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Probing the magnetic and magnetothermal properties 

of M(II)-Ln(III) complexes (where M(II) = Ni or Zn; 

Ln(III) = La or Pr or Gd) 

Naushad Ahmed,a Chinmoy Das,a Shefali Vaidya,a Anant K Srivastava,c Stuart K 
Langley,b Keith S Murrayb and Maheswaran Shanmugam*a  

We have established the coordination potential of the Schiff base ligand (2-methoxy-6-[(E)-2’-

hydroxymethyl-phenyliminomethyl]-phenolate (H2L)) via the isolation of various M(II)-Ln(III) 

complexes (where M(II) = Ni or Zn and Ln(III) = La or Pr or Gd). Single crystals of these five 

complexes were isolated and their solid state structures determined by single crystal X-ray 

diffraction. Structural determination revealed molecular formulas of [NiGd(HL)2(NO3)3] (1), 

[NiPr(HL)2(NO3)3] (2) and [Ni2La(HL)4(NO3)](NO3)2 (3), [Zn2Gd(HL)4(NO3)](NO3)2 (4), 

and [Zn2Pr(HL)4(NO3)](NO3)2 (5). Complexes 1 and 2 were found to be neutral 

heterometallic dinuclear compounds, whereas 3 - 5 are found to be linear heterometallic 

trinuclear cationic complexes. Direct current (dc) magnetic susceptibility and magnetization 

measurements conclusively reveal that complexes 1 and 4 possess a spin ground state of S = 

9/2 and 7/2 respectively. Empirically calculated ∆χΜΤ derived from the variable temperature 

susceptibility data of all complexes, undoubtedly indicates that the Ni(II) ion is coupled 

ferromagnetically to the Gd(III) ion, and antiferromagnetically to the Pr(III) ion in 1 and 2 

respectively. The extent of the exchange interaction for 1 was estimated by fitting the 

magnetic susceptibility data using the parameters (g = 2.028, S = 9/2, J = 1.31 cm-1 and zJ = 

+0.007) and supporting the phenomenon observed in an empirical approach. Similarly using 

a HDVV Hamiltonian, the magnetic data of 3 and 4 were fitted, yielding parameters of g = 

2.177, D = 3.133 cm-1, J = -0.978 cm-1, (for 3) and g = 1.985, D = 0.508 cm-1 (for 4). The 

maximum change in magnetic entropy (-∆Sm) estimated from the isothermal magnetization 

data for 1 was found to be 5.7 J Kg-1 K-1 (∆B = 7 Tesla) at 7.0 K, which is larger than the -

∆Sm value extracted from 4 of 3.5 J Kg-1 K-1 (∆B = 7 Tesla) at 15.8 K, revealing the 

importance of the exchange interaction in increasing the overall ground state of a molecule 

for better MCE efficiency. 

 

 

Introduction 

Coordination chemistry is a fascinating area of research as a 
large number of potential applications throughout various fields 
are possible, such as catalysis,1 biomedical applications,2 novel 
magnetic materials,3 particularly molecular magnetism4 etc. A 
plethora of polynuclear transition metal clusters have appeared 
in the literature after the discovery of single-molecule magnet 
(SMM) behaviour in a {Mn12} cluster in 1993.4-5 In transition 
metal clusters, the total ground spin state (S) and Ising type 
magnetic anisotropy (D) associated with the molecule dictates 
the SMM behaviour of the molecule. This results in an 
anisotropy barrier (Ueff) blocking the reversal of the 
magnetization vector and in turn is related to the blocking 
temperature (Tb α Ueff = DS2 for an integer spin and DS2-
1/4 for a non-integer spin). The enhancement of the blocking 
temperature, however, remains a significant challenge for 

chemists as D and S are in reality inversely proportional to each 
other.6 A small magnetic anisotropy is observed in the majority 
of large oligonuclear transition metal clusters due to the partial 
and/or complete quenching of the orbital angular momentum. 
This is due to the ligand field interaction with the dn electrons, 
as well as the random orientation of the single ion anisotropic 
axes within the molecule due to the absence of the necessary 
synthetic control.  
 To overcome this issue and to enhance the magnetic 
anisotropy associated with these molecules, lanthanide ions, 
which contain inherently large anisotropy, are now used in 
conjunction with transition metal ions. Much interest was 
shown in 3d-4f complexes in the past due to the observation of 
ferromagnetic coupling between Cu(II) and Gd(III) ions.7 In 
2004, the first 3d-4f SMM was reported,8 and this was 
subsequently followed by a range of further examples.9 
Although, the use of lanthanide ions with 3d metal ions appears 
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to be beneficial in gaining the magnetic anisotropy required, 
when SMM behaviour is observed in the majority of complexes 
the magnetization vector relaxes via quantum tunnelling of 
magnetization (QTM).10 This therefore also obstructs the effort 
towards increasing the blocking temperature. In an unrelated 
study, homologous dinuclear lanthanide complexes bridged by 
a radical ligand revealed the importance of strong magnetic 
exchange interactions, which resulted in the suppression of the 
QTM. The combination of the large anisotropy and strong 
exchange resulted in a record blocking temperature (14 K) 
known for any SMM.11 On a similar note, we have proved 
recently that strong exchange can be brought into a molecular 
system by incorporating 3d metal ions such as Cr(III).12 This 
reveals a more versatile and robust synthetic method compared 
to the difficult goal of achieving stable and reactive radical 
containing complexes. Apart from SMM behaviour, there is a 
growing interest in probing the cooling efficiency of molecular 
complexes, which is exclusively based on its intrinsic magneto 
caloric effect (MCE).13 The MCE is simply the change in 
temperature of material with the aid of external magnetic field. 
The change in magnetic entropy (-∆Sm) and adiabatic 
temperature (∆Tad) are the two key parameters which determine 
the effectiveness of the MCE. These parameters depend on the 
overall ground state of the molecule, which should be isotropic 
in nature, as well as being dependent on the exchange 
interaction, which are preferably weak. These criteria are often 
satisfied in GdIII containing complexes. 
 In this line of interest we are focussed on a new generation 
of Ni-4f metal complexes as these are likely to display 
favourable (ferro)magnetic exchange interactions similar to the 
Cu(II)-4f congeners, using the Schiff base ligand, (2-methoxy-
6-[(E)-2’-hydroxymethyl-phenyliminomethyl]-phenolate 
(H2L)). We will use these compounds to probe the nature of the 
magnetic exchange and determine the strength in both isotropic 
and anisotropic complexes, which will be off great interest to 
the SMM and MCE community. Moreover we reveal how the 
use of appropriately substituted diamagnetic metal complexes 
can be used to extract information on the nature of the 
exchange interaction between the metal centres.  
   The ligand in question (H2L) has been scarcely used, with 
only two transition metal complexes reported in the literature, 
these being a {Cu4} and a monomeric Mo(VI) complex.14 In 
this article, we have established the coordination potential of 
the H2L ligand, isolating five different heterometallic 3d-4f 
(where 3d = Ni or Zn; 4f = La or Pr or Gd) complexes of 
formulae [NiGd(HL)2(NO3)3] (1), [NiPr(HL4)2(NO3)3] (2) and 
[Ni2La(HL)4(NO3)](NO3)2 (3), [Zn2Gd(HL)4(NO3)](NO3)2 (4), 
and [Zn2Pr(HL)4(NO3)](NO3)2 (5). We have performed detailed 
magnetic measurements, probing the exchange interactions and 
the MCE properties of selected complexes (vide infra).    
  

Experimental 
Materials and Methods 

All the reactions were carried out under aerobic conditions. 
Analytical grade solvents and reagents were purchased from 
commercial sources (Alfa Aesar and Aldrich) and used without 
further purification. Infrared spectra were collected for the solid 
samples using KBr pellets on a Perkin-Elmer FT-IR 
spectrometer between 400 and 4000 cm-1. Single crystal data 
were collected on a Rigaku Saturn CCD diffractometer using a 
graphite monochromator (MoKα, λ= 0.71073 Å). The selected 
crystals were mounted on the tip of a glass pin using mineral oil 
and placed in the cold flow produced with an Oxford Cryo-
cooling device. Complete hemispheres of data were collected 

using ω and ϕ-scans (0.3°, 16 s per frame). Integrated 
intensities were obtained with Rigaku Crystal Clear-SM Expert 
2.1 software and they were corrected for absorption correction. 
Structure solution and refinement was performed with the 
SHELX-package. The structures were solved by direct methods 
and completed by iterative cycles of ∆F syntheses and full-
matrix least-squares refinement against F2. The diffused 
electron density for the solvate molecule does not allow us to 
model these in some cases, hence the SQUEEZE routine was 
employed to calculate the number of electrons present in the 
void. The resultant loop created in the platon software is 
appended at the end of cif file for the corresponding crystal 
structure. See Table 1 for the crystallographic parameters for 1 
– 5. CCDC numbers: 1013525 and 1017181-1017184. The 
magnetic susceptibility measurements were obtained with the 
use of a MPMS SQUID magnetometer. Measurements were 
performed on polycrystalline samples and the magnetic data 
were corrected for the sample holder and diamagnetic 
contribution. The magnetic data were fitted for the selected 
complexes using PHI software.15 The ligand was synthesized 
via a modified literature approach, resulting in an improved 
yield of the ligand.16 

Synthetic Procedures 

Synthesis of complex 1: 
 The Schiff base ligand H2L (0.200 g, 0.777 mmol) was 
deprotonated using sodium methoxide (0.042 g. 0.777 mmol) in 
40 mL of methanol. Into this solution Gd(NO3)3·6H2O (0.133 g, 
0.3889 mmol) was added, which was stirred for 15 minutes 
before nickel acetate hydrate (0.0965 g, 0.3889 mmol) was 
introduced. Upon addition of the nickel salt, the solution 
changed from light orange to green. The solution was stirred for 
24 h at room temperature, after which the volume was reduced 
to 4.0 mL. To this 2.0 mL of THF was then added and the 
solution filtered. X-ray quality green single crystals were grown 
after allowing the filtrate to stand at room temperature 
undisturbed for one week. Yield for 1 (based on nickel): 0.09 g 
(26 %).  FTIR-1621 cm-1(ν-C=N), Ar-H, 2925 cm-1 (νAr-H). 
Synthesis of complexes 2 - 5: 
 A similar synthetic procedure to 1 was followed. In the case 
of complexes 2 and 3 Gd(NO3)3·6H2O was replaced by 
praseodymium nitrate hydrate (0.168g, 0.3889 mmol) and 
lanthanum nitrate hydrate (0.167g, 0.3889 mmol) respectively. 
Yield for 2 (based on nickel): 0.08 g (23 %).  FTIR-1620 cm-

1(ν-C=N), Ar-H, 2924 cm-1 (νAr-H). Yield for 3 (based on nickel): 
0.100g (17%).  FTIR-1617cm-1(ν-C=N), Ar-H, 2942 cm-1 (νAr-H). 
In the case of 4 and 5, nickel acetate hydrate was replaced by 
zinc acetate hydrate (0.0852g, 0.3889 mmol) which was treated 
with its corresponding chemical equivalence of the required 
lanthanide nitrate salt (Gd (4) and Pr (5)). Block shaped pale 
yellow single crystals of 4 and 5 were grown from the filtrate. 
Yield for 4 (based on zinc): 0.160 g (27%) FTIR, (1614 cm-1(ν-

C=N), 2940 cm-1 (νAr-H). Yield for 5 (based on zinc): 0.150 g 
(27%) FTIR, (1614 cm-1(ν-C=N), 2941cm-1 (νAr-H). 
       

Results and discussion 
The deprotonated Schiff base ligand was reacted with Ln(NO3)3 
hydrate and nickel acetate hydrate (where Ln = La, Pr, Gd) in 
methanol under aerobic conditions. Green single crystals were 
isolated in all the cases (Scheme 1), with single crystal X-ray 
diffraction revealing the molecular formulae for these 
complexes as [NiGd(HL)2(NO3)3] (1), [NiPr(HL)2(NO3)3] (2) 
and [Ni2La(HL)4(NO3)](NO3)2 (3). Compounds 1 - 3 crystallize 
in the monoclinic space group, P21/n.  
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Table 1. Crystallographic parameters for complexes 1-5. 
 

 
It is found that complexes 1 and 2 are isostructural, both 
containing a divalent nickel ion and a trivalent lanthanide ion, 
thus forming a heterometallic dinuclear complex (Figure 1). 
The Ni and Ln metal ions are linked exclusively by two µ-
phenoxo oxygen atoms derived from two partially deprotonated 
Schiff base ligands.  
 
Scheme 1. Schematic representation of synthetic method 
followed for the isolation various complexes. 

 

 
 
The average ∠Ni1-O11-Ln1 and ∠Ni1-O31-Ln1 bond angle of 
107.2° is found to be same for both 1 and 2. The Ni1-O11-Ln1-
O31 dihedral angle of 6.59° and 6.75° for 1 and 2 respectively  
reveals a small deviation from planarity. The nickel ion in both 
complexes is six coordinate, with a {N2O4} octahedral 
coordination environment. These coordination sites are 
provided by the O- and N-atoms of the two Schiff base ligands. 
The average Ni1-O and Ni-N bond distance is found to be 
(2.070 and 2.035 Å for 1) and (2.065 Å 2.024 Å for 2). In both 

complexes the Gd(III) and Pr(III) ions are ten coordinate, 
displaying distorted bicapped square antiprismatic geometries. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
Fig 1. Ball and stick representation of crystal structure of complexes 1 
(A); 2 (B) and 3 (C). For complex 2, the same labelling scheme is 
followed as in figure 1A.  

 1 2 3 4 5 

Formula NiGdC31.25H33O16.25N5 NiPrC31.25H33.5O16.5N5 Ni2LaC60H56O21N7 Zn2GdC61H60O22N7 Zn2PrC61.25H61O22.25N7 

Size [mm] 0.14 × 0.12 × 0.07 0.13 × 0.11 × 0.07 0.14 × 0.12 × 0.07 0.16 × 0.16 × 0.09 0.09 × 0.09 × 0.07 

System Monoclinic Monoclinic Monoclinic Triclinic Triclinic 
Space 
group 

P21/n P21/n P21/n P-1 P-1 

a [Å] 11.286(3) 11.303(2) 20.056(5) 12.714(3) 12.809(7) 
b [Å] 26.990(8) 27.142(5) 14.595(3) 13.200(3) 13.227(7) 
c [Å] 12.817(4) 12.804(3) 24.624(6) 21.782(6) 21.704(10) 
α [°] 90 90 90 85.876(12) 92.342(4) 
β [°] 98.722(5) 98.45(3) 102.582(3) 87.692(12) 91.904(6) 
γ [°] 90 90 90 61.678(5) 118.684(7) 
V [Å3] 3859.2(19) 3885.6(14) 7035(3) 3209.6(14) 3217(3) 
Z 4 4 4 2 2 
ρcalcd[g/cm-

3] 
1.640 1.608 1.386 1.580 1.567 

2ϴmax 53.46 56.68 52.74 50 50 
radiation MoKα MoKα MoKα MoKα MoKα 
λ [Å] 0.71073 0.71073 0.71073 0.71073 0.71073 
T [K] 100 100 100 100 100 
reflns 61924 38661 76720 35802 43900 
Ind. reflns 8178 9689 14331 11271 11297 
reflns with 
I>2σ(I) 

7552 7861 10726 9758 9576 

R1 0.0727 0.0523 0.0793 0.0443 0.0794 
wR2 0.1956 0.1483 0.2685 0.1049 0.2284 
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Two of the sites are occupied by the bridging phenoxo O-
atoms, while three chelating nitrate ions provide six of the sites, 
the remaining two are completed by methoxo O-atoms of the 
Schiff base ligand. The average Ln1-O bond distance is 2.489  
Å  and 2.549 Å, for 1 and 2 respectively. Selected bond lengths 
and bond angles for both complexes are given in Table 2. 
 
 
Table 2. Selected bond lengths and angles for complexes 1-3. 
 

 
 Complex 3, on the other hand, while following the same 
synthetic procedure used to isolate 1 and 2, resulted in a linear 
trinuclear heterometallic Ni(II)-La(III)-Ni(II) complex (Figure 
1, C). All three metal ions are arranged in a near linear fashion, 
with a ∠Ni1-La1-Ni2 angle of 169.2°. Often this deviation 
from linearity is brought about by ligands such as nitrate and/or 
solvate molecules coordinated to the Ln(III) ions, witnessed in 
similar types of complexes.17 It is found, however, that 3 
maintains a similar magnetic core as in 1 or 2, that being the 
Ni(II) and La(III) ions are linked solely by phenoxo oxygen 
bridging atoms. This results in the presence of two dihedral 
planes (Ni1-O11-La1-O31 and Ni2-O51-La1-O71) with 
dihedral angles of 12.524° and 10.399°. These two dihedral 
planes are not coplanar and are twisted by an angle of 36.951°. 
The structural parameters suggest that the magnetic core 
(dihedral plane) is more distorted compared to complexes 1 and 
2 (Table 2).  
 In an attempt to replace the paramagnetic nickel(II) ion in 1 
and 2 by a diamagnetic ion, we performed the equivalent 
reaction utilizing zinc acetate hydrate as the transition metal.  
Pale yellow single crystals suitable for X-ray diffraction 
revealed two complexes of general molecular formula 

[Zn2Ln(HL)4(NO3)](NO3)2 where Ln = Gd (4), Pr (5) (Figure 
2). Both 4 and 5 are isostructural and are unexpectedly found to 
be linear heterometallic trinuclear complexes similar to 3. 
Although 4 and 5 are analogous to 3, both 4 and 5 crystallize in 
the triclinic space group, P-1, differing from 3.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig 2. Molecular structure of complexes 4 (panel A) and 5 (panel B). The 
same labelling scheme has been followed as in Figure 1C. Dark yellow, 
magenta and purple represents the Zn(II), Gd(III) and Pr(III) respectively. 

 
 
  The ligand bonding arrangement for 4 and 5 is identical to 
that found for 3. The zinc(II) ions exhibit distorted {N2O4} 
octahedral geometries, while the lanthanide ions (Gd(III) or 
Pr(III)) are ten coordinate, with distorted bicapped square 
antiprismatic geometries. The twist angle between the two 
dihedral planes in 4 and 5 are found to be 30.958° and 
31.263° respectively, which are smaller than that found in 3. 
Selected bond lengths and bond angles for 4 and 5 are given in 
Table 3.        
    In all five complexes intermolecular H-bonding is facilitated 
by nitrate ions and the aromatic protons from adjacent 
molecules. The closest intermolecular 3d-3d (either Ni-Ni or 
Zn-Zn) distance in 1 – 5 is found to range from 7.901 to 8.774 
Å. The closest intermolecular Ln-Ln distance are in the range 
8.79 to 11.84 Å. 
 Direct current (dc) magnetic susceptibility measurements 
were performed on polycrystalline samples for all five 
complexes between 2 to 300 K, using an applied magnetic field 
of 1 kOe (Figure 3). The room temperature (RT) χMT value of 
9.34, 2.63, 2.51, 7.79 and 1.62 cm3 K mol-1 is found for 1 - 5 
respectively. These observed χMT values are slightly higher for 
1 and 3 than the expected value of 8.875 and 2.00 cm3 K mol-1 
for a magnetically dilute system (g = 2) which is usual for 
complexes containing Ni(II) ion as its g-values are always 

 1 2 3 

Ni1-O11 

Ni2-O51 

2.013(5) 

- 

2.009(3) 

- 

2.022(5) 

2.030(5) 

Ni1-O13 
Ni2-O53 

2.108(5) 

- 

2.102(3) 

- 

2.140(6) 

2.176(5) 

Ni1-O31 
Ni2-O71 

2.038(5) 

- 

2.033(3) 

- 

2.045(5) 

2.025(5) 

Ni1-O33 
Ni2-O73 

2.122(5) 

- 

2.123(3) 

- 

2.131(6) 

2.128(5) 

Ni1-N11 
Ni2-N51 

2.034(6) 

- 

2.017(4) 

- 

2.054(7) 

2.036(7) 

Ni1-N31 
Ni2-N71 

2.030(6) 

- 

2.030(4) 

- 

2.038(7) 

2.038(7) 
Ln1-O11 2.397(5) 2.479(3) 2.463(5) 
Ln1-O12 2.550(6) 2.608(4) 2.697(5) 
Ln1-O31 2.341(5) 2.413(4) 2.565(6) 
Ln1-O32 2.554(5) 2.598(4) 2.634(6) 
Ln1-O52 2.441(17) 2.516(4) 2.663(5) 

Ln1-O53 
Ln1-O51 

2.599(19) 

- 

2.507(4) 

- 

- 

2.586(6) 
Ln1-O62 2.483(7) 2.564(4) - 
Ln1-O63 2.596(7) 2.647(4) - 
Ln1-O72 2.421(6) 2.564(4) 2.687(5) 

Ln1-O73 
Ln1-O71 

2.454(6) 

- 

2.604(5) 

- 

- 

2.449(5) 
Ln1-O91 - - 2.610(6) 
Ln1-O92 - - 2.586(6) 

Bond angle 

Ni1-O11-Ln1 
Ni2-O51-Ln1 

106.6(2) 

- 

106.34(14) 

- 

109.9(2) 

104.8(2) 

Ni1-O31-Ln1 
Ni2-O71-Ln1 

107.8(2) 

- 

107.99(15) 

- 

105.5(2) 

110.1(2) 
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larger than 2.0. For 2, 4 and 5, the χMT values are consistent 
with that of non-interacting ions of 2.6, 7.875 and 1.6 cm3 K 
mol-1 respectively (gPr = 4/5, 3H4). For complex 1, upon 
lowering the temperature from RT, the χMT value steadily 
increases, reaching a maximum value of 14.46 cm3 K mol-1 at 
1.9 K. This behaviour reveals that the Ni(II) ion is coupled 
ferromagnetically with the Gd(III) ion. The low temperature 
χMT value signifies an overall spin ground state of S = 9/2 for 
complex 1. 
 
Table 3. Selected bond lengths and bond angles of complexes 4 and 5. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
On the contrary to 1, the iso-structural complex 2 displays 
markedly different temperature dependence. The χMT value 
decreases gradually from RT down to 45 K before falling 
sharply below this temperature. The steady decrease in χMT 
from RT is likely due to depopulation of the stark levels and/or 
an antiferromagnetic interaction between the Ni(II) and Pr(III) 
ions. For 3, the χMT value gradually decreases from RT down 
to 23 K before falling drastically below this temperature. The 
gradual decrease could likely be due to a very weak exchange 
interaction between the Ni(II) ions (Ni…Ni (7.325 Å) via 
La(III) ion) and/or depopulation of energy levels arise due to 
the single ion anisotropy. Complex 4 displays a temperature 
independent χMT value from RT down to 25 K. This signifies 
the simple paramagnetic nature of 4. For both complexes 3 and 
4, however, the χMT value decreases sharply below 25 and 23 K 
respectively, which is likely due to the magnetic anisotropy 
and/or intermolecular antiferromagnetic interactions. The 
anisotropic metal complex 5 reveals a continual decrease of the 
χMT value from RT down to 80 K, before a larger drop is 

observed. This profile is due to the magnetic anisotropy and/or 
intermolecular antiferromagnetic/dipolar interactions present. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 3. A) Variable temperature χMT plots on polycrystalline samples of 
1 - 5 measured at 1 kOe. The solid line represents the best fit obtained 
for complexes 1 and 4 using the parameters discussed in the main text. 
B) Field dependent magnetization data of 1 - 5 measured at 2.0 K using 
the same labelling scheme as A). Solid lines represent a guideline for 
the eye.  
 
 Isothermal field dependent magnetization measurements 
were performed for all the complexes at 2 K, and shown in 
Figure 3B (see also Figure S1 of ESI for the 2 – 20 K 
temperature range). Complexes 2 - 3 and 5, show a near linear 
response at low temperature in the entire magnetic field range. 
Complexes 1 and 4 shows a sharp increase in magnetization 
value at low field and low temperature, implying that the 
ground state is predominantly populated. At high magnetic 
fields both complexes saturate with values of 8.6 (for 1) and 6.4 
NµB (for 4).  The observed saturation values unambiguously 
confirms that 1 and 4 possess a S = 9/2 and S = 7/2 ground state 
respectively; consistent with the ground state suggested via the 
low temperature χMT values (see Figure 3A). The non-overlap 
of the reduced magnetization curves for all the complexes, 
except 1 and 4, suggests that the complexes possess significant 
magnetic anisotropy (see Figure S2 of ESI).  
 In most cases it is straightforward to predict the nature of 
the exchange interaction in an isotropic dinuclear metal 
complex. It is however difficult to predict the interaction upon 
utilizing anisotropic ions, which is consequence of the first 

 4 5 
Zn1-O11 

Zn2-O51 
2.068(4) 

2.051(4) 

2.038(5) 

2.073(5) 

Zn1-O13 
Zn2-O53 

2.338(4) 

2.285(4) 

2.288(5) 

2.344(6) 

Zn1-O31 
Zn2-O71 

2.018(4) 

2.029(4) 

2.066(5) 

2.019(5) 

Zn1-O33 
Zn2-O73 

2.226(4) 

2.287(4) 

2.267(5) 

2.236(5) 

Zn1-N11 
Zn2-N51 

2.033(5) 

2.048(4) 

2.082(6) 

2.041(6) 

Zn1-N31 
Zn2-N71 

2.092(5) 

2.080(5) 

2.056(6) 

2.019(6) 
Ln1-O11 2.459(4) 2.397(5) 
Ln1-O12 2.616(4) 2.686(5) 
Ln1-O31 2.349(4) 2.535(5) 
Ln1-O32 2.620(4) 2.675(5) 
Ln1-O51 2.498(4) 2.500(5) 

Ln1-O52 2.644(4) 2.656(5) 
Ln1-O71 2.344(4) 2.403(5) 
Ln1-O72 2.649(4) 2.665(5) 
Ln1-O91 2.486(4) 2.544(5) 
Ln1-O92 2.459(4) 2.538(6) 

Bond angle 

Zn1-O11-Ln1 
Zn2-O51-Ln1 

106.7(6) 

105.8(5) 

111.7(2) 

106.6 (19) 

Zn1-O31-Ln1 
Zn2-O71-Ln1 

112.7 (8) 

112.4 (4) 
105.6(19) 

112.1(2) 
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order orbital angular momentum present and the very weak 
super exchange interaction. 
 For example in the case of 2 with the replacement of the 
Gd(III) ion by Pr(III) the exchange is not as clear cut, even 
though a decrease in χMT is observed over the entire 
temperature range. Often a very weak exchange interaction 
between the 3d-4f ions is masked by the depopulation effect of 
the stark levels. To further prove the existence of ferro- or 
antiferro-magnetic exchange in these complexes we have 
followed an empirical approximation approach, using 
complexes 3, 4 and 5 which contain the appropriately 
substituted diamagnetic analogue, and the following equations. 
 

 

������≈	χ�	
��  χ��
��
�  χ�	
��…. (Eq 1) 

 
 

������≈	χ�	
��  χ��
��
�  χ�	
��…. (Eq 2) 

 
 This approach will exclusively shed light on the nature of 
exchange interaction between the Ni(II) and Gd(III) or Pr(III) 
ions (Figure 4). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4. Temperature dependent ∆χMT plots for 1 and 2 derived from 
Equations 1 and 2 given in main text.  
 
 From figure 4 it is evident that for 1 the ∆χMT value remains 
positive from RT to low temperature, unambiguously signifying 
that the exchange interaction is ferromagnetic between the 
Ni(II) and Gd(III) ions. However, for 2 the ∆χMT values remain 
negative for the entire temperature range and below 100 K a 
pronounced decrease in ∆χMT is consistent with an 
antiferromagnetic interaction between the Ni(II) and Pr(III) 
ions. This situation could lead to a pseudo singlet ground state 
for 2. Further, below 20 K, ∆χMT rises, and could be due to 
intermolecular interactions. The empirical approximation given 
for 2 is consistent with the exchange correlation that has been 
developed revealing that a lanthanide ion with < 4f7 electrons 
will couple antiferromagnetically with the Ni(II) ion.18 
 In order to validate this empirical approach, we attempted to 
fit the experimental χMT(T) data using the PHI program15 for 
the isotropic metal complexes 1 as well as for 3 and 4. An 
excellent fit was obtained with the following spin Hamiltonian 

parameters g = 2.028, S = 9/2, J = 1.31 cm-1 and zJ = +0.007  
(for 1) where zJ is the intermolecular interaction. A perfect fit 
of the data could only be obtained upon inclusion of the 
intermolecular interaction. Indirect evidence for the existence 
of intermolecular interactions in 2 is clearly reflected from 
Figure 4, where at lower temperatures ∆χMT begins to increase 
below 20 K. The positive J value of 1 confirms that the Ni(II) 
and Gd(III) ions are coupled ferromagnetically, consistent with 
the empirical approach we have followed, validating our 
methodology.  
    Using the following SH parameters, g = 2.177, D = 3.133 
cm-1, J = -0.978 cm-1, (for 3) and g = 1.985, D = 0.508 cm-1 (for 
4) the magnetic data of 3 and 4 could also be fitted (Figure 3). 
For complex 3, we have fitted the χMT value from 150 K to 2.0 
K, as the inclusion of the higher temperature data resulted in 
poor fits of the data (see Figure S3 of ESI).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 5. A) Field dependent magnetization measurements performed on a 
polycrystalline sample of 1 at the indicated temperatures. B) The 
change in magnetic entropy extracted from isothermal magnetization 
measurement of 1. 
   
Nevertheless, the observation of a weak antiferromagnetic 
exchange interaction between the Ni(II) ions in 3 via closed 
shell La(III) ion (Ni…Ni (7.325 Å) is quite surprising. 
Moreover we have recently shown that two Ni(II) ions linked 
via an alkali metal ion at a distance of 6.97 Å displays simple 
Curie-like behaviour.19 We therefore attempted to fit the χMT(T) 
data without an exchange parameter, but the calculated data 
deviates significantly from the experimental data (see Figure S3 
of ESI). There is precedent for an exchange between Cu(II) 
ions which are linked through diamagnetic La(III) ion (Cu…Cu 
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= 5.886 Å).7d The obtained parameters for 3 and 4 are 
consistent with literature reports confirming the validity of the 
extracted parameters.18b, 20 The non-zero magnetic anisotropy 
(D) in both complexes (3 and 4) is likely to contribute 
significantly for the sharp decrease in χMT value at lower 
temperature (See Figure 3A). Due to the anisotropy indicated in 
the M vs H plots alternating current magnetic susceptibility 
measurements were performed only for complex 2 to probe for 
any SMM behaviour. No out-of-phase susceptibility signals are 
however observed under both zero and a dc bias (2 kOe) 
magnetic field. This unfortunately reveals an absence of any 
slow magnetic relaxation and SMM behaviour.  
 Molecular complexes which display weak ferromagnetic 
interactions and which are magnetically isotropic have been 
proposed as excellent candidates as molecular magnetic 
coolants.21 In order to probe the magneto caloric effect (MCE) 
efficiency of complex 1, we have performed detailed 
magnetization measurement from 2.0 K to 25.0 K (Figure 5). 
Using Maxwell’s thermodynamic equation, given below, we 
have estimated the change in magnetic entropy (-∆Sm). Upon 
increasing the magnetic field change, the change in magnetic 
entropy increases, reaching a maximum value of 5.65 J Kg-1 K-1 
at 7.5 K (∆B = 7 Tesla).  

 
               

∆��
	, �� �	� ���	
�,��
��  

�
. "��#

�$
… . . . 
&'	3� 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 6. A) Field dependent magnetization measurements performed on a 
polycrystalline sample of 4 at the indicated temperatures. B) The 
change in magnetic entropy extracted from isothermal magnetization 
measurement of 4 using equation 3. 
 

The observed values are significantly lower than the magnetic 
entropy estimated for uncoupled Ni(II) and Gd(III) ions 
(3.177R ≈ 29.9 J Kg-1 K-1) and is also smaller than other 

reported Ni-Gd complexes.22 This could be likely due to the 
larger exchange interaction between the Ni(II) and Gd(III) ions 
in 1  compared to the reported complexes.22 Moreover, 
magnetic anisotropy may play a crucial role preventing easy 
polarization of the magnetization. We have recently shown that 
a low symmetry environment around the isotropic Gd(III) ion is 
enough to bring about magnetic anisotropy,23 although this is 
not clearly reflected in reduced magnetization plot of 1. To 
extract the magnetic anisotropy quantitatively, detailed EPR 
measurements are required which will be carried out in the 
future. In order to probe the role of the exchange interaction 
towards the MCE efficiency, detailed magnetization 
measurements were performed for 4 and the ∆Sm value was 
extracted from equation 3 (Figure 6) and compared to 1 (Ni-Gd 
(1) vs Gd (4)). The maximum change in magnetic entropy is 
found to be 3.5 J Kg-1 K-1 at 15.8 K (∆B = 7 Tesla). An 
approximate two fold increase in the ∆Sm value is found for 1, 
signifying that the larger ground state contribution to the 
magnetic entropy (Sm = Rln(2S+1) where Sm = magnetic 
entropy and S is overall ground state of a molecule), highlights 
the importance of the ferromagnetic exchange interaction 
towards the MCE efficiency. 

Conclusions 

We have reported five new 3d-4f metal complexes (1 - 5) using 
the novel Schiff base ligand, 2-methoxy-6-[(E)-2’-
hydroxymethyl-phenyliminomethyl]-phenolate. Two types of 
metallic core arrangements are found. The first is a dinuclear 
Ni-Ln (1 and 2) type and the second a trinuclear Ni-Ln-Ni (3) 
or Zn-Ln-Zn (4 and 5) arrangement, all with identical bridging 
motifs. Detailed dc magnetic measurements suggests that the 
Ni(II) and Gd(III) ions are coupled ferromagnetically in 1, 
while the Ni(II) and Pr(III) ions are coupled 
antiferromagnetically in 2. In order to confirm the nature of the 
interaction between the Ni(II) and Ln(III) (where Ln = Gd or 
Pr) ions, we synthesized complexes 3 – 5 using appropriately 
substituted diamagnetic ions. Using the dc magnetic data of 
these complexes, we have proven the nature of the magnetic 
interactions, including that found between anisotropic ions, 
using a recently developed empirical approach. The ∆χMT 
values for 1 remain positive indicating ferromagnetic exchange, 
while the ∆χMT values are negative revealing antiferromagnetic 
exchange for 2. To further confirm this approach, the existence 
of ferromagnetic exchange in the isotropic case 1 was 
confirmed by fitting the magnetic data using the parameters; g 
= 2.028, S = 9/2, J = 1.31 cm-1 and zJ = +0.007.  
   The change in magnetic entropy was estimated for complex 1 
from the isothermal magnetization data (2 – 25 K), revealing a 
maximum value of 5.65 J Kg-1 K-1 at 7 K and ∆T = 7 T. We 
then compared the magnetic entropy change to that of 4 which 
revealed the importance of a ferromagnetic exchange 
interaction in achieving a larger MCE efficiency. 
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TABLE OF   CONTENTS 

We have reported a series of Ni(II)-Ln(III) (where Ln = Gd or Pr) and its suitably substituted 

diamagnetic analogues which are characterized by X-ray diffraction. The detailed dc 

magnetic susceptibility measurement suggests that Ni(II) ion coupled ferromagnetically with 

Gd(III) ion while with anisotropic Pr(III) antiferromagnetically. In addition, magnetic coolant 

properties were investigated and reported for the isotropic metal complexes.  

 

 

Page 10 of 10Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t


