

, vs = very strong, br = broad, s = strong, m = medium, w = weak): 3214‒

3585 (br, OH), 1581 (s, C=N), 1570 (s, asym. COO), 1413 (s, sym. COO). UV-vis: max, nm (, 

L mol
–1 

cm
–1

)] (MeOH) = 684 (110), 370 (2200), 298 (11600), 252 (41800), 216 (22200). 

Ln
III

2Co
II

Co
III

2L2(N‒BuDEA)2(O2CCMe3)6(MeOH)2 (Ln = Dy, 4; Ho, 5). Both the 

pentanuclear complexes (4‒5) were obtained by following a general synthetic procedure as in the 

case of 1‒3 with only the order of addition of H2L and N‒BuDEAH2 being reversed. A 5ml 

solution of Co2(µ-OH2)(O2CCMe3)4(HO2CCMe3)4 (0.05 mmol) and Ln(NO3)3·xH2O (0.1 mmol) 

in MeOH/DCM (2:1) was treated with H2L  (0.1 mmol) and stirred for 5 mins. N‒

Butyldiethanolamine (N‒BuDEAH2) (0.1 mmol) was added to the stirring solution followed by 

Et3N (0.4 mmol) after another 5 mins. The resulting reddish brown solution was stirred for 3 h 

and filtered. The filtrate was left for slow evaporation of solvent and brown block shaped crystals 

suitable for single crystal X-ray analysis were formed over a period of 4 days. When N‒

BuDEAH2 is added before H2L the same pentanuclear complex was isolated for Ln = Ho but in 
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much lower yield while for Ln = Dy it gave rise to 3 as described previously. Details about the 

reactions and individual complexes are given below. 

[Dy
III

2Co
II

Co
III

2] (4). Co2(µ-OH2)(O2CCMe3)4(HO2CCMe3)4 (0.0474 g, 0.05 mmol), 

Dy(NO3)3·5H2O (0.0438 g, 0.1 mmol), H2L (0.0167 g, 0.1 mmol), N‒BuDEAH2 (16.6 µL, 0.1 

mmol) and Et3N (55.6 µL, 0.4 mmol). Yield: 0.045 g (50% based on Dy). Anal.Calcd (%) for 

C64H110Co3Dy2N4O24: C, 42.20; H, 6.09; N, 3.08. Found (%): C, 42.17; H, 6.10; N, 3.10. 

Selected IR peaks: (KBr, cm
–1

, vs = very strong, br = broad, s = strong, m = medium, w = weak): 

3166‒3482 (br, OH), 1579 (s, C=N), 1569 (s, asym. COO), 1412 (s, sym. COO). UV-vis: max, 

nm (, L mol
–1 

cm
–1

)] (MeOH) = 688 (59), 540 (91), 442 (489), 374 (1500), 296 (9500), 252 

(35600), 220 (19200). 

[Ho
III

2Co
II

Co
III

2] (5). Co2(µ-OH2)(O2CCMe3)4(HO2CCMe3)4 (0.0474 g, 0.05 mmol), 

Ho(NO3)3·5H2O (0.0451 g, 0.1 mmol), H2L (0.0167 g, 0.1 mmol), N‒BuDEAH2 (16.6 µL, 0.1 

mmol) and Et3N (55.6 µL, 0.4 mmol). Yield: 0.046 g (51% based on Ho); 0.009 g (10% based on 

Ho when N‒BuDEAH2 is added before H2L). Anal.Calcd (%) for C64H110Co3Ho2N4O24: C, 

42.09; H, 6.07; N, 3.07. Found (%): C, 42.10; H, 6.10; N, 3.10. Selected IR peaks: (KBr, cm
–1

, 

vs = very strong, br = broad, s = strong, m = medium, w = weak): 3324‒3550 (br, OH), 1577 (s,

C=N), 1547 (s, asym. COO), 1415 (s, sym. COO). UV-vis: max, nm (, L mol
–1 

cm
–1

)] (MeOH) 

= 686 (115), 540 (158), 508 (125), 448 (624), 372 (1900), 298 (10200), 252 (36400), 220 

(21800). 

Physical Measurements. A PerkinElmer model 240C elemental analyzer was used to perform 

the elemental analyses (C, H and N). Solution electronic absorption spectra was recorded on a 

Shimadzu UV 3100 UV/Vis/NIR spectrophotometer while a PerkinElmer RX1 spectrometer 

were used to record the FTIR spectra. The electrospray ionization (ESI) high resolution mass 

spectra were collected on a Bruker Daltonics micrOTOF mass spectrometer. 

SQUID measurements. All magnetic measurements were carried out on powdered crystalline 

samples restrained in eicosane using a Quantum Design MPMS 3 SQUID magnetometer. Data 

were corrected for the diamagnetic contribution of the sample holder and eicosane by 

measurements, and for the diamagnetism of each compound. 
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Theoretical calculations. The theoretical calculation at DFT level of theory were performed 

with ORCA 4.2 software.
21

 The PBE0 hybrid functional
22

 was used together with relativistic 

basis sets: SARC2-DKH-QZVP for Gd, Tb, Dy, Ho atoms, SARC2-DKH-QZV for Lu atoms, 

DKH-def2-TZVP for Co and DKH-def2-SVP for all other atoms.
23

 The Douglas-Kroll-Hess 

Hamiltonian was used to treat relativistic effects
24

 together with Gaussian finite nucleus model
25

 

and the increased radial integration accuracy for metal atoms was also set. The auxiliary basis set 

SARC/J
26

 and the chain-of-spheres (RIJCOSX) approximation to exact exchange was also 

used.
27

 Generally, the experimental X-ray structures of 1-3 were used for such calculations, in 

which hydrogen atoms positions were normalized in Mercury software.
28

 In case of 4-5, the 

truncated structures were used in which hydrogen atoms were optimized with PBE0 functional. 

The calculated spin densities were visualized with VESTA 3 program.
29

 

The state average complete active space self‒consistent field (SA-CASSCF) wave functions 

calculations were done with OpenMOLCAS 19.11
30

 for 2-5 in such way that only one 

paramagnetic metal ion was preserved, and all others were replaced by diamagnetic ions. The 

active space was defined by five d-orbitals/seven f-orbitals and respective number of electrons 

for cobalt or lanthanide ions. The RASSCF method was used in the CASSCF calculations with 

the following numbers of multiplets: 7 septets, 140 quintets, 113 triplets, and 123 singlets for 

Tb
III

, 21 sextets, 224 quartets, and 490 doublets for Dy
III

, 35 quintets, 210 triplets, and 196 

singlets for Ho
III

, 10 quartets and 40 doublets for Co
II
. In case of Tb

III
, Ho

III
 and Co

II
, all 

multiplets were included in the spin-orbit RASSI–SO procedure, while the number of states for 

Dy
III

 was limited as follows: 21 sextets, 128 quartets, and 130 doublets. ANO-RCC-VQZP was 

used for paramagnetic lanthanides, ANO-RCC-VTZP was applied for Co
II
 and also for all donor 

atoms (N/O) of the paramagnetic ions, and ANO-RCC-MB was used for the rest of atoms.
31

   

Crystal Data Collection and Refinement. Single crystal X-ray diffraction data for 1–5 were 

collected on a Bruker SMART APEX-II CCD X-ray diffractometer furnished with a graphite-

monochromated Mo Kα ( = 0.71073 Å) radiation by the ω scan (width of 0.3° frame
−1

) method 

at 100 K with a scan rate of 4 s per frame. SAINT and XPREP software
32 

was used for Data 

processing and space group determination. Direct method of SHELXS-2014
33 

was used to solve 

the structure and then refined with full-matrix least squares using the SHELXL-(2014/7)
34 

program package included into WINGX system Version 2014.1.
35

 Data were corrected for 
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Lorentz and polarization effects; an empirical absorption correction was applied using the 

SADABS.
36

 The locations of the heaviest atoms (Ln and Co) were determined easily. The O, N 

and C atoms were subsequently determined from the difference Fourier maps. These atoms are 

refined anisotropically. In the absence of electron densities in the Fourier map the H atoms were 

incorporated at calculated positions and refined with fixed geometry and riding thermal 

parameters with respect to their carrier atoms. The crystals of 1‒3 are susceptible to loss of 

crystallinity upon exposure to X‒ray at room temperature making low temperature 

measurements a necessity and the best possible data has been presented. In 1 the C17 atom was 

highly disordered and refined isotropically. Residual electron densities were observed near (~ 

0.84 Å) Tb1 in 1 which could not be modeled as any chemically sensible species. It is due to the 

presence of absorption artifacts caused by imperfections in absorption correction employed by 

the instrument. Such artifacts are sometimes observed when very heavy and strongly diffracting 

elements like lanthanides and actinides are present.
37

 No unresolved twinning could be 

identified. Due to the presence of huge number of solvent molecules in close proximity to each 

other, some of H atoms could not be fixed unambiguously. Crystallographic diagrams were 

presented using DIAMOND software.
38

 A summary of the crystal data and relevant refinement 

parameters is summarized in Table 1. Crystallographic data (including structure factors) have 

been deposited with the Cambridge Crystallographic Data Centre as supplementary publications 

CCDC‒2090138, 2090137, 2090139, 2090141, 2090140. These data can also be obtained free of 

cost at www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data 

Centre). 

Table 1. Crystal data and structure refinement details for 1‒5 

parameters 1 2 3 4 5 

Formula C54H116Co2Gd2N4O32 C54H116Co2Tb2N4O32 C58H116Co2Dy2N4O28 C64H110Co3Dy2N4O24 C64H110Co3Ho2N4O24 

F.W. (g mol–1) 1765.87 1769.23 1760.41 1821.34 1826.20 

crystal system Triclinic Triclinic Triclinic Monoclinic Monoclinic 

space group P  ̅ P  ̅ P  ̅ C 2/c C 2/c 

Crystal color Red Red Red Red Red 

Crystal size / mm3 0.20×0.17×0.15 0.22×0.20×0.17 0.21×0.18×0.14 0.22×0.19×0.16 0.25×0.20×0.19 

a / Å 9.208(5) 9.070(7) 9.1793(4) 24.612(9) 24.397(5) 

b / Å 13.808(10) 14.082(10) 13.7893(5) 17.542(6) 17.486(3) 

c / Å 15.878(9) 15.886(13) 15.8210(6) 18.662(7) 18.601(3) 

α 105.21(3)° 106.50(2)° 105.4240(10)° 90° 90° 

β 99.60(2)° 99.44(3)° 99.8070(10)° 100.551(13)° 100.139(7)° 
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γ 102.95(4)° 101.78(2)° 103.0890(10)° 90° 90° 

V / Å3 1843(2) 1850(2) 1822.71(12) 7921(5) 7811(2) 

Z 1 1 1 4 4 

Dc / g cm–3 1.591 1.587 1.604 1.527 1.553 

μ / mm–1 2.302 2.411 2.554 2.550 2.698 

F(000) 906 1824 902 3708 3716 

T / K 100(2) 100(2) 100(2) 100(2) 100(2) 

Total reflns 21440 14501 21352 57120 43443 

R(int) 0.0450 0.0449 0.0408 0.0752 0.1094 

Unique reflns 6429 6376 6351 6920 6908 

Observed reflns 5689 5466 5776 4752 4149 

Parameters 439 439 442 513 498 

R1; wR2 (I > 2σ(I)) 0.0376, 0.0922 0.0758, 0.1807 0.0324, 0.0832 0.0515, 0.1446 0.0558, 0.1406 

GOF (F2) 1.023 1.177 1.060 1.113 1.087 

Largest diff peak and 

hole (e Å−3) 
1.538, -0.910 3.123, -2.426 1.581, -1.034 1.313, -1.933 0.984, -1.490 

CCDC No. 2090138 2090137 2090139 2090141 2090140 

Results and Discussion 

Synthetic Methodology. o-vanillin oxime (H2L) was prepared according to a literature 

procedure by the reaction of o-vanillin and hydroxylamine hydrochloride in the presence of 

sodium acetate in aqueous medium.
16f

 Coordination reactivity of H2L together with N‒

Butyldiethanolamine (N‒BuDEAH2) with Cobalt and 4f metal ions were explored using Co2(µ-

OH2)(O2CCMe3)4(HO2CCMe3)4 and Ln(NO3)3∙xH2O (Ln = Gd, Tb, Dy, Ho) in the presence of 

Et3N under varying order of ligand addition as summarized in Schemes 1 and 2. Reaction of 

Co2(µ-OH2)(O2CCMe3)4(HO2CCMe3)4 and Ln(NO3)3∙xH2O (Ln = Gd, Tb, Dy) first with N-

BuDEAH2 followed by H2L in the presence of Et3N in a 0.5:1:1:1:4 molar ratio in MeOH/DCM 

under stirring condition resulted in deep brown solutions from which brown blocked shaped 

crystals of tetranuclear 1–3 were obtained in 40%, 42% and 45% yields, respectively (Eq. (1) 

and Scheme 1). Interestingly when Co2(µ-OH2)(O2CCMe3)4(HO2CCMe3)4 and Ln(NO3)3∙xH2O 

(Ln = Dy, Ho) was initially reacted with H2L followed by sequential addition of  N‒BuDEAH2 

and Et3N (order of addition of H2L and N‒BuDEAH2 reversed) in a 1:1:0.5:1:4 ratio in 

MeOH/DCM under stirring condition, it resulted in deep brown solutions from which brown 

blocked shaped crystals of pentanuclear 4 and 5 were obtained in 50% and 51% yields, 

respectively (Eq. (2) and Scheme 2). Complex 5 can also be synthesized by addition of N‒

BuDEAH2 before H2L but in much lower yields of 10%. When Ln = Gd, Tb, adding H2L before 

N‒BuDEAH2 also resulted in tetranuclear 1 and 2. Thus the preference of nuclearity of the 
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complexes changes from four to five on going across the lanthanide series with both the 

structural types being accessed when Ln = Dy through different sequence of addition of ligands 

in the reaction mixture. 

 ,    
 
(     )(       ) (        ) -     (   )                  

                    
        
→         

 ,        
   
   (       ) (       ) (   ) -  (    )  (   )  

  *(     )(   )+                 ,            (                 

                                                   

                                 )- ( )  

   (   )        ,  
  
 (     )(       ) (        ) -        

                          
        
→         

 ,        
   
   

    (       ) (       ) (     ) -    *(     )(   )+  

                 ,        - ( )  

 

Scheme 1. Schematic representation for the formation of the complexes when N‒BuDEAH2 is added 

before H2L. 
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Scheme 2. Schematic representation for the formation of the complexes when H2L is added before N‒

BuDEAH2. 

Single-crystal X-ray structure analysis revealed the formation of tetranuclear {Ln
III

2Co
III

2} (1–3) 

and pentanuclear {Ln
III

2Co
II
Co

III
2} (4‒5) neutral cores indicating that the varying course of 

addition of reactants and type of 4f ions do control the nature of aggregation process. Elemental 

analysis and initial physical characterizations (measured immediately after collection from 

crystallization mixture) were in good agreement with the molecular formula 

C54H116Co2Gd2N4O32, C54H116Co2Tb2N4O32 and C54H116Co2Dy2N4O32 for 1–3, respectively and 

C64H110Co3Dy2N4O24 and C64H110Co3Dy2N4O24 for 4 and 5. In 1‒5, coordination of Co
II
 ions, 

derived from Co2(µ-OH2)(O2CCMe3)4(HO2CCMe3)4, to L
2‒

 and N‒BuDEA
2‒

 under aerobic 

condition lead to their oxidation to Co
III

. The phenoxido O and N from =N‒O
‒
 group in L

2‒
 lend 

a bidentate coordination site for Co
III

 ions while the O end of =N‒O
‒
, bridges two Ln

III
 ions in µ2 

fashion. The amine N of N‒BuDEA
2‒

 coordinates to the Co
III

 center trans to the N from =N‒O
‒
. 

In 1‒3, one of the alkoxido arms of N‒BuDEA
2‒

, bridges two Ln
III

 ions and a Co
III

 ion in µ3 

mode whereas the other connects one Ln
III

 and one Co
III

 ions in µ2‒bridging fashion. Unlike 1‒3, 

in 4 and 5 the µ3 bridging alkoxido arm connects one Ln
III

, one Co
III

 and a Co
II
 ion while the O 

end of =N‒O
‒
 bridges two Ln

III
 and one Co

II
 in µ3 fashion trapping an additional Co

II
 ion. 

The tetranuclear cores of 1‒3 can be described as having a butterfly like topology with folded 

wings with the Ln
III

 ions in the central body position and Co
III

 ions occupying the outer wing 
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positions. Unlike previously reported Co
III

‒4f butterfly structures the disposition of the metal 

ions and coordinating atoms within the core cannot be classified as partial dicubane or other 

known regular geometries (Chart 2, folding of wing tips shown by cyan circles) with the bridging 

network being more complex. Trapping of the additional Co
II
 ion in 4 and 5 destroys the 

butterfly like structure with two Co
III

 and one Co
II
 ions showing a nearly collinear arrangement 

having the Co‒Co‒Co axis placed above the Ln‒Ln axis in a non‒parallel manner (Figure 5). 

 

Chart 2. (a) Core of the butterfly like structure observed in present work and (b) partial dicubane core of 

previously reported butterfly structures. Folding of the wing tips in (a) compared to (b) are shown by cyan 

circles.  

Description of crystal structures 

[Ln
III

2Co
III

2L2(N‒BuDEA)2(O2CCMe3)4(H2O)2]·(MeOH)n·(H2O)m (Ln = Gd, 1; Tb, 2; Dy, 3; 

n=2, m=10 for 1 and 2; n=6, m=2 for 3). All the three complexes 1‒3 crystallizes in triclinic P  ̅ 

space group with Z = 1. Selected metric parameters are listed in Table S1. The neutral 

tetranuclear complexes consist of a {Ln
III

2Co
III

2} core having the general formula 

Ln
III

2Co
III

2L2(N‒BuDEA)2(O2CCMe3)4(H2O)2 formed with the help of two L
2‒

 and two N‒

BuDEA
2‒

 anions. The crystal lattices of 1 and 2 further accommodates ten water and two MeOH 

molecules while in 3 there are only two water and four MeOH molecules. The molecular 

structures of 1‒3 are given in Figure 1. Since the complexes are isostructural, the structural 

description is given for the Gd derivative (1) as a representative case. 
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Figure 1. Molecular structures of 1‒3. Hydrogen atoms and solvent molecules are omitted for clarity. 

Colour code: Co
III

 brown, Gd
III

 yellow, Tb
III

 blue-grey, Dy
III

 violet, N blue, O red, S orange, C grey. 

Each L
2‒

 anion provides a bidentate ON coordination site for a 3d metal ion while a tridentate 

ONO coordination site is provided by the N‒BuDEA
2‒

 anion. Coordination of both L
2‒

 and N‒

BuDEA
2‒

 to a Co
II
 center derived from Co2(µ-OH2)(O2CCMe3)4(HO2CCMe3)4 leads to its aerial 

oxidation to Co
III

. Each L
2‒

 anion coordinates to an octahedral Co
III

 ion in an equatorial manner 

while the N‒BuDEA
2‒

 anion shows a facial mode of coordination. The O end of hydroxyl amine 

group of each L
2‒

, in its deprotonated =N‒O
‒
 form, bridges two Ln

III
 ions in a µ2 fashion. One of 

the alkoxido arms of the N-BuDEA
2‒

 further connects two Ln
III

 ions (in addition to Co
III

) thus 

bridging the three metal centers in a µ3 fashion. The other arm extends a µ2‒bridging mode 

towards an Ln
III

 ion connecting it to the Co
III

. Additional capping coordination by two 

Me3CCO2
‒
 anions, obtained from Co2(µ-OH2)(O2CCMe3)4(HO2CCMe3)4, between a Co

III
 and an 

Ln
III

 ion each in µ1,3 fashion lends further stability to the structure. Two more Me3CCO2
‒
 anions 

are consumed by the two Ln
III

 ions for η
2 

chelation. Presence of a water molecule on the Ln
III

 

ions fulfills the distorted Muffin geometry around them. 

1 2 

3 
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Figure 2 shows the various intermetallic separations within the {Gd2O2} core of 1. The O bridge 

from the =N‒O
‒
 group of L

2‒
 showed Gd1‒O3 distances at 2.429(3) and 2.438(3) Å while 

connecting the two Gd
III

 centers asymmetrically (Figure S2). The µ3 alkoxido arm of N‒

BuDEA
2‒ 

demonstrated different Gd1‒O4 and Co1‒O4 distances of 2.539(3), 2.558(4) and 

1.904(3) Å respectively as did the µ2 alkoxido arm for Gd1‒O5 and Co1‒O5 at 2.407(4) and 

1.907(3) Å. Three different M‒O‒M angles were also recorded by the µ3 alkoxido arm at 

116.45(15)°, 97.05(13)° and 84.75(10)° corresponding to Co1‒O4‒Gd1 and Gd1‒O4‒Gd1. The 

bridge angle for the µ2 alkoxido arm stands at 101.52(14)° (Co1‒O5‒Gd1) while that for the O 

end of =N‒O
‒
 is 89.80(11)° (Gd1‒O3‒Gd1). The overall disposition of the four metal ion centers 

is more or less planar (Figure S3) with the bridging O atoms (O5) of µ2 alkoxido arms lying in 

the plane through Co1 and Gd1 while those (O4) of the µ3 alkoxido arm are displaced by 1.025 

Å. The µ3 O atom of =N‒O
‒
 sits 1.487 Å away from this plane. 

 

Figure 2. Intermetallic separations within the core of 1. Color code: Co
III

 brown, Gd
III

 yellow, N blue, O red. 

Continuous Shape Measures calculations show that the {O9} geometry around Gd1 is closer to 

Muffin (MFF; CShM = 1.311) as compared to Spherical Capped Square Antiprism (CSAPR; 

CShM = 1.570) (Figure S4a and Table S2). The triangular face comprising of O3, O4 and O5 is 

utilized for the formation of the butterfly like topology. A similar observation is made for the 

Ln
III

 ions in 2 and 3 (see Table S2 for CShM values). The Co
III

 centers on the other hand remain 

in a {N2O4} distorted Octahedral environment (OC; CShM = 0.092 (1), 0.087 (2), 0.101 (3)) 

(Figure S4b and Table S3). The amine N from N‒BuDEA
2‒

 coordinates to the Co
III

 ion trans to 

the N from =N‒O
‒ 

of L
2‒

 with a longer Co‒Nam distance (Co1‒N2, 1.990(4) Å) compared to the 
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Co‒Nhyd am distance (Co1‒N1, 1.870(4) Å). Bond Valence Sum (BVS)
39

 analysis for localized 

bonds around the metal ion centers validated a formal valence state of +III for Co1 and Dy1.  

The numerous water and MeOH molecules present in the crystal lattice of 1 and 2 take part in 

extensive intermolecular hydrogen bonding interactions producing an infinite 3D network 

structure (Figure 3a). The O atoms from phenoxido (O1) and ‒OMe (O2) groups of L
2‒

 trap a 

lattice water molecule (O6W) while a second water molecule (O5W) is trapped by the µ2 

alkoxido arm (O5) from N‒BuDEA
2‒

 together with O1 (Pink lines in Figures 3a and 3b). Both 

O6W and O5W further show hydrogen bonding interactions with a third water molecule (O4W) 

and together form a hydrogen bonded (H2O)6 cluster (Purple lines in Figures 3a and 3b) which 

connects the molecular units in one direction (Purple and pink lines in Figure 3a). Connection in 

the second direction is established through the hydrogen bonded interaction of a lattice water 

molecule (O2W) with the coordinated water molecule (O1W) and O8 of η
2
‒Me3CCO2

‒ 
(Green 

lines in Figures 3a and 3c).
 
O2W also shows interaction with O5W of the (H2O)6 cluster (Blue 

lines in Figure 3a). Another water molecule (O3W), hydrogen bonded to O4W, is further trapped 

by O1W and O9 of η
2
‒Me3CCO2

‒
 while a MeOH molecule (O10) shows interaction with this 

O3W as well as another MeOH (O10) thus connecting the molecular units in a third direction 

(Chrome yellow lines in Figure 3a and 3d). For the various parameters of the hydrogen bonding 

interactions refer to Table S4. 

In contrast, the crystal lattice of 3 contains fewer water molecules and the hydrogen bonding 

interactions are far less extensive forming a 1D chain structure (Figure S5 and Table S4). Like in 

1 and 2, the lattice water molecule, O2W, shows interaction with O8 of η
2
‒Me3CCO2

‒
 and the 

coordinated water, O1W, connecting the molecular units in only one direction (Green lines in 

Figure S5). O1W and O9 of η
2
‒Me3CCO2

‒
 trap a MeOH molecule (O11) which in turn shows 

interaction with another MeOH (O10). A third MeOH molecule (O12) is trapped by O1 

(phenoxido O) and O5 (µ2 alkoxido arm) which shows further interaction with O2W.  
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                                (a)                                                                    (b) 

                           

                            (c)                                                                       (d) 

Figure 3. (a) Hydrogen bonded infinite 3D network structure formed with the help of lattice MeOH and 

H2O molecules in 1. (b) (H2O)6 cluster connecting molecular units in one direction. (c) Connection of 

molecular units in second direction via hydrogen bonding interactions between O8, O2W and O1W. (d) 

Hydrogen bonding interactions between O3W, O10 (lattice MeOH), O9, O1W and O4W connecting 

molecular units in third direction. 

[Ln
III

2Co
II

Co
III

2L2(N‒BuDEA)2(O2CCMe3)6(MeOH)2] (Ln = Dy, 4; Ho, 5). Both the complexes 

4 and 5 crystallizes in monoclinic C 2/c space group with Z = 4. Selected metric parameters are 

listed in Table S1. The neutral pentanuclear complexes consists of a {Ln
III

2Co
III

2Co
II
} core 
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having the general formula Ln
III

2Co
II
Co

III
2L2(N‒BuDEA)2(O2CCMe3)6(MeOH)2 formed with the 

help of two L
2‒

 and two N‒BuDEA
2‒

 anions. The crystal lattice was found to be devoid of any 

solvent molecules. The molecular structures of 4 and 5 are presented in Figure 4. Both 

complexes are isostructural in nature and thus the structural description is presented for the Dy 

derivative (4) as a representative case. 

     

Figure 4. Molecular structures of 4 and 5 with atom numbering scheme and hydrogen atoms are omitted 

for clarity. Colour code: Co
III

 brown, Co
II
 pink, Dy

III
 violet, Ho

III
 turquoise, N blue, O red, C grey. 

The coordination of L
2‒

 and N‒BuDEA
2‒

 anions to the Co
III

 ion is similar to that described for 1‒

3.
 
In contrast, the µ3 alkoxido arm of N‒BuDEA

2‒ 
connects a Ln

III
 and a Co

II
 ion (alongside 

Co
III

) and not two Ln
III

 ions while the O end of the hydroxyl amine group of L
2‒

, in its 

deprotonated =N‒O
‒
 form, bridges two Ln

III
 and the Co

II
 ion in a µ3 fashion. Thus an additional 

Co
II
 ion, derived from Co2(µ-OH2)(O2CCMe3)4(HO2CCMe3)4, is trapped in the structure of 4 and 

5. The bridging nature of the other alkoxido arm of N‒BuDEA
2‒

 is similar (µ2 connecting Co
III

 

and Ln
III

) to 1‒3. The Co
II
 ion is further connected to the Co

III
 ions by two Me3CCO2

‒
 anions, 

obtained from Co2(µ-OH2)(O2CCMe3)4(HO2CCMe3)4, in µ1,3 fashion. Two more Me3CCO2
‒
 

anions shows µ1,3‒bridging connection between the two Ln
III

 ions instead of connecting Co
III

 

with Ln
III

 as observed in 1‒3 while two MeOH molecules coordinates to the Ln
III

 in place of 

water. The Ln
III

 ions further coordinate a Me3CCO2
‒
 anion each, in η

1 
fashion in contrast with η

2
 

in 1‒3 giving a {O8} distorted Square Antiprism geometry around them instead of {O9}. 

The various intermetallic separations within the {Dy2Co3} core of 4 are presented in Figure 5.  

The O end of =N‒O
‒
 showed greater variation in the two Dy1‒O3 distances at 2.422(5) and 

2.583(5) Å compared to 1‒3 while the Co2‒O3 distance is much shorter at 2.102(5) Å (Figure 

4 5 
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S6). The µ3 alkoxido arm of N‒BuDEA
2‒

 also showed three different bond distances for Dy1‒

O4, Co2‒O4 and Co1‒O4 at 2.537(5), 2.049(5) and 2.005(7) Å while at the same time giving 

different M‒O‒M angles of 108.5(2)° (Co1‒O4‒Co2), 94.26(18)° (Co2‒O4‒Dy1) and 92.5(2)° 

(Co1‒O4‒Dy1). The µ2 alkoxido arm recorded two Dy1‒O5 and Co1‒O5 distances at 2.306(6) 

and 1.880(6) Å and a Co1‒O5‒Dy1 angle of 103.6(3)°. The three bridge angles for the O end of 

=N‒O
‒
 stands at 99.2(2)°, 96.3(2)° and 91.69(19)° for  Dy1‒O3‒Dy1, Co2‒O3‒Dy1 and Co2‒

O3‒Dy1. In contrast to 1‒3 the overall disposition of the metal ion centers in 4‒5 are not planar, 

rather the cobalt centers (Co1 and Co2) are more or less collinear with the Co‒Co‒Co axis lying 

above the Dy‒Dy axis. Thus the two planes containing one Co1 and two Dy1, each, make an 

angle of 82.18° (Figure S7a) while those through Co1, Co2 and Dy1, Co2 are inclined at 50.25° 

(Figure S7b). 

   

Figure 5. Intermetallic separations within the core of 4. Color code: Co
III

 brown, Co
II
 pink, Dy

III
 violet, N blue, 

O red, C grey. 

Continuous Shape Measures calculations show that the {O8} geometry around Dy1 is closest to 

Square Antiprism (SAPR; CShM = 1.491) (Figure S8a and Table S2) with the two triangular 

faces comprising of O3, O4, O5 and O3, O3, O4 being utilized for the formation of {Dy2Co3} 

core. The Co
III

 and Co
II
 centers on the other hand remain in {N2O4} and {O6} distorted 

Octahedral environments (OC; CShM = 0.436, Co1 and 1.103, Co2) (Figures S8b and S8c and 

Table S3). Similar observations are made for 5 (see Tables S2 and S3 for values). As is evident 

from the CShM values, the Co
II
 center accommodates a higher distortion of the Octahedral 

geometry compared to Co
III

. Like 1‒3, the amine N from N‒BuDEA
2‒

 coordinates to the Co
III

 

ion trans to the N from =N‒O
‒ 

of L
2‒

 with a longer Co‒Nam distance (Co1‒N2B, 1.004(17) Å) 

compared to the Co‒Nhyd am distance (Co1‒N1, 1.893(6) Å). Bond Valence Sum (BVS)
39 
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analysis for localized bonds around the metal ion centers validated a formal valence state of +III 

for Co1 and Dy1, and +II for Co2.  

The crystal lattices of 4 and 5 are devoid of any solvent molecules and hence no hydrogen 

bonded supramolecular structures are observed. Only intra molecular interaction is present 

between O12 of the coordinated MeOH and O11 of η
1
 Me3CCO2

‒
 anions (Table S4). 

Rationale for the observed difference in structural types 

In order to understand the effect of different sequence of ligand addition on the structure of the 

final compound, we have analyzed the HRMS (+ve) of the reaction mixtures (in MeOH) for 

addition of N‒BuDEAH2 before H2L and vice versa (Figures S9 to S16) in search of logical 

intermediates. Since both the structural types can be accessed for Ln
III

 = Dy
III

, analysis of the 

mass spectra of 3 and 4 gives information about the two aggregation processes.  

The mass spectra for 3 revealed two peaks at m/z = 273.0982 and 385.1170 which can be 

assigned to the mononuclear Co
II
 and Co

III
 species {Co

II
(N‒BuDEAH)(H2O)3}

+
 (C8H24CoNO5; 

calcd. 273.0986) and {Co
III

(HL)(N‒BuDEA)}
+
 (C16H26CoN2O5; calcd. 385.1174) respectively 

(Figure S13). Such mononuclear species (Scheme 3, species a and b) are formed by the initial 

coordination of N‒BuDEAH
‒
 to a Co

II
 ion, after dissociation of Co2(µ-

OH2)(O2CCMe3)4(HO2CCMe3)4, followed by HL
‒
 leading to its oxidation when N‒BuDEAH2 is 

added before H2L. The mass spectra further exhibits a peak at m/z = 485.1269 which can be 

assigned to the species {[Dy
III

2(O2CCMe3)6(H2O)2]+2H}
2+

 (C30H60Dy2O14; calcd. 485.1266). 

This points to the in-situ formation of dinuclear Dysprosium pivalate in reaction medium 

(Scheme 3). Previously we had reported the formation and presence of mononuclear Ln(
1
-

O2CCMe3)2(
2
-O2CCMe3)2(CH3OH)2

−
 counter anions within the crystal lattice.

5
 Trapping of the 

Dysprosium pivalate by two mononuclear species b by extending a bridging coordination mode 

from the O atoms of alkoxido arms and =N‒O
‒
 group, lead to the formation of the tetranuclear 

Dy
III

2Co
III

2 complex (Scheme 3, intermediate c). The µ1,3 Me3CCO2
‒
 bridges between two Dy

III
 

ions in Dysprosium pivalate are removed during such a process. The presence of complex 3 in 

solution is confirmed from the peak at m/z = 1571.2845 corresponding to {[Dy
III

2Co
III

2L2(N‒

BuDEA)2(O2CCMe3)4(H2O)2]+K}
+
 (C52H88Co2Dy2KN4O20; calcd. 1571.2853). 
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Scheme 3. Proposed pathway for the formation of 3 in MeOH medium with N‒BuDEAH2 being added 

before H2L. 

In the case of 4, the two peaks at m/z = 512.0745 and 608.1558 can be assigned to the dinuclear 

Co
II

2 and Co
II
Co

III
 species {Co

II
2(HL)(O2CCMe3)(MeOH)4}

+
 (C17H32Co2NO9; calcd. 512.0741) 

and {Co
II

Co
III

L(N‒BuDEAH)(O2CCMe3)(MeOH)2}
+
 (C23H42Co2N2O9; calcd. 608.1554) 

respectively (Figure S14). Such dinuclear species (Scheme 4; species a and b) arise from the 

initial coordination of L
2‒

 to Co2(µ-OH2)(O2CCMe3)4(HO2CCMe3)4 followed by N‒BuDEAH
‒
, 

leading to the oxidation of one cobalt center, when H2L is added before N‒BuDEAH2. Thus 

unlike N‒BuDEAH2 (in 3), initial coordination of H2L to Co2(µ-OH2)(O2CCMe3)4(HO2CCMe3)4 

results in preservation of its dinuclear structure. A peak at m/z = 1029.2724 can be assigned to 

the trinuclear Co
II
Co

III
2 species {Co

II
Co

III
2L2(N‒BuDEAH)2(O2CCMe3)2}

•+
 (C42H68Co3N4O14; 

calcd. 1029.2728) (Scheme 4; species c) formed from two species b through the loss of a Co
II
 

ion. Like in 3, the peak at m/z = 485.1269 corresponding to {[Dy
III

2(O2CCMe3)6(H2O)2]+2H}
2+

 

points to the formation of dinuclear Dysprosium pivalate which is trapped by the species c, 

through extension of bridging coordination mode from the O atoms of alkoxido arms and =N‒O
‒
 

group, leading to the formation of the pentanuclear Dy
III

2Co
II
Co

III
2 complex (Scheme 4; 

intermediate d). Unlike in 3, the µ1,3 Me3CCO2
‒
 bridges between the two Dy

III
 ions in 
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Dysprosium pivalate remain intact during such a process. The peak at m/z = 933.6923 

corresponding to {[Dy
III

2Co
II

Co
III

2L2(N‒BuDEA)2(O2CCMe3)6(MeOH)2]+2Na}
2+

 

(C64H110Co3Dy2N4Na2O24; calcd. 933.6925) confirms the presence of complex 4 in solution.  

 

Scheme 4. Proposed pathway for the formation of 4 in MeOH medium with H2L being added before N‒

BuDEAH2. 

For 1 and 2, when N‒BuDEAH2 is added first, the formation of both follows a pathway similar 

to 3 through intermediate e (Scheme S1, Path I). When H2L is added first, the formed dinuclear 

species d (similar to that described for 4) looses a Co
II
 ion to give rise to mononuclear species b 

which results in 1 and 2 through intermediate e as shown for 3 (Scheme S1). In case of 5, for 

addition of H2L before N‒BuDEAH2 (Scheme S2; Path I), the aggregation pathway leading to its 

formation is similar to 4. But when N‒BuDEAH2 is added before H2L (Scheme S2, Path II), two 

of the formed mononuclear species b (similar to that described for 3) traps a Co
II
 ion leading to 
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the trinuclear species e which follows the usual pathway as shown for 4. A detailed description 

for 1, 2 and 5 is presented in ESI. 

The impetus towards the transition from tetranuclear to pentanuclear structure across the 

lanthanide series is provided by the decreasing size of Ln
III

 ions and their consequent preference 

for lower coordination numbers (9 for 1‒3 and 8 for 4‒5). The size of Dy
III

 is appropriate to 

access both the structural types. 

Magnetic Properties 

The magnetic data for 1 are shown in Figure 6. Fitting the data for 1 required inclusion of a 

paramagnetic impurity term, which was fixed at a reasonable value (5% of a monomeric Co(II) 

impurity) by running a series of simulations in PHI.
40

 The g value for Gd(III) was fixed to 2.0 

and temperature independent paramagnetism (TIP) was fixed at 200 x 10
6

 cm
3
 mol

1
 per Co(III) 

ion.
41

 Simultaneous fitting of the T vs. T data and M vs. H data in PHI gives: J = 0.09 (± 0.01) 

cm
1

 (note that the obtained J value is reported according to the Hamiltonian  ̂    ( ⃗1  ⃗2) to 

enable easy comparison to that obtained from the theoretical studies). Both the fit to the magnetic 

data and the DFT studies give a weak antiferromagnetic exchange interaction between the 

Gd(III) centres (vide infra). The M vs. H data arise largely from field-induced population of 

close-lying excited spin states within the complex due to the very weak exchange interaction 

between Gd(III) centers.  
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Figure 6. Temperature dependence of T for complex 1 (black open circles). The inset shows the 

magnetization vs. field data at 2, 4 and 6 K. The solid lines correspond to a simultaneous fit of the 

susceptibility and magnetization data (see text for details). 

The T vs. T data for 2-5 are shown in Figure S24 and the fitting of that data is discussed in the 

section Theoretical Calculations. The M vs. H data and the ac susceptibility data for 2-5 are 

shown in Figure S17 and Figures S18 to S21. The terbium(III)-containing complex 2 and 

holmium(III)-containing complex 5 display no slow relaxation of the magnetization with, or 

without, an applied dc field. The dysprosium(III)-containing complex 3 and the 

dysprosium(III)/cobalt(II)-containing complex 4 display the onset of slow relaxation of the 

magnetization at low temperature in zero dc field; there was no maxima observed upon addition 

of a dc field and no further ac studies could be carried out. The observed AC susceptibility 

behaviour for all complexes is consistent with the theoretical studies except for 3 and 4 (vide 

infra). 

Theoretical calculations 

Contemporary approach to evaluate magnetic anisotropy and magnetic interactions in metal 

complexes is based on DFT and CASSCF calculations. First, DFT level of theory was utilized 

for assessing the isotropic exchange between two Gd
III

 ions in compound 1 with the help of 

ORCA 4.2 software. Thus, the high-spin state and the broken-symmetry states were calculated 

with PBE0 hybrid functional using relativistic DKH basis sets for this version of Heisenberg spin 

Hamiltonian,  ̂    ( ⃗1  ⃗2), and the energy difference between high-spin (HS) and broken-

symmetry (BS) spin states,  = EBS – EHS, was found to be  = ‒4.306 cm
-1

. Subsequently, the 

exchange coupling J-parameter was calculated by Yamaguchi’s approach
42

 as 

     (⟨  ⟩   ⟨ 
 ⟩
  )    ( ) 

and adopts value of J = ‒0.18 cm
-1

, which suggests weak antiferromagnetic exchange and is 

consistent with the experimental finding. The calculated spin density of BS state is depicted in 

Figure 7. 
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Figure 7. The calculated spin density distribution using PBE0 for 1 for the broken-symmetry state. 

Positive and negative spin density is represented by yellow and cyan surfaces, respectively. The 

isodensity surfaces are plotted with the cut-off value of 0.02 ea0
-3

. Hydrogen atoms are omitted for clarity. 

In case of compounds 2-5, the ground state properties of the lanthanides ions require CASSCF 

calculations in order to properly capture multireference character of these ions. Therefore, 

OpenMOLCAS package was used for CASSCF calculations, and modules SINGLE_ANISO and 

POLY_ANISO for evaluating the zero-field splitting and the analysis of mutual magnetic 

interactions, respectively. The active space of these calculations spans the respective d or f 

orbitals of Co
II
 or Ln

III
 ions. In case of 4 and 5, the molecular structures were simplified as 

shown in Figure S23b to make such calculations feasible. The results of CASSCF are depicted in 

Figure 8, in which the zero-field splitting of the atomic terms induced by the ligand field is 

shown – 
7
F6 for Tb

III
, 

6
H15/2 for Dy

III
 and 

5
I8 for Ho

III
. Also, the levels of 

4
T1g ligand field term of 

Co
II
 originating from Oh symmetry of the ligand field split due to lowering the symmetry of the 

ligand field are shown in Figure 8. The respective energy levels and g-tensor values calculated 

with SINGLE_ANISO are listed in Tables S5 to S9. The calculations for Tb
III

 ion in 2 showed 

two almost energetically degenerate levels, followed by two other excited states located at 80-90 

cm
-1 

(Table S5). Analogous situation is found also for Ho
III

 in 5, where pseudo doublets can be 

identified and are separated by circa 20 cm
-1 

(Table S5). Both Tb
III

 and Ho
III

 ions are non-

Kramers ions, therefore tunneling gap (tun) within these pairs of states serves as indicator of the 

quantum tunneling of the magnetization.
43

 Unfortunately, tun is large for both Tb
III

 and Ho
III

 

ions in 2 and 5 (Table S5), which could explain lack of slow relaxation of the magnetization in 

AC susceptibility data. In case of Dy
III

 ions of 3 and 4, the ground state possesses the axial type 
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of the magnetic anisotropy (gz >> gx,y), but the values of gx,y are larger than 0.00, which indicates 

significant predisposition for the quantum tunneling of the magnetization confirmed also by 

relatively large values of transition magnetic moment matrix elements (Tables S6 to S7). 

Moreover, lowest excited states are very close, 66 cm
-1

 for 3 and 19.2 cm
-1

 for 4, which shows 

that local geometries of coordination polyhedra for these ions reduced the potential for large 

magnetization reversal barriers. This is also visualized in the plots of the magnetization blocking 

barrier for 3 and 4 produced by SINGLE_ANISO module (Figure S22). The axes of g-tensors are 

showed in Figure S23. Similarly, other Kramers type ions, Co
II
 in 4 and 5 have quite large gx,y 

parameters, which does not inhibit the quantum tunneling of the magnetization, thus despite the 

quite promising energies of the first excited states, 215 cm
-1

 in 4 and 202 cm
-1

 in 5, it is hard to 

expect their positive contribution to the slow relaxation of the magnetization (Tables S8 to S9).  

 

Figure 8. The output of the CASSCF calculations with CAS(8,7) for Tb
III

 in 2, with CAS(9,7) for Dy
III

 in 

3 and 4, with CAS(10,7) for Ho
III

 in 5 and with CAS(7,5) for Co
II
 in 4 and 5.  

Next, we analyzed the experimental susceptibility data for 2-5 with the home-made routine in 

cooperation with POLY_ANISO module,
44

 and thus we were able to estimate 4f-4f and 3d-4f 

magnetic interactions in this series of the compounds. The results of fitting are depicted in Figure 

S24 and the values of parameters are summarized in Table 2. Weak ferromagnetic exchange 

between lanthanide ions (      
    ) were found in tetranuclear Ln

III
2Co

III
2 compounds, while 

antiferromagnetic exchange is present in pentanuclear Ln
III

2Co
II
Co

III
2 (Table 2). The Co-Ln 

exchange is ferromagnetic in case of Ln = Dy, but was fitted antiferromagnetic for Ln = Ho. The 

variation of fitted parameters of magnetic exchange can be assigned to the variation of f-orbitals 

which are involved in mutual interactions. Moreover, we present the magnetization blocking 
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barrier calculated for compounds 3 and 4 for which out-of-phase signal of AC susceptibility was 

detected. The comparison of SINGLE_ANISO and POLY_ANISO calculations for 3 is showed 

in Figure 9. The matrix element of the transversal magnetic moment for Dy
III

 ion of the lowest 

Kramers doublet is 0.097 which is close to the limit 0.1 used to determine effective tunneling of 

the magnetization from CASSCF calculations. Large transversal magnetic moments between 

ground state and the first excited state suggest that the effective energy barrier is limited to the 

first excited state (Ueff ≤ 66 cm
-1

). Upon inclusion of dipolar and exchange Dy-Dy interactions, 

the lowest energy levels form pseudo doublets confirming prevailing antiferromagnetic 

interaction, (     =       
     +       

   
) < 0, and diminishing but higher that threshold (10

-5
 cm

-1
) 

tunneling gaps (tun = 2.5x10
-3

 cm
-1

). In case of compound 4, the SINGLE_ANISO calculations 

suggest significant probability for the tunneling of the magnetization (the matrix elements of the 

transversal magnetic moment between lowest Kramers doublets are larger than 0.1) and low-

lying excited states. The incorporation of Dy-Dy and Co-Dy dipolar and exchange interactions 

by POLY_ANISO resulted in formation of three close lying Kramers doublets (Figure 10) and 

each of them having also significant probability for the quantum tunneling.  

These outcomes are in contrast to the experimental observation of out-of-phase susceptibility in 

3 and 4, however, we are aware that presented CASSCF calculations are not able to fully address 

all relaxation mechanisms in solid state. Differences between experimental and theoretically 

predicted data have also been highlighted in our previous work.
6
 

Table 2. The magnetic exchange (J
exch

) and dipolar interactions (J
dip

) derived from analysis of 

magnetic susceptibilities for 2-5 with POLY_ANISO module 

Types of magnetic 

interaction (cm
-1

) 

2 3 4 5 

JTb‒Tb JDy‒Dy JDy‒Dy JCo‒Dy JHo‒Ho JCo‒Ho 

     ‒0.089 ‒0.177 0.000 0.000 ‒0.025 0.000 

      +0.002 +0.122 ‒1.602 +3.180 ‒0.020 ‒0.390 

Jtot -0.087 ‒0.055 ‒1.602 +3.180 ‒0.045 ‒0.390 
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Figure 9. Magnetization blocking barrier in 3 calculated for Dy
III

 by SINGLE_ANISO (left) and for Dy
III

-

Dy
III

 by POLY_ANISO using       
     = = +0.122 cm

-1
 and       

   
= ‒0.177 cm

-1
 (right). The numbers 

presented in plot represent the corresponding matrix element of the transversal magnetic moment, and the 

tun shows the tunneling gap of the indicated doublets.   

 

Figure 10. Magnetization blocking barrier in 4 calculated for Dy
III

 by SINGLE_ANISO (left) and for 

Dy
III

-Dy
III

-Co
II
 by POLY_ANISO using exchange (J

exch
) and dipolar (J

dip
) interactions listed in Table 2

 

(right). The numbers presented in plot represent the corresponding matrix element of the transversal 

magnetic moment.   

Conclusions 

The synthesis and isolation of five new cobalt-lanthanide coordination aggregates from the use 

of two different ligands H2L and N‒BuDEAH2 together, has increased our understanding about 

the synthetic methods and the reaction sequences required to obtain such compounds. A shift in 

preference from tetranuclear to pentanuclear structure across the lanthanide series, projected, 
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the influence the size of the Ln
III

 ions can have on the nuclearity of coordination clusters and the 

consequent importance of the lanthanide contraction on the synthesis of polynuclear molecules. 

Furthermore the change in sequence of ligand addition opened up the pathway for accessing both 

structural types in the case of Dy
III

. HRMS (+ve) analysis of solutions revealed the differential 

cleavage of Co2(µ-OH2)(O2CCMe3)4(HO2CCMe3)4 by the two ligands and helped understand the 

aggregation process under different sequence of reactant addition. The tetranuclear Ln
III

2Co
III

2 

complexes exhibit a butterfly like topology with a more complex bridging network having the 

metal ion centers lying in a plane. On the other hand in the pentanuclear Ln
III

2Co
II
Co

III
2 

complexes, an additional Co
II
 ion is trapped in the structure destroying the planar arrangement of 

the metal ions. Due to the presence of large number of solvent molecules within the crystal 

lattice of the Ln
III

2Co
III

2 aggregates, an extensive hydrogen bonding network was observed. 

Fitting of the magnetic data for 1 gives a weak antiferromagnetic exchange interaction between 

the Gd
III

 ions, which is confirmed by the theoretical calculations carried out with a PBE0 hybrid 

functional. The rest of the reported compounds were treated at CASSCF level of theory. 

Subsequent analysis of experimental magnetic data with POLY_ANISO module revealed 

variation of the dipole-dipole and the exchange interactions of the types Ln-Ln and Ln-Co within 

the series suggesting fast relaxation of the magnetization. But this is in contrast to the out-of-

phase signals observed in AC susceptibility measurements observed for 3 and 4. Theoretical 

predictions are in line with the experimentally observed lack of slow relaxation in 2 and 5.  
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