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Heterometallic lanthanide-centred [Ni
II

6Ln
III

] rings 

Angelos B. Canaj,
a
 Demetrios I. Tzimopoulos,

b 
Dimitris A. Kalofolias,

a
 Milosz Siczek,

c
 Tadeusz Lis,

c
 

Mark Murrie
d,

* and Constantinos J. Milios
a,

* 

A [Ni
II

6Dy
III

] heptanuclear complex featuring a rare six-membered 

{Ni
II

6} metal ring surrounding the central Dy(III) ion is reported. 

Magnetic studies reveal single-molecule magnet behaviour for the 

complex under zero external dc field, while replacing the Dy
III

 ion 

with Υ
III

 or Gd
III

 ions allows for a comprehensive understanding of 

the magnetic behaviour.   

Since the prototype [Mn12] single molecule magnet (SMM) was 

reported in the early 1990s,1 the synthesis and magnetic study 

of 3d, 3d-4f and 4f complexes has become one of the most 

active areas in the field of coordination chemistry, with 

scientific groups worldwide trying to understand and improve 

the interesting magnetic properties displayed by such species.2 

While this task has been more than challenging, very recently 

species with extremely high energy barriers for the re-

orientation of the magnetization, i.e. over 1000 K, and blocking 

temperatures as high as 60 K have been reported.3  

Cyclic metal complexes, often reported as “metallocrowns” or 

“metallocoronates”, have been studied mainly for their 

selective ion-binding properties, but also for their intrinsic 

magnetic behaviour.4 Several examples have been reported 

with 3d, 3d-4f and 4f-ions, but only a handful of centred cyclic 

complexes have been reported.5 Most of the documented 

molecules contain Mn/Ln, Fe/Ln and Cu/Ln ions,6 while NiII/LnIII 

complexes with a centred cyclic topology are surprisingly 

uncommon; a CSD search revealed only three examples,7 none 

of which adopts the [NiII6LnIII] formula. 

Herein, we report the first examples of centred cyclic [NiII6LnIII] 

(Ln = Dy, 1; Gd, 2; Y, 3) complexes, with the [NiII6DyIII] analogue 

showing slow relaxation of magnetisation. Solvothermal 

reaction of Dy(NO3).6H2O, Ni(ClO4)2
.6H2O, triethanolamine 

(H3tea), NEt3, and the 11H-indeno[1,2-b]quinoxalin-11-one 

ligand, HL (Fig. S1),8 in MeCN for 12 h, followed by slow cooling 

to room temperature, led to the formation of brown plate-like 

crystals of [NiII6DyIII(L)4(Htea)4](ClO4)2.5(NO3)0.5·5.5MeCN·H2O 

(1.5.5MeCN·H2O) in ~20% yield, while upon using 

Gd(NO3)3
.6H2O or Y(NO3)3

.6H2O as the starting lanthanide salts, 

we were able to isolate the analogous 

[NiII6GdIII(L)4(Htea)2(tea)2](ClO4) ̣̣·4MeCN·H2O (2·4MeCN·H2O) 

and [NiII6YIII(L)4(Htea)2(tea)2](ClO4)0.5(NO3)0.5·2.5H2O·1.4MeCN 

(3·2.5H2O·1.4MeCN)  complexes (Fig. 1, Fig. S2). All three 

complexes display the same [NiII6LnIII] metallic core, so we will 

only discuss the structure of 1.   

 

Figure 1. Molecular structure of 1. Solvent molecules, H atoms and counterions are 

omitted for clarity. Colour code: Ni = green, Dy = purple, O = red, N = blue, and C = grey. 

Compound 1 crystallises in the monoclinic P21/n space group; 

the metallic skeleton contains six peripheral NiII ions forming a 

non-planar ring encapsulating the DyIII ion located at its cavity. 

The central DyIII ion is connected to the NiII ions via eight µ3-OR 

alkoxide groups belonging to four doubly deprotonated, Htea2- 

ligands, which further bridge pairs of Ni(II) ions (Ni1-Ni2, Ni2-

Ni3, Ni3-Ni4, Ni4-Ni5, Ni5-Ni6) forming the [NiII6DyIII(µ3-OR)8]7+ 
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centred ring (Fig. S3). The NiII pairs (Ni2-Ni3, Ni3-Ni4, Ni1-Ni6 

and Ni5-Ni6) are further bridged by four η
1: η

1: η
1: µ 

deprotonated L- ligands through the (-N-O-)oximate group. The 

Ni-OR-Dy angles fall into two categories: i) those between Ni3-

Dy and Ni6-Dy that are 106.2-106.4° and 105.6-106.3° 

respectively, and ii) those between Ni1-Dy, Ni2-Dy, Ni4-Dy, 

Ni5-Dy that are in the narrow 84.3 - 86.4° range. Regarding the 

Ni-OR-Ni angles, those between Ni1-Ni2 and Ni4-Ni5 are ~96° 

and ~97°, respectively, while those between Ni2-Ni3, Ni3-Ni4, 

Ni5-Ni6 and Ni1-Ni6 are in the 112.3-112.9° range. Finally, the 

Ni-N-O-Ni torsion angles fall in the 27.1-31.4° range.  

All NiII ions are six-coordinate in distorted octahedral 

geometries, while the encapsulated DyIII ion is eight-coordinate 

adopting distorted square antiprismatic geometry (SHAPE9
 

CShM parameter 1.025, Fig. S4, Table S2). In the square 

antiprismatic configuration, the distance between the two 

squares is defined as dpp, whereas the shortest distance 

between ligands within one square as din; furthermore, the 

angle between the diagonals of the two squares is defined as 

Φ, while α is the angle between the S8 axis and a Ln-ligand 

direction, usually used to describe the elongation or 

compression along the tetragonal axes.10 For complex 1, dpp 

ranges from 2.496 to 2.640 Å, din is in the 2.866-3.042 Å range, 

Φ in the 62.4-68.3° and α varies from 60.7 to 62.1°, yielding a 

slightly compressed square antiprismatic environment. It has 

been proven by experimental and theoretical observations 

that for the DyIII
 Kramers ion being in an ideal square 

antiprismatic geometry (Φ=45°, α=54.7°) with D4d symmetry is 

an effective way to enhance the slower relaxation.11 

The magnetic properties of all three [NiII6LnIII] complexes were 

investigated by dc susceptibility measurements in the 300-2 K 

temperature range under a 0.1 Tesla applied magnetic field 

(Fig. 2). The room temperature χΜΤ values of all complexes are 

close to the expected value for six non-interacting NiII ions and 

one LnIII ion (Dy 1, Gd 2); the room temperature χΜΤ value of 

20.93 cm3 K mol-1 for 1 is close to the theoretical value of 20.98 

cm3Kmol-1 expected for six non-interacting NiII ions (g ≈ 2.13) 

and one DyIII ion (g ≈ 1.33). Upon cooling, χΜΤ decreases 

gradually to reach a minimum value of 6.67 cm3 K mol-1 at 5 K. 

For 2, the room temperature χΜΤ value of 14.62 cm3 K mol-1, 

very close to the theoretical value of 14.68 cm3 K mol-1, 

steadily decreases to a minimum value of 3.11 cm3 K mol-1 at 5 

K, while, for 3 the χΜΤ product decreases upon cooling to reach 

the minimum value of 3.45 cm3 K mol-1 at ~50 K, before it 

slightly increases to the value of 3.88 cm3 K mol-1 at ~6 K. 

Finally, below 6 K a drop of the χΜΤ value is observed. The χΜΤ 

profile indicates the presence of either both antiferromagnetic 

and ferromagnetic or competing interactions within 3 (vide 

infra).    

We were able to simultaneously fit the magnetic susceptibility 

(Fig. 2) and magnetization data (Fig. S6) for complex 3, 

[NiII6YIII], adopting a 2-J model (Fig. S5, left), assuming the 

following two exchange interactions: i) J1, between Ni1-Ni6, 

Ni5-Ni6, Ni2-Ni3 and Ni3-Ni4 mediated by one µ3-OR alkoxide 

(Ni-OR-Ni ≈ 114°) and one (-N-O-)oximate bridge, and ii) J2, 

between Ni1-Ni2 and Ni4-Ni5 mediated through two µ3-OR  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2. χMT vs T plot for complexes 1-3 under an applied dc field of 0.1 T. The solid 

lines represent a fit of the data in the 5−300 K range (see the text for details). 

alkoxide groups (Ni-OR-Ni ≈ 95°). Using PHI12 and employing 

the Hamiltonian eqn 1: 

 

Ĥ = -2J1 (Ŝ1
.Ŝ6 + Ŝ5

.Ŝ6 + Ŝ2
.Ŝ3 + Ŝ3

.Ŝ4) -2J2 (Ŝ1
.Ŝ2 + Ŝ4

.Ŝ5) + 

gµB���� ∑ ������
�
�	
                       (1) 

 

gave J1 = -26 cm-1, J2 = 4 cm-1 and gNi = 2.2. These parameters 

led to an S = 2 ground state with the first excited state of S = 1 

located ~18 cm-1
 above. The magnitude and nature of the 

exchange constants J1 and J2 are in agreement with previously 

reported interactions in Ni(II) complexes with similar 

geometric parameters; J1 should be antiferromagnetic and the 

value of -26 cm-1 is reasonable for Ni-OR-Ni angles of ~114° and 

Ni-N-O-Ni torsion angles of ~28°, while J2 is in excellent 

agreement for Ni-OR-Ni angles below ~98°.13 In order to avoid 

over-parameterization, parameters such as zero-field splitting 

(ZFS) were not included in the fitting process of the magnetic 

susceptibility and magnetization data for complex 3. However, 

including zero-field splitting (ZFS) does not significantly 

improve the fit. 

Furthermore, we were also able to fit the magnetic 

susceptibility data for complex 2, [NiII6GdIII] adopting a 3-J 

model (Figure S5, right) and the Hamiltonian in eqn (2) : 

 

Ĥ = -2J1 (Ŝ1
.Ŝ6 + Ŝ5

.Ŝ6 + Ŝ2
.Ŝ3 + Ŝ3

.Ŝ4) -2J2 (Ŝ1
.Ŝ2 + Ŝ4

.Ŝ5) -2J3 (Ŝ1
.ŜGd + 

Ŝ2
.ŜGd + Ŝ3

.ŜGd + Ŝ4
.ŜGd + Ŝ5

.ŜGd + Ŝ6
.ŜGd) + gNiµB���� ∑ ������

�
�	
  + 

gGdµB���������������                                                          (2)  

 

where J1 and J2 exchange parameters have the same meaning 

as in complex 3, and J3 describes the exchange interaction 

between Ni-Gd pairs. Keeping J1 and J2 ‘’locked’’ to the values 

found from fitting the magnetic susceptibility of 3 (-26 and 4 

cm-1, for J1 and J2, respectively), PHI yielded J3 = -0.7 cm-1, with 

gNi = 2.2 and gGd = 2.0. These parameters lead to an S = 3/2 

ground-state for 2, with the 5/2 and 7/2 exited states located 

at ~ 3 cm-1 and ~ 8 cm-1 respectively. The weak and AF 

character of J3 is in good agreement with previously reported 

cases.14 At this point, it is worth mentioning that the majority 
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of {NiII-GdIII} interactions is found to be ferromagnetic.15 

However, according to theoretical studies performed on 

NiII/GdIII complexes, the nature of the {NiII-GdIII} interactions is 

strongly affected by the NiII-O-GdIII angles, with smaller angles 

favoring antiferromagnetic interactions.16 In complex 2 the 

majority of the NiII-O-GdIII angles is ~ 86°  rationalizing the fact 

that J3 is antiferromagnetic. In order to get some insight in the 

magnetic interaction between the NiII and DyIII in 1, we found 

that complex [NiII3DyIII{(py)2C(H)O}6](ClO4)3 [(py)2C(H)O- is the 

anion of di-2-pyridylmethanol] displays similar magnetic 

behavior where the slow relaxation observed at zero external 

field, albeit with a small energy barrier, is attributed to the 

antiferromagnetic Ni···Dy and Ni···Ni exchange interactions 

which help to suppress the QTM to a certain extent. However, 

due to the complexity of the magnetic exchange interaction 

between NiII···DyIII within 1 it is difficult to calculate actual 

coupling parameters.
16,17          

Furthermore, magnetization data were collected for all 

complexes (Fig. S6-S8) in the ranges of 1-5 T and 2.0-6.0 K. 

However, we were not able to fit the magnetization data of 

complex 2 (Fig. S7) assuming that only the ground state is 

populated. 

To further investigate the magnetization dynamics of 

complexes 1-3, ac susceptibility measurements were 

performed under a zero applied dc field. From all three 

complexes investigated only complex 1, [NiII6DyIII], is likely to 

behave as a SMM. Complex 1 does show slow magnetic 

relaxation, evidenced by the fact that both the in-phase (χΜ’) 

and out of phase (χΜ΄΄) components show frequency and 

temperature dependence, with fully formed out-of-phase 

peaks seen for the higher frequencies, suggesting that 

quantum tunnelling of magnetization (QTM) takes place 

shortening the relaxation time (Fig. 3, Fig. S9-S10).2    

An Argand plot of χΜ΄΄ vs χΜ΄ is shown for 1 between 2-10 K 

(Fig. S11). The plots display arc like profiles and indicate one 

single relaxation process. The relaxation times, τ, were 

extracted from the fit of the Argand plot using the generalized 

Debye model.18 The α parameters obtained are in the range of 

0.035-0.38 (2-7 K) indicating small distribution of relaxation 

times.19  

Following the Arrhenius analysis by using the extracted 

relaxation times, τ, yielded a rather low effective energy 

barrier of Ueff ≈ 10 K with τ0= 1.5 x 10-5 s (Fig. S12) for 1. The 

relatively large τ0 value indicates the presence of QTM.20 

Bearing in mind that no out-of-phase signals were detected for 

the [NiII6YIII] analogue, we can safely assume that for the slow 

magnetic relaxation of 1, the presence of the DyIII ion is crucial. 

Importantly, the magnetic behaviour of 1 is rare since most 

NiII/DyIII complexes reported so far do not show SMM 

behaviour under zero external dc field (Table S3).  

In the absence of high symmetry, the ground-state of a DyIII ion 

is a doublet along the anisotropy axis with mJ = ±15/2; thus, we 

were able to calculate the orientation of the anisotropy axis 

for the DyIII ion using an electrostatic model recently reported 

by Chilton et al., which is based on electrostatic energy 

minimization for the prediction of the ground state magnetic 

anisotropy axis.21 Using MAGELLAN the ground state magnetic 

anisotropy axis is indicated to be titled towards the closest 

negatively charged oxygen atoms of the H3tea ligands, O2F and 

O2G, (Fig. S13). This method has been proven to be successful 

and efficient, however, the obtained results should be 

considered with caution due to the limitations of the 

electrostatic model used (i.e. the assumption that the negative 

charges sit on the atom) and the distorted square 

antiprismatic Dy geometry in 1.22 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3. Plot of χM″ vs T for complex 1 at zero external dc field.  

                

Conclusions 

In conclusion, we have reported the first examples of 

heptanuclear [NiII6LnIII] (Ln = Dy, Gd, Y) complexes featuring a 

rare centred ring-like topology. The study of the magnetic 

properties revealed slow magnetic relaxation for the Dy(III) 

analogue under zero external dc field. Attempts to synthesize 

and characterize different 3d-3d’ and 3d-4f cyclic centred 

complexes are in progress.     
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The syntheses, structures and magnetic properties of three new hetero-heptametallic 

[Ni6Ln] complexes are reported. 
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