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Summary

 

The work presented in this thesis primarily deals with the syntheses, structural 

characterization, and magnetic properties of (i) mononuclear 4f complexes, (ii) 

polynuclear 4f complexes, and (iii) polynuclear 3d-4f complexes. A variety of 

synthetic strategies have been employed to isolate these three different categories of 

complexes. The investigation of magnetic properties reveals the presence of single-

molecule magnet (SMM) and single-ion magnet (SIM) behaviour in many of the 

complexes. The thesis begins with a general introduction concerning the recent 

advancements in this field in a comprehensive manner. The aim and objective of this 

thesis is also discussed here including the synthetic challenges associated with fine 

tuning the desired magnetic properties. Following this all the chapters in this thesis 

deal with the syntheses, structure, luminescence, and magnetic properties of the newly 

synthesized coordination compounds.  

The mononuclear Ln(III) complexes discussed in this thesis are of three 

different types as described below:  

(i) Pentagonal bipyramidal Ln(III) complexes with a pentadentate ligand that provides 

a rigid equatorial pentagonal plane. The axial sites in these complexes are occupied by 

chloride ligands. The Dy(III) derivative shows single-ion magnet behavior under an 

applied magnetic field. In order to verify the effect of axial ligand field on the 

magnetic properties of these complexes, one of the axial chloride ligand was replaced 

by alkyl/aryl phosphine oxide ligands. It was observed that this systematic variation 

enhanced the anisotropic energy barriers of the Dy(III) derivatives by a factor of 2-3. 
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(ii) A second family of mononuclear Ln(III) complexes were synthesized using a rigid 

coordination sphere build up by two tridentate NNO donor ligands. The two ligands 

with phenolate moieties in the rigid coordination sphere are in a trans disposition 

leading to a strong axial ligand field. Indeed, the Dy(III) derivative shows SIM 

behaviour under a biased magnetic field with an energy barrier of 70 K.  

(iii) A third series of mononuclear Ln complexes were synthesized utilizing a 

different synthetic strategy. An acetyl acetone ligand having a bulky backbone was 

synthesized and further utilized to isolate five mononuclear Ln(III) complexes. The 

photophysical properties of the Eu(III) and Tb(III) derivatives were investigated. The 

magnetic properties of the Dy(III) derivative were studied which revealed a field 

induced SIM behaviour. 

The second category of complexes investigated is polynuclear 4f complexes that were 

synthesized by employing an enolizable multidentate Schiff base ligand. Depending 

on the reaction conditions dinuclear and octanuclear complexes were isolated. The 

{Tb}2 and {Dy}2 derivatives were shown to be  field-induced single-molecule 

magnets. The octanuclear complexes are neutral and isostructural. The magneto 

caloric effect (MCE) was studied for the Gd(III) derivative. 

The third and final category of complexes presented in this thesis belongs to a family 

of heterometallic polynuclear 3d-4f complexes prepared by an unsymmetrical Schiff 

base ligand. The central metallic core of these heterometallic octanuclear [Ni4Ln4] 

complexes is comprised of [Ni2Ln2O4] cubane subunits connected to each other by 

acetate and hydroxyl ligands. The magnetic studies reveal a ferromagnetic interaction 

between the lanthanide and the nickel ions. Also, the magneto caloric effect (MCE) 

was studied for the [Ni4Gd4] derivative. 



 
 

 
xxiii 

 

  Lists of Schemes Page No. 

1 Scheme 2.A.1 Syntheses of the complexes 2.A.1-2.A.3. 77 

2 Scheme 2.B.1 Reaction scheme for the synthesis of 2.B.1-2.B.5. 112 

3 Scheme 3.A.1 Synthesis of the ligand HL. 145 

4 Scheme 3.A.1 Syntheses of the mononuclear complexes 3.A.1-

3.A.4. 
149 

5 Scheme 3.B.1 Reaction scheme for the synthesis of mononuclear 

complexes 3.B.1-3.B.5. 
181 

6 Scheme 4.A.1 Six potential coordination sites of the trianionic 

ligand [L]3– 
227 

7 Scheme 4.A.2 Syntheses of dinuclear complexes [NHEt3]2[Ln2(µ-

NO3)2(NO3)2(HL)2] (4.A.1-4.A.4). 
227 

8 Scheme 4.A.3 Base-assisted reversible keto-enol tautomerization 

of the ligand H3L and its coordination mode in the 

complexes 4.A.1-4.A.4 

228 

9 Scheme 4.B.1 The coordination modes of the ligand H3L. 262 

10 Scheme 4.B.2 The reaction scheme for the synthesis of complexes 

4.B.1-4.B.4. 
263 

11 Scheme 5.1 (a) Heterometallic hexanuclear FeIII-LnIII 

complexes. (b) Heterometallic trinuclear CoIII-LnIII 

complexes. 

291 

12 Scheme 5.2 Synthetic scheme for the preparation of NiII
4LnIII

4 

complexes 
296 

13 Scheme 5.2 The coordination modes of the different ligands. 297 

    

    

    

    

    



 
 

 
xxiv 

 

  List of Figures Page No. 

1 Figure 1.1 (left) A typical hysteresis loop of classical magnets 

(Mr: remnant magnetization; Ms: saturation 

magnetization; Hc: coercive field); (right) Double 

well potential diagram corresponding to single-

molecule magnets (the x-axis represents the angle 

of magnetization and the wavy lines represents 

quantum tunneling). 

2 

2 Figure 1.2 (left) Step-hysteresis of the Mn12 complex (1.1); 

(right) Butterfly shape hysteresis of a mononuclear 

DyIII complex, [Dy(NSiMe3)3ClLi(THF)3] (1.2) 

4 

3 Figure 1.3 Plot of temperature-dependent out-of-phase ac 

susceptibility at different frequencies (a) and 

Arrhenius plot (b) for compound 

[Mn2(saltmen)2(ReO4)2] (1.3) (saltmen2− = N,N′‐

(1,1,2,2‐

tetramethylethylene)bis(salicylideneiminate). The 

best fit Arrhenius parameters are Ueff = 16 K and τ0 

= 8 x 10-9 s. At very low temperature, τ undergoes 

saturation and becomes independent to T. This 

feature is due to dominant QTM process. 

6 

4 Figure 1.4 (Left) The in-phase (χ′) and out-of-phase (χ″) ac 

components plotted against ωτ. (Right) the Argand 

diagram corresponding to a single-relaxation 

process having single-relaxation time. 

7 

5 Figure 1.5 Schematic representation of a double well potential 

with barrier height, U. The most common 

mechanisms of magnetization relaxation are 

outlined. 

9 

6 Figure 1.6. (a) ZFC-FC plot of 1.4 (sweep rate of 0.9 mT/s), (b) 

M-H plot of obtained for 1.4, and (c) The relaxation 

times, τ plotted against T obtained from Cole-Cole 

10 



 
 

 
xxv 

 

plots for 1.4 from 11 to 15 K. 

7 Figure 1.7 (left) Molecular structure of the {Mn12} complex; 

Colour codes: C = charcoal black; O = red; MnIII = 

lavender; MnIV = light yellow. (right) Molecular 

structure of the {Fe8} complex. 

12 

8 Figure 1.8 Double-well energy diagram for negative (left) and 

positive (right) D. 
13 

9 Figure 1.9 Selected ligands used for the synthesis of 3d-based 

SMMs. Here, R is H, alky/aryl groups and/or 

neutral donor groups (e.g. ‒NH2, ‒OMe etc.) 

15 

10 Figure 1.10 Selected 4d and 5d building blocks for the synthesis 

molecular magnetic materials. 
18 

11 Figure 1.11 (left) Molecular structure of the {MnII/MoIII} 

complex; (right) Molecular structure of the 

{MnII/ReII} complex. 

19 

12 Figure 1.12 Selected multidentate ligands used for the synthesis 

of polynuclear LnIII complexes 
20 

13 Figure 1.13 The line diagrams of N2
3– radical bridged TbIII 

complex 1.4 (left) and sulfur‐bridged DyIII complex, 

[{Cp′2Dy(μ‐SSiPh3)}2] (1.20) (right) 

21 

14 Figure 1.14 Cyclic multinuclear DyIII complexes having toroidal 

magnetic moments. 
22 

15 Figure 1.15 (left) Line diagram of delocalized arene-bridged 

dinuclear complex, [UIII
2(μ-C6H5CH3)-

(HBIPMTMS)2I2] (1.29) which is a SMM under a 

biased field of 0.1 T. (right) The trans-uranium 

mixed-valent [NpVINpV
2O6(μ-Cl)2Cl2(THF)6] (1.30) 

complex showed SIM behaviour with Ueff = 140 K 

(Hdc = 0 Oe) (the coupling constant for the 

NpV···NpVI pairs is J = -7.5 cm−1). 

24 

16 Figure 1.16 Qualitative model showing the relative energy 

levels of possible products. 
26 



 
 

 
xxvi 

 

17 Figure 1.17 Selected multi-pocket ligands (here R is alkyl 

group) 
27 

18 Figure 1.18 Selected co-ligands and their binding modes 28 

19 Figure 1.19 (left) Molecular structure of complex 1.32. (right) 

coordination geometry of DyIII (a), coordination 

geometry of CoII (b), in phase and out of phase 

susceptibility of complex 1.32 (c and d). 

29 

20 Figure 1.20 Line diagram of linear CoII-LnIII-CoII complexes. 29 

21 Figure 1.21 The line diagrams of complex 1.49 (left) and 

complex 1.50 (right) 
33 

22 Figure 1.22 Line diagrams of pseudo-tetrahedral CoII complexes 

including the magnetic parameters. 
34 

23 Figure 1.23 A representative energy level diagram of the 

various electronic states originated from 4f orbital 

of the DyIII ion via perturbations through (from left 

to right) electron-electron repulsion, SOC, CF 

interactions, Zeeman effect (under  1T dc field) 

and electron-spin-nuclear-spin coupling (hyperfine 

coupling), respectively. 

38 

24 Figure 1.24 (a) Quadrupole approximations of the 4f electronic 

distribution for the Ln3+ ions. (b) The first two rows 

are the anisotropy of the electron-density 

distribution of Ln3+ ions in their Ising-limit state. 

The final row shows the transition of electron 

density distribution from prolate (MJ = 1/2) to 

oblate (MJ = 15/2) in the DyIII ion. 

39 

25 Figure 1.25 Line diagram of complex 1.67 (a) and complex 1.68 

(b). 
40 

26 Figure 1.26 Line diagram of DyIII metallocenium salts including 

a magneto-structural correlation observed in these 

complexes. The counter anion in all the cases is the 

41 



 
 

 
xxvii 

 

[B(C6F5)]-. 

27 Figure 1.27 Line diagram of trigonal prismatic complex 1.89 

(left) and trigonal bipyramidal complex 1.90 (right) 
44 

28 Figure 1.28 Schematic representations of a single-spin-flip in 

infinite and finite chains. 
46 

29 Figure 1.29 Molecular structure of a single chain of 1.96. 47 

30 Figure 1.30 (top) Schematic representation of the Antenna 

Effect. (bottom) Jablonski diagram corresponding to 

sensitized lanthanide emission. 

49 

31 Figure 1.31 Selected multidentate ligands appended with 

antenna moiety. 
50 

32 Figure 2.A.1 Schematic representation of a few mononuclear 

hepta-coordinate transition metal complexes. 
73 

33 Figure 2.A.2 ESI-MS spectra of 2.A.1 (top), 2.A.2 (bottom) 78 

34 Figure 2.A.3 The experimental (top) theoretical (bottom) 

isotropic distribution pattern corresponding to the 

molecular ion peak for 2.A.2. 

78 

35 Figure 2.A.4 UV-vis spectra (in EtOH, 0.1 mM, r.t.) of H4L 

(black), 2.A.1 (red) and 2.A.2 (blue). 
79 

36 Figure 2.A.5 Single crystal X-ray structure of 2.A.2. H atoms 

except selected ones are omitted for clarity. Colour 

codes: N = blue; O = red; green = Cl; C = grey; Dy 

= cyan and H = black 

81 

37 Figure 2.A.6 The molecular structures of 2.A.1. The counter 

cations (Et3NH) are removed for clarity.  
82 

38 Figure 2.A.7 The molecular structures of 2.A.3. The counter 

cations (Et3NH) are removed for clarity.  
82 

39 Figure 2.A.8 Capped-sticks models of the coordination 

environments around the Ln ions in the single 

crystal X-ray structures of 2.A.1 (Ln = Tb, top), 

2.A.2 (Ln = Dy, middle) and 2.A.3 (Ln = 

85 



 
 

 
xxviii 

 

Y0.94Dy0.06, bottom) depicting the coplanarity of the 

equatorial planes 

40 Figure 2.A.9 Calculated (red) and experimental (blue) pXRD 

patterns of complex 2.A.3. 
86 

41 Figure 2.A.10 Unit cell contents in the solid state packing of the 

complexes viewed along crystallographic a (left-

hand side) and c (right-hand side) axes. 

87 

42 Figure 2.A.11 (left) Temperature dependent magnetic 

susceptibilities (open circles) of 2.A.1 (red) and 

2.A.2 (blue). (right) Field dependent magnetizations 

(open circles) of 2.A.1 (red), 2.A.2 (blue), and 

2.A.3 (green) at 2 K within the field range of 0-5 T. 

88 

43 Figure 2.A.12 Field dependence of the magnetization (open 

circles), M vs H, for 2.A.1 (left) 
89 

44 Figure 2.A.13 Quantitative calculation of the anisotropic axis 

orientation of 2.A.2 (solid green lines) using the 

electrostatic Chilton’s method. Left: side view and 

Right: top view. 

89 

45 Figure 2.A.14 Temperature dependence of the ac susceptibility 

(with 3 Oe ac field and 1 k Hz frequency) for 2.A.1 

(left) and 2.A.2 (right) within the temperature range 

2-25 K in zero field and with applied dc field. 

90 

46 Figure 2.A.15 Variable frequency (25-1500 Hz) temperature-

dependent ac magnetic susceptibilities (open 

circles) within the temperature range 2-25 K for 

2.A.2 at 1.5 kOe dc and 3 Oe ac fields 

91 

47 Figure 2.A.16 Cole-Cole plots for 2.A.2 showing experimental 

(circles) and best fit (solid lines). 
91 

48 Figure 2.A.17 Temperature dependence of the magnetic ac 

susceptibility ('M, left; ''M, right) for different 

frequencies (1-1500 Hz) within the temperature 

range 2-20 K for 2.A.3 at 500 Oe dc and 3 Oe ac 

93 



 
 

 
xxix 

 

fields. 

49 Figure 2.A.18 Cole-Cole plots for 2.A.3 showing experimental 

(circles) and best fit (solid lines). 
94 

50 Figure 2.A.19 Left: Frequency dependence of the out-of-phase 

magnetic susceptibility (''M) for 2.A.3 at different 

temperatures between 4 and 17 K under Hdc = 500 

Oe. Right: semi-logarithmic plot of the relaxation 

time as the function of inverse temperature for 

2.A.1 (dots) and 2.A.3 (open circles); the red line is 

the best fit of the exponential equation to the linear 

variation found between 10 and 16 K. 

96 

51 Figure 2.A.20 The temperature dependence of the relaxation time 

constants (τ; open circles) for 2.A.3 within the 

temperature 4-17 K. The solid lines are the 

attempted best fits to τ = f(T) considering 

simultaneous contributions of (a) Orbach and a 

Raman process, (b) Raman and direct processes, or 

(c) Orbach, Raman and direct processes. Addition 

of a contribution from QTM did not improve the 

fits for the lower temperatures (see the plot d) 

97 

52 Figure 2.B.1 Molecular structures of complex 2.B.3. 113 

53 Figure 2.B.2 Molecular structure of complex 2.B.1. 115 

54 Figure 2.B.3 Molecular structure of complex 2.B.2. 115 

55 Figure 2.B.4 Molecular structure of complex 2.B.4. 116 

56 Figure 2.B.5 Molecular structure of complex 2.B.5. 116 

57 Figure 2.B.6 PBP coordination geometries of LnIII ions in 2.B.1 

(a), 2.B.2 (b), 2.B.3 (c), 2.B.4 (d) 2.B.5 (d).  
117 

58 Figure 2.B.7 The solid state crystal packing diagram of complex 

2.B.3. 
120 

59 Figure 2.B.8 The solid state crystal packing diagram of complex 120 



 
 

 
xxx 

 

2.B.4. 

60 Figure 2.B.9 The experimental and simulated pXRD pattern of 

complex 2.B.3' 
121 

61 Figure 2.B.10  (left) Temperature dependence of the χMT product 

for compounds 2.B.1 (green), 2.B.2 (black), 2.B.3 

(blue), and 2.B.5 (pink); (right) Temperature 

dependence of the χMT product for compound 2.B.4 

(blue). 

122 

62 Figure 2.B.11  (a) Field dependence of magnetization for 

compound 2.B.1 at 2K. (b-e) field dependence of 

magnetization for compounds 2.B.2-2.B.5 in the 

temperature range 2-5 K. 

123 

63 Figure 2.B.12  (a) Temperature dependence of the ac 

susceptibility plot for 2.B.5; (b) Temperature 

dependence of the ac susceptibility plot for 2.B.3 at 

different biased fields; (c) Temperature dependence 

of the ac susceptibility plot for 2.B.4 at different 

biased fields; (d) field dependence of the relaxation 

time (τ) at 8 K for Dy derivative (2.B.3).  

125 

64 Figure 2.B.13 Temperature dependent of the ac susceptibility of 

2.B.3 at variable frequency (left) and frequency 

dependent of the ac susceptibility at variable 

temperature (right) under an applied field of 1 kOe 

and 3 Oe ac fields. 

126 

65 Figure 2.B.14 Experimental and calculated temperature 

dependence of τ plotted as f(T) with best fit 

parameters. 

127 

66 Figure 2.B.15  (left) M = f(H) behavior for the Y/Dy sample at 2 

K, 3 K, 4 K, and 5 K. The behavior for the pure Dy 

complex at 2 K is also shown. (right) Detail of the 

hysteresis loop observed at 2 K. Note that 

measurement has been performed in static-field 

128 



 
 

 
xxxi 

 

mode (no field sweeping). 

67 Figure 2.B.16 Frequency dependent of the ac susceptibility at 

variable temperature (left) and temperature 

dependent of the ac susceptibility at variable 

frequency and (right) of 2.B.3 under an applied 

field of 750 Oe and 3 Oe ac fields. 

129 

68 Figure 2.B.17 Experimental and calculated temperature 

dependence of τ plotted as τ = f(T) with best fit 

parameters. 

130 

69 Figure 2.B.18 Temperature dependent of the ac susceptibility of 

2.B.4 at variable frequency (left) and frequency 

dependent of the ac susceptibility at variable 

temperature (right) under an applied field of 1.5 

kOe and 3 Oe ac fields. 

131 

70 Figure 2.B.19 Relaxation time (τ) as a function of τ-1 = f(T) and its 

best fit. 
132 

71 Figure 3.A.1 Line diagram (left) and Molecular structure (right) 

of the complex 

[Dy5(L)4(NO3)5(HOMe)2(O2)2(H2O)4]2+ 

142 

72 Figure 3.A.2 Bridging coordination action of phenolate ligand.  

A linear trimeric 3d-4f complex (left). A Ln4 

complex in a see-saw geometry (right). 

142 

73 Figure 3.A.3 1H NMR spectra of ligand HL in DMSO-d6 solvent. 145 

74 Figure 3.A.4 
13C{1H} NMR spectra of ligand HL in a DMSO-d6 

solvent. 
146 

75 Figure 3.A.5 ESI-MS of ligand HL. 146 

76 Figure 3.A.6 (a) Full range ESI-MS spectrum of complex 3.A.1. 

(b) Experimental and (c) Simulated pattern of 

[{(L)2Gd(NO3)}2]2−. 

150 

77 Figure 3.A.7 (a) Full range ESI-MS spectrum of complex 3.A.2. 

(b) Experimental and (c) simulated mass spectral 
151 



 
 

 
xxxii 

 

pattern of [(L)2Tb(NO3)3] −. 

78 Figure 3.A.8 (a) Full range ESI-MS spectrum of complex 3.A.3. 

(b) Experimental and (c) Simulated pattern of 

[(L)2Dy]+ 

152 

79 Figure 3.A.9 (a) Full range ESI-MS spectrum of complex 3.A.4. 

(b) Experimental and (c) Simulated pattern of 

[(L)2Ho]+. 

152 

80 Figure 3.A.10 Molecular structure of complex 3.A.3 (left). The 

immediate Coordination environment around 

dysprosium is shown in the right. 

154 

81 Figure 3.A.11 Molecular structure of complex 3.A.1. 155 

82 Figure 3.A.12 Molecular structure of complex 3.A.2. 156 

83 Figure 3.A.13 Molecular structure of complex 3.A.3. 156 

84 Figure 3.A.14 H-bonded one dimensional zigzag chain of complex 

3.A.3. 
157 

85 Figure 3.A.15 A perspective view (c direction) of the crystal 

packing diagram of complex 3.A.3. 
158 

86 Figure 3.A.16 Powder XRD pattern of 3.A.3' (The simulated 

pattern is obtained from SCXRD structure of 

3.A.3). 

160 

87 Figure 3.A.17 Temperature dependence of the χMT product for 

compounds 3.A.1-3.A.4. The solid line represents 

the best fit of the experimental data. 

161 

88 Figure 3.A.18 Field dependence of the magnetization at 2 K for 

complexes, 3.A.1-3.A.4. 
163 

89 Figure 3.A.19 Temperature dependence of χ'MT at different 

frequencies for 3.A.3. 
164 

90 Figure 3.A.20 Quantitative calculation of the anisotropic axes 

orientation using the Chilton´s method. 
165 

91 Figure 3.A.21 Temperature dependence of the out-of-phase χ"M 

component of the ac susceptibility for 3.A.3 and 
166 



 
 

 
xxxiii 

 

3.A.3' at 1200 Hz and under zero and 0.1 T 

magnetic field (left). Field dependence of the 

relaxation time for 3.A.3' at 5 K (right). 

92 Figure 3.A.22 (left) Temperature dependence and (right) 

Frequency dependence of χ''M for 3.A.3. 
167 

93 Figure 3.A.23. (left) Temperature dependence and (right) 

Frequency dependence of χ''M for 3.A.3'. 
168 

94 Figure 3.A.24 The red and blue lines represent the best fits of the 

experimental data to the Arrhenius equation 

whereas the black and violet lines correspond to the 

best fit to Raman relaxation process for complexes 

3.A.3' and 3.A.3, respectively. 

170 

95 Figure 3.B.1 Selected β-diketonate ligands utilized for the 

synthesis of mononuclear LnIII SIMs/SMMs. 
180 

96 Figure 3.B.2 ESI-MS of MesAcac in CDCl3. 187 

97 Figure 3.B.3 1H NMR spectra of MesAcac in CDCl3.  187 

98 Figure 3.B.4 
13C{1H} NMR spectra of MesAcac. (The peaks at 76-

77 is due to the residual solvent) 
188 

99 Figure 3.B.5 (left) Molecular structure of complex 3.B.1; (right) 
coordination geometry around the EuIII center. 

191 

100 Figure 3.B.6 Molecular structure of complex 3.B.4 (left) and the 

coordination geometry (right). 
192 

101 Figure 3.B.7 The solid-state crystal packing diagram of complex 

3.B.4 (left) and the 3:4 piano stool coordination 

geometry around DyIII (right). 

193 

102 Figure 3.B.8 (left) Molecular structure of complex 3.B.2; (right) 

piano stool coordination geometry around the GdIII 

center. 

196 

103 Figure 3.B.9 (left) Molecular structure of complex 3.B.3; (right) 
piano stool coordination geometry around the TbIII 

center. 

196 



 
 

 
xxxiv 

 

104 Figure 3.B.10 (top) Molecular structure of complex 3.B.4'; 
(bottom) piano stool coordination geometry around 

the (Y0.09/Dy0.91)III center. 

197 

105 Figure 3.B.11 (left) Molecular structure of complex 3.B.5; (right) 

piano stool coordination geometry around the ErIII 

center 

197 

106 Figure 3.B.12 (a) Distorted capped trigonal prism geometry of 

Gd1 in complex 3.B.2. (b-d) Distorted capped 

octahedron geometry of LnIII in complexes 3.B.3, 

3.B.4' and 3.B.5. 

198 

107 Figure 3.B.13 Absorption spectra of free ligand, MesAcac (top) and 

complexes 3.B.1-3.B.5 (bottom) in DMF (~10-5 M). 
201 

108 Figure 3.B.14 Emission spectrum of MesAcac (top) and the EuIII 

complex 3.B.1 (bottom) (excitation at 300 nm; 

DMF solution 5 μM) at room temperature. 

203 

109 Figure 3.B.15 Emission spectrum of the TbIII complex 3.B.3 

(excitation at 300 nm; DMF solution 5 μM) at room 

temperature. 

203 

110 Figure 3.B.16 Emission spectrum of the DyIII complex 3.B.4 

(excitation at 300 nm; DMF solution 5 μM) at room 

temperature. 

204 

111 Figure 3.B.17 Temperature dependence of the χMT product and 

field dependence of the magnetization for 

compounds 3.B.4.  

206 

112 Figure 3.B.18 Quantitative calculation of the anisotropic axis 

orientation (green arrows) using the Chilton’s 

method 

207 

113 Figure 3.B.19 Temperature dependence of the out-of-phase χ"M 

component of the ac susceptibility for 3.B.4 at 0.1 

T. (Inset) Temperature dependence of the out-of-

phase χ"M for 3.B.4 and 3.B.4' at 1400 Hz and 

under zero and 0.1 T magnetic field (left) 

208 



 
 

 
xxxv 

 

114 Figure 3.B.20 Frequency dependence of the χ"M at different 

temperatures for 3.B.4' at 0.1 T. (Inset) 

Temperature dependence of the relaxation time τ for 

complex 3.B.4'. The red line represents the best fits 

of the experimental data to the Arrhenius equation 

whereas the green violet lines correspond to the best 

fit to Raman relaxation process. 

210 

115 Figure 4.A.1. 
1H NMR spectra of ligand H3L in a DMSO-d6 

solvent. 
223 

116 Figure 4.A.2 
13C{1H} NMR spectra of ligand H3L in a DMSO-d6 

solvent. 
224 

117 Figure 4.A.3 ESI-MS spectra of ligand H3L in a CH3CN solvent. 224 

118 Figure 4.A.4 IR spectrum of complexes 4.A.1 (a); 4.A.2 (b); 

4.A.3 (c); 4.A.4 (d) 
228 

119 Figure 4.A.5 (a) Full range ESI-MS spectrum of complex 4.A.1. 

(b) Experimental and (c) Simulated pattern of 

[C22H20Gd2N12O24 + 2H2O + CH3OH + CH3CN + 

H]−. 

229 

120 Figure 4.A.6 (a) Full range ESI-MS spectrum of complex 4.A.2. 

(b) Experimental and (c) Simulated pattern of 

[C22H20Tb2N12O24 + 3H2O + CH3OH + Na]−. 

230 

121 Figure 4.A.7 (a) Full range ESI-MS spectrum of complex 4.A.3. 

(b) Experimental and (c) Simulated pattern of 

[C22H20Ho2N12O24 + 3H2O + CH3OH + Na]−. 

231 

122 Figure 4.A.8 (a) Full range ESI-MS spectrum of complex 4.A.4. 

(b) Experimental and (c) Simulated pattern of 

[C22H20Dy2N12O24 + 3H2O + CH3OH + Na]−. 

231 

123 Figure 4.A.9 (a) Asymmetric unit and (b) molecular structure of 

complex 4.A.4. 
233 

124 Figure 4.A.10 (a) View of the central Dy2 core and (b) The 

distorted muffin-like coordination environment 

around the DyIII center. 

234 



 
 

 
xxxvi 

 

125 Figure 4.A.11 A perspective view (along the b direction) of the 

crystal packing diagram of complex 4.A.4. 
235 

126 Figure 4.A.12 Powder XRD pattern of {DyIII}2 (4.A.4) complex. 236 

127 Figure 4.A.13 Molecular structure of complex 4.A.1. 236 

128 Figure 4.A.14 Molecular structure of complex 4.A.2. 237 

129 Figure 4.A.15 Molecular structure of complex 4.A.3. 237 

130 Figure 4.A.16 Coordination geometries of 4.A.1 (left), 4.A.1 

(middle) and 4.A.1 (right) 
237 

131 Figure 4.A.17 Temperature dependence of the χMT for compound 

4.A.1. Inset: Field dependence of the magnetization 

at the indicated temperatures. Solid lines represent 

the best fit of the experimental data 

239 

132 Figure 4.A.18 Temperature dependence of the χMT and field 

dependence of the magnetization (inset) for 

compounds 4.A.2-4.A.4 

241 

133 Figure 4.A.19 Temperature dependence of the χ'MT product for 

4.A.4 
242 

134 Figure 4.A.20 Quantitative calculation of the anisotropic axes 

orientation (green arrows) using the Chilton´s 

method. 

244 

135 Figure 4.A.21 Field dependence of τ-1 for 4.A.4. 245 

136 Figure 4.A.22 Temperature dependence of the out-of-phase ac 

signals (χ"M) under a magnetic field of 0.1 T for 

4.A.2. Inset: Temperature dependence of the 

relaxation times for complex 4.A.2. The black solid 

line corresponds to the Arrhenius plots for data at 

0.1 T. 

245 

137 Figure 4.A.23 Frequency dependence of the out-of-phase ac 

signals ("M) at different temperatures and under a 

magnetic field of 0.1 T for 4.A.4 

247 



 
 

 
xxxvii 

 

138 Figure 4.A.24 Temperature dependence of the relaxation times for 

complex 4.A.4. The black solid line corresponds to 

the Arrhenius plots for data at 0.1 T. The red solid 

line represents the best fit of the temperature 

dependence of the relaxation times at 0.1 T to a 

combination of Orbach and Raman relaxation 

processes with the indicated parameters. 

247 

139 Figure 4.B.1 (a) Full range ESI-MS spectrum of complex 4.B.1. 

(b) Experimental and (c) Simulated pattern of 

[Gd8(HL)6(L)2(OH)6 + Na+ + H+]2+. 

264 

140 Figure 4.B.2 (a) Full range ESI-MS spectrum of complex 4.B.2. 

(b) Experimental and (c) Simulated pattern of 

[Tb8(HL)6(L)2(OH)6 + Na+ + H+]2+. 

264 

141 Figure 4.B.3 (a) Full range ESI-MS spectrum of complex 4.B.3. 

(b) Experimental and (c) Simulated pattern of 

[Dy8(HL)6(L)2(OH)6 + Na+ + H+]2+. 

265 

142 Figure 4.B.4 (a) Full range ESI-MS spectrum of complex 4.B.4. 

(b) Experimental and (c) Simulated pattern of 

[Er8(HL)6(L)2(OH)6 + Na+ + H+]2+. 

266 

143 Figure 4.B.5 (a) The molecular structure (−OMe, −NO2 groups, 

and H atoms except in the water molecules are 

omitted for clarity) and (b) the asymmetric unit of 

complex 4.B.1. 

266 

144 Figure 4.B.6 Structure of (a) the tetranuclear core motif and (b) 

the dinuclear core motifs. 
268 

145 Figure 4.B.7 (left) The structure of the {Gd8} core motif and 

(right) the mean planes in the structure of complex 

4.B.1. 

269 

146 Figure 4.B.8 (a) Square antiprism (Gd1), (b) Johnson 

gyrobifastigium (Gd3), (c) biaugmented trigonal 

prism (Gd4), and (d) triangular dodecahedron (Gd5) 

geometries of the Gd atoms in the structure of 

270 



 
 

 
xxxviii 

 

complex 4.B.1. 

147 Figure 4.B.9 The solid state packing diagram of complex 4.B.1 

viewed along the crystallographic c axis. The 

central metal atoms are shown in the space fill 

model while the other atoms are shown in the 

capped stick model. 

273 

148 Figure 4.B.10 The molecular structure complex 4.B.2 (−OMe, 

−NO2 groups, and H atoms except selected are 

omitted for clarity). 

273  

149 Figure 4.B.11 The molecular structure complex 4.B.3 (−OMe, 

−NO2 groups, and H atoms except selected are 

omitted for clarity) 

274 

150 Figure 4.B.12 The molecular structure of complex 4.B.4 (−OMe, 

−NO2 groups, and H atoms except selected are 

omitted for clarity). 

275 

151 Figure 4.B.13 Temperature dependence of the χMT product for 

complexes 4.B.1 and 4.B.2. 
276 

152 Figure 4.B.14 The field dependence of the magnetization plots for 

4.B.1 between 2 and 7 K. The black solid line 

corresponds to the Brillouin function for eight 

uncoupled GdIII ions. 

279 

153 Figure 4.B.15 The magnetic entropy changes (-ΔSm) calculated 

using the magnetization data for 4.B.1 from 1 to 5 T 

and temperatures from 3 to 7 K. 

280 

154 Figure 4.B.16 Temperature dependence of the out-of-phase (''M) 

ac component of the susceptibility for 4.B.3 under 

zero and 0.1 T applied fields at 1400 Hz. 

281 

155 Figure 5.1 (a) Asymmetric unit of 5.2 with the Ni2Ln2 sub-

unit; (b). Molecular structure of 5.2; (c) Octanuclear 

core of 5.2; (d) Dihedral angle between the 

O−NiII−O and O−GdIII−O planes 

300 

156 Figure 5.2 (a) Coordination environment/geometry around 301 



 
 

 
xxxix 

 

GdIII showing a distorted trigonal dodecahedron 

geometry and (b) Coordination 

environment/geometry of NiII showing a distorted 

octahedral geometry. 

157 Figure 5.3 The molecular structures of complexes 5.1, (a); 5.3, 

(b); 5.4, (c); 5.5, (d); and 5.6 (e) with selected H 

atoms. The counter anions and hydrogen atoms 

have been omitted for clarity 

304 

158 Figure 5.4 (left) Crystal packing diagram of 5.2 viewed along 

the a direction; (right) Crystal packing diagram of 

5.2 viewed along the b direction  

305 

159 Figure 5.5 Powder XRD pattern of complexes 5.1 (a), 5.2 (b), 

5.3 (c), 5.4 (d), 5.5 (e), and 5.6 (f). 
306 

160 Figure 5.6 Temperature dependence of the χMT product and 

field dependence of magnetization for compound 

5.1. The solid lines represent the best fit of the 

experimental data. 

309 

161 Figure 5.7 Temperature dependence of the χMT product and 

field dependence of magnetization for compound 

5.2. The solid lines represent the best fit of the 

experimental data. 

312 

162 Figure 5.8 Scheme of magnetic coupling pathways in the 

complex 5.2 
312 

163 Figure 5.9 Isothermal field dependent curves for 5.2 between 2 

and 6 K and magnetic entropy changes (inset) 

extracted from the experimental magnetization data 

with the Maxwell equation between 1 to 5 T and 

temperatures from 3 to 5 K (points). 

315 

164 Figure 5.10 Temperature dependence of the χMT product and 

field dependence of magnetization (inset) for 

compound 5.3-5.6 

316 

    



 
 

 
xl 

 

165 Figure 5.11 Temperature dependence of the in-phase χ'M and 

out-of-phase χ"M components of the ac 

susceptibility at 1400 Hz under applied magnetic 

field of zero and 1000 Oe for complex 5.3 (top) and 

5.4 (down) 

318 

    

    

    

    

    

    

    

    

    

    

    

    

    

    

    

    

    

    

    

    

    



 
 

 
xli 

 

  List of Tables Page No. 

1 Table 1.1 Representative examples of high energy barrier 3d 

metal SMMs.  
17 

2 Table 1.2 Representative examples of 3d-4d/5d metal SMMs.  18 

3 Table 1.3 Representative examples of 4f metal SMMs. 23 

4 Table 1.4 Magnetic properties of selected heterometallic 3d-

4f complexes with a high Ueff. 
30 

5 Table 1.5 Magnetic properties of selected 3d SIMs 36 

6 Table 1.6 Spin-orbit ground term symbols for LnIII ions 37 

7 Table 1.7 Magnetic properties of selected LnIII SIMs 42 

8 Table 1.8 Magnetic properties of selected Actinide SIMs 44 

9 Table 1.9 Magnetic properties of few selected SCMs 47 

10 Table 2.A.1 Crystallographic data and refinement parameters of 

A.1-2.A.3.  
80 

11 Table 2.A.2 Selected bond lengths (Å) bond angles (°) of 2.A.1-

2.A.3. 
83 

12 Table 2.A.3 The deviation geometric parameters as calculated 

from the Continuous Shape Measures using SHAPE 

program for different probable coordination 

geometries with seven coordination number around 

the Ln centers of 2.A.1-2.A.3.  

84 

13 Table 2.A.4 The best fit parameters deduced from Cole-Cole 

plots for 2.A.2. 
92 

14 Table 2.A.5 The best fit parameters deduced from Cole-Cole 

plots for 2.A.5. 
94\ 

15 Table 2.B.1 Crystallographic data and refinement parameters of 

2.B.1-2.B.3. 
107 

16 Table 2.B.2 Crystallographic data and refinement parameters of 

2.B.4-2.B.5.  
108 



 
 

 
xlii 

 

17 Table 2.B.3 Bond distance and Angle parameters of complexes 

2.B.1-2.B.5. 
118 

18 Table 2.B.4 Continuous SHAPE measures for complexes 2.B.1-

2.B.5. 
120 

19 Table 2.B.5 Direct current magnetic data for the complexes 

2.B.1-2.B.5 
124 

20 Table 2.B.6 Best fit parameters for the analysis of the ''M = 

f(Frq) behaviors by an extended Debye model. 
127 

21 Table 2.B.7 Best fit parameters of a Debye model to ''M = 

f(Frq) for different T. 
130 

22 Table 2.B.8 Best fit parameters of a Debye model to ''M = 

f(Frq) for different T. 
131 

23 Table 3.A.1 Details of the data collection and refinement 

parameters for 3.A.1-3.A.4 
153 

24 Table 3.A.2 Continuous Shape Measures (CShM) calculations 

for LnIII 
156 

25 Table 3.A.3 Selected bond lengths (Å) and angles (°) of 

complexes 3.A.1-3.A.4 
158 

26 Table 3.A.4 Direct current magnetic data for the complexes 

studied in this work. 
161 

27 Table 3.B.1 Data collection and refinement parameters for 

compounds 3.B.1-3.B.3. 
183 

28 Table 3.B.2 Data collection and refinement parameters for 

compounds 3.B.4-3.B.5. 
184 

29 Table 3.B.3 Continuous Shape Measures (CShM) for EuIII atom 

in 4.B.1. 
194 

30 Table 3.B.4 Continuous Shape Measures (CShM) for LnIII atom 

in 4.B.2-4.B.5. 
195 

31 Table 3.B.5 A summary of the pseudo-sandwich geometry 195 

32 Table 3.B.6 Selected bond lengths (Å) and angles (°) of 

complex 3.B.1. 
198 



 
 

 
xliii 

 

33 Table 3.B.7 Selected bond lengths (Å) and angles (°) of 

complex 3.B.2. 
199 

34 Table 3.B.8 Selected bond lengths (Å) and angles (°) of 

complex 3.B.3. 
199 

35 Table 3.B.9 Selected bond lengths (Å) and angles (°) of 

complex 3.B.4. 
199 

36 Table 3.B.10 Selected bond lengths (Å) and angles (°) of 

complex 3.B.4'. 
200 

37 Table 3.B.11 Selected bond lengths (Å) and angles (°) of 

complex 3.B.5. 
200 

38 Table 3.B.12 Absorption Properties of MesAcac and the complexes 

(3.B.1-3.B.5) in DMF at 298 K 
201 

39 Table 3.B.13 Relative quantum yields of complexes 3.B.1 and 

3.B.3. 
205 

40 Table 3.B.14 Table of absolute quantum yields for 3.B.1 and 

3.B.3. 
205 

41 Table 4.A.1 Details of the data collection and refinement 

parameters  
232 

42 Table 4.A.2 Intermolecular hydrogen bonding parameters  233 

43 Table 4.A.3 Continuous Shape (CShM) calculations 236 

44 Table 4.A.4 Selected bond length and angle parameters for 

compounds 4.A.1-4.A.4 
238 

45 Table 4.B.1 Crystallographic details for complexes 4.B.1-4.B.4.  259 

46 Table 4.B.2 Bond Valence Sum (BVS) and assignment of 

bridging O atoms of complex 4.B.1 
260 

47 Table 4.B.3 Selected interatomic distances (Å) and angles (°) 

for complex 4.B.1 
269 

48 Table 4.B.4 Continuous Shape Measures (CShM)2 calculations 

for Gd atoms in 4.B.1. 
271 

49 Table 4.B.5 Continuous Shape Measures (CShM)2 calculations 

for Gd atoms in 4.B.1. 
272 



 
 

 
xliv 

 

50 Table 4.B.6 Selected interatomic distances (Å) and angles (°) 

for complex 4.B.2 
274 

51 Table 4.B.7 Selected interatomic distances (Å) and angles (°) 

for complex 4.B.3 
275 

52 Table 4.B.8 Selected interatomic distances (Å) and angles (°) 

for complex 4.B.4 
276 

53 Table 5.1 Crystal data and refinement parameters for 

complexes 5.1-5.3 
297 

54 Table 5.2. Crystal data and refinement parameters for 

complexes 5.4-5.6 
298 

55 Table 5.3 Bond Valence Sum (BVS) calculations for bridging 

O atoms of 5.2 
300 

56 Table 5.4 Continuous Shape Measures (CShM) calculations 

for LnIII 
302 

57 Table 5.5 Continuous Shape Measures (CShM) calculations 

for LnIII 
303 

58 Table 5.6 Intermolecular hydrogen bonding parameters for 

compounds 5.1-5.6 
303 

59 Table 5.7 Selected bond lengths and bond angles for 5.1-5.6. 306 

60 Table 5.8 Direct current magnetic data for the complexes 5.1-

5.6 
310 

 



 
 

 
xlv 

 

Lists of Abbreviations 
 

Acac Acetyl acetone 

Anal Analysis 

An Actinides 

Anhyd.  Anhydrous 

ac alternating current 

Cy Cyclohexyl 

Calcd Calculated 

CShM   Continuous Shape Measurement 

DMF N, N-Dimethyl formamide 

D Zero-field splitting parameter 

DAP Diacetyl pyridine 

dc direct current 

EA Elemental Analysis 

ESI-MS Electrospray Ionization Mass Spectroscopy 

ET Energy Transfer 

EtOH Ethanol 

g Landé factor 

H Magnetic field 

Ĥ Heisenberg spin-Hamiltonian 

HSAB Hard Soft Acid Base 

Hz Hertz 

IR Infrared 

IC Internal Conversion 

ISC Intersystem Crossing 

IVR Internal Vibrational Relaxation 

J Total Spin and Orbital Angular Momentum 

kB Boltzmann’s constant 

K Kelvin 

L Ligand 

L Total Orbital Angular Momentum 



 
 

 
xlvi 

 

LS Russell-Saunders Coupling 
Ln Lanthanide 
M Magnetization 
MPMS  Magnetic Property Measurement System 
Me Methyl group 
Mes Mesityl group 
MeCN   Acetonitrile 
MeOH Methanol 
NEt3  Triethylamine 
NMR   Nuclear Magnetic Resonance 
OAc Acetate 
pXRD powder X-ray diffraction 
Ph Phenyl group 
P Phosphorescence Emission 
PPMS  Physical Property Measurement System 
QTM Quantum tunneling of magnetization 
SOC Spin-Orbit Coupling 
SQUID Superconducting quantum interference device 
SCXRD Single crystal X-ray diffraction 
TGA Thermogravimetric analysis 
T Temperature 
T Tesla 
TM Transition Metal 

TA-QTM Thermally assisted Quantum tunneling of 
Magnetization 

TB Blocking temperature 
UV Ultraviolet 
Ueff Effective energy barrier 
XRD X-ray diffraction 
μB Bohr magneton 
χM Molar magnetic susceptibility 
τ Relaxation time 

 



Chapter 1 1 
 

 

General Introduction

 

This thesis deals with the synthesis, structural characterization and magnetic studies 

of coordination complexes involving 3d and 4f metal ions. Many of the complexes 

were shown to be single-molecule magnets (SMMs) or single-ion magnets (SIMs) 

both of which belong to the class of molecular magnets or molecular nanomagnets. In 

the following an introduction to this subject is given. Towards the end of this chapter 

the objectives of this thesis are outlined. 

1.1 Molecular Nanomagnets. Molecular nanomagnets are paramagnetic metal 

complexes that show magnet-like behaviour below a certain temperature.1 Importantly 

such a magnetic behavior is a molecular phenomenon and is not due to intermolecular 

interactions.1 Such systems have sizes in the nanoscale or lower and are of potential 

interest in many futuristic technological applications.2 Classical bulk magnets are 

comprises of magnetic domains separated by the domain walls. The magnetic 

properties in classical magnetic systems originate from the nucleation, propagation, 

and annihilation of domain walls (Figure 1.1 (left)).3 Unlike the classical magnets, in 

the case of molecular nanomagnets, single molecules behave as “magnetic domains”. 

This is possible because such molecular systems possess uniaxial magnetic anisotropy 

of purely molecular origin that enables the magnetic moment of individual molecules 

to remain in the direction of applied magnetic field. Once magnetized in a particular 

direction, the magnetization relaxes very slowly upon removal of the external 

magnetic field. Thus, the slow relaxation of magnetization is realized by thermally 

activated (over the barrier) relaxation process. However, quantum effects such as 
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quantum tunneling of magnetization (QTM) shortcuts this energy barrier leading to 

fast relaxation see Figure 1.1 (right). 4  

  

Figure 1.1. (left) A typical hysteresis loop of classical magnets (Mr: remnant 

magnetization; Ms: saturation magnetization; Hc: coercive field); (right) Double well 

potential diagram corresponding to single-molecule magnets (the x-axis represents the 

angle of magnetization and the wavy lines represents quantum tunneling). Figures are 

adapted from [3, 4b].  

Similar magnetic behaviour can also be seen in the case of single-domain 

superparamagnetic nanoparticles. However, molecular nanomagnets offer various 

physical and chemical advantages over them.5 These are as follows: 

(i) Such molecular systems can be readily synthesized at ambient conditions using wet 

chemistry techniques. 

(ii) The paramagnetic metal center(s) of individual molecules are enveloped in a 

diamagnetic shell of organic ligands which ensures that individual molecules do not 

interact with one another. 

(iii) The organic moiety also provides an opportunity to fine tune the magnetic 

properties by modifying the ligand environment. 
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(iv) Such molecular systems are highly monodisperse in nature and soluble in most of 

the common organic solvents making them suitable candidates for thin film 

applications and surface deposition studies. 

(v) Moreover, they possess well defined spin ground states and also show quantum 

tunneling of magnetization. 

Molecular nanomagnets comprise of three categories: Single-Molecule Magnets 

(SMMs), Single-Ion Magnets (SIMs), and Single-Chain Magnets (SCMs). The 

potential candidates, synthetic designs, and the magnetic properties of each of these 

categories will be discussed in detail in this chapter. Before this, a brief overview 

about the different experimental techniques of characterizing molecular magnets and 

their quality check parameters is outlined below. 

1.2 Experimental Characterization Techniques  

Experimental characterization of molecular nanomagnets, in their powder or 

polycrystalline state, is usually realized with Superconducting Quantum Interference 

Device (SQUID) magnetometers. The two most common experimental 

characterization techniques are discussed below: 

1.2.1 DC magnetometry. DC magnetic measurements on magnetic samples are 

performed applying a constant external magnetic field and the equilibrium magnetic 

moment is measured. After application of the external field the sample is considered 

to be in thermodynamic equilibrium such that sample relaxation time is smaller than 

the experimental time. The measurement of the field dependence of magnetization is 

usually performed at variable temperatures between 1.5 K and 300 K. It is a common 

practice to report the temperature variation of the magnetic susceptibility, χ, or its 

temperature product, χT. It is to note that the measurable property is the magnetization 
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(M) and the magnetic susceptibility is expressed as the ratio of magnetization vs field 

(χ = M/H). At very high temperature, the T value corresponds to the Curie constant 

representing the perfect paramagnetic behaviour. Fitting of the experimental  (or T) 

vs T plot valuable information can be gained regarding the nature of exchange 

interactions present in a system. 

The most fundamental aspect of a magnet is the presence of a magnetic hysteresis 

loop in the M vs H plot. In classical magnets, magnetic hysteresis loops arise due to 

the irreversible growth of magnetic domains with the magnetic moments orienting in 

the same direction of the external field. In contrary, SMMs which are characterized by 

slow relaxation of magnetization and magnetic hysteresis loops are obtained due to 

the time required to sweep the field. Therefore in the DC measurements with a 

sweeping magnetic field, the magnetization of the ensemble of the molecules in the 

sample does not reach the equilibrium value giving rise to hysteresis loops in the 

experimental time-window. It is important to note that QTM has a peculiar effect on 

the shape of hysteresis loops. The presence of stepped hysteresis loops defines the 

presence of QTM i.e. fast relaxation at the corresponding magnetic field strength.6 

Most often, lanthanide ion SMMs are characterized by butterfly shape hysteresis 

loops resulting from significant quantum tunneling at zero applied magnetic field.7 

  
Figure 1.2. (left) Step-hysteresis of the Mn12 complex (1.1);6 (right) Butterfly shape 

hysteresis of a mononuclear DyIII complex, [Dy(NSiMe3)3ClLi(THF)3]7 (1.2). 
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1.2.2 AC magnetometry. The relaxation dynamics of majority of SMMs are typically 

faster than the field ramping as well as measurement time scales of conventional 

magnetometers.1a In order to study the magnetization dynamics conveniently, ac 

susceptibility measurements are performed using small oscillating magnetic fields 

with frequencies ranging from millihertz up to several tens of kilohertz.8 The 

usefulness of this technique is that any molecule that shows slow relaxation can be 

detected from the observation of an imaginary component in the ac susceptibility 

signals in zero biased field or sometimes under a small biased dc magnetic field.8  
Generally, ac susceptibility measurements are represented in two different ways (i) in-

phase (χ′) and the out-of-phase (χ″) components plotted against temperatures (T) and 

(ii) in-phase (χ′) and the out-of-phase (χ″) components plotted against the ac 

frequencies (ν). Both the representations can be used to extract the relaxation times (τ) 

considering the maxima of the χ″ components that follows the relation, τ = 1/(2πν) at 

different temperatures. The extracted relaxation times (τ) are then plotted against the 

inverse of T. The Orbach relaxation which accounts for the relaxation of 

magnetization in the thermally activated regime directly correlates to the Arrhenius 

law, τ(T) = 𝜏0 exp(Ueff/kBT). Here, Ueff is the effective energy barrier for 

magnetization reversal and 𝜏0 is a constant which represents average relaxation time 

in response to the thermal fluctuations. The value of Ueff is obtained from the slope of 

the semi logarithmic Arrhenius plot i.e. lnτ vs T–1 (see Figure 1.3). The Ueff and 𝜏0 are 

considered as the quality check parameters reported for an SMM.  
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(a)      (b) 

Figure 1.3. Plot of temperature-dependent χ″ components of ac susceptibility at 

different frequencies (a) and Arrhenius plot (b) for compound [Mn2(saltmen)2(ReO4)2] 

(1.3) (saltmen2− = N,N′‐(1,1,2,2‐tetramethylethylene)bis(salicylideneiminate). The 

best fit Arrhenius parameters are Ueff = 16 K and τ0 = 8 x 10-9 s. At very low 

temperature, τ undergoes saturation and becomes independent to T. This feature is due 

to dominant QTM process. Reproduced from the ref [9]  

The magnetization dynamics of SMMs in the ac susceptibility measurements can be 

well understood as follows.1a, 10  

An ac magnetic field is defined as 

H(t) = H0 + hcos(ωt), ω = 2πν   (1) 

Here H0, is zero or nonzero constant indicating the zero- or nonzero-dc magnetic field 

in the same direction to the ac field h; h, is the amplitude of oscillating field, and ω, is 

the oscillating angular frequency of the ac field. 

In ac susceptibility measurements, the measured susceptibility χac is a complex value 

at given temperature and is given by 𝜒 =  𝜒ᇱ + 𝑖𝜒′′    (2) 

Here χ′ and χ″ are the in-phase and is the out-of-phase susceptibilities respectively 

(Figure 1.4) 
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For a system having single relaxation process with just a single characteristic 

relaxation time (τ), the complex ac susceptibility can be derived by the Debye model 

is given by 𝜒 =  𝜒ஶ + (ఞబି ఞಮ)ଵାఠఛ      (3) 

The expression of χ' and χ'' are as follows  𝜒ᇱ =  𝜒ஶ +  (ఞబି ఞಮ)ଵା ఠమఛమ      (4) 

𝜒ᇱᇱ =  (ఞబି ఞಮ)ఠ௧ଵା ఠమఛమ      (5) 

where 𝜒 represents the isothermal susceptibility when 𝜔 → 0 and 𝜒ஶ represents the 

adiabatic susceptibility when. 𝜔 → ∞ (Figure 1.4) 

In order to investigate the magnetic relaxation processes, χ″(ω) is plotted against 

χ′(ω). This plot is called Argand diagram which is similar to the Cole-Cole plot of 

dielectrics. By varying the frequency such that the relation ωτ = 1 holds, a maxima in 

χ'' and a declension in χ' curve is observed. Therefore, from the peak position of the χ'' 

curve (𝜒௫ᇱᇱ = 1/2(χ∞ –χ0)), the relaxation times (τ) can be obtained according to 

relation, τ = 1/ω.  

  
Figure 1.4. (Left) The in-phase (χ′) and out-of-phase (χ″) ac components plotted 

against ωτ. (Right) the Argand diagram corresponding to a single-relaxation process 

having single-relaxation time. 
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However, in majority of instances a distribution of relaxation times are obtained. In 

that case eq.1 can be expressed as 𝜒 =  𝜒ஶ + (ఞబି ఞಮ)ଵା(ఠఛ)(భషഀ)   (6) 

The α parameter represents the width of the distribution i.e. α = 0 represents a process 

corresponding to single relaxation time and α = 1 corresponds to a process of infinite 

relaxation times. The Argand diagram involving only one relaxation process but 

having a narrow distribution of relaxation times follows complex mathematical 

expressions and the maximum of χ″ is expressed by the equation 7 from which the 

relaxation times can be extracted at different temperatures. 𝜒௫ᇱᇱ =  ଵଶ  (𝜒ஶ −  𝜒)tan (గସ (1 − 𝛼))  (7) 

In the presence of more than one type of relaxation, the overall rate of relaxation 

follows a complex behaviour and is given by11 

𝜏ିଵ =  భଵାమுమ + 𝐴𝐻భ𝑇 + 𝐶𝑇మ + 𝜏ି ଵ ቀಳ் ቁ  (8) 

Here, A, B, C, and τ0 are constant parameters corresponding to QTM, direct, Raman, 

and Orbach relaxation processes, respectively; H denotes the applied field; T is the 

temperature; n1 = 4 for Kramers and n1 = 2 for non-Kramers doublets; and n2 = 7 for 

the non-Kramers ions and n2 = 9 for the Kramers ions.11c However, depending on the 

nature of phonons (acoustic and optical), n2 may vary and a value of n2 ≥ 4 is equally 

relavant.11c  

1.3 Quality Check Parameters  

SMMs/SIMs are characterized by a double-well potential comprising of the various 

MJ or Ms states with a barrier height, U (see Figure 1.5). In the presence of an external 

magnetic field one of the lowest energy states in the double well potential gets 
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populated and even after removal of the magnetic field, this state remains populated, 

and the molecules experience an energy barrier represented by the double-well 

potential height for magnetization reversal to the equilibrium state below the blocking 

temperature, TB. In practice, the thermal relaxations that defines the energy barrier, 

Ueff are accompanied by spin-lattice (Raman/direct) relaxations as well as QTM.11b  

  

Figure 1.5. Schematic representation of a double well potential with barrier height, U. 

The most common mechanisms of magnetization relaxation are outlined. Adapted 

from [11b] 

The assessment of SIMs/SMMs is done from the magnitude of Ueff and TB (the 

blocking temperature). Therefore, a larger value of Ueff and TB signifies the better 

quality of SIM/SMM. The experimental method of determination of Ueff was 

discussed in the section 1.2.1. Although large Ueff values are obtained in many 4f 

metal complexes, most often this is not directly translated to magnet like behaviour 

due to the presence of other prominent relaxation processes.12 
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Again, the magnitude of blocking temperature TB, is subjected to the experimental 

methods and there are three experimental ways to determine it. One way of 

determining the TB value is the ZFC-FC M vs T plot. In this experiment, TB is defined 

as the maximum temperature where a peak in the zero-field cooled (ZFC) M vs T plot 

is obtained. It has to be noted that the magnitude of TB in this case is dependent on the 

temperature sweep rate and the applied magnetic field. Another method is to 

determine the highest temperature at which an opening of magnetic hysteresis loop is 

observed at zero dc field. However, it is to be noted that the hysteresis loops are 

strongly sweep rate dependent of the applied magnetic field. Generally a higher sweep 

rate results in observation of hysteresis loops with measurable coercive field at higher 

temperature. The third method of determination of TB is the temperature or frequency 

dependent ac susceptibility experiment and it is defined as the temperature 

corresponding to 100 s of the relaxation time. For example, the dimeric radical 

bridged complex, [[(TMS)2N]2(thf)Tb]2(μ-η2:η2-N2)} (1.4) which shows a TB value as 

14 K follows all these three definitions (Figure 1.6).  

 

Figure 1.6. (a) ZFC-FC plot of 1.4 (sweep rate of 0.9 mT/s), (b) M-H plot of obtained 

for 1.4, and (c) The relaxation times, τ plotted against T obtained from Cole-Cole 

plots for 1.4 from 11 to 15 K. Adapted with permission from the ref. [13]. 
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With this background, we now move to describe the various types of molecular 

nanomagnets. 

1.4 Single-Molecule Magnets (SMMs) 

In 1990s, Sessoli and Gatteschi found that the dodecanuclear mixed-valence [Mn12] 

complex, [Mn12(CH3COO)16(H2O)4O12] (1.1) (Figure 1.7 (left)) showed a slow 

magnetic relaxation of purely molecular in origin.14 Although the molecular structure 

of this complex was known earlier, the unprecedented slow relaxation behaviour 

attracted the attention of scientific community. Thus, molecular complexes that show 

slow relaxation of magnetization and magnetic hysteresis below a certain temperature 

are now termed as Single-Molecule Magnets (SMMs). It is worth mentioning here 

that monometallic paramagnetic complexes that show similar magnetic behaviour are 

termed as Single-Ion Magnets (SIMs) and will be discussed in Section 1.5. In 1993, 

another interesting molecule {[(tacn)6Fe8(μ3-O)2(μ2-OH)12]Br7(H2O)}Br (1.5) (where 

tacn = 1,4,7-triazacyclononane) was found to be a SMM (Figure 1.7 (right)).15 Both 

the {Mn12} and {Fe8} complexes have a S = 10 spin ground state and also possess an 

Ising type magnetic anisotropy which generates an energy barrier that opposes 

magnetization reversal. Detailed magnetization studies revealed that magnetization 

relaxation in both the complexes occurs via a thermally activated pathway. However, 

in the case of the {Fe8} complex, below 0.3 K, the rate of relaxation becomes 

independent of temperature indicating relaxation via a quantum tunneling pathway. 

Soon after these discoveries, a large number of polynuclear 3d metal complexes were 

synthesized in order to observe SMM behavior, particularly at higher temperatures.  
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Figure 1.7. (left) Molecular structure of the {Mn12} complex; Colour codes: C = 

charcoal black; O = red; MnIII = lavender; MnIV = light yellow. (right) Molecular 

structure of the {Fe8} complex. Colour codes: C = charcoal black; O = red; N = red 

FeII = lime. Reproduced with permission from refs [14c, 15] 

In this section, various representative SMMs are described including their synthesis 

and magnetic properties. 

1.4.1 3d Metal SMMs. The unique magnetic properties of polynuclear 3d metal 

complexes arise from two key parameters. These are (i) a large spin ground state (S) 

and (ii) a uniaxial (Ising type) magnetic anisotropy represented by –D (D is the zero 

field splitting parameter).16 The combination of these two parameters leads to an 

anisotropic energy barrier given by  

U = |D|S2 for integer spin and 

                    = |D|(S2-1/4) for half integer spin 

It is important to note here that the D value can be a -ve or a +ve quantity.17 In the 

case of -ve D, the energy difference between Ms = 0 and Ms = ±S, denotes U i.e. the 

anisotropic energy barrier for magnetization reversal via thermaly activated pathway. 

In contrast, +ve D represents a situation where a non degenarate Ms = 0 state 
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represents the ground state of the system of interest and therefore there is no barrier 

for magnetization reversal (Figure 1.8).17 However, it is not very uncommon that 

some mononuclear CoII complexes show slow relaxation process despite having +ve 

D value.18 The plausible reasons for SIM behaviour in such monometallic systems 

may be due to (i) a field-induced bottleneck effect;18b (ii) the presence of a large easy-

plane anisotropy barrier (large E parameter);18a or (iii) a dominant role of an optical 

acoustic Raman process. 18c 

 

Figure 1.8. Double-well energy diagram for negative (left) and positive (right) D. 

Reproduced with permission from ref [17] 

Another important parameter in polynuclear 3d metal complexes is the magnitude of 

exchange interaction between the metal ions, denoted by J. This parameter plays an 

important role in the isolation of the spin ground state from the excited states at a 

given temperature. Since the magnitude of exchange interaction in the case of 3d 

metal ions is quite large initial efforts of preparing SMMs relied on the synthesis of 

exchange coupled polynuclear 3d metal complexes with large S values. In this 

context, several polynuclear MnII/III assemblies have been explored with S value 

ranging from 4 to 83/2.19 The extremely high nuclearity polynuclear MnIII complex, 

[MnIII
84O72(OMe)24(MeOH)12(H2O)42(OH)6] (1.6) having S = 83/2 however showed a 
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poor energy barrier of 18 K (τ0 = 5.7 x 10-9 s).19g Other polynuclear complexes also 

showed similar magnetic properties without much improvement in the enhancement 

of the overall energy barrier. Most strikingly, all the polynuclear 3d metal complexes 

are characterized by very small magnitude of the D parameter.20 This is because the 

magnitude of |D| is determined by the net contribution resulting from every local 

anisotropic metal centers present in the complex that often tends to cancel one 

another. Theoretical studies also reveal that D is inversely proportional to S2, and 

therefore Ueff is virtually invariant with regards to increasing S.21 These facts 

emphasize that enhancing S is not an efficient criterion to obtain good SMMs, and 

rather emphasis should be given to enhance the |D| parameter. Therefore, 

mononuclear 3d metal complexes were synthesized and studied in order to manipulate 

the D parameter by modulating the coordination geometry around the metal center. 

These aspects will be discussed in section 1.4.1. 

Although polynuclear 3d transition metal complexes are characterized by very low 

blocking temperatures (TB) they are good examples of the bottom up synthetic 

approaches for the synthesis of molecular magnets. The syntheses of many 3d-metal 

based SMMs are mainly serendipity driven which depends on (i) metal ions, (ii) 

choice of ligands and (iii) the reaction conditions. The common metal ions used as 

spin carriers of 3d metal SMMs are VIII,22 MnIII,23 MnII/III,24 MnIII/IV,25 FeII/FeIII,26 

CoII/CoII/III,27 and NiII metal ions28. The ideal ligand systems for the synthesis of 

multinuclear 3d metal complexes are the ones that can bind to multiple metal centers 

as well as being capable of propagating magnetic exchange interactions between 

paramagnetic metal ions at certain coordination modes and specific bond angles. 

Figure 1.9 demonstrates selected organic ligands that were used for the synthesis of 

polynuclear 3d metal complexes. In addition to ligands listed in Figure 1.9, several 
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monoatomic ligands such as O2‒, S2‒, F‒, Cl‒, etc., act as bridges to connect various 

metal ions enabling the stabilization of the polynuclear cluster. They are also efficient 

in enabling the transfer of magnetic exchange interactions by overlapping the 

magnetic orbitals of the metal centers.  

 

Figure 1.9. Selected ligands used for the synthesis of 3d-based SMMs. Here, R is H, 

alky/aryl groups and/or neutral donor groups (e.g. ‒NH2, ‒OMe etc.) 

Since the discovery of Mn12 complex, the field of SMMs was dominated by metal 

complexes containing manganese ions. In particular, MnIII ion (d4) has been the most 

studied. This is because MnIII ion in an octahedral crystal field undergoes Jahn-Teller 

distortion that results in a tetragonal elongation along the z-axis. A 5B1 term that arises 

from the splitting of the ground 5E term due to the distortion mixes with the excited 

states via 2nd order spin-orbit coupling (SOC) and stimulates a negative D value in 

most of the cases.23 This was proved experimentally in the octahedral mononuclear 

MnIII complex, Ph4P[Mn(opbaCl2)(py)2] (1.7) which showed a filed induced SIM 

behaviour with an energy barrier, Ueff = 18 K (Hdc = 1000 Oe).29 The rational design 

of this ligand played a significant role in the isolation of this monometallic derivative 

in the axially elongated pseudo Oh geometry. The experimental data was fitted which 
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gave D = -3.27 cm-1, E = 0.11 cm-1 for g = 1.99, confirming the presence of 2nd order 

SOC. 

The iron-based SMMs are the second most studied family of SMMs just after the 

family of manganese-based SMMs. Iron in its +2 and +3 oxidation states provides 

four and five unpaired electrons in the high spin states and therefore suited for the 

synthesis of SMMs with high S value. However, the nature of the magnetic exchange 

interaction between two neighboring iron ions was found to be rarely 

ferromagnetic.16a Moreover, the iron storage protein which is considered as a 

magnetic nanoparticle attracted this ion in the bottom up synthesis of SMMs.1c 

Another metal ion that finds widespread application in SMMs/SIMs is the CoII ion 

(d7). The first CoII based SMMs was reported by Christou and coworkers in the year 

2002. Since then this metal ion has gained considerable attention in the field of 

SMMs. The 1st order spin-orbit coupling (λ for CoII in octahedral field is –ve with the 

order of 170 cm-1) 1b accompanied with significant Jahn-Teller distortion makes this 

ion appealing in this field. Till date, the record of high energy barrier among the entire 

3d metal ions is held by this ion (see Table 1.1 entry number 1). Ni-based SMMs are 

relatively small, although such systems are synthesized because of (i) ferromagnetic 

super-exchange interactions between neighboring nickel centers and (ii) ease of 

synthesis of a large number of multimetallic NiII clusters. Also, in an octahedral field 

NiII (d8) ion is only weakly anisotropic as a result of second order spin-orbit coupling. 

Nevertheless, large ZFS values were obtained in mononuclear NiII complexes in 

certain coordination geometries (see Section 1.5.1). Selected examples of some of the 

best performing 3d metal SMMs (in terms of high Ueff) are tabulated in Table 1.1. 
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Table 1.1. Representative examples of high energy barrier 3d metal SMMs.  

Sl. 
No. 

Complex Ueff 
exp 

(cm-1) 
TB 
(K) 

Sweep Rate 
(Oe/S-1) 

Ref. 

1 [Co4(μ-NPtBu3)4][B(C6F5)4] (1.8) 87 3.6 30 [30] 

2 [Mn6O2(Et-sao)6(O2CPh(Me)2)2(EtOH)6] (1.9) 60 4.5 1400 [31] 

3 [Mn6O2(Et-sao)6(O2C11H15)2(EtOH)6] (1.10) 55.5 3.5 140 [32] 

4 [Et3NH][Co8(chp)10(O3PPh)2(NO3)3(Hchp)2] (1.11) 58.4 4 140 [33] 

5 [Mn12O12(O2CCH2Br)16(H2O)4] (1.12) 52 3.6 20 [34] 

6 [Mn31O24(OH)2(OMe)24(O2CPh)16(rac-hpm)2] 

(1.13) 

42 5 1400 [35] 

tBu = tert-butyl; Et-saoH2: 2-hydroxyphenylpropanone oxime; Hchp: 6-chloro-2- 

hydroxypyridine; hmpH: 2-Hydroxymethyl)pyridine 

1.4.2 3d-4d/5d SMMs. The strategy of incorporating heavier transition metal ions in 

combination with the 3d metal ions has attracted attention due to the presence of 

diffused d orbitals in the latter.36 The heavier transition metal ions (4d/5d) can 

facilitate substantial overlap between magnetic orbitals leading to stronger exchange 

interactions.36 Also, the large spin-orbit coupling constant of the heavier transition 

metals ensures highly anisotropic g factors as well as unusually large zero-field 

splitting (ZFS) values in the complexes.36 Moreover, their redox behaviour can be 

triggered electrochemically or photochemically which can be utilized for obtaining 

photo-magnets.37  

The most promising synthetic design of obtaining 3d-4d/5d metal complexes is to 

employ a building block approach where predesigned metal building blocks of 4d and 

5d ions are prepared with additional donor sites that can propagate into a multinuclear 

complex.38 Some selected building blocks of 4d/5d metal ions are shown in Figure 

1.10. From this figure it is evident that the cyanide ion, CN‒, is a promising bridging 

ligand and it is extensively used for the synthesis of 3d-4d/5d heterometallic 
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complexes.38c, 39 Moreover, in the linear M‒CN‒M' coordination mode the nature of 

the exchange coupling between octahedral M and M' centers can be predicted 

depending on the nature of metal magnetic orbitals involved.39a The first 3d/4d 

(MnII/MoIII) and 3d/5d (MnII/ReII) CN-bridged SMMs were synthesized by Long and 

coworkers39b and Dunbar and coworkers40, respectively (Figure 1.11). Table 1.2 

shows a few representative examples of 3d-4d/5d SMMs. 41  

 

    

Figure 1.10. Selected 4d and 5d building blocks for the synthesis molecular 

magnets.36 

Table 1.2. Representative examples of 3d-4d/5d metal SMMs.  

Sl. 
No. 

Complex Ueff
exp 

(cm-1) 
τ0 (s-1) D (cm-1) Ref 

1 [(PY5Me2)4MnII
4ReIV(CN)7](PF6)5 (1.14) 47.3 2.4 x 10-8 -0.44 [41a] 

2 [Ni{Ni(bpy)(H2O)}8{W(CN)8}6] (1.15) 47.3 1.5 x 10-13 --- [41d] 

3 {[WV(bpy)(CN)6]2[MnIII(L!)]2} (1.16) 32.0 5.1 x 10-12 -0.90 [41b] 

4 {CoII
9[WV(CN)8]6·(CH3OH)24} (1.17) 27.8 7.3 x 10-11 --- [41c] 

5 [(PY5Me2)4NiII
4ReIV(CN)7](PF6)5 (1.18) 24.4 1.4 x 10-7 -0.93 [41e] 

PY5Me2: 2,6-bis(1,1-bis(2-pyridyl)ethyl)pyridine; bpy: bipyridine; L!: N,N′- bis(2-

hydroxyacetophenylidene)-1,2-diaminopropane 
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Figure 1.11. (left) Molecular structure of the {MnII/MoIII} complex; Colour codes: C 

= charcoal black; N = blue; MnII = tan; MoIII = pale blue. (right) Molecular structure 

of the {MnII/ReII} complex. Colour codes: C = charcoal black; Cl = bright green; P = 

pink; N = blue; MnII = tan; ReII = light turquoise. Adapted from refs [39b, 40] 

1.4.3 4f Metal SMMs. The SMM behaviour in a 4f metal based complex was 

observed for the first time in 2003 by Ishikawa and coworkers.42 They discovered that 

the monometallic Tb(III) bis-phthalocyanine complex, [Tb(Pc)2]‒ (1.19) showed slow 

relaxation of magnetization with an energy barrier, Ueff = 330 K which was much 

greater than the observed Ueff values in the case of 3d metal complexes.42 This 

discovery has triggered considerable interest in utilizing the 4f metal ions for the 

synthesis of SMMs operating at higher temperatures. It is worth noting that such 

monometallic 4f complex is termed as single-ion magnet or monometallic single-

molecule magnet. These will be discussed separately in the section 1.5.2. In this 

section, SMMs containing two or more 4f metal ions will be discussed. The 4f 

electrons in lanthanides are deeply buried inside the [Xe] core and are largely shielded 

by the 5s and 5p orbitals from the ligand field.43 This leads to extremely small 

Ln···Ln magnetic exchange interactions, mediated by the bridging organic ligand (in 

the order of 10 cm-1) and the magnetic coupling is mediated by dipolar interactions.10, 
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20, 44 It has also been observed that the Ueff values in polynuclear LnIII complexes are 

much larger than the magnitude of exchange interaction between the metal centers.44b 

This suggests that the strength and symmetry of the local crystal field plays the key 

role in determining the nature of magnetic relaxations in polynuclear 4f metal 

complexes.45 The poor Ln···Ln exchange interactions results in poor quality of 

hysteresis loops and the coercive fields are found to be zero or close to zero at zero 

external  field. This is because at the zero field even though there is an energy barrier 

for magnetization reversal the under-barrier quantum tunneling of magnetization 

(QTM) relaxation process is significantly operating.10 This obscures their potential 

use in information storing devices. Therefore, the prime synthetic challenge 

associated with designing polynuclear LnIII complexes is to enhance magnetic 

exchange interactions in order to reduce QTM effects. Figure 1.12 represents some 

selected ligands for the synthesis of multimetallic LnIII complexes.  

 

Figure 1.12. Selected multidentate ligands used for the synthesis of multimetallic 

LnIII complexes.[10] 
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The smallest family of polynuclear lanthanide metal complexes is the dinuclear LnIII 

complexes where magnetic exchange interactions can be studied explicitly.44b, 46 They 

also serve as the simplest models to understand the single-ion relaxations vs 

molecular relaxations. Long and co-workers discovered that the N2
3‒ radical bridged 

terbium complex, 1.4 ([Tb2(N2){N(TMS)2}4(thf)2]‒) shows a very strong coupling 

between the LnIII ions and the N2
3‒ bridge (J = -27 cm-1, obtained from the Gd2 

derivative).13 The SMM behavior for this complex revealed a very high energy barrier 

(Ueff = 327 K) with magnetic hysteresis observable up to 14 K.13 This example infers 

that strong exchange coupled interactions diminishes the fast relaxation processes at 

zero field rendering only the thermally activated relaxation process. Apart from 

radical bridged dinuclear LnIII complexes several other bridges have also been studied 

and it stands out that delocalized radical47, aromatic ring48 and S-bridged ligand49 are 

very effective to promote exchange interactions between lanthanide centers.  

 

Figure 1.13. The line diagrams of N2
3‒ radical bridged TbIII complex 1.4 (left) and 

sulfur‐bridged DyIII complex, [{Cp′2Dy(μ‐SSiPh3)}2] (1.20) (right) 

The next higher nuclearity i.e. the trinuclear LnIII complexes showed new and 

interesting magnetic phenomenon such as spin chirality in the Dy3 triangle.50 The 

triangular Dy3 complex shows a non-magnetic ground state resulting from the toroidal 

arrangement of magnetic anisotropic axes. This discovery leads to a new arena of 
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Single-Molecule Toroids (SMTs) based on the toroidal magnetic moments of ground 

doublets. This behaviour is shown by polynuclear cyclic lanthanide systems.51  

  

 

Figure 1.14. Cyclic multinuclear DyIII complexes having toroidal magnetic moments. 

The higher nuclearity 4f systems were targeted in order to enhance magnitude of Ueff 

by maximizing the total spin ground state. This was particularly observed in the 

strongly coupled 4f systems.52 Two very interesting polynuclear 4f SMMs are 

[Dy4K2O(OtBu)12] (1.21) and [Dy5O(OiPr)13] (1.22) that show high energy barriers of 

Ueff = 481 and 368 cm-1 respectively owing to extensive metal ligand interactions.52a 

52b In addition, it was observed that suitable arrangement of the magnetic anisotropy 
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axes at the different magnetic sites effectively enhances the magnetic properties. 

However, controlling the magnetic anisotropy in polynuclear complexes is extremely 

difficult and synthetically challenging. Nevertheless, synthetic designs based on 

multidentate ligand approach, organometallic approach, and building block approach 

appear to be the effective routes for the synthesis of multimetallic 4f metal 

complexes.10, 44a, 53 Apart from novel magnetic properties, the high nuclearity 

lanthanide complexes also possess a wide range of aesthetic core structures: 

tetranuclear (linear, grids, Y-shaped, cubanes, seesaw tetramers, rhombus),54 

pentanuclear (pyramid, goblet, butterfly),55 hexanuclear (linked-triangles, wheel, 

propeller),56 heptanuclear (disc, non-planar),57 octanuclear (christmas-stars, 

cyclooctadiene, butterfly),58 and so on59. Table 1.3 summarizes the magnetic properties 

a few selected SMMs based on high nuclearity 4f metal complexes.60  

Table 1.3. Representative examples of 4f metal SMMs. 

Sl. 
No. 

Complex Ueff 
exp 

(cm-1) 
τ0 (s-1) TB 

(K) 
Sweep 
Rate 

(Oe/S-1) 

Ref. 

1 [Cp*2Dy(μ‐Fp)]2 (1.23) 662 1.7 x 10-12 6.2 20 [60e] 

2 [Dy(μ-OH)(DBP)2(THF)]2 (1.24) 524   3.5 x 10-12  8 200 [60b] 

3 [Dy(L$)2(phen)(μ2-OH)(μ2-H2O)]n (1.25) 457 6.16 x 10-13 6 300 [60a] 

4 [Dy3(Iba)8(btaH)2(ClO4)(H2O)5]n (1.26) 280 4.37 x 10-11 1.8 - [60c] 

5 [ErIII
2(COT′′)3] (1.27) 231 5.7 x 10-10 12  22 [60f] 

6 [Ho5O(OiPr)13] (1.28) 278 1.5 x 10-9 --- --- [60d] 

Fp = CpFe(CO)2; DBP− = 2,6-di-tert-butylphenolate); COT′′ = 1,4-bis(trimethylsilyl)- 

cyclooctatetraenyl dianion; HL$ = 4-nitrobenzoic acid; IbaH = isobutyric acid and btaH = 

benzotriazole;  
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1.4.4 5f Metal SMMs. The heavier multimetallic 5f complexes have been less 

explored compared to the polynuclear 4f metal complexes. The 5f metal complexes 

were sought due to the fact that unlike 4f orbitals the radial distribution of 5f orbitals 

are diffuse in nature that leads to significantly better overlap with ligands and hence 

greater covalent character and therefore stronger exchange coupling.61 In addition, 5f 

ions possess greater spin-orbit coupling implying the presence of inherent magnetic 

anisotropy.44a, 62 However, it has to be kept in mind that actinide elements are 

radioactive and require sophisticated facilities to handle them. Therefore, magnetic 

studies are limited to 238U compounds as it is the most abundant and comparatively 

stable isotope of uranium.62 Besides 238U complexes, only a handful of 

mononuclear/polynuclear transuranic complexes are known to be SMMs.62 Figure 

1.15 shows the structures of two well-known multinuclear actinide SMMs. 

   

Figure 1.15. (left) Line diagram of delocalized arene-bridged dinuclear complex, [UIII 

2(μ-C6H5CH3)(HBIPMTMS)2I2]63 (1.29) which is a SMM under a biased field of 0.1 T. 

(right) The transuranium mixed-valent [NpVINpV
2O6(μ-Cl)2Cl2(THF)6]61 (1.30) 

complex showed SIM behavior with Ueff = 140 K (Hdc = 0 Oe) (the coupling constant 

for the NpV···NpVI pairs is J = -7.5 cm−1). 
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1.4.5 3d-4f Metal SMMs. Lanthanide metal ions although having an inherent single-

ion anisotropy are poised to possess temperature independent zero field QTM in the 

molecular complexes.64 As discussed in the section 1.2.2, 4f-4f exchange interactions 

are very weak and therefore magnetic relaxation in a polynuclear 4f complex is of 

single-ion in nature and therefore QTM cannot be avoided. However, this effect is less 

pronounced in the strongly exchange coupled polynuclear 3d metal complexes. 

Therefore, 3d metals ions are combined with the 4f metal ions in order to quench 

QTM and enlarge the barrier heights.65 The 3d-4f magnetic interactions may also 

increase the ground spin state by ferromagnetic exchange coupling interactions.66 

Moreover, the magnetic anisotropy offered by some 3d metal ions in some specific 

coordination geometry can lead to the enhancement of the overall magnetic anisotropy 

and to larger Ueff values (see Table 1.4). The first time a substantial ferromagnetic 

coupling between 3d and 4f metal ion was observed was in the trinuclear complex, 

[CuIIGdIII(L#)2(H2O)3][(CuII(L#))(ClO4)] (1.31) (where L# = [N, N'-

ethylenebis(salicylaldiminato) and JCu-Gd = +12.23 cm-1) which opened the interest for 

hetrerometalic 3d-4f complexes in molecular magnetism.67 With the developments in 

the synthetic protocols many other heterometallic 3d-4f complexes have been 

synthesized with interesting magnetic properties.68 Apart from magnetism, polynuclear 

complexes featuring both 3d metal and 4f metal ions in the same molecule are 

potentially useful in the fields of optics,69 adsorption and storage,70 and in catalysis71. 

In addition, toroidal magnetic moments are also now realized in the case of cyclic 

heterometallic 3d-4f complexes.72 

From a synthetic point of view 3d and 4f metals ions have different binding 

requirements. This is due to the differences in charge/size ratio of these ions. In 

general, it has been observed that lanthanide ions are oxophilic. Using this preference 
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of lanthanide ions it is possible to arrive at heterometallic assemblies by mixing 3d 

ions, 4f ions and a ligand that provides specific sites of binding for both (Figure 

1.16).68d 

 

Figure 1.16. Qualitative model showing the relative energy levels of possible 

products. Adapted from ref [68d] 

In order to tackle this, multi-pocket compartmental ligands having specific 

coordination pockets with O-donor and N-donor atoms capable of binding 

simultaneously to both 3d and 4f metal ions are used for the synthesis of 

heterometallic 3d-4f complexes. In addition, suitable co-ligands are also employed in 

many instances to assist the formation of the heterometallic complexes. Figures 1.17 

and 1.18 show selective multi-pocket ligands and co-ligands (with binding modes) 

used in the synthesis of heterometallic 3d-4f complexes. 
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Figure 1.17. Selected multi-pocket ligands (here R is alkyl group) 
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Figure 1.18. Selected co-ligands and their binding modes  

Utilizing such ligands, a numerous of 3d-4f complexes have been isolated with varied 

nuclearity/topologies such as binuclear,73 linear and non-linear trinuclear,74 

propeller,75 butterfly,76 and cubane shaped tetranuclear,77 defect dicubane hexamer,78, 

windmill79 and so on77, 80. Among all the different classes of 3d-4f complexes, the 

linear trimeric complex, [Co2Dy(LBr)2(H2O)]NO3 (1.32) (where LBr = 2,2',2''-

(((nitrilotris(ethane-2,1-diyl))tris(azanediyl))tris(methylene))tris-(4-bromophenol))) 

features the highest energy barrier of magnetization reversal, Ueff = 600 K (Table 1.4, 

Figure 1.19).81 This complex possesses very large single-ion anisotropy at the DyIII 

site due to axially compressed pentagonal bipyramidal geometry. In addition, the two 

asymmetric 6-coordinate CoII are connected at opposite sides of the Dy(III) ion in a 

linear topology (Figure 1.19). In this study, it was also observed that loss of the 

crystallizing solvent H2O molecules changes the Ueff barrier (>100 cm-1 increase) 

significantly. 
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Figure 1.19. (left) Molecular structure of complex 1.32. (right) coordination geometry 

of DyIII (a), coordination geometry of CoII (b), in phase and out of phase susceptibility 

of complex 1.32 (c and d). Adapted and reproduced with permission from ref [81]. 

The first family of CoII-LnIII SMMs was synthesized by Chandrasekhar and co-

workers and this is the second most investigated family among all the 3d-4f 

complexes. A tripodal ligand (Figure 1.20) derived from the condensation of 

(S)P[N(Me)NH2]3 and o-vanillin was utilized to synthesize a linear CoII-LnIII-CoII 

system (Figure 1.20). Interestingly, the CoII-GdIII-CoII (1.33) derivative showed slow 

relaxation of magnetization below 8 K with Ueff = 27 K under a zero biased field.82 
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Figure 1.20. Line diagram of linear CoII-LnIII-CoII complexes. 



30 Chapter 1 
 

 

Although majority of 3d-4f complexes that have been investigated possess 

paramagnetic 3d metal ions81, 83, interesting magnetic properties were also observed in 

3d-4f metal complexes having diamagnetic 3d metal ions.84 Most importantly it was 

observed that the diamagnetic metal ions alters the electron density distribution of 

coordinating ligands surrounding the lanthanide ion and enhances the magnetic 

properties. Further insight was gained in the theoretical calculations particularly on 

the ZnII-LnIII complexes which revealed that the diamagnetic metal ion increases the 

negative charge on the oxo center of the Zn‒O‒Ln bridging unit thereby helping in 

stabilizing the ground state of the Ln metal ions.83a, 85 Table 1.4 summarizes the 

magnetic properties of selected heterometallic 3d-4f complexes.  

Table 1.4. Magnetic properties of selected heterometallic 3d-4f complexes with high 

Ueff values. 

Sl. 
No. 

Complex Topology Ueff 
exp 

(K) 
τo Ref. 

paramagnetic 3d ion 

1 [Co2Dy(LBr)2(H2O)]NO3 (1.34) linear 522 

600  

1.8 x 10-10 

1.4 x 10-11 

[81] 

2 [Fe2Dy(L)2(H2O)](ClO4)2H2O (1.35) non linear 459 1.1 x 10-10 [83a] 

3 Dy2Co2L10(bipyridine)2 (1.36) 

Dy2Co2L10(bipyridine)2 (1.37) 

linear 

tetramer 

118 

105 

1.8 x 10-11 

1.8 x 10-11 

[83b] 

4 [CrIII
2LnIII

2(OMe)2(O2CPh)4(mdea)2(

NO3)2] (1.38) 

Coplanar 

rhombic 

87.84 2.1 x 10-7 [83c] 

5 [Cr4Dy4(μ-F4)(μ3-OMe)1.25(μ3-

H)2.75(O2CPh)8(mdea)4] (1.39) 

Square 

grid 

55 --- [83d] 

with ZnII ion 

9 [Zn2Dy(L)2(MeOH)] (1.40) linear 305  --- [86] 

8 [Zn2(L1)2DyCl3]·2H2O (1.41) linear 299 7.4 x 10-11 [85b] 

7 [ZnCl(μ-L)Dy(μ-L)ClZn]PF6 (1.42) arc shape 186 4.98 x 10-10 [85c] 
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10 [(LZnBr)2Dy(H2O)](ClO4) (1.43) linear 149 9.8×10−9 [85a] 

H2L = N,N′-dimethyl-N,N′-bis(2-hydroxy-3-formyl-5-bromo-benzyl)ethylenediamine; L1 = 

N,N′-bis(3-methoxysalicylidene)phenylene-1,2-diamine;bipy = bipyridine; mdea = N-methyl-

diethanolamine 

1.5 Single-Ion Magnets (SIMs). The discovery of slow magnetic relaxation in the 

monmetallic 4f complex in 2003 has gained considerable interest in the magnetic 

properties of mononuclear derivatives. This class of magnets is known as single-ion 

magnets (SIMs). Thus, a monometallic paramagnetic complex showing the features of 

SMMs is termed as a single-ion magnet (SIM). The potential candidates of SIMs are 

3d metal ions, 4f metal ions and as shown recently, also 5f metal ions. The synthetic 

strategies and magnetic properties of complexes prepared from these metal ions is 

outlined below. 

1.5.1 3d Metal SIMs. The 3d metal ions are characterized by (i) small magnetic 

moments; (ii) small anisotropy due to intrinsically little spin-orbit coupling constants; 

and (iii) large LFSE (ligand field splitting energy) which effectively quenches the 

orbital contributions of the total magnetic momentum require to create magnetic 

anisotropy.11a, 17 These make 3d metal ions comparatively less effective as high 

performance SIMs. Nevertheless, monometallic 3d metal based SIMs are of growing 

interest owing to the fact that large magnetic anisotropy can be induced in such 

complexes by employing specific ligand field environments.87 3d-metal based SIMs 

has gained interest in 2010 after the discovery of slow magnetic relaxation in the high 

spin FeII complex, K[(TPAMes)Fe] (1.44) (H3TPAMes = tris((5-mesityl-1Hpyrrol-2-

yl)methyl)amine) with Ueff = 60.4 K (Hdc = 1000 Oe). Here, the metal is in a trigonal 

pyramid geometry with one axial position is occupied by the bulky mesityl 

substituents of the TPA ligand.88 Although the complex has a large Ising magnetic 
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anisotropy with D = -9.6 cm-1, it was observed that presence of significant transverse 

anisotropy components causes significant QTM in zero field which was observed as 

the dominant relaxation pathway (E). 

Since then, a number of Fe-containing complexes with oxidation states +3, +2 and +1 

have been investigated. Although examples of FeIII based SIMs are rare, a few 

pentagonal bipyramidal complexes are found to be SIMs. Interestingly, the first five 

coordinate FeIII complex, [(PNP)FeCl3] (1.45) (PNP = N[2-P(CHMe2)2-4-

methylphenyl]2) showed a spin crossover (SCO) from S = 5/2 to 3/2 states (below 80 

K) as well as SIM behaviour with Ueff = 46 K under zero dc field.89 Moreover, several 

FeII complexes have been investigated with coordination numbers ranging from 2 to 8 

but none of them are zero field SIMs. However, interestingly, the linear two-

coordinate FeII complex [FeII(N(SiMe3)(Dipp)2)] (1.46) showed a high energy barrier 

with Ueff = 181 cm-1 (Hdc = 500 Oe).90 These two-coordinate FeII complexes attest to 

the fact that lowering the coordination number weakens the effects of ligand filed and 

promotes spin-orbit coupling due to the regeneration of orbital angular momentum. 

Finally, the first linear two coordinate FeI complex (FeI is a Kramers ion with S = 

7/2), [K(crypt-222)][Fe(C(SiMe3)3)2] (1.47) showed a high spin reversal barrier 

among all the Fe-based SIMs (Table 1.5). These results suggest that mononuclear 3d 

metal complexes with low coordination numbers with a half-integer spin are good 

candidates for showing SIM behavior. 

Another interesting and extensively studied candidate of SIM is cobalt. CoII-based 

SIMs are of considerable interest particularly due to the strong 1st order spin orbit 

coupling interactions. Interestingly, the first octahedral CoII SIM was [Co(SCN)2(4-

dzbpy) ] (1.48) (dzbpy is diazobenzylpyridine) complex reported by Koga and co-

workers in 2003.91 This system showed a Ueff = 89 K and blocking temperature of 3.5 
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K. Thus by far, majority of CoII SIMs with Ising magnetic anisotropy have been 

reported in complexes with coordination number of 5.92 In fact, coordination number 

higher than five typically possess significant easy plane anisotropy (+ve D value).92 

Till date, the mononuclear two coordinate CoII complex, Co(C(SiMe2ONaph)3)2 

(1.49) (where Me is methyl and Naph is a naphthyl group) has the highest energy 

barrier of magnetization reversal of magnitude, Ueff = 450 cm-1 among all other 3d 

SMMs (Figure 1.21(a)).93 In this complex, the sufficiently weak ligand field leads to a 

non-Aufbau (dx2–y2, dxy)3(dxz, dyz)3(dz2)1 electron configuration which was confirmed 

by magnetic data as well as ab initio calculations. Previously, the two-coordinate CoII 

imido complex, 1.50 (Figure 1.21 (b)) had the record of high Ueff barrier of magnitude 

413 cm-1.94 This complex features a highly covalent Co═N core responsible for the 

observation of SIM behaviour under zero biased field with high Ueff.  

  

Figure 1.21. The line diagrams of complex 1.49 (left) and complex 1.50 (right) 

The effect of ligands having heavy donor coordinating atoms on the magnetic 

anisotropy was reported in a series of pseudo-tetrahedral CoII complexes by Dunbar et 

al.95 This study showed that heavy donor atoms (soft bases) with large SOC parameter 

enhance the magnetic anisotropy of the 3d metal complexes (Figure 1.22). 
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Figure 1.22. Line diagrams of pseudo-tetrahedral CoII complexes including the 

magnetic parameters. 

Although CoII and FeI/II/III based systems has dominated the field of 3d SIMs, there are 

exciting reports of other SIMs based on MnIII, NiI/II, and very recently CrII ions in the 

literature.96 All the SIMs based on MnIII ions were reported with an axially elongated 

Oh coordination geometry with no 1st order spin orbit coupling interaction. Therefore 

the energy barriers of manganese-SIMs are limited by small D value. Till now, the 

largest D value was obtained for an axially elongated MnIII with D = -4.73 cm-1. The 

complex [MnIII(dibenzoylmethanido)2(pyridine)2](ClO4) (1.51) showed the highest 

energy barrier of 18.5 cm-1 (Hdc = 1500 Oe) among the manganese based SIMs,.29 On 

the other hand, only one low spin tetrahedral MnIV complex, [PhB(MesIm)3MnIVN] 

(1.52) (where MesIm = mesityl imidazole ) with S = 1/2 was reported to show slow 

relaxation of magnetization owing to a Raman relaxation process (n = 2.93). 97 

For nickel based monometallic systems, the octahedral complex 

[NiII(pydc)(pybhm)]·H2O (1.53) (pydc=pyridine-2,6-dicarboxylate, pybhm=2,6-

bis(hydroxymethyl) pyridine) show SIM behaviour for the first time with Ueff = 14.7 

cm-1 (Hdc = 2000 Oe).98 A negative D value of magnitude -13.7 cm-1 was observed in 

this complex. An interesting trigonal bipyramidal [Ni(Me-DABCO)2Cl3][ClO4] (1.54) 

(Me-DABCO = 1-methyl-4-aza-1-azoniabicyclo[2.2.2]octanium) complex was 
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recently characterized by Murrie and co-workers. high field EPR measurement 

revealed a large D value -535 cm-1 as a result of minimization of the Jahn-Teller 

distortion in a rigid trigonal bipyramid geometry.96b In spite of this, the effective 

barrier in this complex is found to be much smaller (Ueff = 19.3 cm-1). Also, a linear 

[NiI(6-Mes)2]Br (1.55) (6-Mes = 1,3-bis(2,4,6-trimethylphenyl) 3,4,5,6-

tetrahydropyrimidin-2-ylidene) was observed to be a SIM.96a The magnetic anisotropy 

in this complex results from the 1st order spin orbit coupling interaction which gives 

Ueff = 11.8 cm-1 (Hdc = 600 Oe)  

The cu-doped apatite inorganic materials [A10(PO4)6(CuIII
x(OH)1-x-y)2] (A = Sr (1.56), 

Ba (1.57), Ca (1.58)), comprising of CuI (S = 0) and CuIII (S = 1) ions, were observed 

to be SIMs with high D values up to 600 cm-1.99 The magnetic anisotropy in this case 

arises from a linear arrangement of O–Cu–O– anions.  

Recently, CrII (S = 2) based complexes have been explored as candidates of 3d based 

SIMs. Two such examples are [CrII(N(SiMe3)2)2(pyridine)2] (1.59) and 

[CrII(N(SiMe3)2)2(thf)2] (1.60) that show field-induced slow relaxation effective 

barriers Ueff = 6.3 and 8.2 cm-1 respectively.96d 

Finally, the magnetic properties of a few selected 3d-metal SIMs are summarized in 

Table 1.5. 
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Table 1.5. Magnetic properties of selected 3d SIMs 

Sl. 
No. 

Complex D (cm-1) TB (sweep 
rate/Oe s-1) 

Ueff 
exp 

(cm-1) 
τo (s) Ref. 

1 [K(crypt-222)][Fe(C(SiMe3)3)2] 

(1.47) 

--- 6.5 (20) 226  1.3 x 10-9 [100] 

2 [(sIPr)CoIINDmp] (1.50) 

[(IPr)CoIINDmp] (1.61) 

[(cyIPr)CoIINDmp] (1.62) 

--- --- 413 

297 

288 

1.2 x 10-10 

7.5 x 10-11 

8.4 x 10-10 

[94] 

3 Ba10(PO4)6(CoII
0.3OH0.4)2  (1.57) --- 1.8 (50) 387 2.7 x 10-11 [101] 

4 Sr10(PO4)6(CoII
0.05O1-y H0.9-2y-δ)2 (1.56) --- 1.8 (20) 254 6 x 10-10 [102] 

5 (HNEt3)2[CoII(pdms)2] (1.63) -115 1.8 (500) 118  3.89 x 10-8 [103] 

6 [NiII(MDABCO)2Cl3]ClO4 (1.54) -535 --- 19.3 (2 kOe) 3.1 x 10-8 [96b] 

7 Fe[N(SiMe3)(Dipp)]2 (1.46) --- --- 181 1 x 10-11 [90] 

8 (PMe3)2FeCl3 (1.64) -50 4 (200) 81 1.1 x 10-10 [89] 

9 [Na(THF)6][CoII(OAr)3] (1.65) -85.4 --- 26 (1.5 kOe) 3.04 x 10-8 [104] 

10 cis-[CoII(dmphen)2(NCS)2] (1.66) +98  

(E = +8.4) 

1.3 (700) 16.2 (1 kOe) 4.37 x 10-7 [18a] 

pdms: 1,2-bis(methanesulfonamido)benzene; OAr−: 2,6-di-tert-butylphenoxo ;dmphen : 2,9-

dimethyl-1,10-phenanthroline. 

1.5.2 4f Metal SIMs. In the previous section 1.4.3, the important features of 4f metal 

ions and the nature of exchange interaction was discussed. In this section the single-

ion magnetic features of 4f metals ions and the effect of crystal field will be 

discussed. Lanthanide ions possess high spin ground states and inherent magnetic 

anisotropy resulting from unquenched orbital angular momentum of 4f orbitals.11b, 44b, 

64 Notably, the EuIII (4f6) ion has J = 0 (J is the total angular momentum quantum 

number) results in a non-magnetic ground state and GdIII (4f7) possesses magnetically 

an almost isotropic ground state (Table 1.6). All the other remaining LnIII ions could 

be considered as suitable candidates for the synthesis of SIMs. In particular, the DyIII 

ion is endowed with the largest free-ion magnetic moment resulting from the 

combination of a high J value (J = 15/2) and a large g-factor (gJ = 4/3) among all its 
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congeners. This makes the DyIII ion very appealing in the arena of LnIII-based 

molecular nanomagnets and consequently a numerous dysprosium derivatives 

behaves as SIMs/SMMs.  

Table 1.6. SOC ground term symbols for LnIII ions 

Ln(III) Ce Pr Nd Pm Sm  Eu Gd 

fn f 1 f2 f3 f4 f5 f 6 f 7 

Term 
symbol 

2F5/2 3H4 4I9/2 5I4 6H5/2 7F0 8S7/2 

Free ion 
g-value 

6/7 4/5 8/11 3/5 2/7 0 2 

Ln(III) Tb Dy Ho Er Tm Yb  

fn f 8 f 9 f 10 f 11 f 12 f 13 

Term 
symbol 

7F6 6H15/2 5I8 4I15/2 3H6 2F7/2 

Free ion 
g-value 

3/2 4/3 5/4 6/5 7/6 8/7 

 

In order to understand the electronic states of the LnIII ions, a crude energy level 

diagram of the various electronic energy states of DyIII ion is given in the Figure 

1.23.11b The electronic states arising from the electronic repulsions within the 4f 

orbitals can be deduced following the Russel-Saunders (R-S) coupling scheme (Figure 

1.23). The other electronic effects in the case of LnIII ions are assumed as perturbation 

to the electronic states obtained from the R-S coupling scheme. At first, the electronic 

states undergo splitting into different J levels due to strong SOC. It has to be noted 

that the strength of SOC in the case LnIII ions is comparatively larger than the crystal 

field effects. In a non-spherical crystal field each of the J states will further split into 

several MJ (where MJ = 2J + 1) electronic states. For the non-Kramers ions i.e. J with 

integer value, the degeneracy of MJ level is lifted in low symmetric environment by 

the crystal field. On the contrary, for the Kramers ions i.e., J with a half-integer value, 

the degeneracy remains the same following the Kramers double degeneracy theorem. 
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But, the double degeneracy can be lifted by the application of an external magnetic 

field irrespective of the nature of J. This is the Zeeman effect. Moreover, the presence 

of nuclear spins can further split each of the Zeeman lines into closely spaced energy 

states by hyperfine interaction but it is usually weak. 

 

Figure 1.23. A representative energy level diagram of the various electronic states 

originated from 4f orbital of the DyIII ion via perturbations through (from left to right) 

electron-electron repulsion, SOC, CF interactions, Zeeman effect (under  1T dc 

field) and electron-spin-nuclear-spin coupling (hyperfine coupling), respectively. 

Figure and Caption adapted from ref [11b] 

With the knowledge of electronic states of LnIII ions, now comes the design of ligand 

field that are to be targeted for the observation best magnetic properties. In view of 

the realization of the importance of single-ion anisotropy for assembling molecular 

magnets, Long and coworkers have suggested a qualitative method to maximize the 

single-ion anisotropy of lanthanide ions in a molecular complex.105 The spatial 

distribution of f electrons in the different 4f orbitals leads to an anisotropic charge 

density. A quadrupole approximation was used to calculate the basis shapes of the 4f 

electron distribution for the LnIII ions corresponding to the ground J state. The 

calculated shapes are obtained as prolate (axially elongated), oblate (equatorially 
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expanded), or isotropic (spherical) as shown in Figure 1.24 (a).105 The angular 

dependence of the total 4f charge density for the different MJ states of the ground J 

manifold was also calculated. The authors hypothesized that an axial crystal field 

stabilizes the oblate shaped lanthanide ions while an equatorial crystal field stabilizes 

the prolate-shaped lanthanide ions by minimization of the electron charge densities 

between the lanthanide ions and the ligands and ensuring that the highest MJ state is 

obtained as the ground state.  

 

Figure 1.24. (a) Quadrupole approximations of the 4f electronic distribution for the 

Ln3+ ions. (b) The first two rows are the anisotropy of the electron-density distribution 

of Ln3+ ions in their Ising-limit state. The final row shows the transition of electron 

density distribution from prolate (MJ = 1/2) to oblate (MJ = 15/2) in the DyIII ion. 

Reproduced with permission from the refs [105, 106] 

Jiang and co-workers have also calculated the electrostatic potential surfaces of the 4f 

elements corresponding to the highest MJ state of the ground J state with more 

rigorous mathematical treatment. The basic shapes obtained are shown in Figure 1.24 

(b).106 They also calculated the electron-density distribution of DyIII and the results 
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show a gradual transition of electron density distribution from typical prolate (MJ = 

±1/2) to oblate.  

The LnIII ions have rich coordination chemistry with coordination number ranging 

from 3 to 12.107 It is worth mentioning here that air stable LnIII complexes prefer high 

coordination numbers usually 8-12, due to large ionic radii and strong ionic bonding. 

However, many of the LnIII complexes especially the DyIII containing mononuclear 

complexes showed interesting magnetic properties at unusual coordination 

environments.108 Among the different synthetic strategies that are there, the 

organometallic approach stands out to be the most effective way of stabilizing LnIII 

ions in unusual coordination environments in order to extract the desired magnetic 

properties. Using the organometallic ligand approach, Layfield and co-workers 

recently reported the DyIII metallocene complex [(CpiPr5)Dy(Cp*)][BPh4] (1.67) 

(CpiPr5 = penta-iso-propylcyclopentadienyl; Cp* = pentamethyl cyclopentadi-enyl) 

(Figure 1.25 (a)).109 This complex shows Ueff barrier of magnitude 1541 cm-1. 

Interestingly, this complex holds the record of the highest magnetization blocking 

temperature of TB = 80 K among all other reported SMMs/SIMs. Previously, an 

analogous mononuclear DyIII metallocene complex, [Dy(Cpttt)2][B(C6F5)4] (1.68) 

(where Cpttt = {C5H2
tBu3-1,2,4} and tBu = C(CH3)3) (Figure 1.25 (b)) showed a high 

Ueff barrier of magnitude 1837 K and hysteresis loops up to 60 K. 110 

  

Figure 1.25. Line diagram of complex 1.67 (a) and complex 1.68 (b). 
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In order to have a magneto structural correlation in DyIII metallocene cations, Long 

and co-workers synthesized a series of DyIII metallocenium cations, 

[Dy(CpiPr4R)2][B(C6F5)4] (R = H (1.69), Me (1.70), Et (1.71), iPr (1.72)) Figure 

1.26.111 In this study it was observed that the variation of the substituents leads to 

substantial changes in the molecular structures. The sterically encumbered 

cyclopentadienyl ligands help promoting larger L–Dy–L (L is the Cp ring) angles and 

longer Dy–C distances. Dynamic magnetization studies revealed that the magnetic 

relaxation barrier increases with an increase in the L–Dy–L angle and decrease in the 

Dy–C distance (Figure 1.26). 

 

Figure 1.26. Line diagram of DyIII metallocenium salts including a magneto-

structural correlation observed in these complexes. The counter anion in all the cases 

is the [B(C6F5)]–. 

Apart from DyIII metallocenes, interesting magnetic properties were also observed in 

the 7-coordinate pentagonal bipyramidal and the 8-coordinate square antiprism DyIII 

complexes (see Table 1.7). The magnetic properties of a few SIMs based on LnIII 

metal ion is tabulated in the Table 1.7.112 
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Table 1.7.  Magnetic properties of selected LnIII SIMs  

Sl. 
No. 

Complex Hyste
resis 

TB (sweep 
rate/Oe s-1) 

Ueff 
exp 

(cm-1) 
τo Ref. 

1 [Dy(OtBu)2(py)5] (1.73) yes 8.8 (12) 1261  1.17 x 10-12 [112a] 
2 [Dy(bbpen)Br] (1.74) 

[Dy(bbpen)Cl] (1.75) 
yes 
yes  

14 (200) 
8 (200) 

712  
492 

4.21x10-12 

9.46 x 10-11 
[112b] 

 [Tb(Pc)(Pc-Oph)] (1.76) yes 2 (---) 652 1.1 x 10-11 [112l] 

3 [Dy(BIPMTMS)2]– (1.77) yes 10 (300) 565  
501  

5.65 x 10-13 
1.11 x 10-12 

[112c] 

4 [(tBuPO(NHiPr)2)2Dy(H2O)5] 
[I3] (1.78) 

yes 30 (200) 511 1.56 x 10-12 [113] 

5 [Dy(OPCy3)2(H2O)5]Br3 (1.79) 
[Dy(OPCy3)2(H2O)5]Cl3 (1.80) 

yes 20 (200) 
11 (200) 

377 
328 

2.0 x 10-11  
8.7 x 10-12 

[112d] 

6 [DyCl2(NCN)(THF)2] (1.81) yes 1.9 (---) 233  6 x 10-10 [112e]] 
7 [(C5H5BMe)Er(COT)] (1.82) 

[(C5H5BH)Er(COT)] (1.83) 
yes 
 

8 (19) 
6 (19) 

300 
259  

5.5 x 10-12 

5.3 x 10-12 
[112f] 

8 [Er(Cp*)(COT)] (1.84) yes 1.8 (9.2) 224  
136  

8.17 x 10-11 

3.13 x 10-9 
[112g] 

9 [Nd(W5O18)2]9– (1.85) no --- 51.4 (1 
kOe) 

3.55 x 10-10 [112h] 

10 [Ho(CyPh2PO)2(H2O)5][I3] (1.86) yes 3 (1400) 237 1.7 x 10-11 [112i] 
11 [Tm (COT)(Tp)] (1.87) no --- 90 (2 

kOe)  
4.7 x 10-7 [112j] 

12 [Yb(trensal)] (1.88) no --- 38 (2 
kOe)  

1.5 x 10-8 [112k] 

H2bbpen = N,N′-bis(2-hydroxybenzyl)-N,N′-bis(2-methylpyridyl)ethylenediamine); 

BIPMTMSH2 = H2C(PPh2NSiMe3)2; NCN: 2,6-(2,6-C6H3R2N5CH)2-C6H3]-; COT: 

Cyclooctatriene; Tp: hydrotris(1-pyrazolyl)borate; H3trensal is 2,2′,2″-

tris(salicylideneimino)trimethylamine. 

1.5.3 5f Metal SIMs. As discussed in section 1.4.4, the relative strengths of SOC and 

repulsive electron-electron interaction are very closer in the case of 5f metal ions and 

therefore neither the R-S coupling scheme nor the jj coupling (weak electron-electron 

interaction) seems reasonable to describe the electronic energy states. In order obtain 
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a realistic picture of the energy states both the two interactions must be considered at 

the same time.44a In addition, the presence of non-negligible covalency of the metal-

ligand interaction in actinides offers an advantage in generating strong exchange 

interactions, but also makes the rational design of monmetallic actinide complexes 

highly challenging compared to the lanthanide or transition metal complexes.114 

Therefore, the combination of large magnetic anisotropy along with the covalency of 

metal ligand interactions makes the magnetic properties of such systems very complex 

to study.114  

Till date, SIM behaviour was observed only for UIII/V and transuranic NpIV and PuIII 

ions (see Table 1.8). Among them, the majority of An-SIMs are based on the 

Kramers’s ion UIII (5F3, J = 9/2). Most importantly, the 5f3 configuration of UIII can be 

compared to an oblate single-ion anisotropy such as TbIII [4f8] or DyIII [4f9] ions, 

therefore an axial ligand environment in combination with strong SOC can stabilize 

the spin alignment preferentially along the molecular anisotropy axis. SIM behaviour 

was first observed in the mononuclear UIII complex, [U{Ph2B(pz)2}3] (1.89) (Figure 

1.27) with a Ueff barrier of magnitude 29 K under zero applied biased field. Compared 

to UIII SIMs, UV SIMs are less explored due to (i) comparatively smaller J value and 

(ii) disproportion tendency towards UIV and UVI in aqueous environments.115 

Nevertheless, the mono-oxo UV complex, [UO(TrenTIPS)] (1.90) (Figure 1.27) shows 

SIM behavior with Ueff barrier of magnitude 21.5 K (1000 Oe). The magnetic 

properties of selected An-SIMs are summarized in Table 1.8.116 
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Figure 1.27. Line diagram of trigonal prismatic complex 1.89 (left) and trigonal 

bipyramidal complex 1.90 (right) 

Table 1.8. Magnetic properties of selected Actinide SIMs  

Sl. 
No. 

Complex Hdc (Oe) Ueff 
exp 

(cm-1) 
τo Ref. 

1 [Pu(Tp)3] (1.91) 0 18.3  2.9 x 10-7 [116d] 

2 [U(BcMe)3] (1.92) 1500 33  1.0 x 10-7 [116f] 

3 [U(N(TMS)2)3] (1.93) 2000 22 1.0 x 10-11 [116c] 

4 [U(TpMe2)2]I (1.94) 500 21  1.8 x 10-7 [116b] 

5 [UV(O)(TrenTIPS)] (1.90) 1000 15  2.6 x 10-7 [116a] 

6 [Np(COT)2] (1.95) 5000 28  1.1 x 10-5 [116e] 

Tp-: hydrotris-(pyrazolyl)borate; BpMe: dihydrobis(methylpyrazolyl)borate TpMe2: 

hydrotris(3,5-dimethylpyrazolyl)borate; TrenTIPS={N(CH2CH2NSiiPr3)3}3− 

1.6 Single-Chain Magnets (SCMs). The previous sections were focused on the 

magnetic properties of systems that can be considered essentially as zero-dimensional. 

The exciting magnetic properties shown by SMMs and SIMs have led to the 

exploration of one-dimensional magnets that are connected by a network of 

interactions. SCMs are characterized by magnetically isolated 1D polymeric chains 

that exhibit slow relaxation of magnetization below the blocking temperature, TB.117 

The noticeable difference in the spin dynamics of SCMs and a 1D polymeric material 

is that the former requires an Ising-type interaction while the latter needs isotropic 
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interaction.118 Clerác and other research groups have defined one dimensional Ising 

ferrimagnets that show slow magnetic relaxation similar to SMMs to be called 

SCMs.117a  Therefore, the essential ingredients for a SCM are (i) strong uni-axial 

magnetic anisotropy of the spin carriers, (ii) non-zero interactions between the spin 

units along the chain, and (iii) small ratio of intrachain to interchain interactions.119 

Single-chain magnets has distinct advantages over SIMs/SMMs because the total 

energy barrier of spin reversal comprises of magnetic anisotropy energy barrier plus 

the correlation energy arising due to strong intra-chain exchange coupling.120  

The spin dynamics of 1D Ising chain can be predicted by the Glauber model.118 

However, in real systems the rigorous conditions for Ising-type states are difficult to 

observe. Therefore, an anisotropic Heisenberg chain model is used for the description 

of real SCMs.118, 121 For nearly defect-free chains the activation energy barrier is given 

by 

              Δτ = ΔA + 2Δξ  (for an effectively infinite size regime) 

        = ΔA + Δξ (for an finite size regime) 

Here, ΔA is the magnetic anisotropy energy barrier and Δξ is the correlation energy 

(see Figure 1.28). A noticeable difference between the Ising model (Glauber 

dynamics) and the anisotropic Heisenberg model is that the total spin (S) of each and 

every magnetic unit causes a anisotropic energy barrier (ΔA = |D|S2) as in the case of 

SMMs.121b Therefore, Δ for the reversal of magnetization in the case of SCMs is 

affected not only by the magnetic anisotropy of the spins but also their intra-chain 

magnetic interactions. 
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Figure 1.28. Schematic representations of a single-spin-flip in infinite and finite 

chains. Adapted from ref. [121b] 

In the year 2001, Cannesi and co-worker found that the helical CoII derivative, 

[Co(hfac)2(NITPhOMe)] (1.96) (Figure 1.29) (NITPhOMe = 4'-methoxy-phenyl-

4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide) showed a high magnetization at low 

temperature. In fact, the system behaves as a 1D ferrimagnet due to the 

antiferromagnetic coupling between the organic radical and the high-spin CoII 

center.122 A very strong Ising magnetic interaction (J = 224 K) was observed between 

the spin of cobalt and radical and the Zeeman component of the two spins parallel to 

the trigonal axis. The ac and dc susceptibility measurements reveal an energy barrier, 

Δτ = 154 K and a stepped hysteresis loops similar to SMMs. The SCM properties in 

the CoII NITPhOMe series can be tuned by modifying the bridging nitronyl nitroxide 

ligand. For example, p-butoxyphenyl substituted chains exhibit long-range order 

below 45 K and a high magnetic coercivity of 5.2 T at 6 K while pyrene-substituted 

derivatives show massive Δτ values of almost 400 K.123  Following the discovery in 

2002, Clerác and coworkers reported a heterometallic 1D compound formed by an 

assembly of trinuclear species (Mn–Ni–Mn) with a NiII–MnIII AFM interaction (J = 

21 K).124
 For this compound hysteresis loops were observed below 3.5 K. Further, 

magnetization dynamics revealed slow magnetic relaxation with an energy barrier 154 

cm-1. The authors also reported a large family of {Mn2Ni} SCMs by finely modifying 

the precursor building units.125 There are now many reports of one dimensional 
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polymeric complexes exhibiting SCM behaviour involving various metal 

combinations such as 3d-3d′,126 3d-4d,127 3d-5d,128 3d-4f,129 and heterotrimetallic 

complexes130. The magnetic properties of a few selected SCMs are given in Table 

1.9.123b, 131 

 

Figure 1.29. Molecular structure of a single chain of 1.96. Adapted from ref [122] 

Table 1.9. Magnetic properties of few selected SCMs 

Sl. 
No. 

Complex J (cm-1) TB 
(K) 

Δτ (K) τo Ref. 

1 [Co(hfac)2NaphNN]n (1.97) -162 (JM-rad) 13.2  398 4 x 10-12 [131a] 

2 [Co(hfac)2PyrNN]n (1.98) -161 (2JM-rad) 14 369 7 x 10-10 [123b] 

3 [Fe(L‡)(N3)]n (1.99) 2.8 (JFe-Fe) 7 124 4.8 x 10-12 [131b] 

4 {[UO2(Me-saldien)][Mn(NO3)- 

(Py)2]}n (1.100) 

--- --- 122 6.2 x 10-12 [131c] 

5 (Ph4P)[CoII(3-Methyl 

pyridine)2.7(H2O)0.3WV(CN)8]n 

(1.101) 

19.5  

(JCo-W) 

10  252 

169 

1.5× 10-13 

4.6 x 10-10 

[131d] 

6 [Dy(hfac)3(NIT-C6H4OPh)]n 

(1.102) 

--- --- 69 1.9 x 10-12 [131e] 

7 [{Cr(LN3O2Ph)(CN)2}Fe(H2LN3O2NH2)

]·PF6 (1.103) 

2.68 (JFe-Cr) 2 113 1.6 x 10-11 [131f] 

8 (NMe4)2[L‡FeCl2]n (1.104) -81 (JM-rad) --- 55 3.9 x 10-12 131g 

NaphNN: 1-naphthyl nitronylnitroxide; PyrNN: 1-pyrenyl nitronylnitroxide L‡H2: 2,5-

dichloro-3,6-dihydroxy-1,4-benzoquinone; Me-saldien: Methyl salicyldimine. 
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1.7 Luminescence of Lanthanide Complexes  

Although this thesis mainly deals with the magnetic properties of 3d-4f and 4f 

complexes we have also carried out studies on the photophysical properties of some 

complexes. This section gives a brief over view on this aspect of the lanthanide 

complexes. Luminescent lanthanide complexes are of considerable interest and have 

been investigated in the fields of biomedical analyses and imaging,132 solid state 

lighting and display,133 and as chemosensors134. The luminescence of lanthanides 

arising from f-f transitions has characteristic sharp line spectra and longer lifetimes.43 

The line-like spectra arises due to the shielding of 4f orbitals by the filled 5s and 5p 

orbitals while the long lifetimes result due to the Laporte forbidden f-f transitions. The 

forbidden f-f transitions also lead to weak absorption coefficients with molar 

absorption coefficients typically less than 3 M-1 cm-1.135 Therefore, direct excitation 

leads to poor emission properties. However, the emission properties can be enhanced 

considerably by employing chromophores that can act as antennas for light 

absorption. The chromophore sensitized lanthanide light emission is known as the 

“antenna effect” (Figure 1.30 (top)).136 A Jablonski diagram depicting the different 

process that occurs during sensitized emission is shown in the Figure 1.30 (bottom).43 
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Figure 1.30. (top) Schematic representation of the “antenna effect”. (bottom) 

Jablonski diagram corresponding to sensitized lanthanide emission. Adapted from refs 

[136, 43] 

It is important to note that quantum yields of sensitized lanthanide emissions are 

highly dependent on the nature of antenna. Thus, the choice of the antenna is of 

paramount importance to observe efficient emission. The antenna must possess some 

characteristics features such as (i) an aromatic (or hetero-aromatic) highly π 

conjugated system characterized by high efficiency of light absorption, (ii) high 

efficiencies of intersystem crossing and energy transfer processes, and (iii) the triplet 

excited state being at least 1850 cm-1 higher than the lowest emitting levels of the LnIII 

cation.136-137 It is important to note that H2O molecules can effectively deactivate the 

excited states of lanthanides in the form of vibrational energy transfer.43, 137 The 

coordination of H2O molecules around the Ln center can be minimized utlizing 

multidentate chelating ligands appended with the antenna moiety have been 

employed. Figure 1.31 depicts selected organic ligands that act as antenna.136-137 
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Figure 1.31. Selected multidentate ligands appended with antenna moiety. 

Many lanthanide cations in the lanthanide series are capable of showing emissions 

over a wide spectral range from UV (GdIII) to visible (orange (SmIII), red (EuIII), 

yellow (DyIII), green (TbIII) and blue (TmIII) to the NIR (YbIII, NdIII and ErIII) 

region.135-138 The ones that show emission in the visible region have lighting and 

luminescent imaging applications.139 The triplet energy state of typical organic ligands 

lies slightly higher in energy compared to the first excited states of the TbIII and EuIII 

cations, and therefore can exhibit characteristic strong metal-centered fluorescence.140 

In the case of TbIII ion the emissions lines corresponds to 5D4 → 7Fn (n = 6-0) 

transitions being 5D4 → 7F5 the strongest one, while in case of EuIII, ion 5D0 → 7Fn 

transitions are observed (n = 4-0).43 It is worth noting here that the intensity and 

splitting pattern of certain transitions in the emission spectra of EuIII and TbIII 

complexes could give an illustration about the lanthanide ion environment.43 

1.8 Aim and Objective of this Thesis 

The preceding discussion gives a glimpse of the recent developments in the field of 

molecular nanomagnetism. The field has been growing rapidly in the recent years in 



Chapter 1 51 
 

 

terms of observing magnetic behaviour with very large energy barriers and magnetic 

hysteresis loops above liquid nitrogen temperatures. Till now, the 4f-based molecules 

especially the mononuclear complexes are found to be the dominating candidates 

among all others. The present research work primarily focuses on the various 

strategies of isolating homonuclear 4f-based metal complexes. Special efforts have 

been given towards the isolation of mononuclear LnIII complexes by employing multi-

/bidentate chelating ligands. The thesis also includes the utilization of compartmental 

ligands designed for the synthesis of heterometallic 3d-4f complexes. The key 

features of this research work are briefly outlined below. 

1) A rational design of multidentate ligand systems has been demonstrated for the 

exclusive isolation of mononuclear pentagonal bipyramidal LnIII complexes. A 

synthetic strategy involving fine tuning the magnetic properties by axial ligand 

substation was achieved and is discussed in detail. 

2) To offer an axial crystal field in mononuclear LnIII complexes, a chelating ligand 

has been prepared with a phenolate moiety. The trans disposition of two phenolate 

moieties in the complexes exerted sufficient axial crystal field so that the DyIII 

complex behaves as a field-induced SIM. 

3) The control of coordination number/geometry in mononuclear LnIII complexes has 

been achieved by employing a flexible sterically hindered acetylacetonato ligand. 

Interesting magnetic and luminescent properties were observed in this series of 

mononuclear complexes.  

4) A multidentate enolizable Schif base ligand was designed and utilized to afford 

homometallic dinuclear and polynuclear LnIII complexes bridged by enolate O atoms. 

Synthesis, structure and magnetic properties of these complexes are discussed. 
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5) A compartmental ligand having O-donor and N-donor sites has been utilized to 

synthesize a series of homometallic 3d-4f complexes and their magnetic properties 

were studied. 

The aforementioned topics are described in the subsequent chapters of this thesis. 
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71 Chapter 2 Section A | 

Pentagonal Bipyramidal LnIII Complexes Exhibiting Single-Ion 

Magnet Behaviour: A Rational Synthetic Approach for Rigid 

Equatorial Plane 

 

ABSTRACT: A pentadentate chelating ligand is utilized for the facile synthesis of 

air-stable pentagonal bipyramidal LnIII complexes with a rigid equatorial plane. The 

static and dynamic magnetic properties of the complexes were studied. The DyIII 

analogue exhibits single-ion magnet behaviour with Ueff/kB = 70 K under an applied 

magnetic field, Hdc = 500 Oe. The single-ion magnet behaviour is further confirmed 

by ac magnetic susceptibility investigation on a magnetically diluted sample. 

2.A.1 INTRODUCTION  

Molecule-based nanomagnets possess huge prospects in the next generation 

technology.1 The discovery of single-ion magnet behaviour in phthalocyanine-

sandwiched LnIII mononuclear complexes by Ishikawa et al.2 has triggered a 

tremendous research interest in the arena of molecule-based magnetism associated 

with LnIII ions.3 Strong magnetic anisotropy and a large spin ground state endow the 

LnIII complexes, especially the Dy-analogues,3d, 3k with slow magnetic dynamics 

provided the LnIII ions are in an appropriate crystal-field (CF) environment.3a-k, 4 

Recent advances reveal that LnIII-based complexes with low-coordination numbers 

and high CF symmetry are expected to exhibit promising single-molecule magnet 

(SMM) behaviour.5 However, it is worth mentioning that the LnIII ions prefer large 

coordination numbers (8-10) and variable coordination geometry owing to large ionic 

size and highly shielded valence (4f) orbitals.4, 6 Therefore, it is a challenge to 
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synthetic chemists to control low-coordination with desired geometry in LnIII-based 

complexes. 

Realization of the topologies (prolate/oblate) of the electrostatic potential surfaces 

corresponding to the magnetic ground states of the LnIII ions provides a 

straightforward rationale for LnIII-based single-ion magnets (SIMs).3a, 7 For example, 

the highest magnetic ground states for the DyIII ion (MJ = ±15/2) incorporate an 

oblate-like electrostatic potential surface.3a, 7 Therefore, the coordination environments 

providing very strong axial CF and weak equatorial CF stabilize these magnetic 

ground states with large magnetization blockade barriers.5f, 8 In addition to these, a 

high axial CF symmetry suppresses the quantum tunnelling of magnetization (QTM) 

and consequently, enhances the effective energy barrier for magnetization reversal 

(Ueff) and blocking temperature (TB).5f  

Ab initio calculations predict high Ueff values for DyIII ion in pentagonal bipyramidal 

(PBP) coordination geometry owing to high axial CF symmetry.5f Moreover, PBP 

complexes with a rigid equatorial plane and kinetically labile ligands at apical 

positions seem to be one of the promising building blocks towards rational synthesis 

of multi-metallic SMMs.9 In such building blocks, CF symmetry does not change 

upon association and the apical CF strength could be chemically tuned to tailor the 

slow magnetic dynamics. But, unlike 3d transition metal ions,9c PBP geometry is less 

common in LnIII-based coordination complexes.6a Figure 2.A.1 shows a schematic 

representation of reported transition metal based PBP complexes with pentadentate 

chelating ligands. Remarkably, several LnIII complexes with PBP geometry are 

reported as SMMs10 displaying Ueff as high as 828 cm-1.10a Keeping in mind that PBP 

LnIII complexes are excellent candidates of SMMs, we have utilized a pentadentate 

chelating ligand (H4L) for the synthesis of (Et3NH)[(H2L)LnCl2] (Ln = TbIII; 2.A.1, 
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DyIII; 2.A.2, DyIII/YIII; 2.A.3) complexes. The synthesis, structural characterization 

and magnetic properties of the complexes are discussed in this chapter. 

 

Figure 2.A.1. Schematic representation of a few mononuclear hepta-coordinate 

transition metal complexes.  

2.A.2 EXPERIMENTAL SECTION 

2.A.2.1 Materials and Methods. All the general reagents and solvents used for the 

syntheses were obtained from commercial sources and were used as received without 

further purification. Diacetyl pyridine (DAP), EtOH, and hydrated lanthanide 

chlorides were obtained from Sigma Aldrich Chemical Co. (India). Salicyloyl 

hydrazide was obtained from Spectrochem Pvt. Ltd., Mumbai, India. The organic 

ligand 2,6-diacetylpyridine bis-salicylhydrazone (H4L) was synthesized following 

reported procedure.11 

2.A.2.2 Instrumentation. Fourier transform infrared (FT-IR) spectroscopy was 

performed with a Perkin-Elmer spectrum RX-1 FT-IR spectrometer. Elemental 

analyses were performed with a Perkin-Elmer 2400 series II instrument. UV-Vis 

spectroscopic studies were carried out with Perkin-Elmer L-750 UV-Vis NIR 

instrument. Mass spectrometric analysis was performed with Bruker micrOTOF-Q II 
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Mass instrument. Powder X-ray diffraction study was performed on finely ground 

polycrystalline material with Bruker D8 Advance Powder X-ray diffractometer. 

2.A.2.3 Magnetic Measurements. Magnetic properties were investigated on 

polycrystalline solid samples of the complexes mixed with grease. Magnetic 

susceptibility measurements were carried out with a Quantum Design MPMS-5S 

SQUID susceptometer. The magnetic measurements were performed on freshly 

filtered polycrystalline materials. The polycrystalline powders were mixed with 

grease and put in gelatin capsules. The dc measurements were conducted from 300 to 

2 K at 1 kOe and the data were corrected for the diamagnetic contribution of the 

sample holder, grease and sample by using Pascal’s tables.6b The field dependence of 

the magnetization was measured at several temperatures between 2 and 7 K with dc 

magnetic field up to 5 T. Preliminary ac susceptibility experiments for 2.A.1 and 

2.A.2 were performed at various frequencies ranging from 1 to 1500 Hz with an ac 

field amplitude of 3 Oe. The ac susceptibility was investigated under an oscillating ac 

field of 3 Oe over the frequency range of 1 to 1500 Hz.  

2.A.2.4 X-ray Crystallography. Single crystals suitable for X-ray diffraction were 

coated with oil and mounted onto the goniometer. The X-ray crystallographic data 

were obtained at low temperature (150 K for 2.A.1 and 100 K for 2.A.2 and 2.A.3) 

from a Bruker Kappa Apex-II single crystal X-ray diffractometer (MoKα radiation 

source) and equipped with an Oxford Cryosystem. The structures were solved by 

direct methods using ShelXS and refined by means of least-square procedures on F2 

using the WinGX16 version.12 The scattering factors for all the atoms were used as 

listed in the International Tables for X-ray Crystallography.13 Absorption correction 

was performed using a multi-scan procedure. All the non-hydrogen atoms were 

refined anisotropically. When it was possible, the H atoms were located in a 
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difference map, but those attached to carbon atoms were repositioned geometrically. 

The H atoms were initially refined with soft restraints on the bond lengths and angles 

to regularise their geometry and U~iso~(H) (in the range 1.2-1.5 times U~eq~ of the 

parent atom), after which the positions were refined with riding constraints. For 

compound 2.A.3, the Dy population was determined by positional disorder treatments. 

The single crystals of 2.A.1 are weakly diffracting, this results in weakly diffracting 

high angle data and hence the completeness is low. However, the formation of the 

complex can be convincingly realized from the data.  

2.A.2.5 Synthesis of 2.A.1-2.A.3. Syntheses of all the complexes were performed 

under aerobic conditions following the same procedure described below:  

The organic ligand 2,6-diacetylpyridine bis-salicylhydrazone (H4L; 1 eq.) was 

suspended in 30 mL of absolute EtOH. To it an ethanolic solution of LnCl3·6H2O (30 

mL; 1 eq.) was added. The reaction mixture was refluxed for 1 h under stirring 

followed by cooling down to room temperature. The solvent was reduced to ~ 40 mL 

under reduced pressure. To this yellow reaction mixture NEt3 (2 eq.) was added 

slowly under constant stirring to obtain a transparent, dark yellow solution, which was 

stirred further at room temperature for 10 min before it was filtered off. Diethyl ether 

was layered over the filtrate and kept undisturbed for two days to obtain rectangular, 

bright yellow crystals. The supernatant was filtered off. The crystalline materials were 

washed with diethyl ether and air-dried to obtain yellow crystalline solids. The 

stoichiometry of the reactants, yields of the products and the experimental 

characterization data of 2.A.1-2.A.3 are given below.  

(Et3NH)[(H2L)TbCl2] (2.A.1). H4L (0.2 g, 0.4635 mmol), TbCl3·6H2O (0.174 g, 

0.4616 mmol), and NEt3 (130 μL, 0.9289 mmol) were used. Yield: 0. 199 g, 57% 

(based on Tb). M.P.: > 250 °C. IR (cm-1): υO-H = 3344 (bs); υC=O = 1582 (vs) and 1513 
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(vs); υC=N = 1526 (vs). UV-Vis (r.t., EtOH, 0.1 mM): λmax (nm) = 251 and 400. ESI-

MS: m/z = 624.15 and 632.08. Elemental analysis (%) calcd for C29H35N6O4Cl2Tb: C 

45.74; H 4.63; N 11.04; Found: C 45.37; H 4.47; N 10.81.  

(Et3NH)[(H2L)DyCl2] (2.A.2). H4L (0.2 g, 0.4635 mmol), DyCl3·6H2O (0. 174 g, 

0.4616 mmol), and NEt3 (130 μL, 0.9289 mmol) were used. Yield: 0. 225 g, 64% 

(based on Dy). M.P.: > 250 °C.  IR (cm-1): υO-H = 3402 (bs); υC=O = 1586 (vs) and 

1522 (vs); υC=N = 1526 (vs). UV-Vis (r.t., EtOH, 0.1 mM): λmax (nm) = 251 and 400. 

ESI-MS: m/z = 628.05, 637.02 and 663.03. Elemental analysis (%) calcd for 

C29H35N6O4Cl2Dy: C 45.53; H 4.61; N 10.99; Found: C 45.27; H 4.57; N 10.71. 

(Et3NH)[(H2L)Y0.94Dy0.06Cl2] (2.A.3). H4L (0.2 g, 0.4635 mmol), YCl3·6H2O (0.162 

g, 0.4352 mmol), DyCl3·6H2O (0.011 g, 0.0292 mmol), and NEt3 (130 μL, 0.9289 

mmol) were used. Yield: 0.201 g 62%. Elemental analysis (%) calcd. for 

C29H35N6O4Cl2Y0.94Dy0.06: C 50.05; H 5.03; N 12.08; Found: C 49.97; H 5.01; N 

11.89. 

2.A.3 RESULTS AND DISCUSSION 

2.A.3.1 Synthetic Aspects. Ligand design plays a crucial role in the isolation of PBP 

mononuclear lanthanide complexes. The initial efforts of synthesis relied on 

serendipity driven synthesis where seven monodentate ligands were sufficient enough 

to fulfil the coordination requirement around the LnIII in a PBP geometry. Very few 

synthetic methods were based on rational design involving pre-designed multidentate 

ligands which can give exclusively PBP complexes. However, all these complexes are 

unlikely to retain the PBP geometry upon chemical alteration within the coordination 

sphere. To develop a rational synthetic strategy we have employed a pentadentate 

chelating ligand and synthesized mononuclear PBP LnIII complexes with the general 
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formula (Et3NH)[(H2L)LnIIICl2] (where Ln = Tb (2.A.1), Dy (2.A.2), Y0.94Dy0.06 

(2.A.3) and H4L = 2,6-diacetylpyridine bis-salicylhydrazone). The ligand renders a 

rigid pentagonal equatorial plane around the Ln ions (Scheme 2.A.1). All the 

complexes could be synthesized upon treatment of the ligand with one equivalent of 

the corresponding hydrated lanthanide trichloride salt (LnCl3·xH2O) followed by 

treatment with two equivalents triethylamine under aerobic condition in an ethanol 

solvent medium.  

 

Scheme 2.A.1. Syntheses of the complexes 2.A.1-2.A.3.  

The solution state stability of the complexes is obtained by Electrospray Ionization 

Mass Spectrometry (ESI-MS) studies. ESI-MS of 2.A.1 displayed two intense peaks 

at m/z = 624.15 and 632.08 corresponding to [(H2L)TbCl + H+]+ and [(L)Tb + 2Na+]+ 

molecular fragments (Figure 2.A.2 (top)). ESI-MS of 2.A.2 displayed three intense 

peaks at m/z = 628.05, 637.02, and 663.03. The first two peaks corresponds to 

[(H2L)DyCl + H+]+ and [(L)Dy + 2Na+]+ molecular fragments respectively (Figure 

2.A.2 (bottom)). The intense peak appearing around m/z = 663, is attributed to the 

molecular ion peak corresponding to [(H2L)DyIIICl2]‒ fragment supported by the 

simulated isotopic distribution patterns (Figure 2.A.3). 
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Figure 2.A.2. ESI-MS spectra of 2.A.1 (top), 2.A.2 (bottom) 

 

Figure 2.A.3. The experimental (top) and simulated (bottom) isotropic distribution 

pattern corresponding to the molecular ion peak for 2.A.2. 
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The room temperature UV-Vis absorption spectra of the free ligand and the 

corresponding lanthanide metal complexes 2.A.1-2.A.3 were recorded in EtOH 

solution of concentration 10-4 mol L-1 (Figure 2.A.4). The absorption spectrum of the 

free ligand shows two bands in the range of 250-450 nm. The lowest energy transition 

is observed at 360-430 nm due to the n → π* transitions of the carbonyl chromophore. 

The intra-ligand π → π* transition of the free ligand was observed at 325 nm. Upon 

metalation these bands were red shifted to slightly higher wavelengths (251 and 400 

nm respectively) consistent with coordination of the ligand to the metal center. 

 

Figure 2.A.4. UV-Vis spectra (in EtOH, 0.1 mM, r.t.) of H4L (black), 2.A.1 (red) and 

2.A.2 (blue). 

2.A.3.2 Molecular Structures. The molecular structures of 2.A.1-2.A.3 were 

analyzed by the single crystal X-ray diffraction studies. All the complexes crystalized 

in the orthorhombic crystal system in the Cmc21 space group. Crystallographic data 

and refinement parameters of 2.A.1-2.A.3 are given in Table 2.A.1.  
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Table 2.A.1. Crystallographic data and refinement parameters of 2.A.1-2.A.3.  

 2.A.1 2.A.2 2.A.3 
Empirical formula  C29H35N6O4Cl2Tb1 C29H35N6O4Cl2Dy1 C29H35N6O4Cl2Y0.94D

y0.06 
Mw (g mol-1)  761.46 765.04 695.32 
Temperature  150(2) K 100(2) K 100(2) K 
Wavelength  0.71073 Å 0.71073 Å 0.71073 Å 
Crystal system  Orthorhombic Orthorhombic Orthorhombic 
Space group  Cmc2(1) Cmc2(1) Cmc2(1) 
Unit cell 
dimensions 

a = 18.898(3) Å 
b = 14.929(3) Å 
c = 11.3643(15) Å 
 =  =  = 90° 

a = 18.856(2) Å 
b = 14.9492(15) Å 
c = 11.3389(11) Å 
 =  =  = 90° 

a = 18.7683(8) Å 
b = 14.8966(8) Å 
c = 11.1603(5) Å 
 =  =  = 90° 

Volume (Å3) 3206.2(9)  3196.2(6)  3120.2(3)  
Z 4 4 4 
Density 
(calculated) 

1.567 mg/m3 1.446 mg/m3 1.481 mg/m3 

Absorption 
coefficient 

2.415 mm-1 2.536 mm-1 2.114 mm-1 
 

F(000) 1508 1325 1430 
Crystal size (mm3) 0.11 x 0.07 x 0.07  0.14 x 0.08 x 0.07  0.19 x 0.11 x 0.08  
Theta range for 
data collection 

1.738 to 20.877°. 2.160 to 28.338° 2.170 to 31.049° 

Reflections 
collected 

5836 15508 33179 

Independent 
reflections 

1476 [Rint = 0.0618] 3897 [Rint = 0.0327] 4449 [Rint = 0.0741] 

Completeness (θ) 99.8 % (20.877°) 99.9 % (25.242°) 99.8 % (31.049°) 
Refinement 
method 

Full-matrix least-
squares on F2 

Full-matrix least-
squares on F2 

Full-matrix least-
squares on F2 

GOF on F2 0.941 0.878 0.991 
Final R indices 
[I>2sigma(I)] 

R1 = 0.0401, 
 wR2 = 0.0932 

R1 = 0.0229,  
wR2 = 0.0554 

R1 = 0.0299,  
wR2 = 0.0597 

R indices (all data) R1 = 0.0450,  
wR2 = 0.0962 

R1 = 0.0273,  
wR2 = 0.0581 

R1 = 0.0385,  
wR2 = 0.0619 

R1=∑|F −  F|/ ∑ F; wR2 = ∑[w(Fଶ − Fଶ)]ଶ/[w(Fଶ)ଶ]భమ 
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Figure 2.A.5. Single crystal X-ray structure of 2.A.2. H atoms except selected ones 

are omitted for clarity. Colour codes: N = blue; O = red; green = Cl; C = grey; Dy = 

cyan and H = black 

Figure 2.A.5 depicts single crystal X-ray structure of 2.A.2 as the representative 

example, while the molecular structures of 2.A.1 and 2.A.3 are portrayed in the 

Figures 2.A.6-2.A.7. The cationic core of 2.A.2 is seven-coordinated and comprises of 

one pyridyl N, two imino N and two carboxy O atoms of the ligand chelating the DyIII 

ion and generating a coplanar equatorial coordination environment with a pseudo 

pentagonal geometry (O‒Dy‒Nim angle = 65.63°; Npy‒Dy‒Nim angle = 65.02° and   

O‒Dy‒O angle = 98.69°). The equatorial Dy‒O/N bond distances lie in the range of 

2.26-2.45 Å, confirming the penta-coordination. The remaining two apical positions 

are occupied by Cl‒ ligands completing the seventh coordination environment around 

the Ln ion. The average Dy‒Cl bond distance and Cl‒Dy‒Cl bond angle are in the 

range of 2.64 Å and 166.32° respectively. One of the two Cl‒ ligands is H-bonded to 

the triethyl ammonium counter cation leading to stabilization of the monocationic 

core (Figure 2.A.5). Selected bond distance and bond angle parameters of 2.A.1-2.A.3 

are given in Table 2.A.2. 
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Figure 2.A.6. The molecular structures of 2.A.1. The counter cations (Et3NH) are 

removed for clarity. The colour codes are as presented in the inset legends.  

 

Figure 2.A.7. The molecular structures of 2.A.3. The counter cations (Et3NH) are 

removed for clarity. The colour codes are as presented in the inset legends.  
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Table 2.A.2. Selected bond lengths (Å) bond angles (°) of 2.A.1-2.A.3. 

Complex Bond distance (Å) Bond angle (°) 

 
PBP geometry of Tb1 in 

2.A.1 

 

Tb1‒O1……2.281(10) 

Tb1‒O1*…..2.281(10) 

Tb1‒N1……2.456(13) 

Tb1‒N1*…..2.456(13) 

Tb1‒N2........2.455(19) 

Tb1‒Cl1….....2.625(6) 

Tb1‒Cl2….....2.694(7) 

O1‒Tb1‒O1*……...100.3(5) 

O1‒Tb1‒N2……….129.9(3) 

O1*- Tb1-N2……..129.8(3) 

O1‒Tb1‒Cl1……….94.0(3) 

N2‒Tb1‒Cl1………..84.3(5) 

N2- Tb1-Cl2…….....81.7(5) 

N1*‒Tb1‒Cl1……...87.6(3) 

O1‒Tb1‒N1*……...165.5(4) 
Cl1‒Tb1‒Cl2……..166.1(2) 

 
PBP geometry of Dy1 in 

2.A.2 

 
Dy1‒O5*…2.264(3) 

Dy1‒O5…..2.264(3) 

Dy1‒N1…..2.446(4) 

Dy1‒N1*…2.446(4) 

Dy1‒N2…..2.446(5) 

Dy1‒Cl1….2.607(2) 

Dy1‒Cl2....2.681(2) 

O5*‒Dy1‒O5…..98.66(16) 

O5‒Dy1‒Cl1……94.61(10) 

N1‒Dy1‒Cl1……87.48(10) 

N1*‒Dy1‒Cl1…..87.48(10) 

N1‒Dy1‒Cl2……86.75(10) 

O5‒Dy1‒Cl1……94.61(10) 

Cl1-Dy1-Cl2…166.32(6) 

N1‒Dy1‒N2……65.02(9) 

O5*‒Dy1‒Cl2…94.29(10) 

 
PBP geometry of Y1 in 

2.A.3 

 

Y1‒O1*…....2.252 (2) 

Y1‒O1…......2.253(2) 

Y1‒N3……..2.437(3) 

Y1‒N2*…....2.441(2)  

Y1‒N2…..…2.441(2) 

Y1‒Cl2…….2.602(11) 

Y1‒Cl1….....2.666 (11) 

 

O1*‒Y1‒O1…...98.03(10) 

O1*‒Y1‒N2*…...65.75(7) 

O1*‒Y1‒N2…...163.77(7) 

N2‒Y1‒Cl2……..87.59(6)  

O1‒Y1‒Cl2…….94.55(6) 
N2‒Y1‒Cl2……...87.59(6) 

N3‒Y1‒Cl1……...81.28(9) 

Cl2‒Y1‒Cl1……165.85(3) 

N3‒Y1‒N2………65.23(5) 

*symmetry transformations used to generate equivalent atoms: -x+2, y, z 
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The continuous shape measures analyses using SHAPE programme14 reveals distorted 

pentagonal bipyramidal geometry with D5h (pseudo) CF symmetry around the LnIII 

ions in 2.A.1-2.A.3 (Table 2.A.3, Figure 2.A.8). The smallest value of the deviation 

geometric parameter corresponds to the plausible coordination geometry. All the 

complexes crystallize without any co-crystallized solvent. The solid state phase purity 

of the complex 2.A.3 was confirmed by powder X-ray diffraction studies (Figure 

2.A.9). Solid state packing diagrams display that the shortest intermolecular Ln···Ln 

distance is ~ 7.6 Å (Figure 2.A.10). Interestingly, there is essentially no short contact 

between these two closest molecules which could provide magnetic superexchange 

pathway.9b The purity of the bulk samples of all the complexes was confirmed by 

elemental (CHN) analyses.  

Table 2.A.3. The deviation geometric parameters as calculated from the Continuous 

Shape Measures using SHAPE program for different probable coordination 

geometries with seven coordination number around the Ln centers of 2.A.1-2.A.3.  

Ln PBPY-7 JPBPY-7 CTPR-7 COC-7 JETPY-7 HPY-7 HP-7 

Tb (2.A.1) 1.345 6.878 7.457 9.156 24.058 24.433 33.326 

Dy (2.A.2) 1.210 6.725 7.276 8.971 24.222 24.910 33.613 

Y/Dy (2.A.3) 1.159 6.653 7.330 9.079 24.319 24.901 33.495 

 

PBPY-7: Pentagonal bipyramid (D5h); JPBPY-7: Johnson pentagonal bipyramid J13 (D5h); 

CTPR-7: Capped trigonal prism (C2v); CTPR-7 Capped trigonal prism ( C2v); 

COC-7: Capped octahedron (C3v); JETPY-7: Johnson elongated triangular pyramid J7 (C3v); 

HPY-7 Hexagonal pyramid (C6v); HP-7 : Heptagon (D7h) 
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Figure 2.A.8. Capped-sticks models of the coordination environments around the Ln 

ions in the single crystal X-ray structures of 2.A.1 (Ln = Tb, top), 2.A.2 (Ln = Dy, 

middle) and 2.A.3 (Ln = Y0.94Dy0.06, bottom) depicting the coplanarity of the 

equatorial planes (side view: left-hand side and top view: right-hand side). Colour 

codes: N = blue; O = red; green = Cl; Tb = bronze; Dy = cyan and Y0.94Dy0.06 = brass. 
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Figure 2.A.9. Calculated (red) and experimental (blue) pXRD patterns of complex 

2.A.3. 
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Figure 2.A.10. Unit cell contents in the solid state packing of the complexes viewed 

along crystallographic a (left-hand side) and c (right-hand side) axes. The inter 

Ln···Ln distances of the neighbor molecules are highlighted (values are in Å unit). 

The Et3NH counter cations and H atoms are omitted for clarity. Colour codes: C = 

light gray; N = blue; O = red; Cl = green; Tb = bronze; Dy = cyan and Y0.94Dy0.06 = 

brass. 

2.A.3.3 Magnetic properties. The temperature dependent magnetic susceptibilities of 

2.A.1-2.A.2 were studied in the temperature range 2-300 K and are presented as χMT 

vs T plots in Figure 2.A.11. The measured room temperature (300 K) χMT values 

(12.2 (2.A.1) and 14.5 (2.A.2) cm3 mol-1 K) are in good agreement with the expected 

values 11.82 (with S = 3, gJ = 3/2 for TbIII in 2.A.1) and 14.17 (with S = 5/2, gJ = 4/3 

for DyIII in 2.A.2) cm3 mol-1 K) for one magnetically isolated LnIII ion. On cooling, the 

χMT values remain more or less same well up to ~150 K, followed by a rapid decrease 

upon further cooling (Figure 2.A.11). Such decrease can be ascribed to the 

depopulation of the Starks sublevels (crystal-field effect) of the anisotropic LnIII ions.  
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Figure 2.A.11. (left) Temperature dependent magnetic susceptibilities (open circles) 

of 2.A.1 (red) and 2.A.2 (blue). (right) Field dependent magnetizations (open circles) 

of 2.A.1 (red), 2.A.2 (blue), and 2.A.3 (green) at 2 K within the field range of 0-5 T. 

The solid lines are eye-guides only. 

The field dependent magnetizations for 2.A.1-2.A.3 have been recorded in the field 

range of 0-5 T (Figure 2.A.11 and Figure 2.A.12). At low temperature (2 K) and high 

field (5 T), the magnetization values are observed to be 5 (2.A.1) and 5.6 (2.A.2 and 

2.A.3) μB, which agree well with the generally observed values for magnetically 

exchange-free LnIII ions (TbIII in 2.A.1, and DyIII in 2.A.2 and 2.A.3). Notably, the 

magnetization values rise steeply upon increasing the field at lower field regions and 

start to attenuate within the field range of 0.1-0.2 T in the temperature range 2-5 K 

(Figure 2.A.12). 
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Figure 2.A.12. Field dependence of the magnetization (open circles), M vs H, for 

2.A.1 (left) and 2.A.2 (right). The solid lines are eye-guides only.  

The direction of the magnetic anisotropy axis of DyIII ion in 2.A.2 was calculated by 

the MAGELLAN software (Figure 2.A.13).15 The results show that the anisotropy 

axis of the DyIII ion passes close to the Cl‒Dy‒Cl bonds and it is perpendicular to the 

pentagonal plane of the chelating ligand. The deviation angle of Cl‒Dy‒Cl bonds 

from the anisotropy axis is ~7.192°. 

 

Figure 2.A.13. Quantitative calculation of the anisotropic axis orientation of 2.A.2 

(solid green lines) using the electrostatic Chilton’s method. Left: side view and Right: 

top view. 
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To probe the slow relaxation of the magnetization, dynamic (ac) magnetic 

susceptibility studies were carried out in the temperature range 2-25 K, in the absence 

and presence of applied static fields. No out-of-phase ac susceptibility (χ''M) was 

detected for the TbIII analogue (2.A.1) (Figure 2.A.14). On the other hand, a distinct 

maximum in χ''M vs T plot was observed at around 14 K for the DyIII analogue (2.A.2) 

in zero field (Figure 2.A.14) with an additional prominent feature found at lower 

temperatures. This latter contribution was drastically reduced upon application of a dc 

field.  

 

Figure 2.A.14. Temperature dependence of the ac susceptibility (with 3 Oe ac field 

and 1 kHz frequency) for 2.A.1 (left) and 2.A.2 (right) within the temperature range 

2-25 K in zero field and with applied dc field. The solid lines are eye-guides only. 

The detailed ac magnetic susceptibility study carried out for 2.A.2 with an applied dc 

field of 1.5 kOe yielded well-defined χ''M maxima spanning over 7-16 K within the 

frequency domain 25-1500 Hz (Figure 2.A.15). Analysis of the Cole-Cole plots 

between 7.5 and 16 K revealed a narrow width of the distribution of the relaxation 

time, suggesting a single relaxation process operative for 2.A.2 within this 

temperature range (Figure 2.A.16 and Table 2.A.4 for the α values). But upon moving 
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further towards lower temperatures, the α values rapidly increased. Such low 

temperature behavior is indicative of additional fast relaxation mechanisms that are 

likely to result from dipolar interactions between the paramagnetic centers and 

hyperfine interactions.9b 

 

Figure 2.A.15. Variable frequency (25-1500 Hz) temperature-dependent ac magnetic 

susceptibilities (open circles) within the temperature range 2-25 K for 2.A.2 at 1.5 

kOe dc and 3 Oe ac fields. The solid lines are eye-guides only. 

 

Figure 2.A.16. Cole-Cole plots for 2.A.2 showing experimental (circles) and best fit 

(solid lines). The best fit parameters are tabulated in Table 2.A.4. 
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Table 2.A.4. The best fit parameters deduced from Cole-Cole plots for 2.A.2. 

T χT χS α 

7.5 1.64 (3) 0.563 (3) 0.17 (1) 

8.0 1.54 (2) 0.530(10) 0.161(8) 

8.5 1.42(1)  0.514(3) 0.11(1) 

9.0 1.358(9) 0.485(1) 0.122(8) 

9.5 1.275(5) 0.466(1) 0.093(6) 

10.0 1.210(4) 0.447(1) 0.080(6) 

10.5 1.150(2) 0.433(1) 0.057(5) 

11.0 1.098(1) 0.416(1) 0.048(4) 

11.5 1.054(1) 0.369(3) 0.046(5) 

12.0 1.0078(7) 0.386(1) 0.035(3) 

12.5 0.973(1) 0.369(3) 0.038(8) 

13.0 0.9377(8) 0.363(3) 0.0268(6) 

13.5 0.9053(4) 0.350(2) 0.024(4) 

14.0 0.8756(4) 0.338(3) 0.022(4) 

14.5 0.8498(8) 0.329(8) 0.02(1) 

15.0 0.825(2) 0.30(1)  0.03(1) 
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Figure 2.A.17. Temperature dependence of the magnetic ac susceptibility ('M, left; 

''M, right) for different frequencies (1-1500 Hz) within the temperature range 2-20 K 

for 2.A.3 at 500 Oe dc and 3 Oe ac fields. The solid lines are eye-guides only. 

To reduce such contributions and confirm the molecular origin of the slow 

magnetization dynamics of DyIII ion in this pentagonal bipyramid coordination 

environment, we have considered the YIII analogue with 6% DyIII site populations, 

(Et3NH)[(H2L)Y0.94Dy0.06Cl2] (2.A.3), in which the YIII and DyIII centers have the 

same coordination environment as for 2.A.2. Field dependent magnetization study for 

2.A.3 at 2 K (Figure 2.A.11) confirmed the relative Dy atom population and revealed 

a sharper increase of the magnetization for low fields as compared to 2.A.2. Ac 

magnetic susceptibility studies were carried out under Hdc = 500 Oe to suppress a 

small tail in ''M appearing below 3 K. The ''M vs T plots for different frequencies (1-

1500 Hz) lead to well-defined maxima in the temperature range 4-17 K (Figure 

2.A.17). Analysis of the Cole-Cole plots for 2.A.3 yielded small α values between 

4.5-15.5 K (Figure 2.A.18 and Table 2.A.5), in agreement with a single relaxation 

mechanism within this temperature window. 
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Figure 2.A.18. Cole-Cole plots for 2.A.3 showing experimental (circles) and best fit 

(solid lines). The best fit parameters are tabulated in Table 2.A.5. 

Table 2.A.5. The best fit parameters deduced from Cole-Cole plots for 2.A.5. 

T χT χS α 

4 0.233 0.011 0.31 

5.0 0.193 0.010 0.25 

5.5 0.162 0.0126 0.17 

6.0 0.149 0.0094 0.16 

6.5 0.134 0.010 0.12 

7.0 0.1222 0.010 0.08 

7.5 0.1136 0.0074 0.08 

8.0 0.1059 0.0080 0.06 

8.5 0.1001 0.0076 0.05 

9.0 0.0944 0.0065 0.07 

9.5 0.0890 0.0066 0.03 

10.0 0.08456 0.0062 0.03 
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10.5 0.08061 0.0042 0.04 

11.0 0.07690 0.0069 0.016 

11.5 0.07363 0.0072 0.016 

12.0 0.07037 0.0047 0.04 

12.5 0.0676 0.00035 0.026 

13.0 0.0650 0.0027 0.023 

13.5 0.0629 0.0004 0.07 

14.0 0.0608 0.0002 0.07 

14.5 0.0585 0.0048 0.015 

15.0 
 

0.0568 0.0048 0.02 

15.5 0.0545 0.0023 0.016 

 

The relaxation times for temperatures between 4 and 16 K were obtained by modeling 

the respective frequency dependence of χ''M with the extended Debye model; results 

are plotted as τ vs 1/T in Figure 2.A.19 together with the relaxation times obtained for 

2.A.2 (with applied field). Both sets of data match well with each other confirming the 

molecular origin of the relaxation behavior. They exhibit a linear variation above 10 

K likely to result from a thermally activated relaxation process. The analysis of the 

linear variation for 2.A.3 with the Arrhenius law, τ = τ0exp(Ueff/kBT), gave Ueff/kB = 

70 K with τ0 = 1.9×10-6 s. 
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Figure 2.A.19. Left: Frequency dependence of the out-of-phase magnetic 

susceptibility (χ''M) for 2.A.3 at different temperatures between 4 and 17 K under Hdc 

= 500 Oe (solid lines are eye-guides only). Right: semi-logarithmic plot of the 

relaxation time as the function of inverse temperature for 2.A.1 (dots) and 2.A.3 (open 

circles); the red line is the best fit of the exponential equation to the linear variation 

found between 10 and 16 K. 

Attempts to simulate τ = f(T) throughout 2-17 K region considering concomitant 

contributions of an Orbach and a Raman process, or Raman and direct processes lead 

to poor fitting for the low temperature part even when possible relaxation by QTM 

was considered (Figure 2.A.20). But contribution of such an alternative process 

cannot be discarded. These results clearly support the occurrence of a slow relaxation 

of the magnetization for the DyIII derivative. 
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(a)      (b) 

 

(c)      (d) 

Figure 2.A.20. The temperature dependence of the relaxation time constants (τ; open 

circles) for 2.A.3 within the temperature 4-17 K. The solid lines are the attempted best 

fits to τ = f(T) considering simultaneous contributions of (a) Orbach and a Raman 

process, (b) Raman and direct processes, or (c) Orbach, Raman and direct processes. 

Addition of a contribution from QTM did not improve the fits for the lower 

temperatures (see the plot d). 
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2.A.4 CONCLUSIONS 

In conclusion, LnIII complexes with pentagonal bipyramid coordination geometry 

were readily obtained using the pentadentate 2,6-diacetylpyridine bis-

salicylhydrazone ligand, thus making controlled access to such hepta-coordinated 

species straightforward. The non-coordinating phenol groups of the pentadentate 

ligand used here stabilizes the molecular complexes through intramolecular H-

bonding interactions. Moreover, due to the presence of these bulky peripheral groups, 

the LnIII centers are mutually far apart in solid state. Consequently, the observed slow 

magnetization dynamics are purely of molecular origin. With simple chloride ligands 

in the apical positions, the DyIII analogue exhibits single-ion magnet behavior. The 

lower effective energy barrier for magnetization reversal compared to a few reported 

pentagonal bipyramid DyIII-based SIMs9 most certainly stems from weaker axial CF 

and stronger equatorial CF in 2.A.2. Interestingly, mass spectrometric analysis 

indicates stability of the equatorial coordination environments and lability of the axial 

coordination sites. Therefore, the axial ligand fields could be chemically tuned 

without changing CF symmetry around the LnIII ions. This also provides an excellent 

opportunity to use these complexes, especially the DyIII analogues, as robust magnetic 

building-blocks towards the construction of multi-metallic high-performance SMMs. 

Further chemical modifications in these complexes were achieved via ligand 

substitution at the axial sites and will be discussed in the second part of this chapter. 
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Pentagonal Bipyramidal LnIII Complexes Containing Strong-field 

Axial Ligands: Field-induced SIM Behavior of the DyIII Analogues

 

ABSTRACT: A series of pentagonal bipyramidal (PBP) LnIII complexes, 

[(L)LnIII(R3PO)Cl] (Ln = Gd (2.B.1), Tb (2.B.2), Dy (2.B.3), Er (2.B.5); R = 

cyclohexyl and Dy (2.B.4); R = phenyl) were prepared by the utilization of a 

pentadentate chelating ligand (H2L) that provides the basal pentagonal plane. A 

phosphine oxide ligand and one chloride ligand occupy the axial sites of the 

pentagonal bipyramid. The molecular structures of these complexes reveal a 

comparatively strong bonding interaction between the Ln and O atom of phosphine 

oxide ligand in one of the axial sites. The coordination geometry around the LnIII 

center was analyzed with the SHAPE programme that revealed a pentagonal 

bipyramidal geometry. Dynamic magnetization studies revealed that the DyIII 

analogues are field-induced single-ion magnets with energy barriers, Ueff/kB = 204 K 

(2.B.3) and 241 K (2.B.4) respectively. 

2.B.1 INTRODUCTION  

There has been a significant renaissance in the chemistry of the rare earth elements 

because of their applications in catalysis1, photophysical properties2 and in magnetic 

materials3. In recent years lanthanide-4 and some actinide complexes5 are finding 

increasing utility as molecular magnets (single-molecule- and single-ion magnets, 

SMMs and SIMs). These molecular systems, once magnetized, retain their 

magnetization even after the removal of the external magnetic field and are 

characterized by a slow reversal of magnetization below certain temperatures.6 This is 

because in SMMs, on application of a magnetic field, a double-well potential 
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comprising of the various MJ or MS states with an energy barrier (Ueff) is generated 

which prevents the reversal of magnetization below certain temperatures (the blocking 

temperature, TB).7 Various relaxation mechanisms including quantum tunneling are 

prevalent to allow the magnetization to be lost.8  

The evidence of SMM behaviour in a molecular TbIII complex, where the Tb is 

sandwiched by two phthalocyanine ligands, was first reported by Ishikawa and co-

workers.9 One of the intrinsic features of the lanthanide elements is that the 4f 

electrons are deeply buried inside the [Xe] core and are considerably shielded by the 

5s and 5p electrons. This results in an almost unquenched orbital angular momentum 

(L) which couples with the spin angular momentum (S) giving rise to the total angular 

momentum, J.10 Unlike transition metal ions the magnitude of spin-orbit coupling in 

the case of 4f metal ions is comparatively much larger than the crystal field and which 

splits the ground 2S+1LJ term into different J multiplets. Although the crystal field 

effects are small, it has significant impact in removing the degeneracy of the (2J + 1) 

MJ microstates corresponding to each of the J multiplets. Since the dynamics of 

magnetization relies on the relative energies of the ground J manifold therefore a 

suitable crystal field renders the requirement of large splitting between the energy 

levels giving rise to high energy barrier for magnetization reversal.11 

Soon after this discovery many mononuclear LnIII complexes were reported to be 

SMMs with high energy barriers (Ueff) and high blocking temperatures (TB).12 Among 

various types of lanthanide complexes, the mononuclear complexes are of 

considerable interest as they provide a very good understanding on the influence of 

the ligand field on the observed magnetic properties. A recent report by Layfield and 

co-workers revealing that the [Dy(Cpttt)2] (Cpttt = C5H2
tBu3-1,2,4) complex has the 
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highest blocking temperature of 80 K has further spurred activity in this area of 

mononuclear LnIII complexes.13 

Although ligand fields are much smaller compared to spin-orbit coupling among 

lanthanide complexes, ironically the former happen to be the most decisive in 

controlling the performance of SMMs/SIMs. The spatial distribution of the electrons 

in the different 4f orbitals leads to inherent anisotropic shapes in the LnIII ions (except 

Gd, Eu La, and Lu). Based on an electrostatic argument Rinehart and Long have 

proposed a qualitative model that assists in the designing of SMMs/SIMs.14 

According to this theory an axial ligand field stabilizes the oblate-shaped LnIII ions 

while a prolate-shaped LnIII ion requires an equatorial ligand field because such a 

ligand field minimizes the electrostatic repulsion between the ligands and the metal 

center and maximizes the molecular magnetic anisotropy. Using this cue a large 

number of monometallic LnIII complexes were prepared with interesting magnetic 

properties.15 Among them the pseudo-linear pentagonal bipyramidal complexes with 

strong axial ligand field and weak equatorial ligand field stand out as the most 

effective system for the observation of high energy barriers of magnetization 

reversal.16 

We have been utilizing various types of multidentate ligands for the synthesis of 

mononuclear LnIII complexes. As discussed in Chapter 2.A.1 we have synthesized 

mononuclear pentagonal bipyramidal LnIII complexes by employing a pentadentate 

chelating ligand that provides a rigid equatorial plane.17 The axial sites in these 

complexes were occupied by the chloride ions which are considerably weak field 

ligands compared to N- and O-donors present in the ligand backbone. We have 

thoroughly studied the magnetic properties of the DyIII, TbIII and the diluted DyIII (in 

an isostructural YIII host) complexes which reveal the molecular origin of slow 
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magnetic relaxation in the DyIII derivative with an energy barrier of magnetization 

reversal of 70 K.17 To understand the role of the axial ligands in this system, we have 

now prepared a series of neutral mononuclear PBP complexes, [(L)LnIII(R3PO)Cl] 

(Ln = Gd (2.B.1), Tb (2.B.2), Dy (2.B.3), Er (2.B.5); R = cyclohexyl and Ln = Dy 

(2.B.4); R = phenyl) where one phosphine oxide ligand replaces one of the two 

chloride ligands in the axial sites. Herein, we report the synthesis, structural 

characterization and magnetic properties of 2.B.1-2.B.5. 

2.B.2 EXPERIMENTAL SECTION 

2.B.2.1 Materials and Methods. All the common reagents and solvents used for the 

syntheses were used as received from commercial sources. The organic ligand 2,6-

diacetylpyridine was obtained from the TCI Chemicals (India) Pvt. Ltd. Hydrated 

lanthanide chlorides were obtained from the Sigma Aldrich Chemicals co. (India). 

Benzoic acid hydrazide and NEt3 were obtained from the Spectrochem Pvt. Ltd. 

(India). The organic ligand 2,6-diacetylpyridine bis-benzoylhydrazone (H2L) was 

synthesized following a reported procedure.18  

2.B.2.2 Instrumentation. Fourier transform infrared (FT-IR) spectroscopy was 

performed with a Bruker FT-IR spectrometer. Elemental analyses of the compounds 

were obtained from a Euro Vector EA instrument (CHNS-O, Model EuroEA3000). 

Powder X-ray diffraction study was performed on finely ground polycrystalline 

material with Bruker D8 Advance Powder X-ray diffractometer.  

 2.B.2.3 Magnetic Measurements. Magnetic measurements for all the samples were 

carried out with a Quantum Design MPMS 5S SQUID magnetometer in the 

temperature range 2-300 K. The measurements were performed on polycrystalline 

samples. The crystalline powders of the complexes were mixed with grease (except 
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for Gd derivative) and put in gelatin capsules. The temperature dependences of the 

magnetization were measured in an applied field of 1 kOe and the isothermal field 

dependence of the magnetizations were collected up to 5 T. The molar susceptibility 

(M) was corrected for sample holder, grease and for the diamagnetic contribution of 

all the atoms by using Pascal’s tables. Ac susceptibility has been collected in zero 

field and with applied fields in the frequency range 1-1500 Hz. 

2.B.2.4 X-ray Crystallography. The single crystal X-ray diffraction data of 2.B.1-

2.B.5 were collected on a Rigaku Xtal LAB X-ray diffractometer system equipped 

with a CCD area detector and operated at 30 W power (50 kV, 0.6 mA) to generate 

MoKα radiation (λ = 0.71073 Å) at 120(2) K. Data were integrated using CrysAlisPro 

software with a narrow frame algorithm.19 Data were subsequently corrected for 

absorption by the program SCALE3 ABSPACK scaling algorithm.19 All the 

structures were solved by the direct methods in ShelXT20 and refined by the full-

matrix least-squares method on F2 (ShelXL-2014)21 using the Olex-2 software.22 All 

the non-hydrogen atoms were refined with anisotropic thermal parameters. All the 

hydrogen atoms were included in idealized positions and a riding model was used. All 

the mean plane analyses and crystallographic figures have been generated using the 

DIAMOND software (version 3.2k).23 The crystal data and refinement parameters for 

2.B.1-2.B.5 are summarized in Table 2.B.1 and Table 2.B.2.  

Table 2.B.1. Crystallographic data and refinement parameters of 2.B.1-2.B.3. 

 2.B.1 2.B.2 2.B.3 
Empirical formula  C41H52Cl1Gd1N5O3

P1 
C84H116Cl2N12O8P2Tb2 C90H124Cl2Dy2N10O8P2 

Mw (g/mol) 886.54 1872.56 1931.82 
Temperature (K) 120.00(10) 120.00(10) 120(2)K 
Crystal system  monoclinic triclinic Monoclinic 
Space group  P21/n P-1 P21/c 
Unit cell lengths a = 20.1164(5) a = 10.0872(3) a = 18.6952(5)  
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(Å) b = 9.6283(2) 
c = 22.3601(6) 

b = 18.3148(5) 
c = 23.4884(6) 

b = 9.9898(3)  
c = 24.5545(7)  

Unit cell angles (°)  
β = 113.594(3) 
 

α = 84.704(2) 
β = 89.758(2) 
γ = 83.504(2) 

 
β = 91.430(2) 

Volume (Å3) 3968.81(19) 4293.0(2) 4584.4(2) 
Z 4 2 2 
ρcal (g/cm3) 1.484 1.449 1.399  
Absorption 
coefficient (mm-1) 

1.823 1.794 1.769 mm-1 

F(000) 1812.0 1924.0 1988.0 
Crystal size (mm3) 0.17 × 0.14 × 0.1 0.18 × 0.14 × 0.07 0.3 × 0.08 × 0.01  
2θ range  5.5 to 58.818 5.244 to 49.998 5.412 to 57.664° 
Reflections 
collected 

62624 91078 53867 

Index ranges -27 ≤ h ≤ 24,  
-11 ≤ k ≤ 12,  
-30 ≤ l ≤ 27 

-11 ≤ h ≤ 11,  
-21 ≤ k ≤ 21,  
-27 ≤ l ≤ 27 

-24 ≤ h ≤ 23,  
-13 ≤ k ≤ 8,  
-33 ≤ l ≤ 30 

Independent 
reflections 

9730 [Rint = 0.0382] 15077 [Rint = 0.0576] 10841 [Rint = 0.0587] 

Data/Restrain/Para
meter 

9730/0/471 15077/0/999 10841/0/518 

GOF on F2 1.031 1.159 1.040 
Final R indices 
[I>2sigma(I)] 

R1 = 0.0228,  
wR2 = 0.0448 

R1 = 0.0492,  
wR2 = 0.1197 

R1 = 0.0346,  
wR2 = 0.0644 

R indices (all data) R1 = 0.0289,  
wR2 = 0.0465 

R1 = 0.0549,  
wR2 = 0.1223 

R1 = 0.0571,  
wR2 = 0.0704 

R1=∑|F −  F|/ ∑ F; wR2 = ∑[w(Fଶ −  Fଶ)]ଶ/[w(Fଶ)ଶ]భమ 
 

Table 2.B.2. Crystallographic data and refinement parameters of 2.B.4 and 2.B.5. 

 2.B.4 2.B.5 
Empirical formula  C41H34Cl1Dy1N5O3P1 C86H116Cl2Er2N10O8P2 
Mw (g/mol)  873.65 1885.24 
Temperature (K) 120(2) 120.00(10) 
Crystal system  triclinic monoclinic 
Space group  P-1 P21/n 
Unit cell lengths (Å) a = 8.8046(2) 

b = 11.5978(2) 
c = 18.9669(3) 
 

a = 23.5494(8) 
b = 10.0618(3) 
c = 36.0847(11) 
 

Unit cell angles (°) α = 93.4930(10) 
β = 101.8670(10) 
γ = 103.418(2) 

 
β = 94.409(3)  
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Volume (Å3) 1831.60(6) 8524.9(5) 
Z 2 8 
ρcal (gcm-3) 1.584 1.469 
Absorption coefficient 2.203 2.116 
F(000) 874.0 3864.0 
Crystal size 0.34 × 0.11 × 0.09 0.21 × 0.12 × 0.09 
2θ range  4.884 to 58.042 4.892 to 58.068 
Reflections collected 27626 96210 
Index ranges -11 ≤ h ≤ 9,  

-15 ≤ k ≤ 15,  
-24 ≤ l ≤ 24 

-30 ≤ h ≤ 32,  
-13 ≤ k ≤ 13,  
-45 ≤ l ≤ 44 

Independent reflections 8459 [Rint = 0.0448] 19876 [Rint = 0.0840] 
Data/Restrain/Parameter 8459/0/471 19876/0/999 
GOF on F2 1.055 1.026 
Final R indices 
[I>2sigma(I)] 

R1 = 0.0293,  
wR2 = 0.0648 

R1 = 0.0470,  
wR2 = 0.0936 

R indices (all data) R1 = 0.0348,  
wR2 = 0.0668 

R1 = 0.0898,  
wR2 = 0.1079 

R1=∑|F −  F|/ ∑ F; wR2 = ∑[w(Fଶ −  Fଶ)]ଶ/[w(Fଶ)ଶ]భమ 
 

2.B.2.5 Synthesis of Complexes. The following general protocol was employed for 

the synthesis of complexes 2.B.1-2.B.5. 

The organic ligand, H2L (1 eq.) was suspended in 30 mL of EtOH and 

cyclohexyl/phenyl phosphine oxide (1 eq.) was added to it. To this white cloudy 

solution, the respective LnCl3·6H2O (1 eq.) salts were added which results in a yellow 

solution. The reaction mixture was then heated under reflux conditions for 1 h and 

allowed to cool to room temperature. To this solution 2 eq. of NEt3 was added and the 

solution further stirred at room temperature for 10 minutes. The solvent was 

evaporated to dryness and the resulting yellow precipitate was washed with diethyl 

ether. The dried yellow precipitate was then dissolved in 10 mL of EtOH and filtered. 

The filtrate was kept under vapor diffusion with diethyl ether to afford needle-shaped 

crystals suitable for X-ray crystallography after one week. The stoichiometry of the 
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reactants involved in each reaction, yield of the products, and their characterization 

data are provided below: 

[(L)Gd(Cy3PO)Cl] (2.B.1). H2L (0.040 g, 0.100 mmol), GdCl3·6H2O (0.037 g, 0.100 

mmol), Cy3PO (0.030 g, 0.100 mmol), and Et3N (28 μL, 0.200 mmol) were used. 

Yield: 0.053 g, 60% (based on Gd). M.P.: >250 ℃. IR (KBr ν/cm-1): 3439(br), 

3062(w), 2929(s), 2852(m), 1632(w), 1587(m), 1552(m), 1503(s), 1446(m), 1411(m), 

1371(s), 1324(m), 1297(m), 1258(w), 1197(w), 1169(m), 1148(m), 1103(s), 1069(w), 

1040(s), 987(w), 895(m), 854(w), 809(m), 744(m), 716(s), 679(s), 650(w), 

534(m).Anal. Calcd for C41H54ClN5O3PGd (888.57): C, 55.42; H, 6.13; N, 7.88. 

Found: C, 55.21; H, 6.36; N, 7.61.  

[(L)Tb(Cy3PO)Cl] (2.B.2). H2L (0.040 g, 0.100 mmol), TbCl3·6H2O (0.037 g, 0.100 

mmol), Cy3PO (0.030 g, 0.100 mmol), and Et3N (28 μL, 0.200 mmol) were used. 

Yield: 0.059 g, 67% (based on Tb). M.P.: >250 ℃. IR (KBr ν/cm-1): 3441(br), 

3064(w), 2927(s), 2854(m), 1634(w), 1587(m), 1552(m), 1505(s), 1446(m), 1409(m), 

1368(s), 1326(m), 1299(m), 1256(w), 1197(w), 1169(m), 1148(m), 1105(s), 1067(w), 

1040(s), 987(w), 897(m), 856(w), 809(m), 744(m), 714(s), 679(s), 652(w), 532(m). 

Anal. Calcd for C41H54ClN5O3PTb (890.25): C, 55.31; H, 6.11; N, 7.87. Found: C, 

55.02; H, 6.56; N, 7.75.  

[(L)Dy(Cy3PO)Cl] (2.B.3). H2L (0.040 g, 0.100 mmol), DyCl3·6H2O (0.038 g, 0.100 

mmol), Cy3PO (0.030 g, 0.100 mmol), and Et3N (28 μL, 0.200 mmol) were used. 

Yield: 0.061 g, 69% (based on Dy). M.P.: >250 ℃. IR (KBr ν/cm-1): 3443(br), 

3064(w), 2929(s), 2852(m), 1630(w), 1587(m), 1554(m), 1505(s), 1446(m), 1411(m), 

1368(s), 1326(m), 1299(m), 1258(w), 1197(w), 1171(m), 1150(m), 1105(s), 1067(w), 

1042(s), 989(w), 897(m), 854(w), 809(m), 744(m), 714(s), 679(s), 650(w), 532(m). 
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Anal. Calcd for C41H54ClN5O3PDy (893.82): C, 55.09; H, 6.09; N, 7.84. Found: C, 

54.85; H, 6.39; N, 7.71.  

[(L)Y0.88Dy0.12(Cy3PO)Cl] (2.B.3'). H2L (0.040 g, 0.100 mmol), DyCl3·6H2O (0.005 

g, 0.012 mmol), YCl3·6H2O (0.0267 g, 0.088 mmol), Cy3PO (0.030 g, 0.100 mmol), 

and Et3N (28 μL, 0.200 mmol) were used. Yield: 0.048 g, 68% (based on Y). Anal. 

Calcd for C41H54Cl1N5O3P1Y0.88Dy0.12: C, 60.04; H, 6.64; N, 8.54. Found: C, 59.91; 

H, 6.52; N, 8.39.  

[(L)Dy(Ph3PO)Cl] (2.B.4). H2L (0.040 g, 0.100 mmol), DyCl3·6H2O (0.038 g, 0.100 

mmol), Ph3PO (0.028 g, 0.100 mmol), and Et3N (28 μL, 0.200 mmol) were used. 

Yield: 0.064 g, 72% (based on Dy). M.P.: >250 ℃. IR (KBr ν/cm-1): 3429(br), 

3054(w), 2919(s), 1632(w), 1587(m), 1552(m), 1499(m), 1438(m), 1409(m), 1366(s), 

1325(m), 1297(m), 1258(w), 1160(w), 1122(m), 1093(m), 1067(s), 1044(w), 989(w), 

897(m), 809(m), 744(m), 714(s), 691(m), 650(w), 540(m). Anal. Calcd for 

C41H54ClN5O3PDy (893.82): C, 55.09; H, 6.09; N, 7.84. Found: C, 54.85; H, 6.39; N, 

7.71.  

[(L)Er(Cy3PO)Cl] (2.B.5). H2L (0.040 g, 0.100 mmol), ErCl3·6H2O (0.038 g, 0.100 

mmol), Cy3PO (0.030 g, 0.100 mmol), and Et3N (28 μL, 0.200 mmol) were used. 

Yield: 0.065 g, 73% (based on Er). M.P.: >250 IR (KBr ν/cm-1): 3447(br), 3068(w), 

2929(s), 2852(m), 1636(w), 1587(m), 1554(m), 1505(s), 1446(m), 1413(m), 1366(s), 

1326(m), 1299(m), 1260(w), 1199(w), 1169(m), 1152(m), 1107(s), 1067(w), 1044(s), 

989(w), 897(m), 854(w), 809(m), 746(m), 714(s), 679(s), 650(w), 534(m).Anal. Calcd 

for C41H54ClN5O3PEr (898.58): C, 54.80; H, 6.06; N, 7.79. Found: C, 54.65; H, 6.33; 

N, 7.53.  
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2.B.3 RESULTS AND DISCUSSION 

2.B.3.1 Synthetic Aspects. The PBP geometry is regarded as one of the most 

promising coordination geometry around the LnIII center that can bring axiality in the 

ground state of LnIII ions provided the axial sites are occupied by comparatively 

strong donor ligands. In the previous chapter we have shown the synthesis of 

mononuclear pentagonal bipyramidal LnIII complexes using a pentadentate chelating 

ligand which effectively provides a rigid equatorial plane. In those complexes, the two 

axial sites were occupied by Cl– ligands which can be regarded as weak field ligands 

compared to the N- and O-donor atoms of the pentadentate chelating ligand. 

Theoretical studies accompanied by experimental evidences show that oblate shaped 

LnIII ions show high energy barriers of magnetization in the PBP geometry when the 

axial sites are occupied by relatively strong donor ligands compared to the equatorial 

sites. Keeping this in mind we have chosen tri-alkyl/aryl phosphine oxides to replace 

the chloride ions in the axial sites. Accordingly, when we treated the ligand H2L with 

lanthanide chlorides in the presence of phosphine oxides followed by addition of base 

we obtained neutral mononuclear [(L)LnIII(R3PO)Cl] (Ln = Gd (2.B.1), Tb (2.B.2), 

Dy (2.B.3), Er (2.B.5); R = cyclohexyl and Dy (2.B.4); R = phenyl) complexes 

(Scheme 2.B.1). 

 

Scheme 2.B.1. Reaction scheme for the synthesis of 2.B.1-2.B.5. 
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2.B.3.2 X-ray Crystallography. The complexes 2.B.1, 2.B.3 and 2.B.5 

crystallize in the monoclinic crystal system with P21/c (for 2.B.3) and P21/n 

(for 2.B.1 and 2.B.5) space groups whereas the complexes 2.B.2 and 2.B.4 

crystallize in the triclinic crystal system with P-1 space group. The overall 

molecular structures of the complexes 2.B.1-2.B.5 are essentially identical. The 

molecular structure of complex 2.B.3 is shown in Figure 2.B.1, while those of 

2.B.1, 2.B.2, 2.B.4 and 2.B.5 are given in the Figures 2.B.2-2.B.5. In view of 

the structural similarities present in the complexes we discuss below the 

molecular structures of complexes 2.B.3 and 2.B.4. 

 

Figure 2.B.1. Molecular structures of complex 2.B.3. Color codes: N = blue; O = red; 

green = Cl; C = grey; Dy = lime and H = black. 

The complexes are formed by the coordination action of ligand pyridyl N atom, 

two imino N atoms, and two carboxy O atoms in the equatorial positions. One 

of the two axial sites is occupied by one chloride anion in both the complexes. 

The remaining axial site is occupied by one Cy3PO ligand in the case of 2.B.3 

and Ph3PO ligand in the case of 2.B.4. The ligand upon chelation with the Ln 

ions generates four five-membered rings revealing its excellent ability to 
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stabilize the Ln ions in its pentagonal coordination environment. The equatorial 

Dy–O/N bond distances are in the range of 2.259(2)-2.462(2) Å for 2.B.3 and 

2.282(2)-2.456(2) Å for 2.B.4. The Dy–Oaxial bond distances are 2.237(2) for 

2.B.3 and 2.275(2) for 2.B.4. The Dy–Cl bond distances are 2.625(8) Å for 

2.B.3 and 2.622(7) Å for 2.B.4. Interestingly, the Dy–Oaxial bond distance in 

both 2.B.3 and 2.B.4 are shorter compared to the Dy–Oequatorial distances (Table 

2.B.3) indicating the strong-field nature of the phosphine oxide ligand in 

comparison to the equatorial oxygen donor. The Ophos–Dy–Cl bond angles are 

169.62(5)° for 2.B.3 and 174.07(5)° for 2.B.4. The immediate coordination 

environment of the LnIII ions were analyzed with Continuous Shape Measures 

using the SHAPE programme.24 It reveals a distorted pentagonal bipyramid 

geometry around the DyIII ions with D5h (pseudo) CF symmetry (Table 2.B.4). 

The pentagonal bipyramidal geometry of the DyIII ion in the complex 2.B.3 is 

shown in Figure 2.B.6 (c). The shortest intermolecular Ln···Ln distance in 

2.B.3 is ~ 8.56 Å (Figure 2.B.7), while in 2.B.4 is ~ 8.80 Å (Figure 2.B.8) as 

revealed in the solid state packing diagram. The solid state phase purity of the 

complex 2.B.3' (12% DyIII sites diluted with an isostructural YIII host) was 

confirmed by powder X-ray diffraction studies (Figure 2.B.9). The selected 

bond lengths and bond angles of complexes 2.B.1-2.B.5 are summarized in 

Table 2.B.3. The results of SHAPE measures calculations for all the complexes 

are given in Table 2.B.4. 
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Figure 2.B.2. Molecular structure of complex 2.B.1. Color codes: N = blue; O = 

red; green = Cl; C = grey; Gd = light yellow and H = black. 

 

Figure 2.B.3. Molecular structure of complex 2.B.2. Color codes: N = blue; O = red; 

green = Cl; C = grey; Tb = orange and H = black. 
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Figure 2.B.4. Molecular structure of complex 2.B.4. Color codes: N = blue; O = red; 

green = Cl; C = grey; Dy = lime and H = black. 

 

Figure 2.B.5. Molecular structure of complex 2.B.5. Color codes: N = blue; O = red; 

green = Cl; C = grey; Er = lavender and H = black. 
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(a)      (b) 

 

(c) 

   

(d)      (e) 

Figure 2.B.6. PBP coordination geometry of the LnIII ions in 2.B.1 (a), 2.B.2 (b), 

2.B.3 (c), 2.B.4 (d) 2.B.5 (e).  
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Table 2.B.3. Bond distance and Angle parameters of complexes 2.B.1-2.B.5. 

Bond lengths (Å) Bond angles (°) 

 

Gd1–Cl1      2.645(5) 

Gd1–O1      2.330(12)  

Gd1–O2     2.313(12)  

Gd1–O3     2.271(13)  

Gd1–N3     2.510(15)  

Gd1–N2     2.522(15)  

Gd1–N4     2.480(15) 

O1–Gd1–Cl1    97.10(3)   O1–Gd1–N3     126.15(4)  

O1–Gd1–N2     63.55(5)   O1–Gd1–N4     167.95(5) 

O2–Gd1–Cl1     87.60(3)  O2–Gd1–O1     105.63(4) 

O2–Gd1–N3    128.20(5)  O2–Gd1vN2     167.59(5) 

O2–Gd1–N4      64.78(5)  O3–Gd1–Cl1    174.67(3) 

O3–Gd1–O1      87.87(5)  O3–Gd1–O2       89.22(5) 

O3–Gd1–N3      91.00(5)  O3–Gd1–N2       96.12(5) 

O3–Gd1–N4      84.82(5)  N3–Gd1–Cl1      87.61(3) 

N3–Gd1–N2      63.08(5)  N2–Gd1–Cl1      87.84(4) 

N4–Gd1–Cl1     89.96(4)  N4–Gd1–N3       63.68(5) 

 

 

Tb1–Cl1     2.622(12)  

Tb1–O1       2.291(3)  

Tb1–O2       2.306(3)  

Tb1–O3       2.228(4)  

Tb1–N4       2.472(4)  

Tb1–N3      2.500(4)  

Tb1–N2      2.495(4) 

O1–Tb1–Cl1   93.57(10)   O1–Tb1–O2    102.50(13)  

O1–Tb1–N4  167.36(13)   O1–Tb1–N3    128.57(13)  

O1–Tb1–N2   64.66(14)    O2–Tb1–Cl1     90.53(10) 

O2–Tb1–N4   65.20(13)    O2–Tb1–N3   128.85(13)  

O2–Tb1–N2  167.16(14)   O3–Tb1–Cl1     175.22(9)  

O3–Tb1–O1   91.19(13)    O3–Tb1–O2      87.95(13)  

O3–Tb1–N4    85.66(13)   O3–Tb1–N3      88.25(13)  

O3–Tb1–N2    92.04(13)   N4–Tb1–Cl1     89.59(10) 

N4–Tb1–N3    63.65(13)   N4–Tb1–N2    127.62(14)  

N3–Tb1–Cl1   89.18(10)   N2–Tb1–Cl1     90.44(10)  

 

 

Dy1–Cl1      2.625(8)  

Dy1–O1       2.272(2)  

O2–Dy1–Cl1    93.19(5)     O2–Dy1–O1       100.23(7)  

O2–Dy1–N3  130.25(7)     O2–Dy1–N2       165.17(7) 

O2–Dy1–N4    65.59(7)     O3–Dy1–Cl1     169.62(5) 

O3–Dy1–O1    92.19(7)     O3–Dy1–O2        90.35(7)  
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Dy1–O2       2.259(2)  

Dy1–O3       2.237(2)  

Dy1–N3       2.462(2)  

Dy1–N2       2.464(2)  

Dy1–N4       2.448(2) 

 

O3–Dy1–N3    84.83(7)     O3–Dy1–N2         91.41(7)  

O3–Dy1–N4    81.19(7)     N3–Dy1–Cl1        85.44(6)  

N3–Dy1–N2    64.57(7)     N2–Dy1–Cl1        87.67(6)  

O1–Dy1–Cl1   96.78(6)     O1–Dy1–N3       129.37(7)  

O1–Dy1–N2    65.00(7)     O1–Dy1–N4       164.10(7)  

N4–Dy1–Cl1   91.39(6)      N4–Dy1–N3        64.74(7) 

 

 

Dy1–Cl1      2.622(7)  

Dy1–O2       2.282(2)  

Dy1–O3       2.276(2)  

Dy1–O1       2.285(2)  

Dy1–N4       2.456(2)  

Dy1–N2      2.457(2)  

Dy1–N3      2.467(2) 

O2–Dy1–Cl1   94.12(5)    O2–Dy1–O1     100.00(6)  

O2–Dy1–N4    65.20(7)    O2-Dy1–N2     164.01(7) 

O2–Dy1–N3  129.84(7)    O3–Dy1–Cl1   174.07(5)  

O3–Dy1–O2    89.99(7)   O3–Dy1–O1       88.02(6) 

O3–Dy1–N4    88.02(7)   O3–Dy1–N2       83.31(7)  

O3–Dy1–N3    85.96(7)   O1–Dy1–Cl1      95.46(5)  

O1–Dy1–N4 164.67(7)   O1–Dy1–N2     65.38(7)  

O1–Dy1–N3  129.71(7)   N4–Dy1–Cl1     89.83(5)  

N4–Dy1–N2  128.73(8)    N4–Dy1–N3      64.71(8)  

N2–Dy1–Cl1   93.75(5)    N2–Dy1–N3      64.32(7)  

 

 

Er1–Cl1      2.591(11)  

Er1–O1      2.259(3)  

Er1–O3      2.195(3)  

Er1–O2      2.268(3)  

Er1–N3      2.444(4)  

Er1–N4      2.420(4)  

Er1–N2      2.432(4) 

O1–Er1–Cl1     94.97(9)   O1–Er1–O2      97.78(11)  

O1–Er1–N3    130.69(11)  O1–Er1–N4   163.78(11)  

O1–Er1–N2     65.83(12)  O3–Er1–Cl1    174.16(8) 

O3–Er1–O1     90.83(11)  O3–Er1–O2    89.86(11)  

O3–Er1–N3    86.83(12)   O3–Er1–N4    85.42(12)  

O3–Er1–N2    91.81(12)   O2–Er1–Cl1     89.99(8)  

O2–Er1–N3   131.42(11)  O2–Er1–N4     66.48(11) 

O2–Er1–N2    163.55(12)  N3–Er1–Cl1     88.89(9)  

N4–Er1–Cl1     89.16(9)   N4–Er1–N3     64.95(12)  

N4–Er1–N2   129.97(12)  N2–Er1–Cl1      89.99(9)  
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Figure 2.B.7. The solid state crystal packing diagram of complex 2.B.3. 

 

Figure 2.B.8. The solid state crystal packing diagram of complex 2.B.4. 

Table 2.B.4. Continuous Shape Measures (CShM) calculations for LnIII.24 

 

Complex 

Structure! 

HP-7        HPY-7 PBPY-7        COC-7       CTPR-7      JPBPY-7      JETPY-7 

2.B.1 31.572      19.350 2.233 7.665 6.207 6.298 18.718 

2.B.2 32.740    20.143 1.732 7.872 6.409 5.652 20.810 

2.B.3 32.944      22.380 1.446 8.229 6.678 5.549 21.175 
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2.B.4 32.742      21.540 1.505 7.661 6.338 5.725 21.267 

2.B.5 32.781     20.809 1.353 7.774 6.403 5.232 21.450 

!HP-7: Heptagon (D7h); HPY-7: Hexagonal pyramid (C6v); PBPY-7: Pentagonal bipyramid 

(D5h); COC-7: Capped octahedron (C3v); CTPR-7: Capped trigonal prism (C2v); JPBPY-7: 

Johnson pentagonal bipyramid J13 (D5h); JETPY-7: Johnson elongated triangular pyramid 

J7 (C3v) 

 

 

Figure 2.B.9. The experimental and simulated pXRD pattern of complex 2.B.3' 

2.B.3.3 Magnetic properties. The temperature dependence of the molar magnetic 

susceptibility (χM) for 2.B.1-2.B.3 and 2.B.5 are plotted as T in Figure 2.B.10 (left) 

and their field dependence of the magnetization behaviour is shown in Figure 2.B11. 

The corresponding behaviors for 2.B.4 are given in Figure 2.B.10 (right).  
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Figure 2.B.10. (left) Temperature dependence of the χMT product for compounds 

2.B.1 (green), 2.B.2 (black), 2.B.3 (blue), and 2.B.5 (pink); (right) Temperature 

dependence of the χMT product for compound 2.B.4 (blue). 

The values for χMT (in cm3 mol-1 K) found at 300 K are 7.85 (Gd), 11.79 (Tb), 14.14 

and 14.10 (Dy), and 10.65 (Er), in good accordance with the values expected for these 

ions (see Table 2.B.5). For the Tb, Dy, and Er derivatives the χMT slowly decreases as 

T is lowered in agreement with the anticipated crystal field effect. The absence of any 

contribution from intermolecular exchange interactions is confirmed by the perfect 

Curie behavior down to 2 K for Gd in 2.B.1 (Figure 2.B.10 green line). For the Tb and 

Dy derivatives, the field-dependent magnetization at 2-5 K show a fast rise at lower 

field regions and remain almost unchanged above 15 kOe (at 2 K) to reach 4.8 µB 

(2.B.2), 5.14 µB (2.B.3), and 5.09 µB (2.B.4) at high field (5 T) (Table 2.B.5). 
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(a)       (b) 

 
(c) 

   
(d)      (e) 

Figure 2.B.11. (a) Field dependence of magnetization for compound 2.B.1 at 2 K. (b-

e) field dependence of magnetization for compounds 2.B.2-2.B.5 in the temperature 

range 2-5 K. 
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Table 2.B.5. Direct current magnetic data for the complexes 2.B.1-2.B.5 

compound free-ion χMT 
values (cm3 K 
mol-1)a 

experimental 
χMT300K/ χMT2K 
(cm3 K mol-1) 

experimental M 
value (T = 2 K, 
H = 5 T) (NμB) 

Theoretical 
Msat value 
(NμB)b 

2.B.1 7.875 7.85/7.84 7.01 7 

2.B.2 11.82 11.79/9.05 4.80 9 

2.B.3 14.17 14.14/11.96 5.14 10 

2.B.4 14.17 14.13/11.16 5.09 10 

2.B.5 11.48 10.65/6.68 5.88 9 

a𝜒𝑇 =  அఉమଷ {𝑔ଶ𝐽(𝐽 + 1) b𝑀 = 𝑁𝐽𝑔𝜇 ; 𝐽 = 𝐿 + 𝑆 ;  𝑔 =  ଷଶ +  ௌ(ௌାଵ)ି (ାଵ)ଶ(ାଵ)  

 

To probe the slow relaxation of magnetization in compounds 2.B.2-2.B.5, temperature 

and frequency dependent dynamic (alternating current, ac) magnetic susceptibility 

studies were carried out in the temperature range 2-25 K in zero field and with applied 

static fields. The TbIII (2.B.2) and ErIII (2.B.5) derivatives did not show any out-of-

phase component (χ''M) down to 2 K at zero field and under an applied field of 1 kOe 

(the out-of-phase components of ErIII derivative is shown in Figure 2.B.12 (a) as a 

representative example). However, both the DyIII complexes 2.B.3 and 2.B.4 

exhibited a ''M signal but no maximum was observed above 2 K (Figure 2.B.12 (b) 

and (c)). Such a behavior was suggesting relaxation driven by QTM (blue plot) in the 

zero field. In order to suppress the QTM partially or fully dynamic studies were 

performed at different biased fields and found that applying static fields with Hdc = 1 

kOe in 2.B.3 and Hdc = 1.5 kOe in 2.B.4 the QTM was suppressed. This is further 

confirmed in the case of 2.B.3 by an examination of the field dependence of τ at 8 K 

(Figure 2.B.12 (d)) that shows an increase for low applied fields up to 1 kOe where a 

plateau value is reached before decreasing again for fields above 2 kOe. This indicates 
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that the optimal field to quench QTM is 1 kOe. A detailed ac susceptibility 

investigation for DyIII was therefore performed with Hdc = 1 kOe in the case of 2.B.3 

and Hdc = 1.5 kOe in the case of 2.B.4 

  

(a)     (b) 

  

(c)     (d) 

Figure 2.B.12. (a) Temperature dependence of the ac susceptibility plot for 2.B.5; (b) 

Temperature dependence of the ac susceptibility plot for 2.B.3 at different biased 

fields; (c) Temperature dependence of the ac susceptibility plot for 2.B.4 at different 

biased fields; (d) field dependence of the relaxation time (τ) at 8 K for Dy derivative 

(2.B.3). 

0.0

0.50

1.0

1.5

2.0

2.5

3.0

0 5 10 15 20

 M
 (c

m
3 m

ol
-1

)

T (K)

H
AC

 = 3 oe
Frq: 1 kHz
H

DC
 = 0 (red plots) and 1 kOe (blue plots)


M

'


M

''

0

0.5

1

1.5

2

0 5 10 15 20

H = 0

1 kOe

500 Oe
600 Oe
700 Oe

1200 Oe

 M
 (c

m
3 m

ol
-1

)

Temperature (K)

Frq = 1 kHz
H

DC
 = 0 in blue

H
DC

 = 1kOe in black
other tesed fields in colors as given below:

0

0.5

1

1.5

0 5 10 15 20 25

H = 0

H = 1kOe

H = 300 Oe
H = 500 Oe
H = 700 Oe
H = 800 Oe

H = 1.2 kOe
H = 1.5 kOe

 M
'' (

cm
3 m

ol
-1

)

T (K)

0

0.001

0.002

0.003

0.004

0.005

0.006

0 2000 4000 6000 8000 1 104

 
(s

)

H (Oe)

 plateaues over 1 kOe



126 Chapter 2B 
 

 

A full set of ac data for 2.B.3 was recorded in the temperature range 4 to 18 K for 

frequencies between 1 to 1500 Hz with Hac = 3 Oe in an applied field of Hdc = 1 kOe 

(Figure 2.B.13) yielded well-defined maxima for ''M. The relaxation times have been 

assessed by fitting ''M = f(Frq) for different temperature with an extended Debye 

model and the best fit parameters are gathered in Table 2.B.6. The very small α 

parameter is indicative for a narrow distribution width for the relaxation time over the 

whole temperature domain suggesting that mainly one relaxation process is operative. 

The temperature dependence of the relaxation time, plotted in log scale in Figure 

2.B.14, shows a linear variation between 18 and 10 K, which is the behavior 

anticipated for a thermally activated process (Orbach). Deviation from linearity for 

lower T indicates that other processes also come into play. Analysis of the behavior 

over the whole T range was obtained by summing the contributions of the Orbach, 

Raman, and direct processes (τ = τ0exp(Ueff/kBT) + 1/(CTn) + 1/(AT). The latter were 

required to reproduce the lower T behavior. Best fit gave a thermal energy barrier for 

magnetization reversal, Ueff/kB = 204 ± 3 K with τ0 = (6 ± 1) × 10-9 s, C = 0.015 K-1 s-1, 

n = 4.5, and A = -1.30 s-1.  

 

Figure 2.B.13. Temperature dependent of the ac susceptibility of 2.B.3 at variable 

frequency (left) and frequency dependent of the ac susceptibility at variable 

temperature (right) under an applied field of 1 kOe and 3 Oe ac fields. 
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Figure 2.B.14. Experimental and calculated temperature dependence of τ plotted as 

f(T) with best fit parameters. 

Table 2.B.6. Best fit parameters for the analysis of the ''M = f(Frq) behaviors by an 

extended Debye model. 

T (K) T s τ (s) α 
4.5 5.71 3.29 0.11675 0.12 
5.0 5.61 3.39 0.065181 0.12 
5.5 5.52 3.47 0.038369 0.11 
6.0 5.45 3.55 0.024021 0.10 
6.5 5.38 3.61 0.015912 0.095 
7.0 5.33 3.67 0.011003 0.088 
7.5 5.28 3.72 0.007867 0.082 
8.0 5.24 3.76 0.005804 0.078 
8.5 5.20 3.80 0.004379 0.075 
9.0 5.16 3.84 0.003369 0.073 
9.5 5.13 3.87 0.002638 0.070 
10.0 5.10 3.90 0.002096 0.068 
10.5 5.07 3.93 0.001685 0.065 
11.0 5.05 3.95 0.001365 0.065 
11.5 5.02 3.97 0.001128 0.064 
12.0 5.00 4.00 0.000905 0.063 
12.5 4.98 4.01 0.00075741 0.060 
13.0 4.97 4.03 0.0006327 0.059 
13.5 4.95 4.05 0.00053185 0.057 
14.0 4.94 4.06 0.00044954 0.056 
14.5 4.92 4.08 0.00037815 0.056 
15.0 4.91 4.09 0.00031952 0.055 
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15.5 3.90 3.10 0.00027045 0.055 
16.0 3.88 3.11 0.00022847 0.052 
16.5 3.87 3.13 0.00019351 0.050 
17.0 3.86 3.14 0.0001633 0.048 
17.5 4.35 3.65 0.00013939 0.042 
18.0 3.84 3.16 0.00011626 0.041 

 

To reduce the contributions of dipolar interactions and confirm the molecular origin 

of the slow magnetization dynamics of the DyIII ion in this PBP coordination 

environment, we have considered the YIII analogue with 12% DyIII site populations, 

[(L)Y0.85Dy0.15(Cy3PO)Cl] (2.B.3'), in which the YIII and DyIII centers have the same 

coordination environments as that for 2.B.3. The composition in DyIII of the sample 

was determined to be 11.8 % by adjusting the M vs H behavior at 2 K to the one of 

the pure Dy complex (Figure 2.B.15 (left)). The phase purity of the complex 2.B.3' 

was checked by powder X-ray diffraction studies as shown in the Figure 2.B.9.  

   

Figure 2.B.15. (left) M = f(H) behavior for the Y/Dy sample at 2 K, 3 K, 4 K, and 5 

K. The behavior for the pure Dy complex at 2 K is also shown. (right) Detail of the 

hysteresis loop observed at 2 K. Note that measurement has been performed in static-

field mode (no field sweeping). 
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The diluted DyIII(YIII) complex (2.B.3') exhibits a butterfly-shaped hysteresis loop at 

2 K (Figure 2.B.15 (right)) with a merging of the magnetization for low fields (|H| < 

100 Oe). Since the magnetization has been recorded with static field (not in sweeping 

field mode), the observation of a magnetic hysteresis loop implies a very slow 

relaxation at 2 K. This was confirmed from ac behaviors. The complex 2.B.3' 

hereafter, gave very similar results (see Figure 2.B.16). For this sample however, a 

maximum was observed in the χ''M = f(T) behavior in zero field but a QTM 

contribution was discernible at low temperature. This was suppressed upon applying a 

small dc field of 750 Oe. The temperature dependence of the relaxation times between 

2 and 17.5 K (Figure 2.B.17 and Table 2.B.7) parallels that obtained for the pure Dy 

derivative 2.B.3, and contributions of the Orbach, Raman, and direct processes had to 

be taken into account to reach a good modeling. Best fit to the experimental data 

yielded for 2.B.3' (YIII) Ueff/kB = 208 ± 5 K, τ0 = (6 ± 2) × 10-9 s, C = 4.3 × 10-3 K-1 s-1, 

n = 5.0, and A = -0.30 s-1 (Figure 2.B.17). The comparison of the behavior for 2.B.3 

and its diluted form, 2.B.3' (YIII) shows that the observed behavior is clearly of 

molecular origin.  

   

Figure 2.B.16. Frequency dependent of the ac susceptibility at variable temperature 

(left) and temperature dependent of the ac susceptibility at variable frequency and 

(right) of 2.B.3 under an applied field of 750 Oe and 3 Oe ac fields. 
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Figure 2.B.17. Experimental and calculated temperature dependence of τ plotted as τ 

= f(T) with best fit parameters. 

Table 2.B.7. Best fit parameters of a Debye model to ''M = f(Frq) for different T. 

T (K) T s τ (s) α 
4.0 5.825 3.175 0.166 0.16 
4.5 5.6816 3.3184 0.080 0.11 
5.0 5.5944 3.4056 0.04511 0.062 
5.5 5.5049 3.4951 0.02776 0.064 
6.0 5.4324 3.5677 0.0178 0.0558 
6.5 5.3645 3.6355 0.01177 0.0573 
7.0 5.3137 3.6863 0.00817 0.052 
7.5 5.2669 3.7331 0.00577  0.048 
8.0 5.2233 3.7767 0.00417 0.044 
8.5 5.1878 3.8122 0.00306 0.034 
9.0 5.1514 3.8486 0.00230 0.035 
9.5 5.119 3.881 0.001747 0.037 
10.0 5.0922 3.9078 0.001341 0.027 
10.5 5.0658 3.9342 0.001049 0.032 
11.0 5.0435 3.9565 0.000825 0.026 
11.5 5.0224 3.9776 0.000656 0.023 
12.0 5.001 3.999 0.000517 0.018 
12.5 4.9822 4.0178 0.000421 0.023 
13.0 4.9661 4.0339 0.0003419 0.020 
13.5 4.9513 4.0487 0.0002823 0.011 
14.0 4.9367 4.0633 0.000233 0.008 
14.5 4.9235 4.0765 0.0001895 0.013 
15.0 4.9127 4.0873 0.000156 0.01 
15.5 4.9004 4.0996 0.000128 0.00006 
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The replacement of OPCy3 for OPPh3 in the apical position of DyIII appeared to have 

no significant incidence on the magnetic behaviors; the ac susceptibility features for 

2.B.4 (Figure 2.B.18 and Table 2.B.8) are very similar to that obtained for 2.B.3. To 

reproduce the temperature dependence of the relaxation time for 2.B.4 required to 

consider contributions from Orbach, Raman and direct processes, best fit (using 

equation τ-1= (1/τ0)exp(-Ueff/kBT) + (CTn) + (AT)) to the experimental behavior gave 

Ueff/kB = 241 ± 7 K, τ0 = (2.3 ± 0.9)×10-10 s, C = (5.97 ± 0.03)×10-3 K-1 s-1, n = 5.1, 

and A = 0.2 ± 0.7 s-1 (Figure 2.B.19). 

 

Figure 2.B.18. Temperature dependent of the ac susceptibility of 2.B.4 at variable 

frequency (left) and frequency dependent of the ac susceptibility at variable 

temperature (right) under an applied field of 1.5 kOe and 3 Oe ac fields. 

Table 2.B.8. Best fit parameters of a Debye model to ''M = f(Frq) for different T. 

T (K) T s τ (s) α 
4.0 5.825 3.175 0.166 0.16 
4.5 5.6816 3.3184 0.080 0.11 
5.0 5.5944 3.4056 0.04511 0.062 
5.5 5.5049 3.4951 0.02776 0.064 
6.0 5.4324 3.5677 0.0178 0.0558 
6.5 5.3645 3.6355 0.01177 0.0573 
7.0 5.3137 3.6863 0.00817 0.052 
7.5 5.2669 3.7331 0.00577 0.048 
8.0 5.2233 3.7767 0.00417 0.044 
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8.5 5.1878 3.8122 0.00306 0.034 
9.0 5.1514 3.8486 0.00230 0.035 
9.5 5.119 3.881 0.001747 0.037 
10.0 5.0922 3.9078 0.001341 0.027 
10.5 5.0658 3.9342 0.001049 0.032 
11.0 5.0435 3.9565 0.000825 0.026 
11.5 5.0224 3.9776 0.000656 0.023 
12.0 5.001 3.999 0.000517 0.018 
12.5 4.9822 4.0178 0.000421 0.023 
13.0 4.9661 4.0339 0.0003419 0.020 
13.5 4.9513 4.0487 0.0002823 0.011 
14.0 4.9367 4.0633 0.000233 0.008 
14.5 4.9235 4.0765 0.0001895 0.013 
15.0 4.9127 4.0873 0.000156 0.01 
15.5 4.9004 4.0996 0.000128 0.00006 
16.0 4.89 4.11 0.0001045 0.0002 

 

 

Figure 2.B.19. Relaxation time (τ) as a function of τ-1 = f(T) and its best fit. 

It is satisfying to see that the energy barrier for magnetization reversal, Ueff/kB, for the 

DyIII complexes reported herein is significantly increased with respect to the 

homologue complex containing two Cl– ligands in the apical positions. This can be 

attributed to the stronger axial field due to the phosphine oxide ligands.  
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2.B.4 CONCLUSIONS 

In conclusion, we have synthesized a series of mononuclear PBP LnIII complexes with 

strong donor alkyl/aryl phosphine oxide ligands in the axial site. The molecular 

structures of these complexes were confirmed by single crystal X-ray diffraction 

studies. A close inspection of the PBP coordination geometries in these complexes 

revealed a strong bonding interaction between the Ln center and phosphine oxide 

ligands. The magnetization dynamics of the DyIII derivatives were found to be 

strikingly different than that of the homologous DyIII complex with two Cl– atoms in 

the apical positions. In this case, introduction of the phosphine oxide ligands in one of 

the axial sites enhances the energy barriers 2-3 fold in the DyIII derivatives. The 

results of this work are consistent with the notion that strong-field axial ligands in 

pentagonal bipyramidal LnIII complexes are conducive for good SMM Behavior. This 

effect would be further accentuated if the ligands in the equatorial position are very 

weak field. 
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Mononuclear Lanthanide Complexes Assembled from a Tridentate 

NNO Donor Ligand: Design of a DyIII Single-Ion Magnet

 

ABSTRACT: The reaction of a tridentate NNO donor ligand, 4-nitro-2-((2-(pyridine-

2-yl)hydrazono)methyl)phenol (HL) with lanthanide(III) nitrates in the presence of 

triethylamine afforded a new family of neutral mononuclear LnIII complexes 

[Ln(NO3)(L)2(HOCH3)] (Ln = Gd; (3.A.1), Tb; (3.A.2), Dy; (3.A.3), and Ho (3.A.4). 

The mononuclear complexes were structurally characterized by single crystal X-ray 

diffraction studies which revealed a spherical tricapped trigonal prism geometry with 

a pseudo D3h symmetry around the LnIII center. Static (dc) and dynamic (ac) magnetic 

studies have been performed on these complexes. Field-induced single-ion magnet 

behaviour was observed in the DyIII analogue (diluted) with an effective energy 

barrier and pre-exponential parameters of Ueff/kB = 68(2) K and τ0 = 1.8 x 10-7 s, 

respectively.  

3.A.1 INTRODUCTION  

The observation of single-molecule magnet (SMM) behaviour in the lanthanide bis-

phthalocyanine double-decker complexes, [LnPc2]− (Ln = DyIII and TbIII; Pc = 

phthalocyanine)1 has spurred interest in utilizing complexes containing 4f metal ions 

in molecular magnets.2 A deeper analysis of the role of 4f metal ions in the field of 

molecular magnetism has revealed that the inherent unquenched spin-orbital angular 

momentum present in lanthanide ions can allow, particularly, ions such as DyIII, TbIII, 

ErIII and HoIII to have large magnetic anisotropy, an important criterion in promoting 

SMM behavior.3 Although crystal field effects are dominated by spin-orbit coupling 

in lanthanide complexes the former play a crucial and important role in perturbing the 
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energy levels in the resultant complexes as shown by Ishikawa in his pioneering work 

and as subsequently analyzed by others.1b, 4 A seminal insight was provided by Long 

and co-workers who argued that the oblate electron density around DyIII and TbIII 

would need an axial crystal filed to harness and maximize the magnetic anisotropy 

while ErIII and HoIII having a prolate electron density would need an equatorial crystal 

field.5 A further qualitative analysis revealing that complexes possessing high axial 

symmetries such as C∞v, D4d, S8, D5h, D6d, and D∞h etc. would be good candidates as 

molecular magnets has allowed rational design to take precedence over serendipity in 

preparing potential SMMs.4c, 6 These developments have led to a spurt in the growth 

of mononuclear lanthanide complexes with an aim to achieve high blocking 

temperatures (TB) and high energies of barrier (Ueff) for magnetization reversal. 

Recent reports on mononuclear LnIII complexes show that large energy barriers for 

magnetization reversal and high blocking temperatures can be achieved by employing 

strong axial ligand fields with the Ising-type anisotropic lanthanides such as DyIII.7 

Till date, the mononuclear dysprosium complex, [(CpiPr5)Dy(Cp*)][B(C6F5)4] has the 

highest blocking temperature of 80 K, among all other reported lanthanide based 

single-molecule magnets.8 Also, there are some interesting reports on air-stable 

mononuclear lanthanide-based single molecule magnets having high energy barriers 

of magnetization reversal.9 These recent advancements have triggered a fresh interest 

in utilizing the 4f ions in molecular magnetism. 

We have been utilizing polydentate ligands for the preparation of hetero- (3d/4f) and 

homometallic lanthanide complexes as molecular magnets.10 In the latter, we were 

able to tune the nuclearity of the complexes from the lowest possible to a highest of 

21.11 In the previous chapter we have shown that by using a rigid ligand that enforces 

an equatorial geometry we prepared a hepta-coordinate lanthanide complex, 
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[Et3NH][(H2L)DyIIICl2] (where H4L = 2,6-diacetylpyridine bis-salicylhydrazone), 

which was shown to be a single-ion magnet.12 Encouraged by this we wished to 

design flexible polydentate ligands that can be used for preparing mononuclear 

lanthanide complexes. However, one of the difficulties with this approach is that 

often, multidentate ligands having phenolate/enolate and/or alkoxide functionalities 

are precisely those that are suitable to bind to lanthanide metal ions but are often 

unsuitable for isolation of mononuclear LnIII complexes. To overcome this synthetic 

hurdle we reasoned that the introduction of an electron withdrawing substituent such 

as an –NO2 group in the ligand backbone, might effectively reduce the bridging 

ability of the phenolate group and thereby increase the chances of isolating 

mononuclear complexes. 

Accordingly, herein, we report the synthesis, structure and magnetic properties of a 

new family of mononuclear LnIII complexes, Ln(NO3)(L)2(HOCH3)]·xCH3OH (Ln = 

Gd, (3.A.1); Tb, (3.A.2); Dy, (3.A.3); and Ho, (3.A.4)) utilizing a tridentate NNO 

donor ligand, 4-nitro-2-((2-(pyridine-2-yl)hydrazono)methyl)phenol (HL). These 

complexes were formed by the reaction of HL with lanthanide nitrates in the presence 

of triethylamine in methanolic medium. Interestingly, we have found that the same 

ligand that does not contain the –NO2 group under similar reaction conditions 

produces [Dy5(L)4(NO3)5(HOMe)2(O2)2(H2O)4]·(NO3)2·(H2O)2 complex (Figure 

3.A.1), where the bridging coordination action of the phenolate group is clearly 

evident. Figure 3.A.2, displays other examples of 3d/4f and lanthanide complexes 

obtained by using ligands similar to those used in the present study.13 This 

underscores the electronic effects that need to be built into ligands for modulating the 

nuclearity of complexes. The magnetic properties of 3.A.1-3.A.4 were studied and are 

discussed herein. 
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Figure 3.A.2. Bridging coordination action of phenolate ligand. A linear trimeric 3d-

4f complex (left).13b A Ln4 complex in a see-saw geometry (right).13a 

3.A.2 EXPERIMENTAL SECTION 

3.A.2.1 Materials and Methods. The solvents and other general reagents used in this 

work were received from commercial sources and used without further purification.  

2-Hydroxy-5-nitrobenzaldehyde, 2-hydrazino pyridine, Gd(NO3)3·6H2O, 
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Tb(NO3)3·5H2O, Dy(NO3)3·5H2O, Ho(NO3)3·5H2O were obtained from the Sigma 

Aldrich Chemical Co. (India) and used as obtained. 2-Hydroxy benzaldehyde and 

NEt3 were obtained from the Spectrochem Pvt. Ltd. (India). The ligand 4-nitro-2-((2-

(pyridine-2-yl)hydrazono)methyl)phenol (HL) was prepared by an adaptation of a 

literature procedure.14 

3.A.2.2 Instrumentation. Melting points were measured using a StuartTM SMP10 

melting point apparatus and are uncorrected. 1H NMR and 13C{1H} NMR spectra 

were recorded on a Bruker Ascend-300 (1H: 300 MHz; 13C{1H}: 75 MHz) and were 

referenced to the resonances of the solvent used. IR spectra were recorded on a 

PerkinElmer FT-IR spectrometer. Mass spectra were recorded with a Bruker 

micrOTOF-Q II spectrometer. Elemental analyses of the compounds were obtained 

from a Euro Vector EA instrument (CHNS-O, model EuroEA3000). Powder X-ray 

diffraction data of all the complexes were collected with a Bruker D8 Advance X-ray 

Powder Diffractometer using CuKα radiation (λ = 1.5418 Å). 

3.A.2.3 Magnetic Measurements. Direct (dc) and alternating (ac) current 

susceptibility measurements were performed with a Quantum Design SQUID MPMS 

XL-5 device. Ac experiments were performed using an oscillating ac field of 3.5 Oe 

and frequencies ranging from 1 to 1500 Hz. The experimental susceptibilities were 

corrected for the sample holder and diamagnetic contributions. Pellets of the different 

samples were cut into small pieces and placed in the sample holder to avoid any 

orientation of the microcrystals by the magnetic field. 

3.A.2.4 X-ray Crystallography. Single crystal X-ray structural studies of 3.A.1 was 

performed on a Bruker Apex II CCD diffractometer system equipped with graphite-

monochromated MoKα radiation (λα = 0.71073 Å) at 100 K. The program SMART 
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was used for collecting frames of data, indexing reflections, and determining lattice 

parameters, and SAINT for integration of the intensity of reflections and scaling.15 

Absorption correction was performed by multi-scan method implemented in 

SADABS.16  Space groups were determined using XPREP implemented in APEX2.17 

The single crystal X-ray diffraction data of 3.A.2-3.A.3 were collected on a Rigaku 

Xtal LAB X-ray diffractometer system equipped with a CCD area detector and 

operated at 30 W power (50 kV, 0.6 mA) to generate MoKα radiation (λ = 0.71073 Å) 

at 120 K for 3.A.3 and 173 K for 3.A.2 and 3.A.4 respectively. Data were integrated 

using CrysAlisPro software with a narrow frame algorithm.18 Data were subsequently 

corrected for absorption by the program SCALE3 ABSPACK scaling algorithm.18 All 

the structures were solved by the direct methods in ShelXT19 and refined by the full-

matrix least-squares method on F2 (ShelXL-2014)20 using the Olex-221 software. All 

the non-hydrogen atoms were refined with anisotropic thermal parameters. All the 

hydrogen atoms were included in idealized positions, and a riding model was used. 

All the mean plane analyses and crystallographic figures have been generated using 

DIAMOND software (version 3.2k).22  

3.A.4.5 Synthesis of Ligand HL. A methanolic solution of 2-hydrazino pyridine (600 

mg, 5.45 mmol) was taken in a 100 ml round bottom flask and stirred for ten minutes. 

To it a methanolic solution of 2-hydroxy-5-nitro benzaldehyde (900 mg, 5.38 mmol) 

was added. The solution was then heated to reflux for 6 hours. During this time a 

yellow colored precipitate was obtained. After cooling, the precipitate was filtered out 

and washed with cold methanol followed by diethyl ether. The precipitate was finally 

dried under vacuum and the product was obtained in 92% yield (1.3 g). The melting 

point and other experimental characterization data are as follows: M.P.: 240 ºC. IR 

(KBr ν/cm-1): 1606(s), 1520(m), 1482(m), 1442(s), 1348(s), 1303(s), 1170(m), 



Chapter 3A 145 
 

 

1096(m), 994(w), 924(m), 828(m), 772(m), 718(w), 638(w). 1H NMR (DMSO-d6, δ, 

ppm): 11.09 (s, 1H, N-H), 8.49 (d, 1H, Ar-H), 8.25 (s, 1 H, imine H), 8.09 (dd, 1H, 

Ar-H), 7.66-7.60 (m, 1H, Ar-H), 7.10 (d, 1H, Ar-H), 7.00 (d, 1H, Ar-H), 6.77-6.73 

(m, 1H, Ar-H). ESI-MS (m/z) (M + H+) = 259.0881. 
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Scheme 3.A.1. Synthesis of the ligand HL. 

 

Figure 3.A.3. 1H NMR spectra of ligand HL in DMSO-d6 solvent. (The peaks 

observed at 3.33 ppm and 2.45 ppm is due to the residual solvents) 
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Figure 3.A.4. 13C{1H} NMR spectra of ligand HL in a DMSO-d6 solvent. (The peak 

observed at 40 ppm is due to the residual solvent) 

 

Figure 3.A.5. ESI-MS of ligand HL. 

3.A.4.6 Synthesis of complexes 3.A.1-3.A.4. The following general synthetic 

protocol was used for the preparation of the metal complexes (3.A.1-3.A.4): a 

methanolic solution (5 mL) of Ln(NO3)3·xH2O (1 eq.) (n = 5 for 3.A.2-3.A.4 and 6 for 
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3.A.1) was added drop wise to a 15 mL methanolic solution containing a mixture of 

HL (1 eq.) and triethylamine (1 eq.) with constant stirring. The resultant deep orange 

colored solution was stirred further for 12 h. The volume of the solution was reduced 

to 10 mL, filtered, and kept undisturbed for crystallization under ambient conditions. 

Slow evaporation of the solvent afforded brick red, block-shaped crystals suitable for 

single crystal X-ray analysis after 2-3 days. The crystal structure analysis showed 

three MeOH molecules as solvent of crystallization and the magnetic measurements 

are analyzed accordingly. However, the elemental analyses do not agree with the 

presence of MeOH molecules, rather it matches quite well with water molecules. This 

is presumably due to the exchange of labile lattice solvent molecules with water under 

atmospheric conditions. The stoichiometry of the reactants involved in each reaction, 

yield of the products, and their characterization data are provided below. 

[Gd(NO3)(L)2(HOCH3)] (3.A.1). HL (0.060 g, 0.232 mmol), Gd(NO3)3·6H2O (0.104 

g, 0.232 mmol), and Et3N (32 μL, 0.232 mmol)) were used. Yield: 0.082 g, 41% 

(based on Gd). M.P.: >250 ℃. IR (KBr ν/cm-1): 3445(br), 3284 (w), 3059 (w) 1619 

(s), 1595(m), 1548(s), 1487(s), 1419(s), 1383(s), 1309(s), 1244(s), 1197(w), 1158(w), 

1134(m), 1099(s), 999(m), 948(m), 897(m), 836(m), 764(m), 736(w), 709(m), 

644(m), 550(w). Anal. Calcd (%) for C25H29N9O14 Gd (836.79): C, 35.88; H, 3.49; N, 

15.06. Found: C, 35.28; H, 3.22; N, 15.38. ESI-MS m/z, ion (-ve mode): 796.0579, 

[{(L)2Gd(NO3)}2]2−  

[Tb(NO3)(L)2(HOCH3)] (3.A.2). HL (0.06 g, 0.232 mmol), Tb(NO3)3·5H2O (0.101 g, 

0.232 mmol), Et3N (32 μL, 0.232 mmol) were used. Yield: 0.080 g, 40% (based on 

Tb). M.P.: >250 ℃. IR (KBr ν/cm-1): 3445(br), 3281(w), 3059(w) 1625(s), 1595(m), 

1548(s), 1487(s), 1421(s), 1381(s), 1305(s), 1245(s), 1197(w), 1158(w), 1134(m), 

1097(s), 999(m), 950(m), 895(m), 836(m), 764(m), 736(w), 709(m), 643(m), 554(w). 
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Anal. Calcd (%) for C25H29N9O14Tb (765.75): C, 35.81; H, 3.49; N, 15.03. Found: C, 

35.54; H, 3.41; N, 15.29. ESI-MS m/z, ion (-ve mode): 797.0359, [(L)2Tb(NO3)2]−. 

[Dy(NO3)(L)2(HOCH3)] (3.A.3). HL (0.060 g, 0.232 mmol), Dy(NO3)3·5H2O (0.102 

g, 0.232 mmol), Et3N (32 μL, 0.232 mmol) were used. Yield: 0.086 g, 43% (based on 

Dy). M.P.: >250 ℃. IR (KBr ν/cm-1): 3451(br), 3282(w), 3059(w), 1619(s), 1597(m), 

1552(s), 1489(s), 1419(s), 1383(s), 1309(s), 1246(s), 1197(w), 1158(w), 1132(m), 

1097(s), 1001(m), 950(m), 897(m), 838(m), 773(m), 736(w), 711(m), 646(m), 

553(w). Anal. Calcd (%) for C25H22N9O10Dy (765.75): C, 35.66; H, 3.47; N, 14.97. 

Found: C, 35.88; H, 3.29; N, 15.55. ESI-MS m/z, ion (+ve mode): 678.0537, 

[(L)2Dy]+. 

[Y0.85Dy0.15(NO3)(L)2(HOCH3)] (3.A.3'). HL (0.060 g, 0.232 mmol), Y(NO3)3.6H2O 

(0.075 g, 0.196 mmol), Dy(NO3)3·5H2O (0.016 g, 0.036 mmol), Et3N (32 μL, 0.232 

mmol) were used. Anal. Calcd (%) for C25H29N9O19Dy0.15Y0.85 (805.25): C, 37.29; H, 

3.63; N, 15.65. Found: C, 37.03; H, 3.51; N, 16.33. 

[Ho(NO3)(L)2(HOCH3)] (3.A.4). HL (0.060 g, 0.232 mmol), Ho(NO3)3·5H2O (0.102 

g, 0.232 mmol), Et3N (32 μL, 0.232 mmol) were used. Yield: 0.079 g, 39% (based on 

Ho). M.P.: >250 ℃. IR (KBr ν/cm-1): 3443(br), 3284(w), 3059(w) 1621(s), 1595(m), 

1548(s), 1487(s), 1421(s), 1381(s), 1305(s), 1244(s), 1197(w), 1158(w), 1134(m), 

1097(s), 999(m), 950(m), 899(m), 836(m), 764(m), 736(w), 709(m), 642(m), 554(w). 

Anal. Calcd for C25H31N9O15Ho (862.49): C, 34.81; H, 3.62; N, 15.24. Found: C, 

34.61; H, 3.11; N, 15.24. ESI-MS m/z, ion: 679.0652, [C24H18N8O6Ho]+. ESI-MS 

m/z, ion (+ve mode): 679.0551, [(L)2Ho]+. 
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3.A.3 RESULTS AND DISCUSSION 

3.A.3.1 Synthetic Aspects. The coordination requirements of lanthanide metal ions 

can be met by utilizing polydentate ligands. In the current instance we prepared a 

tridentate NNO donor Schiff base ligand bearing a nitro group in the para-position of 

the phenolic moiety. This ligand when reacted with lanthanide nitrates in the presence 

of one equivalent of triethylamine resulted in the formation of mononuclear 

complexes. The presence of electron withdrawing group in the ligand backbone 

reduces the bridging ability of the phenoxide moiety and allowed us to isolate 

exclusively a new family of mononuclear complexes, [Ln(NO3)(L)2(HOCH3)]. (Ln = 

Gd, Tb, Dy, and Ho) (Scheme 3.A.2). The coordination of two ligands to the DyIII 

ions could lead to a disposition of donor atoms where the phenoxide oxygen atoms, 

which should have the shortest Dy−O distances, would be located in (almost) opposite 

sides of the DyIII coordination sphere. This donor distribution around the DyIII ion 

would create an axial ligand field, which favors an axial ground Kramers doublet 

(KD) and then the SIM behaviour. 

 

Scheme 3.A.2. Synthesis of the mononuclear complexes 3.A.1-3.A.4. 

The structural integrity of 3.A.1-3.A.4 in solution was investigated by carrying out 

ESI-MS studies in CH3OH/CH3CN solvent (1:1 v/v) which revealed the peaks at m/z: 
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796.0579, 797.0359, 678.0537, and 679.0652 corresponding to the mono-

cationic/anionic species, [{(L)2Gd(NO3)}2]2− (Figure 3.A.6), [(L)2Tb(NO3)3]− (Figure 

3.A.7), [(L)2Dy]+ (Figure 3.A.8), and [(L)2Ho]+  (Figure 3.A.9) respectively.  

 

(a) 

   

(b)      (c) 

Figure 3.A.6. (a) Full range ESI-MS spectrum of complex 3.A.1. (b) Experimental 

and (c) Simulated pattern of [{(L)2Gd(NO3)}2]2−. 
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(a) 

  

(b)     (c) 

Figure 3.A.7. (a) Full range ESI-MS spectrum of complex 3.A.2. (b) Experimental 

and (c) simulated mass spectral pattern of [(L)2Tb(NO3)3]−. 

 

(a) 
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(b)     (c) 

Figure 3.A.8. (a) Full range ESI-MS spectrum of complex 3.A.3. (b) Experimental 

and (c) Simulated pattern of [(L)2Dy]+ 

 

(a) 

  

(b)     (c) 

Figure 3.A.9. (a) Full range ESI-MS spectrum of complex 3.A.4. (b) Experimental 

and (c) Simulated pattern of [(L)2Ho]+. 
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3.A.3.2 Molecular Structures. The molecular structures of the mononuclear 

lanthanide complexes 3.A.1-3.A.4 were confirmed by single crystal X-ray diffraction 

studies. The crystal data and refinement parameters for 3.A.1-3.A.4 are summarized 

in Table 3.A.1.  

Table 3.A.1. Details of the data collection and refinement parameters for 3.A.1-3.A.4 

 3.A.1 3.A.2 3.A.3 3.A.4 
Chemical 
formula 

C28H34GdN9O13 C28H34N9O13Tb C28H34DyN9O13 C28H34HoN9O13 

Mw/g mol-1 861.89 863.56 867.14 869.57 

Crystal system Triclinic Triclinic Triclinic Triclinic 

Space group P-1 P-1 P-1 P-1 

Temperature 
(K) 

100(2) 173.00(10) 120.10(10) 172.99(10) 

a, b, c (Å) 11.2570(4) 
11.7166(4) 
13.7355(5) 

11.3219(3) 
11.7730(3) 
13.7532(4) 

11.3165(3) 
11.6740(4) 
13.7042(2) 

11.3398(4) 
11.7893(4) 
13.7166(3) 

α, β, γ (°) 94.1350(10) 
104.9910(10) 
105.1770(10) 

93.856(2) 
105.196(3) 
105.168(3) 

94.491(2) 
105.765(2) 
105.073(3) 

93.941(2) 
105.350(3) 
105.348(3) 

V (Å3) 1669.83(10) 1689.22(9) 1660.64(8) 1650.5(8) 

Z 2 2 2 2 
ρc/g cm-3 1.714 1.698 1.734 1.713 

µ (mm-1) 2.065 2.172 2.329 2.425 
F (000) 866.0 868.0 870.0 872.0 

Crystal size 
(mm) 

0.2 × 0.15 × 0.12 0.19 × 0.13 × 0.09 0.3 × 0.22 × 
0.06 

0.15 × 0.10 × 
0.08 

2θ range (°) 4.238 to 56.812 5.642 to 57.988 5.132 to 52.998 5.66 to 57.904 

Limiting indices -15 ≤ h ≤ 15, 
-15 ≤ k ≤ 15, 
-18 ≤ l ≤ 18 

-12 ≤ h ≤ 15, 
-15 ≤ k ≤ 14, 
-17 ≤ l ≤ 17 

-13 ≤ h ≤ 14,  
-14 ≤ k ≤ 14,  
-17 ≤ l ≤ 17 

-15 ≤ h ≤ 14, 
-15 ≤ k ≤ 15, 
-17 ≤ l ≤ 16 

Reflections 
collected 

25879 30176 31915 34416 

Unique 
reflections 

8367 [Rint = 
0.0500] 

7845 [Rint = 
0.0528] 

6862 [Rint = 
0.0628] 

7858 [Rint = 
0.0380] 

Completeness  
to  

99.7 % (28.406°) 99.7 % (25.242°) 99.7 % 
(26.499°) 

99.4 % 
(25.026°) 

Refinement 
method  

full-matrix least-
squares on F2 

full-matrix least-
squares on F2 

full-matrix least-
squares on F2 

full-matrix least-
squares on F2 
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Data/Restraints/
Parameters 

8367/4/474 7845/4/481 6862/10/470 7858/4/481 

GOF on F2 1.066 1.032 1.023 1.046 

R indices (all 
data) 

R1 = 0.0401, 
wR2 = 0.0714 

R1 = 0.0314, 
wR2 = 0.0594 

R1 = 0.0432, 
wR2 = 0.0874 

R1 = 0.0258, 
wR2 = 0.0470 

Final R indices 
[I >2 (I)] 

R1 = 0.0538, 
wR2 = 0.0889 

R1 = 0.0275, 
wR2 = 0.0582 

R1 = 0.0361, 
wR2 = 0.0844 

R1 = 0.0230, 
wR2 = 0.0479 

Δρmax, Δρmin (e 
Å-3) 

1.29, -0.78 1.35, -0.87 2.74, -1.24 0.57, -0.49 

R1=∑|F −  F|/ ∑ F; wR2 = ∑[w(Fଶ − Fଶ)]ଶ/[w(Fଶ)ଶ]భమ 
 

All the complexes are neutral, isostructural and crystallized in the triclinic P-1 space 

group (Z = 2). In view of their structural similarity, we have chosen complex 3.A.3 as 

a representative example to elucidate the common structural features present in them. 

A perspective view of the molecular structure of 3.A.3 is shown in Figure 3.A.10, 

while those of 3.A.1, 3.A.2, and 3.A.4 are shown in the Figures 3.A.11-3.A.13.  

 

Figure 3.A.10. Molecular structure of complex 3.A.3 (left). The immediate 

coordination environment around dysprosium is shown in the right. 

The mononuclear complex 3.A.3 is formed by the coordination action of two mono 

deprotonated ligands, [L]−, a nitrate anion and a methanol molecule. Both the 

tridentate [L]−s bind to the lanthanide center through the phenolate oxygen, the imino 

nitrogen and the pyridinic nitrogen. This results in the formation of a five-and a six-
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membered ring containing the lanthanide center. The nitrate anion coordinates to the 

metal center through a chelating coordination mode. Finally, a neutral methanol 

molecule completes the coordination around the lanthanide. The overall coordination 

number around the lanthanide center is nine (4N, 5O) and the coordination geometry 

is spherical tricapped trigonal prism as confirmed by the SHAPE analysis.23 The 

SHAPE analysis parameters of 3.A.1-3.A.4 are given in Table 3.A.2. The bond 

parameters around the lanthanide center of 3.A.3 are the following. (1) Involving    

[L]−: O1, O4; Dy−O average distance 2.279(3) Å; N1, N5; Dy−N average distance, 

2.547(3) Å; N3, N7; Dy−N average distance, 2.530(3) Å, (2) The chelating nitrate 

ion: O7, O9; Dy−O average distance,  2.500(3) Å. (3) the solvent methanol: Dy−O10, 

2.413(3) Å, (Figure 3.A.10 and Table 3.A.3). Selected bond distance and angle 

parameters of 3.A.1-3.A.4 are tabulated in Table 3.A.3. 

 

Figure 3.A.11. Molecular structure of complex 3.A.1.  
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Figure 3.A.12. Molecular structure of complex 3.A.2.  

 

Figure 3.A.13. Molecular structure of complex 3.A.4. 

Table 3.A.2. Continuous Shape Measures (CShM) calculations for LnIII 

†JTC-9 = Johnson triangular cupola J3 (C3v); JCCU-9= Capped cube J8 (C4v); CCU-9 = 

Spherical-relaxed capped cube (C4v); JCSAPR-9 = Capped square antiprism J10 (C4v); 

CSAPR-9 = Spherical capped square antiprism (C4v); JTCTPR-9 = Tricapped trigonal 

prism J51 (D3h); TCTPR-9 = Spherical tricapped trigonal prism (D3h); HH-9 = Hula-hoop 

(C2v); MFF-9 = Muffin (Cs) 

Complex_
Metal 
center 

Structure† 

JTC-9 JCCU
-9 

CCU
-9 

JCSA
PR-9 

CSAPR
-9 

JTCT
PR-9 

TCTP
R-9 

HH-9 MFF
-9 

3.A.1_Gd 
CShM 

17.21
4 

9.234 6.93
0 

3.577 1.849 4.111 1.520 10.296 2.147 

3.A.2_Tb 
CShM 

16.27
4 

9.613 7.98
9 

2.811 2.051 4.027 1.373 10.340 2.135 

3.A.3_Dy 
CShM 

17.02
5 

9.252 6.96
6 

3.442 1.822 3.960 1.488 10.246 2.198 

3.A.4_Ho 
CShM 

17.01
6 

9.307 7.07
2 

3.414 1.793 3.894 1.405 10.338 2.154 
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In the crystal, centrosymmetrically related molecules are hold together by two sets of 

complementary hydrogen bonds giving rise to a zigzag 1-D system with two different 

Dy···Dy distances along the chain (Figure 3.A.14). The first set involves one of the 

oxygen atoms of the nitro group and the coordinated methanol molecule with a donor-

acceptor O···O distance of 2.801 Å. The second set, at the opposite side of the 

molecule, involves a methanol molecule and the oxygen atoms O7 and O1 belonging 

to the nitrate anion and phenoxide groups, respectively, and the N2 atom of the 

hydrazone group. In this trifurcated hydrogen bond, the O···O donor acceptor 

distances are 3.172 Å and 3.000 Å, respectively, and an N···O distance is 2.817 Å. 

These first and second set of hydrogen bonds give rise to Dy···Dy distances of 11.145 

Å and 7.635 Å, respectively (see Figure 3.A.15). The other two methanol molecules 

of crystallization form a hydrogen bond between themselves with a O···O distance of 

2.742 Å and one of them forms an additional hydrogen bonds with the O4 phenoxido 

oxygen atom with a O···O distance of 2.872 Å. The chains are isolated in the 

structure by the methanol molecules of crystallization with a shortest Dy···Dy inter-

chain distance of 8.351 Å.  

 

Figure 3.A.14. H-bonded one dimensional zigzag chain of complex 3.A.3. 
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Figure 3.A.15. A perspective view (c direction) of the crystal packing diagram of 

complex 3.A.3. (H atoms and interstitial solvent molecules are omitted for clear 

visibility) 

Table 3.A.3. Selected bond lengths (Å) and angles (°) of complexes 3.A.1-3.A.4 

Coordination Geometry Bond lengths (Å)  Bond angles (°)  

 

 
Distorted Spherical tricapped 

trigonal prism geometry of 

Gd1 in complex 3.A.1 

 

Gd1‒O1           2.330(2)  

Gd1‒O2           2.284(2)  

Gd1‒O5           2.538(3)  

Gd1‒O3           2.434(3)  

Gd1‒O4           2.474(3)  

Gd1‒N1           2.556(3) 

Gd1‒N3           2.554(3)  

Gd1‒N4           2.555(3)  

Gd1‒N6           2.562(3)  

Gd1‒N7           2.942(3) 

O2‒Gd1‒N1      138.67(9)  

O2‒Gd1‒N6      124.76(9)  

O1‒Gd1‒N3      125.69(9)  

O3‒Gd1‒N1      81.35(10)  

O4‒Gd1‒O5        50.96(9)  

O4‒Gd1‒N3      84.78(10)  

O5‒Gd1‒N3          69.82(9)  

O5‒Gd1‒N6          72.15(9)  

N3‒Gd1‒N6      141.46(10)  

N4‒Gd1‒N7      105.42(10)  

N1‒Gd1‒N7        92.92(10)  

N6‒Gd1‒N7          71.90(9) 
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Distorted Spherical tricapped 

trigonal prism geometry of 

Tb1 in complex 3.A.2 

 

Tb1‒O1           2.298(13)  

Tb1‒O2           2.335(12)  

Tb1‒N6           2.569(14)  

Tb1‒N4           2.568(16)  

Tb1‒N3           2.657(15)  

Tb1‒O4           2.702(15)  

Tb1‒O5           2.533(15)  

Tb1‒N1           2.577(17)  

Tb1‒O3           2.513(13) 

O1‒Tb1‒O4          115.2(4)  

O1‒Tb1‒O3            72.9(4)  

O2‒Tb1‒N6          125.7(4)  

O2‒Tb1‒O4          121.2(4)  

N6‒Tb1‒N3          136.6(5)  

N4‒Tb1‒N1          143.1(5)  

N3‒Tb1‒O4            68.1(4)  

O5‒Tb1‒N4          118.4(5)  

N1‒Tb1‒N3            64.7(5)  

N1‒Tb1‒O4          119.5(5)  

O3‒Tb1‒N6            74.8(4)  

O3‒Tb1‒N4            81.1(4)  

 

 
Distorted Spherical tricapped 

trigonal prism geometry of 

Dy1 in complex 3.A.3 

 

Dy1−O1         2.256(3) 

Dy1−O4         2.302(3) 

Dy1−O10       2.413(3) 

Dy1−O9         2.550(3) 

Dy1−O7         2.448(3) 

Dy1−N5         2.535(3) 

Dy1−N7         2.530(3) 

Dy1−N3         2.530(3) 

Dy1−N1         2.559(4) 

Dy1−N9         2.931(4) 

O1−Dy1−N7      138.54(11) 

O4−Dy1−O9      117.89(10) 

O4−Dy1−N9      134.75(10) 

O10−Dy1−N3      93.75(11) 

O10−Dy1−N9    153.33(10) 

O7−Dy1−O9        51.05(10) 

O7−Dy1−N5        83.38(11) 

N3−Dy1−O9      123.71(11) 

N7−Dy1−O9        67.89(11) 

N5−Dy1−N9        75.79(11) 

O9−Dy1−N1        71.30(11) 

N1−Dy1−N9        71.45(11) 

 

 
Distorted Spherical tricapped 

trigonal prism geometry of 

Ho1 in complex 3.A.4 

 

Ho1‒O2           2.290(10)  

Ho1‒O3           2.397(10) 

Ho1‒O5           2.524(10)  

Ho1‒O1           2.258(9)  

Ho1‒O4           2.437(10)  

Ho1‒N7           2.903(15)  

Ho1‒N6           2.513(12)  

Ho1‒N3           2.538(12)  

Ho1‒N4           2.517(10)  

Ho1 N1           2.505(11) 

O1‒Ho1‒O4            71.3(4)  

O1‒Ho1‒N4          138.5(4)  

O2‒Ho1‒N6          127.0(4)  

O3‒Ho1‒O5          142.2(3)  

O3‒Ho1‒O4          143.6(3)  

O4‒Ho1‒O5            51.0(3)  

O4‒Ho1‒N7            25.9(3)  

N1‒Ho1‒N6          147.8(4)  

N1‒Ho1‒N3            64.7(4)  

N6‒Ho1‒O5            69.7(4)  

N4‒Ho1‒N7            93.4(4)  

O5‒Ho1‒N7            25.2(3)  
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In order to study the magnetic properties of 3.A.3 under dilute conditions, an 

analogous complex 3.A.3' was prepared with 15% YIII sites replaced by DyIII ions in 

the isostructural YIII host. This is confirmed by the powder X-ray diffraction study 

which show good agreement of the experimental patterns of 3.A.3' with the simulated 

patterns of 3.A.3 generated from the SCXRD data. 

 

Figure 3.A.16. Powder XRD pattern of 3.A.3' (The simulated pattern is obtained 

from SCXRD struture of 3.A.3). 

3.A.3.3 Magnetic properties. The dependence on temperature of χMT product for 

3.A.1-3.A.4 (χM is the molar magnetic susceptibility per mononuclear LnIII unit) in the 

2-300 K temperature range was measured with an applied magnetic field of 0.1 T 

(Figure 3.A.17). At room temperature, the observed χMT values for 3.A.1-3.A.4 are 

close to those calculated for independent LnIII ions in the free ion approximation (see 

Table 3.A.4). On cooling down, the χMT product for the GdIII complex 3.A.1 remains 

almost constant until approximately 15 K and then decreases down to 2 K to reach a 

value of 7.51 cm3 K mol-1. This behaviour is probably due to the combined effects of 

very weak intermolecular dipolar interactions between the GdIII, very small ZFS of 

the ground state, which sometimes is observed for this essentially isotropic ion, and 
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Zeeman effects. The field dependence of the magnetization at 2 K (Figure 3.A.18) 

shows a relatively rapid increase of the magnetization up to 2 T and then a linear 

increase to reach a value of 7.32 μB at 5 T, which is very close to the theoretical 

saturation value for a GdIII ion with g = 2.0 (7 μB). 

 

Figure 3.A.17. Temperature dependence of the χMT product for compounds 3.A.1-

3.A.4. The solid line represents the best fit of the experimental data. 

Table 3.A.4. Direct current magnetic data for the complexes studied in this work. 

Compound Theoretical 

χMT300K value 

(cm3 K mol-1)a 

ExperimentalχMT3

00K / χMT2K (cm3 K 

mol-1) 

Theoretical 

Msat value 

(NµB)b 

Experimental 

Msat value (T =2 

K, H = 5 T) (NµB) 

3.A.1 7.875 8.37/ 7.82 7 7.32 

3.A.2 11.48 11.64/ 8.57 9 7.5 

3.A.3 14.18 14.45 / 10.68 10 7.10 

3.A.4 14.07 13.64 / 2.15 10 5.20 

a𝜒𝑇 =  அఉమଷ {𝑔ଶ𝐽(𝐽 + 1) b𝑀 = 𝑁𝐽𝑔𝜇 ; 𝐽 = 𝐿 + 𝑆 ;  𝑔 =  ଷଶ +  ௌ(ௌାଵ)ି (ାଵ)ଶ(ାଵ)   
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The magnetic susceptibility and magnetization data of 3.A.1 were analyzed 

simultaneously with the following Hamiltonian:  

BSgSSzJH GdBzz  '
 

Where -zJ'‹Sz›Sz accounts for the intermolecular interactions by means of the 

molecular field approximation, g is the g factor, μB the Bohr magneton and B the 

applied magnetic field. The best fit of the magnetic properties by using the PHI 

program24 afforded the following set of parameters: zJ' = -0.010(1) cm-1 and g = 

2.060(1). These results show that, as expected, the intermolecular interactions are 

either dipolar or mediated by the network of hydrogen bonds along the chain and are 

very weak. 

The χMT product of complexes 3.A.2-3.A.4 decreases steadily until approximately 25 

K for 3.A.2 and 3.A.3 and 40 K for 3.A.4 and then more sharply down to 2 K. This 

behaviour is primarily due to the depopulation of the MJ sublevels of the LnIII ions, 

which arise from the splitting of the ground term by the ligand field, as well as the 

possible existence of intermolecular dipolar interactions. As usual, this effect is more 

important for the HoIII compound than for the DyIII and TbIII counterparts. The field 

dependence of the magnetization for these complexes at T = 2 K (Figure 3.A.18) 

exhibits a fast increase of the magnetization up to ~ 1 T for 3.A.2 and 3.A.3, whereas 

for 3.A.4 the increase is rather slower. From 1 T the magnetization increases in a 

slower manner without reaching saturation at 5 T, which is more patent in the case of 

compound 3.A.4. The fact that the magnetization values at the highest applied dc 

magnetic field of 5 T are rather lower than those calculated for three non-interacting 

LnIII ions (Table 3.A.4) can be largely ascribed to crystal-field effects giving rise to 

significant magnetic anisotropy.25 
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Figure 3.A.18. Field dependence of the magnetization at 2 K for complexes 3.A.1-

3.A.4. 

It should be noted that the value of χ'MT of 3.A.3 (χ'M is the in-phase ac susceptibility, 

Figure 3.A.19) for the plateau at low temperature where all the lines are coincident is 

14.1 cm3 mol-1 K. This value agrees quite well with that expected for randomly 

oriented crystals of a mononuclear DyIII complex with a MJ = ±15/2 Ising ground 

Kramers doublet (12.5 cm3 mol-1 K). Taking into account the presumable axiality of 

the ground Kramers doublet, we have calculated the direction of the anisotropy axes 

of the DyIII ions by using the electrostatic Chilton’s method.26 The results show that 

the anisotropy axis of the DyIII ion is located close to the Dy‒Ophenoxide bonds, which 

presents by far the shortest Dy‒O distances (2.256 Å and 2.302 Å). 
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Figure 3.A.19. Temperature dependence of 'MT at different frequencies for 3.A.3. 

This orientation of the magnetic moment can be explained by taking into 

consideration the simple oblate-prolate model.5 The 4f electron density of the MJ = 

±15/2 ground Kramers doublet of the DyIII center has an oblate disc shape, so that to 

reduce the repulsion with the atoms possessing the shortest Dy‒O bond distance and, 

consequently, the largest negative charge (phenoxide oxygen atoms), the electron 

density disc is situated almost perpendicular to the Dy‒Ophenoxide bonds. Because of 

this, the resulting magnetic moment, which is perpendicular to the electron density 

disc, lies in the direction of the Dy‒Ophenoxide bonds (see Figure 3.A.20). The two   

Dy‒Ophenoxide bonds can be considered as located at opposite sides of the DyIII ions 

with a O‒Dy‒O angle of 127º. This disposition creates a sufficient axial ligand field 

around the DyIII ion as to lead to an axial ground KD doublet and SIM behaviour.27 

The largest axiality would be expected for an O‒Dy‒O bond angle of 180º. 
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Figure 3.A.20. Quantitative calculation of the anisotropic axes orientation (green 

arrows) using the Chilton´s method.26 

Within the unit cell, the molecules of 3.A.3 with the shortest Dy···Dy distances 

(7.635 Å) are related by a center of symmetry and consequently, the local anisotropy 

axes of the DyIII ions are parallel to each other. In this case, orientation of the 

magnetic moments with respect to the line connecting the DyIII ions (angle) 

determines the sign of the magnetic dipolar interaction.28 This interaction can be 

calculated using the following Hamiltonian for the dipole-dipole interaction:28 

𝐻ௗ =  −𝜇4𝜋  𝜇𝜇𝑟ଷ (3𝑐𝑜𝑠ଶ𝜃 − 1)    
where r is their distance, μi,j are the magnetic moments of centers i and j and μ0 is the 

vacuum permittivity. This expression leads to antiferromagnetic coupling for angles 

between the magnetic moments and the molecular plane larger than 54.7° and 

ferromagnetic coupling for angles lower than 54.7°, respectively. From the above 

Hamiltonian, the dipolar contribution to the magnetic coupling can be expressed as: 

𝐽ௗ =  𝜇4𝜋 ൫𝑔𝛽൯ଶ𝑟ଷ  (3𝑐𝑜𝑠ଶ𝜃 − 1) 
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For compound 3.A.3, with  = 61.95° an antiferromagnetic interaction Jdip = -0.002 

cm-1 can be calculated using the above expression. This very small value is not 

unexpected in view of the large distance between the neighboring DyIII ions. 

 

Figure 3.A.21. Temperature dependence of the out-of-phase ''M component of the ac 

susceptibility for 3.A.3 and 3.A.3' at 1200 Hz and under zero and 0.1 T magnetic field 

(left). Field dependence of the relaxation time for 3.A.3' at 5 K (right).  

Preliminary temperature dependent dynamic ac magnetic susceptibility measurements 

at a frequency of 1200 Hz were carried out to know if these complexes exhibited slow 

relaxation of the magnetization and then SIM behaviour. Except for complex 3.A.3, 

none of the complexes showed out-of-phase (''M) signals at zero field above 2 K. 

Nevertheless, in the case of 3.A.3, the out-of-phase (''M) did not reach a maximum 

above 2 K (Figure 3.A.21). This behavior could be due to either (i) the anisotropy 

barrier for magnetization reversal is a too small as to trap the magnetization above 2 

K, or (ii) the existence of a very fast resonant zero field quantum tunneling of the 

magnetization (QTM). When the ac measurements were carried out in the presence of 

a small external field of 1000 Oe to partly or fully quench QTM, only compound 

3.A.3 showed out-of-phase (''M) signals, which exhibited a maximum at 10.5 K 

(Figure 3.A.21). However, the appearance of a tail below 5 K, which increases in 

intensity down to 2 K, points out that QTM has not been fully suppressed and/or a 
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direct process occurs at very low temperature. This behaviour can be due to the 

existence of dipolar and/or hyperfine interactions opening new relaxation pathways 

for direct and QTM processes. The detailed temperature and frequency dependent ac 

measurements for 3.A.3 are shown in Figure 3.A.22. 

 

Figure 3.A.22. (left) Temperature dependence and (right) Frequency dependence of 

''M for 3.A.3. 

In view of this and in order to suppress intermolecular dipolar interactions, we 

decided to prepare a magnetic diluted sample of 3.A.3 by substituting DyIII ions by 

YIII to achieve a DyIII/YIII molar ratio 15/85 (this ratio was estimated from the 

susceptibility and magnetization data for 3.A.3' at room temperature compared to 

those for 3.A.3). The temperature dependence of out-of-phase (''M) at 1200 Hz and 

under zero field for 3.A.3' shows a clear shoulder centered around 9 K and a tail 

below 8 K, thus pointing out that that even though the relaxation slows down after 

dilution, the QTM has not been fully suppressed. Moreover, when the results for 

3.A.3 at 0.1 T are compared to those of 3.A.3' at zero field, one realizes that the effect 

of the dilution appears to be less effective in suppressing QTM than the effect of the 

field. Bearing this in mind, the temperature dependence of out-of-phase (''M) signal 

at 1200 Hz was measured under a static magnetic field of 0.1 T. The results indicate 
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that the maximum still appears at 10.5 K but the tail due to QTM at low temperature 

has almost disappeared. In light of this, the frequency and temperature dependence of 

the ac susceptibility measurements for 3.A.3' were recorded in the presence of a small 

static magnetic field. To determine the optimal field, the frequency dependence of the 

out-of-phase (''M) at 5 K was measured in the 0.025-0.20 T range. On increasing the 

field the relaxation time first increases in the 0.075 T-0.1 T field range due to the 

suppression of QTM process and then decreases for upper fields due to the 

contribution of a direct process. Considering this, the complete set of ac 

measurements on the diluted complex 3.A.3' was carried out under a field of 0.1 T. 

The results show a strong frequency dependence of the ac susceptibility signals with 

maxima in the 10.5 (100 Hz)-5 K (10 Hz) temperature range (Figure 3.A.23). 

Moreover, the absence of a tail at low temperature points out the suppression of the 

QTM fast relaxation process. 

 

Figure 3.A.23. (left) Temperature dependence and (right) Frequency dependence of 

χ''M for 3.A.3'. 

The relaxation times (τ) for 3.A.3' were extracted from the fitting of the frequency 

dependence of ''M at each temperature to the generalized Debye model (Figure 

3.A.24). The fit of the relaxation times to the Arrhenius equation in the 8-10 K 

temperature range afforded the following values of the effective energy barrier for the 
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reversal of the magnetization and the pre-exponential factor: Ueff/kB = 68(2) K. and τ0 

= 1.8·x 10-7 s. The deviation of the data from the Arrhenius law below 8 K is a clear 

sign that either the magnetic relaxation takes place through a relaxation process other 

than Arrhenius or there is co-existence of several competing relaxation processes. In 

the studied temperature range (T > 4.5 K) and at 0.1 T the direct and QTM relaxation 

processes for the magnetic diluted complex should be almost negligible, and therefore 

the relaxation times were fitted to the following equation: 

τ-1 = BTn + τ0
-1exp(-Ueff /kBT) 

which considers that Raman (first term) and Orbach processes (second term) 

contribute simultaneously to the relaxation of the magnetization. It should be noted 

that the relaxation times can be fitted to this equation using almost any value of Ueff 

and τ0, including those extracted from the Arrhenius plot for the Orbach process. In 

view of this, we decided to fit the data to only a Raman relaxation process. A very 

good fit was obtained, affording the following parameter: B = 0.00017(2) s-1 Kn and n 

= 7.58(5). This result indicates that the magnetization relaxation takes place only 

through a Raman process or this is the dominant process in the 4.5-10 K temperature 

range. It is worth mentioning that n = 9 is expected for Kramers ions like DyIII.29 

Nevertheless, values between n = 2 and n = 7 are also realistic when both acoustic and 

optical phonons are active.30 Similar values have been previously reported for other 

DyIII containing complexes.31 When the ac susceptibility data for 3.A.3 (Figure 

3.A.24) and 3.A.3' at 0.1 T are compared one realizes that the magnetization 

relaxation is slower for the former, which is not unexpected because suppression of 

the intermolecular dipolar interactions decreases the fast QTM. In keeping with this, 

the hypothetical effective energy barrier increases (from 56 K to 68 K) with the 

concomitant decrease of the flipping rate τo (from 9.3 x 10-7 s-1 to 1.8·x 10-7 s-1). As 
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for 3.A.3', the data for 3.A.3 in the 4.5-10 K can be very well fitted to Raman process 

with B = 0.007(2) s-1 Kn and n = 6.78(1). Therefore, the slowdown of the 

magnetization relaxation concomitantly decreases B and increase n.  

 

Figure 3.A.24. The red and blue lines represent the best fits of the experimental data 

to the Arrhenius equation whereas the black and violet lines correspond to the best fit 

to Raman relaxation process for complexes 3.A.3' and 3.A.3, respectively. 

The fact that complexes 3.A.2 and 3.A.4 do not show slow relaxation is not 

unexpected taking into account that non-Kramers ions, such as TbIII and HoIII, present 

an intrinsic tunnelling gap in the ground state favoring QTM. Moreover, to exhibit an 

axial bistable ground state these ions require a strict axial symmetry and this is not the 

case of compounds 3.A.2 and 3.A.4. Besides, in the case of the HoIII ion, the low 

anisotropy of the 4f shell makes more difficult the adoption of an axial bistable 

ground state. 

These results show that a good strategy for obtaining DyIII SIMs is that of using 

tridentate ligands bearing two neutral donor atoms (either nitrogen or oxygen) and a 

phenol group. This is because the coordination of two of this type of ligands to the 
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DyIII ions can lead to a distribution of donor atoms where the phenoxide oxygen 

atoms, which have by far the shortest Dy‒O distances, can be located in almost 

opposite sides of the DyIII coordination sphere. This disposition creates a sufficient 

axial ligand field so as to favor an axial ground KD and then the SIM behavior. 

3.A.4 CONCLUSIONS 

In conclusion, we have shown a design synthetic strategy to isolate mononuclear 

lanthanide complexes by the utilization of a tridentate NNO donor ligand bearing one 

phenolate moiety. The molecular structure of these complexes reveals that the two 

ligands coordinate to the metal center in a head to tail fashion which results in the 

deposition of the two phenolate moieties trans to each other. The short Ln‒Ophenoxide 

bond distances accompanied by trans deposition of the two phenolates creates an 

approximate strong axial crystal field. Therefore, in this axial crystal field 

environment the oblate shaped DyIII having the advantage of Kramers degeneracy 

shows field-induced single-ion magnet behaviour. The dilution study in the DyIII 

analogue reveals an enhancement in the energy barrier of magnetization reversal, 

Ueff/kB = 68(2) K compared to the undiluted complex (Ueff/kB = 56(2) K) with 

concomitant reduction of flipping rate τo (from 9.3 x 10-7 s-1 to 1.8 x 10-7 s-1).  
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Mononuclear LnIII Complexes Assembled from a Bulky MesAcac 

Ligand: Luminescence and Magnetism

 

ABSTRACT: The reaction of a bulky acetyl acetone ligand, 1,3-dimesitylpropane-1, 

3-dione (MesAcac) with hydrated lanthanide chlorides in the presence of 

tetramethylammonium hydroxide afforded a new family of neutral mononuclear LnIII 

complexes [Eu(MesAcac)3(DMF)(EtOH)] (3.B.1), [Gd(MesAcac)3(H2O)] (3.B.2) and 

[Ln(MesAcac)3(DMF)] (Ln = Tb; (3.B.3), Dy; (3.B.4), and Er; (3.B.5)). The molecular 

structures of the complexes were confirmed by single crystal X-ray diffraction 

studies. The coordination geometries of the LnIII center were analyzed by SHAPE 

analysis which revealed triangular dodecahedron geometry in 3.B.1, capped trigonal 

prism geometry in 3.B.2 and capped octahedron geometry in 3.B.3-3.B.5. 

Photoluminescence studies show ligand-sensitized red and green emissions for 3.B.1 

and 3.B.3 with quantum yields (absolute) 58% and 74% respectively. Static (dc) and 

dynamic (ac) magnetic studies were performed on the complex 3.B.4. The dynamic 

magnetic study reveals field-induced single-ion magnet behaviour in the DyIII 

derivative with an effective energy barrier, Ueff/kB = 70(3) K (diluted) and pre-

exponential parameter of τ0 = 2.7 x 10-7 s, respectively. 

3.B.1 INTRODUCTION  

Single-molecule- and single-ion magnets (SMMs and SIMs) have been receiving a lot 

of attention in recent years.1 These are molecular systems that once magnetized, retain 

their magnetization indefinitely, below certain critical temperatures.2 While most of 

the initial efforts were devoted to mainly polynuclear 3d complexes3, soon this 

phenomenon was also observed in heterometallic 3d/4f complexes.4 In a seminal 
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discovery in 2003, slow magnetic relaxation and magnetic hysteresis was observed for 

the first time in a mononuclear bis(phthalocyanine)TbIII complex, [TBA][Tb(Pc)2] 

(TBA = tetrabutylammonium and pc = phthalocyanine).5 This discovery opened up a 

new direction of utilizing the 4f-ions in the construction of molecular magnets. Recent 

advancements in this field reveal that mononuclear complexes could exhibit 

promising SIM behaviour provided the following two criteria are met: (a) the 

complex should have a bistable spin ground state with high magnitude of |MJ| and 

should possess (b) well isolated excited states with magnetic moments co-linear with 

the ground state.6 The 4f-ions are considered as suitable candidates for the design and 

assembly of molecular magnets due to the fact that many of them possess a fairly 

large ground state spin, S, and also, in addition, have intrinsic magnetic anisotropy 

arising from a large unquenched orbital angular momentum and strong spin-orbit 

coupling. One important drawback of some of the 4f complexes, however, is the 

significant contribution of temperature independent zero field quantum tunneling 

mechanism (QTM) that causes a fast magnetization reversal.7 Indeed, such relaxation 

mechanisms short cut the thermal barrier to the effective barrier (Ueff) for the reversal 

of magnetization. However, the QTM process is formally forbidden in the case of 4f 

ions having half-integer spins (Kramers ions) whereas in the case of integer spins 

(non-Kramers ions) it can be present in a significant way.8 One of the ways of 

effectively reducing these effects and having some control on such deleterious 

relaxation mechanisms is to use strategic ligand fields which can provide appropriate 

coordination environment and local symmetry to the 4f complex.9 In the literature, 

low coordination numbers around the LnIII center are reported to be capable of 

inducing axiality as well as large crystal field splitting of the crystal field doublets.6a, 

10 However, at the same time, low-coordinate lanthanide complexes are extremely 
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sensitive towards air and moisture which limits their practical applicability. Recently 

outstanding examples involving organometallic lanthanide complexes, 

[Dy(Cpttt)2][B(C6F5)4] (Cpttt = {C5H2
tBu3-1,2,4} and tBu = C(CH3)3) and [(η5-

Cp*)Dy(η5-CpiPr5)][B(C6F5)4] have been reported with Ueff values of 1223 cm-1 and 

1541 cm-1 and blocking temperatures of 60 K and 80 K.11 However, these complexes 

also are extremely air-sensitive. Among the air- and moisture-stable mononuclear 

complexes important examples include seven-coordinate pentagonal bipyramidal DyIII 

complexes with high energy barriers and high blocking temperatures.12 

In the literature, a diverse range of ligand systems such as macrocyclic ligands,13 

organometallic ligands,14 and chelating ligands15 are known to produce monometallic 

complexes. We also have been using various kinds of multidentate ligands for 

preparing both mono- and dinuclear lanthanide complexes that have been shown to 

possess interesting magnetic properties.16 In this quest, we wished to explore the well-

known β-diketonato family for the synthesis of mononuclear lanthanide complexes. In 

the literature, there have been precedents on the use of such ligands (Figure 3.B.1) to 

afford mononuclear complexes of the type [Ln(β-diketonato)3(AB)], (where AB can 

be two monodente ligands or a bidentate chelating ligand) and [Ln(β-diketonato)4] .17 

However, in both these instances, the lanthanide ions are eight-coordinate. In fact, 

there has been only one report of a seven-coordinate lanthanide complex known with 

the β-diketone ligand (EIFD see Figure 3.B.1).18 Other mononuclear LnIII complexes 

with less than three β-diketonate ligands and β-diketonate as co-ligands are also 

known.19 Interestingly, all the DyIII derivatives prepared from the EFID ligand 

showed SIM behaviour due to the effective suppression of QTM.18 We were intrigued 

by the possibility of increasing the steric encumbrance around the acetyl acetonate 



180 Chapter 3B 
 

 

ligand to check if such a ligand design can lead to a decrease in the coordination 

number around the lanthanide ions.  

 

Figure 3.B.1. Selected β-diketonate ligands utilized for the synthesis of mononuclear 

LnIII SIMs/SMMs. 

An important reason for the interest in β-diketonate LnIII complexes is their 

photophysical properties.20 Many lanthanide complexes, particularly those involving 

EuIII and TbIII ions with β-diketonate ligands show interesting photoluminescence, 

however, this property can be tuned by functionalization of the ligand such that the 

energy transfer process can be accentuated.20e Also, mononuclear LnIII complexes 

with dual magnetic and luminescence properties are of considerable interest.21 

Accordingly, we have prepared a sterically bulky and flexible acetylacetone ligand, 

MesAcac by the Friedel-Crafts acylation reaction of malonyl chloride with mesitylene. 

The reaction of MesAcac with hydrated lanthanide chloride metal salts in the presence 

of Me4NOH in 1:1:3 stoichiometric ratio afforded a new family of eight- and seven-

coordinate mononuclear lanthanide complexes [Eu(MesAcac)3(DMF)(EtOH)] (3.B.1), 

[Gd(MesAcac)3(H2O)] (3.B.2) and [Ln(MesAcac)3(DMF)] (Ln = Tb; (3.B.3), Dy; 

(3.B.4), and Er; (3.B.5)) (Scheme 3.B.1). Herein, we report the synthesis, structure, 

photophysical and magnetic properties of these complexes. 
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Scheme 3.B.1. Reaction scheme for the synthesis of the mononuclear complexes 

3.B.1-3.B.5. 

3.B.2 EXPERIMENTAL SECTION 

3.B.2.1 Materials and Methods. The solvents and other general reagents used in this 

work were received from commercial sources and used without further purification. 

Mesitylene and malonyl Chloride were obtained from TCI chemicals (India) Pvt. Ltd. 

Tetramethylammonium hydroxide, Aluminium Chloride, and carbon disulphide was 

obtained from Spectrochem Chemicals India. LnCl3·6H2O (Ln = Y, Eu, Gd, Dy, Tb, 

Er) were obtained from Sigma Aldrich Chemical Co. (India) and used as obtained. 

The ligand, 1,3-dimesitylpropane-1,3-dione (MesAcac) was prepared by a previously 

reported procedure and well characterized (see section 3.B.2.5).22 

3.B.2.2 Instrumentation. Melting points were measured using a Stuart™ melting 

point apparatus SMP10 and are uncorrected. 1H NMR and 13C{1H} NMR spectra 

were recorded on a Bruker Ascend-700 (1H: 700 MHz; 13C{1H}: 175 MHz) and were 

referenced to the resonances of the solvent used. IR spectra were recorded with a 

PerkinElmer FT-IR spectrometer. Elemental analyses of the compounds were 

obtained from a Euro Vector EA elemental analyser (CHNS-O, Model EA3000).  
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 3.B.2.3 Photophysical Characterization. Absorption data were measured on an 

Agilent Cary 60 UV-Vis spectrophotometer at room temperature. Photoluminescence 

(PL) spectra were recorded on a Spex-Fluorolog FL22 spectrofluorimeter. The latter 

was equipped with a double grating 0.22 m Spex 1680 monochromator and a 450 W 

Xe lamp as the excitation source and a Hamamatsu R928P photomultiplier tube 

detector. Corrections were applied to the emission and excitation spectra regarding 

source intensity (lamp and grating) by using standard correction curves. 

3.B.2.4 Magnetic Measurements. Direct (dc) and alternating (ac) current 

susceptibility measurements on 3.B.4 and 3.B.4' were performed with a Quantum 

Design SQUID MPMS XL-5 device. The ac experiments were performed using an 

oscillating ac field of 3.5 Oe and frequencies ranging from 1 to 1500 Hz. The 

experimental susceptibilities were corrected for the sample holder and diamagnetic 

contributions. Pellets of the different samples were cut into small pieces and placed in 

the sample holder to avoid any orientation of the microcrystals by the magnetic field. 

3.B.2.5 X-ray Crystallography. The single crystal X-ray diffraction data of 

compound 3.B.1 and 3.B.4' were collected on a Rigaku Xtal LAB X-ray 

diffractometer system equipped with a CCD area detector and operated at 30 W 

power (50 kV, 0.6 mA) to generate MoKα radiation (λ = 0.71073 Å) at 120 K. Data 

were integrated using CrysAlisPro software with a narrow frame algorithm.23 Data 

were subsequently corrected for absorption by the program SCALE3 ABSPACK 

scaling algorithm.23 Single crystal X-ray structural studies of 3.B.2, 3.B.3, 3.B.4 and 

3.B.5 were performed on a Bruker Apex II CCD diffractometer equipped with 

graphite-monochromated MoKα radiation (λα = 0.71073 Å) at 296 K. The SMART 

and SAINT software package24 were used for collecting frames of data, indexing 

reflections, determining lattice parameters, integration of the intensity of reflections 
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and scaling. A multi-scan absorption correction was performed using SADABS.25 

Space groups were determined using XPREP implemented in APEX2.26 All the 

structures were solved with the ShelXT27 structure solution program using Intrinsic 

Phasing and refined with the ShelXL28 refinement package using Least Squares 

minimisation in the Olex-229 software. All the non-hydrogen atoms were refined with 

anisotropic thermal parameters. Hydrogen atoms were placed in either geometrically 

calculated positions or found in the Fourier difference map and included in the 

refinement process using riding model. All the complexes crystallized without any co-

crystallized solvent molecule(s). For compound 3.B.4', the Dy population was 

determined by positional disorder treatments. All the mean plane analyses and 

crystallographic figures have been generated using DIAMOND software (version 

3.2).30 The crystal data and refinement parameters for 3.B.1-3.B.3 are summarized in 

Table 3.B.1 and those of 3.B.4-3.B.5 are summarized in Table 3.B.2. 

Table 3.B.1. Data collection and refinement parameters for compounds 3.B.1-3.B.3. 

 3.B.1 3.B.2 3.B.3 
Chemical 
formula 

C67H79Eu1N1O8 C63H71Gd1O7 C66H76 Tb1N1O7 

Mw (g mol-1) 1178.27 1097.44 1154.19 
Crystal system, 

Space group 
Monoclinic,  

P21/c 
Monoclinic, 

P21/n 
Triclinic,  

P-1 
Temperature 

(K) 
120(2) 296(2) 296(2) 

a, b, c (Å) 12.283(3) 
21.545(8) 
23.226(5) 

15.262(5), 
18.030(6), 
23.730(8) 

12.233(3) 
13.840(3) 
19.675(5) 

α, β, γ (°) 90 
95.053(2) 

90 

90 
108.593(2) 

90 

94.666(10) 
99.170(10) 

106.000(10) 
V (Å3) 6123.1(3) 6189.7(4) 3133.6(13) 

Z 4 4 2 
Radiation type MoKα (λ = 

0.71073) 
MoKα (λ = 
0.71073) 

MoKα (λ = 
0.71073) 

µ (mm-1) 1.078 1.118 1.178 
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Crystal size 
(mm) 

0.23 × 0.17 × 0.12 0.27 × 0.19 × 
0.12 

0.3 × 0.24 × 0.2 

Reflections 
collected 

73862 86920 54629 

GOF on F2 1.058 1.077 1.029 
Independent 

reflections [Rint] 
12014 [Rint = 

0.0453] 
11769 [Rint = 

0.052] 
19073 [Rint = 

0.028] 
Data/restraints/p

arameters 
12014/23/731 11769/0/557 19073/0/696 

Δρmax, Δρmin  
(e Å-3) 

2.52, -5.61 1.73, -1.07 0.81, -0.57 

Density(ρcalc, 
g/cm3) 

1.278 1.178 1.223 

Completeness to 
 

99% (25.99) 99% (25.73) 99% (30.53) 

Limiting indices -15 ≤ h ≤ 15,  
-26 ≤ k ≤ 25, 
 -28 ≤ l ≤ 28 

-18 ≤ h ≤ 18, 
-21 ≤ k ≤ 21, 
-28 ≤ l ≤ 28 

-17 ≤ h ≤ 17, 
-19 ≤ k ≤ 19, 
-28 ≤ l ≤ 28 

2θ range (°) 5.054 to 51.998 2.89 to 51.46 3.50 to 61.06 

F (000) 2460.0 2276.0 1200.0 

Final R indices 
[I>2 (I)] 

R1 = 0.0694,  
wR2 = 0.1590 

R1 = 0.059, 
wR2 = 0.175 

R1 = 0.030, 
wR2 = 0.070 

R indices (all 
data) 

R1 = 0.0860,  
wR2 = 0.1717 

R1 = 0.080, 
wR2 = 0.193 

R1 = 0.041, 
wR2 = 0.075 

R1=∑|F −  F|/ ∑ F; wR2 = ∑[w(Fଶ − Fଶ)]ଶ/[w(Fଶ)ଶ]భమ   
 

Table 3.B.2. Data collection and refinement parameters for compounds 3.B.4-3.B.5. 

 3.B.4 3.B.4' 3.B.5 
Chemical 
formula 

C66H76Dy1N1O7 C66H76Dy0.09N1O7

Y0.91 
C66H76Er1N1O7 

Mw (g mol-1) 1157.77 1090.81 1162.53 
Crystal system, 

space group 
Triclinic,  

P-1 
Monoclinic,  

P21/c 
Triclinic,  

P-1 
Temperature 

(K) 
296(2) 120.02(10) 296(2) 

a, b, c (Å) 12.220(4) 
13.799(4) 
19.728(7) 

12.5954(4) 
23.3723(7) 
20.4784(6) 

12.532(2) 
19.835(3) 
25.806(4) 

α, β, γ (°) 94.577(2) 
99.474(2) 

105.841(2) 

90 
99.867(3) 

90 

106.578(10) 
94.751(10) 
91.386(10) 

V (Å3) 3129.7(18) 5939.3(3) 6119.6(17) 
Z 2 4 4 
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Radiation type MoKα (λ = 
0.71073) 

MoKα (λ = 
0.71073) 

MoKα (λ = 
0.71073) 

µ (mm-1) 1.243 1.059 1.422 
Crystal size 

(mm) 
0.3 × 0.15 × 0.09 0.25 × 0.16 × 0.1 0.2 × 0.17 × 0.15 

Reflections 
collected 

72393 72077 94211 

GOF on F2 1.017 1.078 1.008 
Independent 

reflections [Rint] 
19102 [Rint = 

0.045] 
13979 [Rint = 

0.0895] 
24124 [Rint = 

0.049] 
Data/restraints/

parameters 
19102/0/696 13979/0/697 24124/0/1391 

Δρmax, Δρmin (e 
Å-3) 

0.65, -0.68 0.55, -0.69 0.65, -0.48 

Density(ρcalc, 
g/cm3) 

1.229 1.220 1.262 

Completeness to 
 

99% (30.60) 99% (25.24) 99% (26.06) 

Limiting indices -17 ≤ h ≤ 17, 
-18 ≤ k ≤ 19, 
-28 ≤ l ≤ 28 

-14 ≤ h ≤ 17, 
-31 ≤ k ≤ 30, 
-27 ≤ l ≤ 26 

-15 ≤ h ≤ 15, 
-20 ≤ k ≤ 24, 
-31 ≤ l ≤ 31 

2θ range (°) 2.11 to 61.21 5.05 to 57.98 2.14 to 52.12 

F (000) 1202.0 2306.0 2412.0 

Final R indices 
[I>2 (I)] 

R1 = 0.036, 
wR2 = 0.078 

R1 = 0.062, 
wR2 = 0.111 

R1 = 0.036, 
wR2 = 0.076 

R indices (all 
data) 

R1 = 0.054, 
wR2 = 0.088 

R1 = 0.105, 
wR2 = 0.118 

R1 = 0.061, 
wR2 = 0.086 

R1=∑|F −  F|/ ∑ F; wR2 = ∑[w(Fଶ − Fଶ)]ଶ/[w(Fଶ)ଶ]భమ 

 

3.B.2.6 Synthesis of MesAcac. The MesAcac ligand was prepared by the Friedel-Crafts 

acylation reaction of malonyl dichloride and mesitylene using anhydrous aluminum 

chloride as catalyst (Scheme 3.B.2). In a typical procedure, malonyl dichloride (1.41 

g, 0.01 mol) was added dropwise to a mixture of mesitylene (6 ml, 0.04 mol) and 

anhydrous aluminum chloride (6.0 g, 0.045 mol) in 50 ml of carbon disulfide cooled 

with an ice bath. After the addition was complete, the reaction mixture was stirred at 

60 °C for 3 h and then poured into 5 ml of concentrated HCl and 20 g of ice with 

vigorous stirring. The carbon disulfide solution was separated from the aqueous layer 
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and washed several times with water. The solvent was removed, and the residue was 

washed several times with ether to give an off-white solid corresponding to the 

tris(1,3-dimesityl-propane-1,3-dionato)aluminum(III) [AlL3] complex. The solid of 

[AlL3] complex (2.63 g, 6.25 mmol) was then dissolved in CHCl3 and added 5 ml of 

conc. HCl. The mixture was refluxed for 24 h to yield the MesAcac ligand, which was 

recrystallized from ethanol as colorless crystalline solids. Yield: 2.1 g (75%) M.P.: 

105 °C. ESI-MS: 309.1784 [M + H]+. 1H NMR (CDCl3, 700 MHz, δ = ppm): 2.28-

2.32 (d, 18H, CH3), 5.75 (s, 1H, enol CH), 6.88 (s, 4H, ArH). 13C{1H} NMR (CDCl3, 

175 MHz, δ = ppm): 19-21 (CH3), 105 (CH2), 128-139 (Ar C=C), 191 (C=O). IR 

(KBr, υ = cm-1), 3431 (OH), 3107 (C=C−H), 2955 (CH2), 2915 (CH3), 1618(C=O), 

1433 (C=C), 1374 (C−H), 1271 (C-O). 

 

Scheme 3.B.2. Reaction scheme for the synthesis of MesAcac. 
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Figure 3.B.2. ESI-MS of MesAcac. 

 

Figure 3.B.3. 1H NMR spectra of MesAcac in CDCl3. (The peak at 7.26 is due to the 

residual solvent) 
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Figure 3.B.4. 13C{1H} NMR spectra of MesAcac in CDCl3. (The peaks at 76-77 is due 

to the residual solvent) 

3.B.2.7 Synthesis of complexes 3.B.1-3.B.5. A general synthetic protocol was used 

for the preparation of the metal complexes as follows: MesAcac (3 eq.) was taken in 

ethanol/chloroform solvent mixture (20 mL) and to it 1 mL of DMF was added along 

with LnCl3·6H2O (1 eq.). To this solution tetramethyl ammonium hydroxide was 

added (3 eq.). The resulting reaction mixture was heated under reflux for a period of  

6 h and brought to ambient temperature. The volume of the solution was reduced to 

10 mL, filtered, and kept undisturbed for crystallization under ambient conditions. 

Slow evaporation of the solvent afforded colorless (for 3.B.1-3.B.4) and pink (3.B.5), 

block-shaped crystals suitable for single crystal X-ray analysis after one week. The 

stoichiometry of the reactants involved in each reaction, yield of the products, and 

their characterization data are provided below: 
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[Eu(MesAcac)3(DMF)] (3.B.1). MesAcac (0.196 g, 0.636 mmol), EuCl3·6H2O (0.058 g, 

0.212 mmol), and Me4NOH (0.115 g, 0.634 mmol) were used. Yield: 0.143 g, 57% 

(based on Eu). M.P.: >250 ℃. Anal. Calcd for C66H85N1O7Er (1179.50): C, 68.24; H, 

6.84; N, 1.19. Found: C, 68.16; H, 6.63; N, 1.11. 

 [Gd(MesAcac)3(H2O)] (3.B.2). MesAcac (0.196 g, 0.636 mmol), GdCl3·6H2O (0.079 g, 

0.212 mmol), and Me4NOH (0.115 g, 0.634 mmol) were used. Yield: 0.139 g, 48% 

(based on Gd). M.P.: >250℃. IR (KBr ν/cm-1): 3447(br), 2994(w), 2949(w),2917(m), 

2855(w), 2729(w), 1652(s), 1613(s), 1552(s), 1507(s), 1472(m), 1387(s), 1366(s), 

1301(w), 1164(m), 1107(m), 1052(m), 1032(w), 956(w), 850(m), 801(w), 777(w), 

722(m), 677(w). Anal. Calcd for C63H71Gd1O7 (1097.44): C, 68.94; H, 6.52. Found: 

C, 68.87; H, 6.44.  

[Tb(MesAcac)3(DMF)] (3.B.3). MesAcac (0.196 g, 0.636 mmol), TbCl3·6H2O (0.079 g, 

0.212 mmol), and Me4NOH (0.115 g, 0.634 mmol) were used. Yield: 0.118 g, 48% 

(based on Tb). M.P.: >250 ℃.IR (KBr ν/cm-1): 3443(br), 2998(w), 2949(m), 2917(m), 

2857(w), 2731(w), 1660(s), 1611(s), 1554(s), 1505(s), 1472(m), 1401(s), 1386(s), 

1301(m), 1162(m), 1107(m), 1054(m), 1030(w), 958(w), 848(m), 797(w), 777(w), 

728(m), 679(w).Anal. Calcd for C66H76 Tb1N1O7 (1154.19): C, 68.67; H, 6.63; N, 

1.21. Found: C, 68.61; H, 6.71; N, 1.16. 

[Dy(MesAcac)3(DMF)] (3.B.4). MesAcac (0.196 g, 0.636 mmol), DyCl3·6H2O (0.080 g, 

0.212 mmol), and Me4NOH (0.115 g, 0.634 mmol) were used. Yield: 0.132 g, 51% 

(based on Dy). M.P.: >250 ℃.IR (KBr ν/cm-1): 3445(br), 2998(w), 2949(w), 

2919(m),2857(w), 2733(w), 1660(s), 1611(s), 1554(s), 1505(s), 1472(m), 1401(s), 

1370(s), 1301(m), 1162(m), 1107(m), 1054(m), 1032(w), 958(w), 848(m), 799(w), 
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777(w), 726(m), 679(w).Anal. Calcd for C66H76Dy1N1O7 (1157.77): C, 68.46; H, 

6.61; N, 1.21. Found: C, 68.39; H, 6.55; N, 1.17. 

[Dy0.09Y0.91(MesAcac)3(DMF)] (3.B.4'). MesAcac (0.196 g, 0.636 mmol), DyCl3·6H2O 

(0.008 g, 0.021 mmol), YCl3·6H2O (0.058 g, 0.191mmol) and Me4NOH (0.115 g, 

0.634 mmol) were used. Yield: 0.112 g, 54% (based on Y). Anal. Calcd for 

C66H76N1O7Dy0.09Y0.91 (1090.81): C, 72.60; H, 7.01; N, 1.28. Found: C, 72.56; H, 

7.12; N, 1.21. 

[Er(MesAcac)3(DMF)] (3.B.5).MesAcac (0.196 g, 0.636 mmol), ErCl3·6H2O (0.081 g, 

0.212 mmol), and Me4NOH (0.115 g, 0.634 mmol) were used. Yield: 0.127 g, 57% 

(based on Er). M.P.: >250 ℃.IR (KBr ν/cm-1): 3445(br), 3006(w), 2949(w), 2917(m), 

2855(w), 2731(w), 1662(s), 1613(s), 1556(s), 1505(s), 1472(m), 1405(s), 1370(s), 

1301(m), 1162(m), 1107(m), 1054(m), 1032(w), 958(w), 848(m), 797(w), 777(w), 

728(m), 681(w).Anal. Calcd for C66H76Er1N1O7 (1162.53): C, 68.18; H, 6.58; N, 1.20. 

Found: C, 68.09; H, 6.50; N, 1.13.  

3.B.3 RESULTS AND DISCUSSION 

3.B.3.1 Molecular Structures. The molecular structures of complexes 3.B.1-3.B.5 

were confirmed by single crystal X-ray diffraction studies. The complexes 3.B.1, 

3.B.2 and 3.B.4' crystallized in the monoclinic crystal system with space groups P21/c 

(for 3.B.1 and 3.B.4') and P21/n (for 3.B.2). On the other hand, complexes 3.B.3, 

3.B.4 and 3.B.5 crystallized in the triclinic P-1 space group. All the complexes are 

formed by the coordination action of three monoanionic MesAcac ligands with 

additional coordination sites occupied by the solvent molecule(s). The complex 3.B.1 

is eight-coordinate and the coordinating solvent molecules are EtOH and DMF. The 
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molecular structure of complex 3.B.1 and its coordination geometry around the EuIII 

center is shown in Figure 3.B.5.  

   

Figure 3.B.5. (left) Molecular structure of complex 3.B.1; (right) coordination 

geometry around the EuIII center. Colour codes: N = blue; O = red; Eu = pink; H = 

pale blue. 

The complexes 3.B.2-3.B.5 are seven-coordinate and the coordinating solvent 

molecules are H2O (for 3.B.2), and DMF (for 3.B.2-3.B.4). In view of the overall 

structural similarity present in all the complexes, we choose the complex 3.B.4 as the 

representative example to elucidate the common structural features present in them. A 

perspective view of the molecular structure of 3.B.4 is shown in Figure 3.B.6, while 

those of 3.B.2, 3.B.3, 3.B.4' and 3.B.5 are given in Figures 3.B.8-3.B.11.  
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Figure 3.B.6. Molecular structure of complex 3.B.4 (left) and the coordination 

geometry (right). Colour codes: N = blue; O = red; Dy = green; H = pale blue. 

The seven-coordinate central DyIII in 3.B.4 is coordinated to six oxygen atoms from 

three MesAcac ligands in the η1:η1 chelating coordination mode and one oxygen atom 

from DMF. The cumulative coordination action of all the ligands resulted in a 

distorted capped octahedron geometry (C3v) around the DyIII center as confirmed by 

SHAPE analysis (see Table 3.B.3).31 It is worth mentioning here is that the 

coordination geometry around the EuIII in complex 3.B.1 is distorted triangular 

dodecahedron (D2d) (see Table 3.B.4) while the coordination geometry around the 

GdIII in complex 3.B.2 is distorted capped trigonal prism (C2v) (see Table 3.B.4). The 

average Dy−O distance for the MesAcac ligand is 2.281(2) Å which is comparatively 

shorter than the Dy−ODMF distance 2.3833(17) Å (see Table 3.B.9). This is primarily 

due to a strong electrostatic interaction of the highly charged DyIII ion with the 

anionic ligands. The selected bond distance and angle parameters of 3.B.1-3.B.5 are 

given in the Tables 3.B.6-3.B.11. The crystal packing diagram reveals that the 

paramagnetic centers are physically far apart with the shortest intermolecular Dy···Dy 

separation being 9.539 Å (see Figure 3.B.7 (left)). The SHAPE analyses of all the 

complexes are given in the Table 3.B.3 (for 3.B.1) and Table 3.B.4 (for 3.B.2-



Chapter 3B 193 
 

 

3.B.5).31-32 The coordination polyhedra of the LnIII center in complexes 3.B.2, 3.B.3, 

3.B.4' and 3.B.5 are given in Figure 3.B.12. 

  

Figure 3.B.7. The solid-state crystal packing diagram of complex 3.B.4 (left) and the 

3:4 piano stool coordination geometry around DyIII (right). 

The coordination geometry around the DyIII can also be viewed as an interesting 3:4 

pseudo-sandwich conformation where the metal center is sandwiched between a 

triangular plane and a trapezoid plane (see Figure 3.B.7(right)). The triangular plane 

(plane 1) is composed of three oxygen atoms (O2, O3, and O6) of which two are from 

the MesAcac ligand (O2, O6) and the remaining one belongs to the coordinated DMF 

molecule (O3). The trapezoid plane (plane 2) is composed of four oxygen atoms (O4, 

O5, O7, and O8) which belong to two MesAcac ligands. It is to be noted that the 

distances of plane 1 and plane 2 from the DyIII centers is quite different. The distance 

between the DyIII and plane 2 is shorter compared to the plane 1 because of high 

negative charge present in the coordinating atoms in that plane. Detailed structural 

parameters about the plane distances (d1 and d2) from the LnIII center, inter-planar 

distances (l), bending angle of the centroid of plane 1−LnIII−centroid of plane 2 (α) 

for complexes 3.B.3 and 3.B.4 are given in Table 3.B.5. These two complexes show 

comparatively short inter-planar distances compared to the reported complexes which 
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are expected to stabilize the oblate shaped single-ion anisotropies of the DyIII and TbIII 

ions.  

Table 3.B.3. Continuous Shape Measures (CShM) for EuIII atom in 3.B.1. 

Polyhedron Eu1 

OP-8 

HPY-8 

HBPY-8 

CU-8 

SAPR-8 

TDD-8 

JGBF-8 

JETBPY-8 

JBTPR-8 

BTPR-8 

JSD-8 

TT-8 

ETBPY-8 

32.610       

21.940       

14.019       

12.735        

4.686        

2.218       

10.571       

25.668        

3.263        

3.166        

3.286        

13.352       

21.911 

†OP-8 = Octagon (D8h); HPY-8 = Heptagonal pyramid (C7v); HBPY-8 = Hexagonal 

bipyramid (D6h); CU-8 = Cube (Oh); SAPR-8 = Square antiprism (D4d); TDD-8 = Triangular 

dodecahedron (D2d); JGBF-8 = Johnson gyrobifastigium J26 (D2d); JETBPY-8 = Johnson 

elongated triangular bipyramid J14 (D3h); JBTPR-8 = Biaugmented trigonal prism J50 (C2v); 

BTPR-8 = Biaugmented trigonal prism (C2v); JSD-8 = Snub diphenoid J84 (D2d); TT-8 = 

Triakis tetrahedron (Td); ETBPY-8 = Elongated trigonal bipyramid (D3h) 
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Table 3.B.4. Continuous Shape Measures (CShM) for LnIII atom in 3.B.2-3.B.5. 

† HP-7 = Heptagon (D7h); HPY-7 = Hexagonal pyramid (C6v); PBPY-7 = Pentagonal 

bipyramid (D5h); COC-7 = Capped octahedron (C3v); CTPR-7 = Capped trigonal prism 

(C2v); JPBPY-7 = Johnson pentagonal bipyramid J13 (D5h); JETPY-7 = Johnson elongated 

triangular pyramid J7 (C3v)  

Table 3.B.5. A summary of the pseudo-sandwich geometry 

 3.B.3 3.B.4 Dy(EIFD)
3(H2O) 

Dy(EIFD)3 
(DMSO) 

[(LOEt)
Dy(L)] 

distance between Ln and 
centroid of plane 1 (d1, Å) 

1.552 1.544 1.5647 1.5926 1.549 

distance between  Ln and 
centroid of plane 2 (d2, Å) 

1.047 1.048 1.0768 1.0856 1.222 

distance between plane 1 and 
plane 2 (l, Å) 

2.593 2.5870 2.6368 2.6561 2.749 

bending angle (α, º) 172.23 172.519 173.072 175.278 165.30 

Reference this work this work [18] [18] [33] 

 

 
Complex 

Structure† 
 

HP-7 HPY-7 PBPY-7 COC-7 CTPR-7 JPBPY-7 JETPY-7 
3.B.2_Gd  

CShM 
34.425 20.755 5.128 1.591 0.781 8.661 18.857 

3.B.3_Tb  
CShM 

33.050  21.423 6.185 0.712 1.533 9.626 16.300 

3.B.4_Dy  
CShM 

33.207  21.365 6.096 0.675 1.506 9.512 16.499 

3.B.4'_Y  
CShM 

33.906 21.193 6.279 0.620 1.162 9.969 16.768 

3.B.5_Er1 
CShM 

35.253  19.894 5.631 0.646 1.604 9.321 19.036 
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Figure 3.B.8. (left) Molecular structure of complex 3.B.2; (right) piano stool 

coordination geometry around the GdIII center. Colour codes: N = blue; O = red; Gd = 

dark yellow; H = pale blue. 

 

  

Figure 3.B.9. (left) Molecular structure of complex 3.B.3; (right) piano stool 

coordination geometry around the TbIII center. Colour codes: N = blue; O = red; Gd = 

olive green; H = pale blue. 
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Figure 3.B.10. (top) Molecular structure of complex 3.B.4'; (bottom) piano stool 

coordination geometry around the (Y0.09/Dy0.91)III center. Colour codes: N = blue; O = 

red; Y0.09Dy0.91 = bright green; H = pale blue. 

 

 

Figure 3.B.11. (left) Molecular structure of complex 3.B.5; (right) piano stool 

coordination geometry around the ErIII center. Colour codes: N = blue; O = red; Er = 

plum; H = pale blue. 



198 Chapter 3B 
 

 

   

(a)       (b) 

   

(c)      (d) 

Figure 3.B.12. (a) Distorted capped trigonal prism geometry of Gd1 in complex 

3.B.2. (b-d) Distorted capped octahedron geometry of LnIII in complexes 3.B.3, 3.B.4' 

and 3.B.5. 

Table 3.B.6. Selected bond lengths (Å) and angles (°) of complex 3.B.1. 

Bond lengths (Å) Bond angles (°) 

Eu1−O1      2.395(4) 

Eu1−O2      2.358(4)   

Eu1−O3      2.364(5)  

Eu1−O4      2.389(4)  

Eu1−O5      2.298(4)  

Eu1−O6      2.350(4)  

O6−Eu1−O1   139.70(14)      O6−Eu1−O3  133.47(16)  

O6−Eu1−O7     70.70(17)      O6−Eu1−O8      120.1(3)  

O2−Eu1−O4   144.17(15)      O2−Eu1−O1    71.71(14)  

O2−Eu1−O3   140.69(14)      O2−Eu1−O7    74.84(19)  

O5−Eu1−O1     85.41(15)      O5−Eu1−O3    77.56(19)  

O5−Eu1−O7   142.64(18)      O5−Eu1−O8      167.8(3)  
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Eu1−O7      2.713(7) 

Eu1−O8      2.454(10) 

O4−Eu1−O1     139.56(15)      O4−Eu1−O8       85.8(3)  

O3−Eu1−O4       72.85(15)      O3−Eu1−O1   69.01(15)   

 

Table 3.B.7. Selected bond lengths (Å) and angles (°) of complex 3.B.2. 

Bond lengths (Å) Bond angles (°) 

Gd1‒O1     2.449(5)  

Gd1‒O2     2.320(4)  

Gd1‒O3     2.326(4)  

Gd1‒O4     2.333(4)  

Gd1‒O5     2.305(4)  

Gd1‒O6     2.317(4)  

Gd1‒O7     2.309(4) 

O2‒Gd1‒O4  140.17(15)   O3‒Gd1‒O1      89.80(20)  

O3‒Gd1‒O4  82.33(14)     O4‒Gd1‒O1      72.03(18)  

O5‒Gd1‒O1  146.42(18)   O5‒Gd1‒O2     133.52(17)  

O6‒Gd1‒O1  129.18(19)    O6‒Gd1‒O2      79.40(15)  

O6‒Gd1‒O3  124.81(15)    O6‒Gd1‒O4     140.05(14)  

O7‒Gd1‒O1  76.20(20)      O7‒Gd1‒O2     113.67(17)  

O7‒Gd1‒O3  161.49(16)     O7‒Gd1‒O4      81.91(15) 

 

Table 3.B.8. Selected bond lengths (Å) and angles (°) of complex 3.B.3. 

Bond lengths (Å) Bond angles (°) 

Tb1‒O2      2.308(2)  

Tb1‒O3     2.316(2)  

Tb1‒O4     2.285(2)  

Tb1‒O5     2.395(2)  

Tb1‒O6     2.292(2)  

Tb1‒O7     2.287(2)  

Tb1‒O8     2.320(2) 

O2‒Tb1‒O3  134.99(5)      O2‒Tb1‒O5  76.94(5)  

O2‒Tb1‒O8    82.11(5)      O3‒Tb1‒O5        134.19(5)  

O3‒Tb1‒O8  128.18(5)      O4‒Tb1‒O2        148.64(5)  

O4‒Tb1‒O6 105.35(5)      O4‒Tb1‒O7        123.20(5)  

O4‒Tb1‒O8   73.78(5)       O6‒Tb1‒O2          88.37(5)  

O6‒Tb1‒O8  155.39(6)       O7‒Tb1‒O2         74.22(5) 

O7‒Tb1‒O3   75.13(5)        O7‒Tb1‒O5       149.52(5) 

 

Table 3.B.9. Selected bond lengths (Å) and angles (°) of complex 3.B.4. 

Bond lengths (Å) Bond angles (°) 

Dy1−O2     2.292 (2)  

Dy1−O3     2.383 (2)  

Dy1−O4     2.273(2)  

Dy1−O5     2.279(2)  

Dy1−O6     2.275(2) 

Dy1−O7     2.304(2)  

Dy1−O8     2.307(2) 

O2−Dy1−O3     77.06(6)       O2−Dy1−O8    135.00(7)  

O4−Dy1−O2   148.85(6)       O4−Dy1−O3      78.94(7)  

O4−Dy1−O5   122.99(7)       O4−Dy1−O7      74.18(6)  

O4−Dy1−O8     76.14(6)       O5−Dy1−O3    149.85(6)  

O5−Dy1−O7     86.65(7)       O5−Dy1−O8      74.85(6)  

O6−Dy1−O2     87.88(6)       O6−Dy1−O5     111.96(7)  

O6−Dy1−O7   155.79(7)       O6−Dy1−O8       74.08(6)  
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Table 3.B.10. Selected bond lengths (Å) and angles (°) of complex 3.B.4'. 

Bond lengths (Å) Bond angles (°) 

Y1‒O1          2.336(2) 

Y1‒O2          2.270(2)  

Y1‒O3          2.306(2)  

Y1‒O4          2.262(2)  

Y1‒O5          2.255(2)  

Y1‒O6          2.329(2)  

Y1‒O7          2.336(2) 

O3‒Y1‒O6      138.03(8)      O3‒Y1‒O7      132.75(8) 

O6‒Y1‒O1        79.27(7)      O2‒Y1‒O3        72.30(8) 

O2‒Y1‒O6     149.07(8)       O2‒Y1‒O7       81.95(8) 

O4‒Y1‒O6       86.34(8)       O4‒Y1‒O2     113.79(8) 

O4‒Y1‒O7      81.63(8)        O4‒Y1‒O1     160.02(8) 

O5‒Y1‒O3       75.07(8)       O5‒Y1‒O6       75.09(7) 

O5‒Y1‒O2     118.07(8)       O5‒Y1‒O7     151.55(8) 

 

Table 3.B.11. Selected bond lengths (Å) and angles (°) of complex 3.B.5. 

Bond lengths (Å) Bond angles (°) 

Er1A‒O1A  2.335(2)  

Er1A‒O2A  2.268(2)  

Er1A‒O3A  2.278(2)  

Er1A‒O4A  2.274(2)  

Er1A‒O5A  2.260(2)  

Er1A‒O6A  2.266(2)  

Er1A‒O7A  2.256(2) 

O2A‒Er1A‒O1A   77.51(9)   O2A‒Er1A‒O3A    74.78(8)  

O2A‒Er1A‒O4A  122.54(9)  O3A‒Er1A‒O1A    84.62(9)  

O4A‒Er1A‒O1A  151.16(9)  O4A‒Er1A‒O3A    81.81(9)  

O5A‒Er1A‒O3A    87.82(8)  O5A‒Er1A‒O4A    74.24(8)  

O6A‒Er1A‒O1A  131.77(9)   O6A‒Er1A‒O2A   73.87(9)  

O6A‒Er1A‒O3A  122.78(8)  O6A‒Er1A‒O4A    76.59(8)  

O7A‒Er1A‒O1A   79.26(9)  O7A‒Er1A‒O2A   107.63(9)  

 

3.B.3.2 Photophysical studies. The UV-Visible absorption spectra of complexes 

3.B.1-3.B.5 and MesAcac were recorded in the DMF solvent (c = 1 x 10-5 M) at 298 K 

(Figure 3.B.13). The absorption properties of MesAcac and complexes 3.B.1-3.B.5 are 

summarized in Table 3.B.12. 
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Figure 3.B.13. Absorption spectra of free ligand, MesAcac (top) and complexes 3.B.1-

3.B.5 (bottom) in DMF (~10-5 M). 

Table 3.B.12. Absorption properties of MesAcac and the complexes (3.B.1-3.B.5) in 

DMF at 298 K 

Compound Absorbance λ [nm] (εmax [1 x 103 M-1 cm-1]) in solution 

MesAcac 300 (14.99) 

3.B.1 297 (47.25) 

3.B.2 303 (37.01) 

3.B.3 307 (31.24) 

3.B.4 306 (37.84) 

3.B.5 307(36.86) 
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The ligand (MesAcac) displays only one absorption maxima at 300 nm corresponding 

to the spin-allowed singlet π → π* transition. In all the complexes this band is shifted 

to slightly lower or higher wavenumbers (Table 3.B.12) consistent with coordination 

of the ligand to the metal centers (Figure 3.B.13). The molar absorption coefficients 

are calculated and tabulated in the Table 3.B.12. The high molar absorption 

coefficients in the complexes suggest that the ligand could be involved for 

sensitization of the lanthanide luminescence. 

The emission spectrum of free ligand is shown in Figure 3.B.14 (top). The free ligand 

exhibits four emission bands at 360 nm, 407 nm, 492 nm, 547 nm respectively. 

Among all the complexes studied only the EuIII and TbIII derivatives (3.B.1 and 3.B.3) 

show strong metal-centered red and green luminescence in 5 μM solution in DMF 

solvent media respectively. Thus, upon excitation at the ligand energy level (λex= 300 

nm), the {EuIII} complex 3.B.1 exhibits sharp emission bands at 593 nm and 616 nm 

Figure 3.B.14 (bottom). These are characteristic of EuIII emission resulting from the 

deactivation of 5D4 excited state to 7FJ ground state (J = 1, 2).34 Among the emission 

peaks the most intense emission at 616 nm corresponds to the 5D0 → 7F2 transition.34 

This intense peak points to a highly polarizable chemical environment around the EuIII 

ion and is responsible for the observed characteristics red emission. 
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Figure 3.B.14. Emission spectrum of MesAcac (top) and the EuIII complex 3.B.1 

(bottom) (excitation at 300 nm; DMF solution 5 μM) at room temperature. 

In the case of TbIII complex 3.B.3, upon excitation at the ligand energy level (λex = 

300 nm), exhibits sharp emission bands 493 nm, 548 nm, 586 nm, and 621 nm (Figure 

3.B.15). These are characteristic of TbIII emission resulting from the deactivation of 

5D4 excited state to 7FJ ground state (J = 6, 5, 4, 3).35 Among the emission peaks the 

most intense emission at 548 nm corresponds to the 5D4 → 7F5 transition. 

 

Figure 3.B.15. Emission spectrum of the TbIII complex 3.B.3 (excitation at 300 nm; 

DMF solution 5 μM) at room temperature. 
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In the case of DyIII complex 3.B.4, upon excitation at the ligand energy level (λex = 

300 nm), two weak emission bands at 485 nm and 577 nm was observed (Figure 

3.B.16). These are characteristic of DyIII emission resulting from the deactivation of 

4F9/2 excited state to 6HJ ground state (J = 15/2, 13/2).35a However, in this case a 

shoulder peak is observed at 492 nm corresponding to the ligand centered emissions. 

 

Figure 3.B.16. Emission spectrum of the DyIII complex 3.B.4 (excitation at 300 nm; 

DMF solution 5 μM) at room temperature. 

In view of the strong emission characteristics of the EuIII and TbIII derivatives, 

solution-state relative luminescence quantum efficiencies of 3.B.1 and 3.B.3 were 

calculated by comparing the emission intensities of the standard sample and the 

unknown sample according to following equation  

Φunk = Φstd(Iunk/Istd)(Astd/Aunk)(ηunk/ηstd)2 

Where Φunk and Φstd are the luminescence quantum yields of the unknown sample and 

the standard sample, respectively, and Iunk and Istd are the integrated emission 

intensities of the unknown sample and standard sample solution, respectively. Aunk 

and Astd are the absorbances of the unknown sample and standard sample solution at 

their excitation wavelengths, respectively. The ηunk and ηstd terms represent the 
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refractive indices of the corresponding solvents (pure solvents were assumed). 

Quinine sulfate monohydrate in 0.5 M H2SO4 was used as the standard. The absolute 

quantum yields of 3.B.1 and 3.B.3 were measured on a Spex-Fluorolog FL22 

spectrofluorimeter and the results are tabulated in Table 3.B.14. 

Table 3.B.13. Relative quantum yields of complexes 3.B.1 and 3.B.3. 

Complex Iunk Istd Aunk Astd ηunk 

(DMF) 
ηstd 

(water) 
Φstd Φunk % Φunk 

3.B.1 (Eu) 5979.5 8331071.5 0.0646 0.0646 1.4305 1.33 0.546 0.00049 0.045 

3.B.3 (Tb) 123085.2 9323545.5 0.0693 0.0693 1.4305 1.33 0.546 0.00833 0.830 

 

Table 3.B.14. Table of absolute quantum yields for 3.B.1 and 3.B.3. 

Sl. No. Complex Quantum Yield (%) 
1. 3.B.1 (Eu) 0.58 

2. 3.B.3 (Tb) 0.74 

 

3.B.3.3 Magnetic properties.  

Direct current (dc) magnetic susceptibility measurements were carried out on a 

polycrystalline sample of 3.B.4 in the 290-2 K temperature range in an applied 

magnetic field of 1000 Oe. The dependence on temperature of χMT product for 3.B.4 

(χM is the molar magnetic susceptibility per mononuclear DyIII unit) is given in Figure 

3.B.17. The χMT value at room temperature (14.05 cm3 mol-1 K) agrees well with that 

expected for an isolated DyIII ion in the free ion approximation (14.18 cm3 mol-1 K). 

Upon cooling, χMT decreases slowly until ∼125 K and then decreases more rapidly to 

reach a value of 9.74 cm3 mol-1 K at 2 K. This behaviour is mainly due to the 

depopulation of the MJ sublevels of the DyIII ions, which arise from the splitting of the 

6H15/2 ground term by the ligand field, as well as Zeeman effects and possible 

intermolecular dipolar interactions (which must be very small due to the large 
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Dy···Dy distance of 9.538 Å). The field dependence of the magnetization at T = 2 K 

(Figure 3.B.17 inset) exhibits a fast increase of the magnetization up to ~ 1 T and then 

a very slow increase to reach almost saturation at 5 T, thus indicating a well isolated 

ground state. The fact that the magnetization values at the highest applied dc magnetic 

field of 5 T (M = 5.10 NB) is rather lower than that calculated for an isolated DyIII 

ion in the free-ion approximation (M = 7.10 NB), is due to crystal-field effects giving 

rise to significant magnetic anisotropy. 

 

Figure 3.B.17. Temperature dependence of the χMT product and field dependence of 

the magnetization for compounds 3.B.4.  

It should be noted that low-symmetry DyIII complexes, like 3.B.4, generally exhibit 

axial crystal fields, which lead to axial anisotropy with a MJ = ±15/2 Ising ground 

Kramers doublet. Assuming the axiality of the ground state, we have calculated the 

direction of the anisotropy axes of the DyIII ions by using the electrostatic Chilton’s 

method (Figure 3.B.18).36 As indicated elsewhere,18, 33 the DyIII coordination sphere 

can be described as a pseudo-sandwich conformation where the metal center is 

sandwiched between a triangular plane and a trapezoid plane. The trapezoid plane is 

made of four oxygen atoms belonging to two diketonate ligands, whereas the 

triangular plane if formed by two oxygen atoms from a diketonate ligand and the 
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oxygen atom of the DMF molecule. The average Dy‒O bond distance in the trapezoid 

plane is larger than that in the triangular plane, and, moreover, the distance between 

the trapezoid plane and the DyIII ion is shorter than that to the triangular plane. 

Considering these considerations, is not surprising that the axial anisotropic axis lies 

in between these two planes and close to that containing the average shortest Dy‒O 

distance (trapezoid plane). 

 

Figure 3.B.18. Quantitative calculation of the anisotropic axes orientation (green 

arrows) using the Chilton’s method.36 

Preliminary temperature dependent dynamic ac magnetic susceptibility measurements 

at a frequency of 1400 Hz were carried out to know if 3.B.4 exhibited slow relaxation 

of the magnetization and SIM behaviour. At zero dc field, complex 3.B.4 shows an 

out-of-phase (χ"M) signal below 15 K with an intense tail below 5 K. This tail, which 

is due to fast resonant zero-field quantum tunneling of the magnetization (QTM), 

avoids the observation of a clear peak around 5 K. This behaviour can be due to the 

existence of dipolar and/or hyperfine interactions opening new relaxation pathways 

for QTM process.  When the ac measurements were carried out in the presence of a 
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small external field of 1000 Oe (this is the field leading to the slower relaxation) 

compound 3.B.4 showed a well-defined out-of-phase (χ"M) signal with a maximum at 

10 K (Figure 3.B.19, inset). This result clearly points out that the application of a 

small dc field is enough to suppress QTM.  

 

Figure 3.B.19. Temperature dependence of the out-of-phase χ"M component of the ac 

susceptibility for 3.B.4 at 0.1 T. (Inset) Temperature dependence of the out-of-phase 

χ"M for 3.B.4 and 3.B.4' at 1400 Hz and under zero and 0.1 T magnetic field (left).  

In order to know the effect of the magnetic dilution on the slow relaxation of the 

magnetization, we prepared a magnetic diluted sample of 3.B.4 by substituting DyIII 

ions by YIII to achieve a DyIII/YIII molar ratio 1/9 (this ratio was estimated from the 

susceptibility and magnetization data for 3.B.4' at room temperature compared to 

those for 3.B.4). The temperature dependence of out-of-phase (χ"M) at 1400 Hz and 

under zero field for 3.B.4' shows a clear maximum centered at 10 K and a low 

intensity tail below 5 K, thus pointing out that the QTM has been almost completely 

suppressed. Moreover, when the results for 3.B.4 at 0.1 T are compared to those of 
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3.B.4' at zero field, one realizes that the effect of the dilution appears to be a little bit 

less effective in suppressing QTM than the effect of the field (Figure 3.B.19, inset). 

As expected, at 0.1 T the results for the 3.B.4 and 3.B.4' are coincident. Considering 

this, the complete set of ac measurements on the diluted complex 3.B.4' were carried 

out under a field of 0.1 T. The results show a strong frequency dependence of the ac 

susceptibility signals with maxima in the 10 (1400 Hz)-3 K (1 Hz) temperature range.  

The relaxation times (τ) for 3.B.4' were extracted from the fitting of the frequency 

dependence of χ"M at each temperature to the generalized Debye model (Figure 

3.B.20). The fit of the relaxation times to the Arrhenius equation in the 8-10 K 

temperature range afforded the following values of the effective energy barrier for the 

reversal of the magnetization and the pre-exponential factor, Ueff = 70(3) K and τo = 

2.7 x 10-7 s respectively. The deviation of the data from the Arrhenius law below 8 K 

is a clear sign that either the magnetic relaxation takes place through a relaxation 

process other than Arrhenius or there is coexistence of several competing relaxation 

processes. In the studied temperature range (T > 4 K) and at 0.1 T direct and QTM 

relaxation processes for 3.B.4' are almost negligible, and therefore the relaxation 

times were fitted to the following equation: 

τ-1 = BTn + τ0
-1exp(-Ueff /kBT) 

which contemplates that Raman (first term) and Orbach (second term) processes 

contribute concurrently to the relaxation of the magnetization. It should be noted that 

all attempts to fit the data to this equation were unsuccessful. However, fixing the Ueff 

and 0 values to those extracted from the Arrhenius plot for the Orbach process a very 

good fit was obtained with B = 0.04 s-1 Kn and n = 6.11. It is worth mentioning that n 

= 9 is expected for Kramers ions like DyIII.37 Nevertheless, values between n = 2 to 7 
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are also are realistic when both acoustic and optical phonons are active.38 Similar 

values have been previously reported for other DyIII containing complexes.39  

 

Figure 3.B.20. Frequency dependence of the ''M at different temperatures for 3.B.4' 

at 0.1 T. (Inset) Temperature dependence of the relaxation time τ for complex 3.B.4'. 

The red line represents the best fits of the experimental data to the Arrhenius equation 

whereas the green violet lines correspond to the best fit to Raman relaxation process. 

The ongoing and previous results40 show that a good approach for obtaining DyIII 

SIMs is that of using tris(β-diketonates) Dy complexes, already formed or prepared in 

situ, with neutral monodentate, bidentate or bis(bidentante) ligands (such as water, 

DMF, pyridine, 2, 2'-bipyridine derivatives, bis-bipyrimidine, etc). This is because the 

Dy‒Odiketonate bond distances are shorter than either the Dy‒N or the Dy‒O bond 

distances of the neutral ligands and therefore the former have larger electron density 

than the latter. Considering this, the two acetyl acetonato ligands at opposite sides of 
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each Dy atom, create an appropriate axial crystal field an enough axial ligand field as 

to favor an axial ground KD and then the SIM behavior. 

3.B.4 CONCLUSIONS 

In conclusion, we have successfully prepared a new series of neutral mononuclear 

LnIII complexes by utilizing a flexible and bulky bidentate acetyl acetone ligand 

(MesAcac). The solid-state structures of these complexes revealed eight-coordinate 

triangular dodecahedron geometry for EuIII while for other LnIII ions (Ln = Y, Gd, Tb, 

and Er) a seven-coordinate capped octahedron/trigonal prism geometry was observed. 

The different coordination numbers could be attributed to the ionic radii of LnIII ions 

which undergoes a steady decrease across the period due to lanthanide contraction. 

Interestingly, the EuIII (3.B.1) and TbIII (3.B.3) derivatives showed ligand sensitized 

red and green luminescence characteristics of the LnIII metal center. In view of the 

axial nature of the ligand field with a pseudo-sandwich geometry, dynamic ac 

susceptibility measurements was performed on DyIII (3.B.4) derivative which show 

well-defined peaks in the frequency dependence out-of-phase susceptibility 

characteristics of SMM behavior under a biased field of 1000 Oe. In order to know 

the effect of the magnetic dilution on the slow relaxation of the magnetization, 

dynamic ac susceptibility measurements were performed on a diluted sample 

YIII
0.09DyIII

0.91 (3.B.4'). In the presence of a dc field (1000 Oe), complex 3.B.4' 

revealed SIM behavior with an anisotropic energy barrier of 70 K (τ0 = 2.7 x 10-7 s). 
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Homodinuclear {LnIII
2} (Ln = Gd, Tb, Dy, and Ho) Complexes: Field- 

Induced SMM Behavior of the TbIII and DyIII Analogues

 

ABSTRACT: A family of four dinuclear complexes, [NHEt3]2[Ln2(µ-

NO3)2(NO3)2(HL)2] (Ln = GdIII (4.A.1), TbIII (4.A.2), DyIII (4.A.3), HoIII (4.A.4)), 

were synthesized by the reaction of an enolizable multidentate Schiff base ligand H3L 

(H3L = N'-(2-hydroxy-3-methoxy-5-nitrobenzylidene)-2-(hydroxyimino)propane-

hydrazide) with hydrated lanthanide nitrates in the presence of NEt3. The molecular 

structure of complexes 4.A.1-4.A.4 was confirmed by single crystal XRD analysis. 

All of the centrosymmetric complexes are dianionic, isostructural and each of the LnIII 

centers is nine-coordinate and adopts muffin-like coordination geometry as indicated 

by SHAPE analysis. The dynamic magnetization studies revealed that the compounds 

4.A.2 and 4.A.3 are field-induced single-molecule magnets with effective energy 

barriers, Ueff/kB = 34(2) K (for 4.A.2) and 80(3) K (for 4.A.3) and pre-exponential 

factors, τo = 1.1 x 10-8 (for 4.A.2) and 1.15 x 10-7 (for 4.A.3). 

4.A.1 INTRODUCTION  

Single-molecule magnets based on lanthanide complexes are of considerable interest 

in view of the unquenched spin-orbit angular momentum present among lanthanide 

ions leading to an inherent magnetic anisotropy in many of them particularly in ions 

such as DyIII, TbIII, HoIII, ErIII etc.1 Various types of lanthanide complexes containing 

diverse features such as varying nuclearity and structural topology have been 

investigated revealing a rich magnetochemistry.2 Among all the lanthanide ion-

containing single molecule magnets investigated thus far, the complex 

[(CpiPr5)Dy(Cp*)][B(C6F5)4] possesses the highest blocking temperature, 80 K, below 
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which the complex once magnetized retains its magnetization for long periods of 

time.3 While such single ion magnets are certainly of considerable interest there is 

also substantial interest in dinuclear complexes because of several reasons. One, such 

complexes serve as the simplest models to understand inter-lanthanide interactions 

mediated through ligands.4 Second, the pioneering work of Long and co-workers has 

revealed that having appropriate bridging ligands between the lanthanide centers 

allows a favorable electronic communication between them.5 Thus, the complex, 

[K(18-crown-6)(THF)2] [{[(Me3Si)2N]2(THF)Tb}2(μ-η2 :η2 N2)], where the lanthanide 

centers are connected to each other by the radical ligand [N2]3− shows an effective 

barrier for magnetization reversal Ueff = 227 cm-1 and a blocking temperature of 14 

K.5 Spurred by this exciting result there have been many efforts to study dinuclear 

complexes.6 While a large number of ligands have been used for assembling such 

complexes, ligand design that can lead to the exclusive isolation of dinuclear 

complexes still is an important issue. Oxo-ligand systems have been shown to be quite 

effective in the synthesis of such complexes, besides providing an opportunity to 

effect slight structural variations which in turn can bring a change in the magnetic 

interaction between the lanthanide centers.6g, 7 Also, studies on dinuclear lanthanide 

complexes reveal that a number of strategies can be employed to enhance the energy 

barriers of magnetization reversal. The commonly employed methods are tuning 

terminal ligands8, tuning local coordination geometries9 and tuning ligand fields4g. 

We have been utilizing multi-dentate hydrazone ligands, for some time, to assemble 

lanthanide complexes.10 In this context, we wished to explore an o-vanillin supported 

multidentate ligand, N'-(2-hydroxy-3-methoxy-5-nitrobenzylidene)-2-hydroxyimino-

propanehydrazide (H3L) to prepare dinuclear LnIII complexes. Based on our previous 

understanding of such ligand systems we intuited that keto-enol tautomerism would 
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allow H3L to be present in an enol form and when deprotonated the enolate oxygen 

can be profitably used to bridge two lanthanide ions. Accordingly, we have isolated a 

family of dinuclear LnIII
2 complexes, [NHEt3]2[Ln2(µ-NO3)2(NO3)2(HL)2] (Ln = GdIII 

(4.A.1), TbIII (4.A.2), DyIII (4.A.3), HoIII (4.A.4)). The synthesis, structure and 

magnetic properties of these complexes are revealed herein. 

4.A.2 EXPERIMENTAL SECTION 

4.A.2.1 Materials and Methods. Solvents and other general reagents used in this 

work were obtained from commercial sources and used without further purification. 

3-Methoxy-5-nitrosalicylaldehyde, triethylamine, hydroxylamine hydrochloride, 

Ln(NO3)3·xH2O were obtained from Sigma Aldrich Chemical Co. (India). Ethyl 

pyruvate was obtained from Spectrochem Pvt. Ltd., Mumbai, India. All these reagents 

were used as obtained without further purification. Ethyl 2-(hydroxyimino)propanoate 

and 2-(hydroxyimino)-propanehydrazide were prepared by a previously reported 

procedure.11, 12 

4.A.2.2 Instrumentation. Melting points were measured using a JSGW melting point 

apparatus and are uncorrected. 1H NMR and 13C{1H} NMR spectra were recorded on 

a Bruker Ascend-700 (1H: 700 MHz; 13C{1H}: 175 MHz) and were referenced to the 

resonances of the solvent used. IR spectra were recorded with a PerkinElmer FT-IR 

spectrometer. Mass spectra were recorded with a Bruker micrOTOF-Q II 

spectrometer. Elemental analyses of the compounds were obtained from a Euro 

Vector EA elemental analyzer (CHNS-O, Model EA3000). Powder X-ray diffraction 

data of all the complexes were collected with a Bruker D8 Advance X-ray Powder 

Diffractometer using CuKα radiation (λ = 1.5418 Å). 
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4.A.2.3 Magnetic Measurements. Field dependence of the magnetization at different 

temperatures and variable temperature (2-300 K) magnetic susceptibility 

measurements on polycrystalline samples were carried out with a Quantum Design 

SQUID MPMS XL-5 device operating at different magnetic fields. Ac susceptibility 

measurements were performed using an oscillating ac field of 3 Oe and ac frequencies 

ranging from 1 to 1500 Hz. The experimental susceptibilities were corrected for the 

sample holder and diamagnetism of the constituent atoms by using Pascal’s tables. A 

pellet of the sample cut into very small pieces was placed in the sample holder to 

prevent any torquing of the microcrystals. 

4.A.2.4 X-ray Crystallography. Single crystal X-ray structural studies of complexes 

4.A.1-4.A.4 were performed on a Bruker Apex II CCD diffractometer system 

equipped with graphite-monochromated MoKα radiation (λα = 0.71073 Å) at 298(2) 

K. We did not observe degradation/decomposition of the crystals during data 

collection. The frames were indexed, integrated, and scaled using the SMART and 

SAINT software package.13 Absorption correction was performed by multi-scan 

method implemented in SADABS.14 Space groups were determined using XPREP 

implemented in APEX2.15 The structures were solved with the ShelXT16 structure 

solution program using Direct Methods and refined by the full-matrix least-squares 

method on F2(ShelXL-2014)17 using the Olex-218 software. All the non-hydrogen 

atoms were refined with anisotropic thermal parameters. All the hydrogen atoms were 

placed in geometrically calculated positions or found in the Fourier difference map 

and included in the refinement process using riding model. The crystallographic 

figures have been generated using DIAMOND software.19 

4.A.4.5 Synthesis of the ligand H3L. The ligand H3L was prepared by the 

condensation of 3-methoxy-5-nitrosalicylaldehyde (1.34 g, 6.83 mmol) with              
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2-(hydroxyimino)propanehydrazide (0.80 g, 6.83 mmol) in methanol (50 mL) under 

reflux conditions for 2 h. During this time an off-white precipitate was formed, which 

was filtered, washed with cold methanol and diethyl ether, and subsequently dried 

under vacuum for 4 h. Yield: 1.9 g (94%). M. P.: 236 °C. FT-IR (KBr) cm-1: 3743 

(m), 3568 (m), 3479 (w), 3439 (w), 3137 (w), 3101 (w), 3028 (m), 2840 (m), 1636 

(s), 1530 (s), 1483 (s), 1441 (m), 1351 (s), 1282 (s), 1184 (s), 1100 (m), 1069 (m), 

1010 (s), 961 (m), 883 (w), 849 (m), 791 (m), 736 (m), 624 (m). 1H NMR (DMSO-d6, 

δ, ppm): 11.97 (s, 1H, enol H), 11.91 (s, 1H, oxime H), 8.74 (s, 1H, imine H), 8.16 (s, 

1H, Ar˗H), 7.76 (s, 1H, Ar˗H), 3.95 (s, 3H, -OCH3), 1.97 (s, 3H, -CH3). Anal. Calcd 

for C11H12N4O6 (296.07): C, 44.60; H, 4.08; N, 18.91.  Found: C, 44.39; H, 3.89; N, 

18.79. ESI-MS, m/z = 297.0809 for (M + H)+.  

 

Figure 4.A.1. 1H NMR spectra of ligand H3L in a DMSO-d6 solvent. (The peaks 

observed at 3.35 ppm and 2.50 ppm is due to the residual solvents) 
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Figure 4.A.2. 13C{1H} NMR spectra of ligand H3L in a DMSO-d6 solvent. (The peak 

observed at 40 ppm is due to the residual solvent) 

 

Figure 4.A.3. ESI-MS spectra of ligand H3L in a CH3CN solvent.  

4.A.4.6 Syntheses of metal complexes. The general synthetic protocol used for the 

preparation of the dinuclear metal complexes (4.A.1-4.A.4) was as follows: 

Ln(NO3)3.xH2O (1 eq.), was added to an acetonitrile solution (15 mL) of H3L (1 eq.), 

with constant stirring which resulted in a yellow solution. After stirring for 5 min, 
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NEt3 (2 eq.) was added dropwise to it and the reaction mixture was allowed to stir for 

a period of 12 h. The yellow solution was filtered, and vapor diffusion of the resultant 

filtrate with diethyl ether afforded yellow, block-shaped crystals, suitable for X-ray 

diffraction analysis, after one week. The stoichiometry of the reactants involved in 

each reaction, yield of the products and their characterization data are provided below. 

[NHEt3]2[Gd2(µ-NO3)2(NO3)2(HL)2] (4.A.1). H3L (0.060 g, 0.202 mmol), 

Gd(NO3)3·6H2O (0.091 g, 0.202 mmol), and NEt3 (0.041 g, 0.405 mmol)) were used. 

Yield: 0.083 g, 67% (based on Gd metal salt). M.P.: >250 °C. IR (KBr ν/cm-1): 

3412(b), 3079(w), 2989(w), 1602(s), 1564(w), 1497(w), 1427(w), 1384(s), 1307(s), 

1255(m), 1199(m), 1104(s), 1054(s), 967(w), 907(s), 839(m), 780(m), 744(m), 

638(w), 555(m). Anal. Calcd for C34H52Gd2N14O24 (1356.18): C, 30.13; H, 3.87; N, 

14.47. Found: C, 29.89; H, 3.65; N, 14.33. ESI-MS, m/z = 1262.0375, 

[C22H20Gd2N12O24 + 2H2O + CH3OH + CH3CN + H]−.  

[NHEt3]2[Tb2(µ-NO3)2(NO3)2(HL)2] (4.A.2). H3L (0.060 g, 0.202 mmol), 

Tb(NO3)3·5H2O (0.088 g, 0.202 mmol), and NEt3 (0.041 g,  0.405 mmol)) were used. 

Yield: 0.091 g, 69% (based on Tb metal salt). M.P.: >250 °C. IR (KBr ν/cm-1): 

3402(b), 3079(w), 2987(w), 1601(s), 1565(w), 1498(w), 1446(w), 1384(s), 1303(s), 

1254(m), 1197(m), 1101(s), 1054(s), 970(w), 907(s), 840(m), 783(m), 745(m), 

641(w), 560(m). Anal. Calcd for C34H52Tb2N14O24 (1358.18): C, 30.06; H, 3.86; N, 

14.43. Found: C, 29.83; H, 3.63; N, 14.26. ESI-MS, m/z = 1262.0253, 

[C22H20Tb2N12O24 + 3H2O + CH3OH + Na]−. 

[NHEt3]2[Dy2(µ-NO3)2(NO3)2(HL)2] (4.A.3). H3L (0.060 g, 0.202 mmol), 

Dy(NO3)3·5H2O (0.089 g, 0.202 mmol), and NEt3 (0.041 g, 0.405 mmol)) were used. 

Yield: 88 g, 64% (based on Dy metal salt). Mp: >250 °C. IR (KBr ν/cm-1): 3415(b), 
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3091(w), 2988(w), 1603(s), 1566(w), 1498(w), 1451(w), 1384(s), 1305(s), 1255(m), 

1197(m), 1103(s), 1055(s), 971(w), 909(s), 839(m), 780(m), 746(m), 653(w), 562(m). 

Anal. Calcd for C34H52Dy2N14O24 (1365.18): C, 29.90; H, 3.84; N, 14.36. Found: C, 

29.74; H, 3.66; N, 14.18. ESI-MS, m/z = 1269.9931, [C22H20Dy2N12O24 + 3H2O + 

CH3OH + Na]−. 

[NHEt3]2[Ho2(µ-NO3)2(NO3)2(HL)2] (4.A.4). H3L (0.060 g, 0.202 mmol), 

Ho(NO3)3·5H2O (0.090 g, 0.202 mmol), and NEt3 (0.041 g,  0.405 mmol)) were used. 

Yield: 0.087 g, 62% (based on Ho metal salt). Mp: >250 °C. IR (KBr ν/cm-1): 

3428(b), 3089(w), 2994(w), 1603(s), 1564(w), 1499(w), 1450(w), 1384(s), 1304(s), 

1255(m), 1197(m), 1102(s), 1057(s), 971(w), 910(s), 840(m), 780(m), 748(m), 

663(w), 563(m). Anal. Calcd for C34H52Ho2N14O24 (1370.19): C, 29.79; H, 3.82; N, 

14.31. Found: C, 29.58; H, 3.65; N, 14.16. ESI-MS, m/z = 1274.9899, 

[C22H20Ho2N12O24 + 3H2O + CH3OH + Na]−. 

4.A.3 RESULTS AND DISCUSSION 

4.A.3.1 Synthetic Aspects. The ligand H3L was prepared by a condensation reaction 

of 5-nitro substituted o-vanillin with 2-(hydroxyimino)propanehydrazide. This ligand 

upon complete deprotonation is trianionic and contains six potential coordination sites 

(Scheme 4.A.1). Further, the ligand is endowed with the possibility of keto-enol 

tautomerism thus allowing functional flexibility. The ligand was well characterized by 

NMR and ESI-MS techniques (Figures 4.A.1-4.A.3) The reaction of H3L with 

hydrated lanthanide nitrate metal salts in the presence of triethylamine in a 1:1:2 

stoichiometric ratio afforded the dinuclear LnIII complexes, [NHEt3]2[Ln2(µ-

NO3)2(NO3)2(HL)2] where Ln = GdIII (4.A.1), TbIII (4.A.2), DyIII (4.A.3) and HoIII 

(4.A.4) (Scheme 4.A.2). 
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Scheme 4.A.1. Six potential coordination sites of the trianionic ligand [L]3− 

 

Scheme 4.A.2. Synthesis of dinuclear complexes [NHEt3]2[Ln2(µ-NO3)2(NO3)2(HL)2] 

(4.A.1-4.A.4). 

A keto-enol tautomerization pathway of the free ligand and its corresponding binding 

mode is shown in Scheme 4.A.3. The keto form of the free ligand in the solid state is 

detected by IR stretch bands at 3480 and 3441 cm-1, due to the amide ν(N‒H) 

stretching frequencies. On the other hand ν(C=N) stretching absorption bands are 

observed in the metal complexes at 1603 cm-1 instead of 1665 and 1636 cm-1 as 

observed in the free ligand (see Figure 4.A.4). Upon metalation of the ligand the ν(N‒

H) absorption band in the IR spectrum of complexes 4.A.1-4.A.4 vanishes which 

implies that the enol form is predominant (Figure 4.A.4 (b); the IR spectra of complex 

4.A.2 is given as a representative example). The presence of the enolate form in the 

metal complexes is further confirmed by a single crystal X-ray analysis which 

revealed that the C‒O single bond lengths are 1.296-1.311 Å and the C=N double 

bond lengths are 1.291-1.303 Å respectively. 
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Scheme 4.A.3. Base-assisted reversible keto-enol tautomerization of the ligand H3L 

and its coordination mode in the complexes 4.A.1-4.A.4 

 

(a)      (b) 

Figure 4.A.4. IR spectra of H3L (a) and complex 4.A.2 (b). 

The structural integrity of 4.A.1-4.A.4 in solution was probed by ESI-MS studies in 

CH3OH/CH3CN solvent (1:1 v/v) which revealed peaks at m/z = 1262.0375, 

1262.0253, 1274.9899, and 1269.9931 corresponding to the mono-anionic species; 

[C22H20Gd2N12O24 + 2H2O + CH3OH + CH3CN + H]− (Figure 4.A.5), 
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[C22H20Tb2N12O24 + 3H2O + CH3OH + Na]− (Figure 4.A.6), [C22H20Dy2N12O24 + 

3H2O + CH3OH + Na]− (Figure 4.A.7), and [C22H20Ho2N12O24 + 3H2O + CH3OH + 

Na]− (Figure 4.A.8) respectively. These results suggest that the dinuclear motif is 

quite stable in the solution phase.  

 

(a) 

  

(b)      (c) 

Figure 4.A.5. (a) Full range ESI-MS spectrum of complex 4.A.1. (b) Experimental 

and (c) Simulated pattern of [C22H20Gd2N12O24 + 2H2O + CH3OH + CH3CN + H]−. 
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(a) 

  

(b)      (c) 

Figure 4.A.6. (a) Full range ESI-MS spectrum of complex 4.A.2. (b) Experimental 

and (c) Simulated pattern of [C22H20Tb2N12O24 + 3H2O + CH3OH + Na]−. 

 

(a) 
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(b)      (c) 

Figure 4.A.7. (a) Full range ESI-MS spectrum of complex 4.A.3. (b) Experimental 

and (c) Simulated pattern of [C22H20Dy2N12O24 + 3H2O + CH3OH + Na]−. 

 

(a) 

  

(b)     (c) 

Figure 4.A.8. (a) Full range ESI-MS spectrum of complex 4.A.4. (b) Experimental 

and (c) Simulated pattern of [C22H20Ho2N12O24 + 3H2O + CH3OH + Na]−. 
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4.A.3.2 Molecular Structure. The molecular structures of complexes 4.A.1-4.A.1.4 

were determined by a single crystal X-ray analysis. The crystal data and refinement 

parameters for 4.A.1-4.A.4 are summarized in Table 4.A.1.  

Table 4.A.1. Details of the data collection and refinement parameters  

 4.A.1 4.A.2 4.A.3 4.A.4 
Chemical 
formula 

C34H52Gd2N14O2

4 
C34H52Tb2N14O2

4 
C34H52Dy2N14O24 C34H52Ho2N14O2

4 
Mw (g/mol) 1355.39 1358.73 1365.89 1370.75 

Temperature 
(K) 

298(2) 298(2) 298(2) 298(2) 

Crystal system Triclinic Triclinic Triclinic Triclinic 
Space group P-1 P-1 P-1 P-1 
a, b, c (Å) 8.1915(2) 

12.3709(3) 
13.1913(3) 

8.1877(3) 
12.3718(4) 
13.1796(4) 

8.1692(6) 
12.3599(9) 
13.1414(11) 

8.1598(3) 
12.3391(4) 
13.1141(5) 

α, β, γ (°) 70.3530(10) 
82.9060(10) 
86.1670(10) 

70.427(2) 
83.027(2) 
86.244(2) 

70.482(5) 
83.102(5) 
86.233(5) 

70.625(2) 
83.201(2) 
86.283(2) 

V (Å3) 1248.84(5) 1248.16(7) 1241.13(17) 1236.39(8) 
Z 1 1 1 1 
ρcalc (g{cm3) 1.802 1.808 1.825 1.830 
μ (mm-1) 2.729 2.907 3.084 3.273 
F(000) 674.0 676.0 676.0 672.0 
Crystal size 
(mm)3 

0.17 × 0.14 × 
0.12 

0.16 × 0.13 × 
0.11 

0.17 × 0.15 × 
0.12 

0.16 × 0.15 × 
0.12 

Radiation MoKα (λ = 
0.71073) 

MoKα (λ = 
0.71073) 

MoKα (λ = 
0.71073) 

MoKα (λ = 
0.71073) 

2θ range (°) 3.298 to 60.154 3.496 to 56.674 5.024 to 56.834 5.55 to 61.354 
Index ranges -10 ≤ h ≤ 11 

-17 ≤ k ≤ 17 
-17 ≤ l ≤ 18 

-10 ≤ h ≤ 10 
-16 ≤ k ≤ 16 
-17 ≤ l ≤ 17 

-10 ≤ h ≤ 10 
-16 ≤ k ≤ 16 
-17 ≤ l ≤ 17 

-11 ≤ h ≤ 11 
-17 ≤ k ≤ 17 
-18 ≤ l ≤ 18 

Reflections 
collected 

23468 22259 18765 25706 

Independent 
reflections 

7297 6171 6154 7579 

Data/restraints/
parameters 

7297/0/316 6171/0/310 6154/0/310 7579/0/309 

Goodness-of-fit 
on F2 

1.052 1.046 1.054 1.040 

Completeness 
to 2θ 

99.3 % (60.154) 99.1 % (56.674) 98.6 % (56.834°) 98.9 % (61.354) 

Final R indexes 
[I>=2σ (I)] 

R1 = 0.0315, 
wR2 = 0.0764 

R1 = 0.0293, 
wR2 = 0.0737 

R1 = 0.0509, 
wR2 = 0.1257 

R1 = 0.0416, 
wR2 = 0.1051 

Final R indexes 
[all data] 

R1 = 0.0376, 
wR2 = 0.0797 

R1 = 0.0331, 
wR2 = 0.0757 

R1 = 0.0614, 
wR2 = 0.1333 

R1 = 0.0499, 
wR2 = 0.1108 

R1=∑|F0 −  F𝑐|/ ∑ F0; wR2 = ∑[w(F02 −  F02)]2/[w(F02)2]12 
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All the complexes are isostructural and crystallized in the triclinic system in the space 

group P-1. The asymmetric unit of all these complexes contains one-half of the 

molecule consisting of one lanthanide ion, one dianionic ligand [HL]2−, and two 

coordinating nitrate anions. The asymmetric unit as shown in Figure 4.A.9 (a) in the 

case of 4.A.3 carries a unit negative charge counter-balanced by a triethylammonium 

cation which is hydrogen bonded with the bridging nitrate ligand (Figure 4.A.9 (a)). 

Intermolecular hydrogen bonding parameters for compounds 4.A.1-4.A.4 are given in 

the Table 4.A.2. In the view of structural similarity of these complexes, we have 

chosen complex 4.A.3 (Figure 4.A.9 (b)) as a representative example to elucidate the 

common structural features present in these complexes. The molecular structures of 

complexes 4.A.1, 4.A.2, and 4.A.4 are given in the Figures 4.A.13-4.A.15. 

 

Figure 4.A.9. (a) Asymmetric unit and (b) molecular structure of complex 4.A.3. 

(Hydrogen atoms, except selected are omitted for the sake of clarity). *atoms are 

generated by the symmetry operation 1-X, 1-Y, and 2-Z 

Table 4.A.2. Intermolecular hydrogen bonding parameters  

Sl. No. D      H      A d(D−H)/Å d(H−A)/Å d(D−A)/Å D−H−A/° 
4.A.1 N7  H7B  O10 0.98 1.90 2.836(10) 157.9 
4.A.2 N7  H7B  O10  0.98  1.91 2.841(6)  157.4 
4.A.3 N7  H7B  O10  0.98  1.91 2.839(6)  157.4 
4.A.4 N7  H7B  O10  0.98 1.91  2.839(7) 156.8 
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The crystal structure of 4.A.3 consists of the dianionic complex, [C22H20Dy2N12O24]2− 

and two triethylammonium counter cations. Complex 4.A.3 consists of two DyIII ions, 

two [HL]2− ligands and four nitrate ligands. Two [HL]2− ligands hold the two 

dysprosium ions in a “head-to-tail” fashion utilizing a  tridentate (O1, N1, and O2) 

and a bidentate (N3 and O2) coordinating motifs. The enolate oxygen atoms (O2 and 

O2*) of the ligand bridge the two metal centers affording an approximate rhomboidal-

shaped four-membered Dy2O2 core (Figure 4.A.10 (a)). The Dy···Dy distance and the 

two Dy−O−Dy angles in the central Dy2O2 cores are found to be 3.729 (5) Å and 

108.25° (15) respectively. The coordination requirements of the DyIII are met by the 

nitrate ligands giving an overall 2N, 7O coordination environment around each DyIII 

center. Among the four nitrate ligands two are bridging ligands while two others are 

chelating. 

 

Figure 4.A.10. (a) View of the central Dy2 core and (b) The distorted muffin-like 

coordination environment around the DyIII center. *atoms are generated by the 

symmetry operation 1-X, 1-Y, and 2-Z 

The two DyIII centers in 4.A.3 are both nine-coordinate and are equivalent and adopt a 

distorted muffin-like geometry as confirmed by SHAPE analysis (Figure 4.A.10 (b), 

Table 4.A.3).20 The distorted muffin-like coordination geometry consists of two 
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nitrogen atoms (N1, N3*; Dy−N average distance 2.489 (5) Å) and three oxygen 

atoms (O1, O2, O2*; Dy−O2, 3.301 (4) Å; Dy−O1, 2.188 (4) Å) from the two [HL]2− 

ligands, two oxygen atoms (O4, O5; Dy−O average distance 2.560 (4) Å ) from the 

chelating nitrates, and two oxygen atoms (O3, O8*; Dy−O average distance 2.544 (5) 

Å) from the bridging nitrate ligands. The shortest intermolecular Dy···Dy distance in 

complex 4.A.3 is found to be quite large, 8.169 Å (see Figure 4.A.11). A view of the 

crystal packing diagram is shown in Figure 4.A.11. We have checked the phase purity 

of complex 4.A.3 by using powder X-ray diffraction analysis (Figure 4.A.12), which 

shows good agreement with the simulated patterns generated from the SCXRD data. 

The CShM values of 4.A.1-4.A.4 are given in the Table 4.A.3. The coordination 

geometries of 4.A.1, 4.A.2, and 4.A.4 are shown in Figure 4.A.16 and the bond 

parameters of all the complexes are summarized in Table 4.A.4. 

 

Figure 4.A.11. A perspective view (along the b direction) of the crystal packing 

diagram of complex 4.A.4. (H atoms, except those of the protonated NEt3 groups are 

omitted for the sake of clarity) 
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Table 4.A.3. SHAPE calculation results for selected geometries. 

Complex CShM 
CSAPR-9 TCTPR-9 MFF-9 

4.A.1 2.656 2.742 2.385 
4.A.2 2.611 2.704 2.390 
4.A.3 2.556 2.633 2.335 
4.A.4 2.477 2.527 2.266 

CSAPR-9 (C4v); Spherical capped square antiprism, TCTPR-9 (D3h); Spherical tricapped trigonal 

prism, MFF-9 (Cs); Muffin. 

 

Figure 4.A.12. Powder XRD pattern of {DyIII}2 (4.A.3) complex. 

 

Figure 4.A.13. Molecular structure of complex 4.A.1. (Hydrogen atoms and the 

counter cations are omitted for sake of clarity). 
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Figure 4.A.14. Molecular structure of complex 4.A.2. (Hydrogen atoms and the 

counter cations are omitted for sake of clarity). 

 

Figure 4.A.15. Molecular structure of complex 4.A.4. (Hydrogen atoms and the 

counter cations are omitted for sake of clarity). 

          

Figure 4.A.16. Coordination geometries of 4.A.1 (left), 4.A.2 (middle) and 4.A.4 

(right)  

 

 

 



238 Chapter 4A 
 

 

Table 4.A.4. Selected bond length and angle parameters for compounds 4.A.1-4.A.4 

Complex Bond lengths (Å) Bond angles (°) 

 

 

 

 

4.A.1 

Gd1−O1   2.222(2) 

Gd1−O2* 2.309(2)  

Gd1−O2   2.344(2)  

Gd1−O3   2.441(3)  

Gd1−O4   2.503(3)  

Gd1−O5   2.614(3)  

Gd1−O8* 2.536(2)  

Gd1−N1   2.489(2)  

Gd1−N3* 2.555(2) 

O1−Gd1−O8*    73.45(8)        O1−Gd1−N31    77.90(8) 

O1−Gd1−N4      76.38(10)      O2*−Gd1−O2    72.13(8) 

O2−Gd1−O3      74.92(9)        O2*−Gd1−O4   96.36(8)  

O2−Gd1−O5     122.22(8)       O2*−Gd1−O5 136.93(9)  

O2−Gd1−O8*     70.14(8)       O2* Gd1 O8*   76.71(8)  

O2−Gd1−N1       62.57(7)       O2*−Gd1−N1   134.70(8)  

O2−Gd1−N3*   124.75(8)       O2*−Gd1−N3*   62.52(7)  

O4−Gd1−O8*    135.86(9)     N1−Gd1−O5        73.96(9)  

O3−Gd1−N3*    121.04(9)     O4−Gd1−O5        49.35(9)  

 

 

 

 

4.A.2 

Tb1−O1   2.207(2)  

Tb1−O2   2.332(2)  

Tb1−O2* 2.291(2)  

Tb1−O5   2.611(3)  

Tb1−O4   2.494(3)  

Tb1−O3   2.433(3)  

Tb1−O8*   2.533(3 

Tb1−N1   2.476(3)  

Tb1−N3* 2.544(3)  

O1−Tb1−O2*    136.59(8)      O1−Tb1−O3      141.81(9)  

O1−Tb1−O8*      73.59(9)      O3−Tb1−O4      74.96(11)  

O2*−Tb1−O8*    76.99(8)      O1−Tb1−O4      83.73(11)  

O2*−Tb1−N3*    62.95(8)      N1−Tb1−O5      73.96(10)  

O2*−Tb1−O8*    76.99(8)      O1−Tb1−N1        74.79(9)  

O2−Tb1−O5      122.27(9)      O3−Tb1−O8*    141.92(9) 

O2*−Tb1−N3*    62.95(8)      O2−Tb1−O5      122.27(9) 

O2*−Tb1−O3      77.94(9)      O1−Tb1−N1        74.79(9)  

O1−Tb1−N3*      77.37(9)      O1−Tb1−O5      73.19(10)  

 

 

 

 

4.A.3 

Dy1−O1  2.189(4) 

Dy1−O2  2.324(4) 

Dy1−O4   2.482(5) 

Dy1−O5   2.608(5) 

Dy1−O3   2.413(4) 

Dy1−N1   2.461(5) 

Dy1−O8* 2.512(4) 

Dy1−O2* 2.277(4) 

Dy1−O8* 2.512(4) 

O1−Dy1−O2*    136.78(14)   O1−Dy1−O2    125.35(15) 

O1−Dy1−O3     141.50(16)    O1−Dy1−O4     83.85(17) 

O1−Dy1−O5       73.28(16)    O2−Dy1−O4   148.53(17) 

O1−Dy1−O8*     73.86(15)    O2−Dy1−O5   121.85(15) 

O1−Dy1−N1      75.06(15)     O2*−Dy1−O5  136.14(15) 

O1−Dy1−N3*    77.19(14)    O2*−Dy1−O8*  77.37(14) 

O2*−Dy1−O2    71.75(15)    O2−Dy1−O8*   70.62(14) 

O2*−Dy1−O3    77.76(15)    O2*−Dy1−N1   135.04(15) 

O2−Dy1−O3      74.58(16)     O2−Dy1−N1      63.29(14) 

 

 

 

 

Ho1−O1   2.187(3)  

Ho1−O2* 2.261(3)  

Ho1−O2   2.312(3)  

Ho1−O3   2.412(4)  

O1−Ho1−O2     125.92(12)     O1−Ho1−O2*   36.69(11)  

O2−Ho1−O8*     70.58(10)     O4−Ho1−O5     50.00(12)  

O2*−Ho1−N3*   63.51(11)     O2−Ho1−O2     71.59(11)  

O2*−Ho1−N3*   63.51(11)     O1−Ho1−O4     83.74(14) 
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4.A.4 Ho1−O4   2.462(4)  

Ho1−O5   2.594(4)  

Ho1−O8* 2.492(3)  

Ho1−N1   2.448(4)  

Ho1−N3* 2.514(3) 

O2*−Ho1−O8*   77.88(11)     O1−Ho1−O4     83.74(14) 

O2*−Ho1−O8*   77.88(11)     O2−Ho1−O3     74.65(12) 

O2*−Ho1−O8*   77.88(11)     O2−Ho1−O2     71.59(11)  

O2*−Ho1−N1   135.23(11)     O1−Ho1−O5     73.01(13)  

O1−Ho1−O4      83.74(14)     N1−Ho1−N3*  148.09(12)  

 

4.A.3.3 Magnetic properties. The temperature dependence of MT for complexes 

4.A.1-4.A.4 (M is the molar magnetic susceptibility per Ln2
III unit) in the temperature 

range 300-2 K were measured with an applied magnetic field of 0.1 T and are shown 

in Figure 4.A.17 for complex 4.A.1 and in Figure 4.A.18 for complexes 4.A.2-4.A.4. 

 

Figure 4.A.17. Temperature dependence of the χMT for compound 4.A.1. Inset: Field 

dependence of the magnetization at the indicated temperatures. Solid lines represent 

the best fit of the experimental data 

Let us start with the Gd2
III complex 4.A.1. The χMT value of 4.A.1 at room 

temperature (16.56 cm3 mol-1 K) is close to that expected for two independent GdIII 

ions (15.75 cm3 mol-1 K, with S = 7/2 and g = 2). As the temperature decreases, χMT 

remains constant until ~ 50 K and then shows a rapid decrease to reach a value of 7.47 
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cm3 mol-1 K at 2 K. This behavior is mainly due to intramolecular antiferromagnetic 

interactions between the GdIII ions. 

The magnetic properties of 4.A.1 were analyzed using following isotropic 

Hamiltonian: 

1 2 1 2( ) ( )Gd Gd Gd GdH J S S g H S S      

Where J represents the magnetic exchange coupling between the GdIII ions and the 

rest of parameters have their usual meaning.  The axial zero-field splitting parameter, 

DGd, was considered to be negligible because this ion is largely isotropic. The 

temperature dependence of the χMT product and the field dependence of the 

magnetization at different temperatures were simultaneously fitted with the above 

Hamiltonian using the PHI program.21 The best fit led to the following set of 

parameters: J = -0.19 cm-1 and g = 2.059 and R = 1.1 x 10-4 (R = 

Σ(χobsTχcalcT)2/Σ(χobsT)2), where χcalc and χobs denote calculated and observed molar 

magnetic susceptibilities, respectively. The obtained values are in good agreement 

with the reported coupling constants for other oxo-bridged Gd2
III dinuclear 

complexes.5, 22 Roy et al.22b carried out a DFT study on bis(oxo)bridged dinuclear Gd2 

complexes, which revealed a correlation between the structural parameters in the 

Gd2O2 fragment and the sign and magnitude of the magnetic exchange coupling. 

These results indicate that the decrease of the Gd−O−Gd angle (θ), with the 

concomitant reduction of the Gd···Gd distance, produces a decrease of the magnetic 

coupling, which becomes antiferromagnetic for θ angles lower than approximately 

112° (and Gd···Gd distances below approximately 4.0 Å). In the case of compound 

4.A.1, the θ angle and the Gd···Gd distances are is 108.24° and 3.279 Å. Taking into 

account the above magneto-structural correlation, an antiferromagnetic coupling is 
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expected for compound 4.A.1, which matches well with the experimentally observed 

magnetic coupling. 

The values of χMT at room temperature for complexes 4.A.2-4.A.4 (22.96, 30.3 and 

28.76 cm3 mol-1 K, respectively) are close to the expected theoretical values for two 

non-interacting lanthanide ions using the free ion approximation (23.64, 28.24 and 

28.14 cm3 mol-1 K for 4.A.2-4.A.4, respectively). On lowering the temperature, the χT 

product decreases first slowly down to ~75 K and then abruptly down to 2.0 K to 

reach values of 8.5, 7.49 and 20.7 cm3 mol-1 K, for 4.A.2-4.A.4 respectively. This 

behavior is due to the combined action of the thermal depopulation of the MJ 

sublevels of the LnIII ion ground term, which is split by the ligand crystal field, and 

weak LnIII···LnIII antiferromagnetic interactions. The existence of very weak 

antiferromagnetic interactions in these complexes is not unexpected in view of the 

fact that isostructural GdIII, TbIII, DyIII and HoIII complexes generally display 

magnetic exchange interactions of the same nature.23 

 

Figure 4.A.18. Temperature dependence of the χMT and field dependence of the 

magnetization (inset) for compounds 4.A.2-4.A.4 
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The field dependence of the magnetization at 2 K for compounds 4.A.2-4.A.4 (Figure 

4.A.18, inset) shows a rapid increase of the magnetization at low field (less abrupt for 

compound 4.A.3) and a linear increase at high field to reach values of 11.75, 13.93 

and 11.69 NμB, respectively. These values are substantially smaller than the expected 

saturation magnetization values, Ms/NμB = 2gJJ, for two LnIII ions (18, 20 and 20 NμB, 

respectively), which is more likely due to the presence of a significant magnetic 

anisotropy arising from ligand-field effects.  

 

Figure 4.A.19. Temperature dependence of the χ'MT product for 4.A.3 

It is worth mentioning at this point that the value of χ'MT (χ'M is the in-phase ac 

susceptibility, (Figure 4.A.19) at low temperature for 4.A.3, when all the lines are 

coincident, is 25.2 cm3 mol-1 K, which agrees rather well with that expected for 

randomly oriented crystals with a MJ = ±15/2 Ising ground Kramers doublet (25 cm3 

mol-1 K). In view of the axial nature of the ground Kramers doublet, we have 

calculated the direction of the anisotropy axes of the DyIII ions by using the Chilton’s 

method,24 which is based on electrostatic arguments. The results show that the 

anisotropy axis on the centrosymmetrically related DyIII ions is located close to the 

Dy−Ophenoxide bond, which presents by far the shortest Dy−O distance (2.186 Å). This 

orientation of the magnetic moment can be properly explained by taking into account 
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the simple oblate-prolate model.25 The 4f electron density of the MJ= ±15/2 ground 

Kramers doublet of the DyIII center has an oblate shape.25 Thus, in order to reduce the 

repulsion with the closest coordinated atom (bearing the large negative charge), the 

electron density disc is situated almost perpendicular to the shortest Dy−O bond, so 

that the resulting magnetic moment, which is perpendicular to the electron density 

disc, lies in the direction of the shortest Dy−O bond (see Figure 4.A.20). The presence 

of a short Dy−O distance like in the case of compound 4.A.3, is enough to create an 

axial ligand field around the DyIII ion,26 leading to axiality in the ground KD and 

eventually to SMM behaviour.  

For centrosymmetric complexes such as 4.A.2-4.A.4, where the local anisotropy axes 

of the DyIII ions are parallel, the orientation of the magnetic moments with regard to 

the line connecting the DyIII ions (angle θ) determines the sign of the magnetic dipolar 

interaction.27 It should be noted that the major contribution to the magnetic coupling 

in these type of oxo-bridged systems with Dy···Dy distances of approximately 3.8 Å 

comes from magnetic dipolar coupling rather than from magnetic exchange coupling. 

The dipolar contribution to the magnetic coupling can be calculated by the following 

equation for the energy of the dipole-dipole interaction:27 

𝐸ௗ =  −𝜇4𝜋 𝜇𝜇𝑟ଷ  (3𝑐𝑜𝑠ଶ𝜃 − 1) 

 Where r is their distance, μi,j are the magnetic moments of centers i and j and μ0 is the 

vacuum permittivity. This expression leads to antiferromagnetic coupling for angles 

between the magnetic moments and the molecular plane larger than 54.7° and 

ferromagnetic coupling for angles lower than 54.7°, respectively. For compound 

4.A.3, with θ = 64.4° an antiferromagnetic interaction, as in the case of compound 

4.A.1, can be anticipated. 
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Figure 4.A.20. Quantitative calculation of the anisotropic axes orientation (green 

lines) using the Chilton´s method.24 

In view of the above considerations, it is more than probable that compound 4.A.3 

exhibits slow relaxation of the magnetization. In order to probe this and to study 

whether or not compounds 4.A.2-4.A.4 show slow relaxation of magnetization, 

temperature and frequency dependent dynamic ac magnetic susceptibility 

measurements were carried out on microcrystalline powder samples of complexes 

4.A.2-4.A.4. None of the compounds exhibited out-of-phase (χ"M) signals under zero 

external dc field, which is most likely due to the existence of QTM promoted by 

transverse anisotropy in the ground state, intermolecular and hyperfine interactions. 

However, in the presence of an optimal magnetic field of 1000 Oe, to fully or partly 

quench QTM, compounds 4.A.2 and 4.A.3 present slow relaxation of the 

magnetization, which is slower for the latter complex than for the former one. The 

field dependence of rate of relaxation for the compound 4.A.3 is shown in Figure 

4.A.21 which reveal slowest relaxation rate at an optimum field of 1000 Oe. 
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Figure 4.A.21. Field dependence of -1 for 4.A.3. 

Complex 4.A.2, however, shows slow relaxation of magnetization (SRM) (Figure 

4.A.22) below 8 K under a 1000 Oe dc field with out-of-phase peaks in the 2.5 K (10 

Hz)-3.5 K (800 Hz) range. The fit of the frequency dependence of χ"M at different 

temperatures to the generalized Debye model allowed extracting the temperature 

dependence of the relaxation times for magnetization reversal (τ). Fitting the extracted 

relaxation times to the Arrhenius equation in the high temperature region (2.5-3.5 K), 

afforded an effective energy barrier for the reversal of the magnetization Ueff = 34(2) 

K and a pre-exponential factor τo = 1.1 x 10-8 s (Figure 4.A.22 inset). 

 

Figure 4.A.22. Temperature dependence of the out-of-phase ac signals (χ"M) under a 

magnetic field of 0.1 T for 4.A.2. Inset: Temperature dependence of the relaxation 

times for complex 4.A.2. The black solid line corresponds to the Arrhenius plots for 

data at 0.1 T. 
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As for complex 4.A.3, it shows frequency and temperature dependence of the out-of-

phase magnetic susceptibility (''M) under a magnetic field of 1000 Oe below 16 K 

(Figure 4.A.23) with maxima in the 11.5 K (1400 Hz)-3.5 K (1 Hz) temperature 

range. This behaviour indicates slow relaxation of the magnetization and field induced 

SMM behaviour. The temperature dependence of the relaxation times for 

magnetization reversal (τ) was obtained from the fit of the frequency dependence of 

χ"M at different temperatures to the generalized Debye model (Figure 4.A.24). Fitting 

the extracted relaxation times to the Arrhenius equation in the high temperature region 

(10-12 K), afforded an effective energy barrier for the reversal of the magnetization 

Ueff = 80(3) K and a pre-exponential factor τo = 2.2 x 10-6 s. The deviation of the data 

from the Arrhenius law below 10 K is a clear indication of the coexistence of several 

competing relaxation processes. Owing to the fact that in the studied temperature 

range (T > 4.5 K and 0.1 T) direct and QTM relaxation processes should be almost 

negligible, we have fitted the magnetic data to the following equation: 

τ-1 = BTn + τ0
-1exp(-Ueff /kBT) 

which considers that Raman (first term) and Orbach processes (second term) 

contribute simultaneously to the relaxation of the magnetization. However, all 

attempts to fit the data to this equation were unsuccessful. Nevertheless, to estimate 

the values of the parameters for the Raman process we have fixed Ueff and τ0 values to 

those extracted from the Arrhenius plot for the Orbach process. The best fit was 

obtained for n = 7.4 and B = 0.0012 s-1 K7.4. Although for a Kramers ion like DyIII an 

n value equal to 9 is expected,28 however, values between 2 and 7 are also are realistic 

when both acoustic and optical phonons are present.29 The extracted values of n and B 

points out a significant contribution of the Raman process to the whole relaxation 
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mechanism in complex 4.A.3. Similar values have been previously reported for other 

DyIII containing complexes.30 

 

Figure 4.A.23. Frequency dependence of the out-of-phase ac signals ("M) at 

different temperatures and under a magnetic field of 0.1 T for 4.A.3.  

 

Figure 4.A.24. Temperature dependence of the relaxation times for complex 4.A.3. 

The black solid line corresponds to the Arrhenius plots for data at 0.1 T. The red solid 

line represents the best fit of the temperature dependence of the relaxation times at 0.1 

T to a combination of Orbach and Raman relaxation processes with the indicated 

parameters. 

It should be noted at this point that intra- and intermolecular Ln···Ln interactions 

generally favor fast QTM, which suppress or reduce the thermal energy barrier (U) to 
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a much smaller effective value, Ueff.31 However, in dinuclear Ln2 complexes with 

radical bridging ligands, which provide a strong interaction between the lanthanides, 

the QTM is not operative leading to zero field SMM behaviour.4a In addition, it has 

been demonstrated that the combination of magnetic exchange and a parallel 

disposition of the principal anisotropy axes favors the quenching of the QTM and the 

observation of SMM at zero field.31 In view of the above considerations and taking 

into account that 4.A.3 have parallel anisotropy axes, it would be reasonable to 

anticipate SMM for this compound. However, it does not present SMM at zero field. 

This fact could be due to the weakness of the Dy···Dy interaction, which is not 

enough strong to suppress QTM at zero field. In these circumstances, the low 

symmetry distribution of charges and bond lengths on the DyO7N2 coordination 

sphere must introduce some transverse anisotropy, which favors QTM and inhibit 

zero-field SMM behaviour. The non-Kramers TbIII and HoIII ions are also oblate 

ions4a and therefore require an axial crystal field to reach an axial bistable ground 

state and then to exhibit SMM behaviour. However, for it these ions must maintain a 

rigorous axial symmetry, which is not an easy task. Moreover, non-Kramers ions 

possess an intrinsic tunnelling gap that favors QTM at zero field. In view of this, the 

lack of SMM at zero field in 4.A.2 and 4.A.4 is not unexpected. 

4.A.4 CONCLUSIONS 

In conclusion, we have isolated and structurally characterized a series of 

centrosymmetric dinuclear lanthanide complexes by the utilization of an enolizable 

multipocket Schiff base ligand. All the complexes are isostructural and have a 

comparably short Ln–Ophenoxide bond in the coordination sphere. Magnetic studies 

reveal that the two lanthanide ions are weakly antiferromagnetically coupled to each 

other. The strength of coupling constant in the complex 4.A.1 was calculated to be      
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-0.19 cm-1 by fitting of the experimental data. Quantitative calculation of the 

anisotropic axes in the complex 4.A.3 shows parallel orientation of two anisotropy 

axes in both the DyIII centers passing closely through the shortest Dy–Ophenoxide bond. 

While the complexes 4.A.2 and 4.A.3 show slow relaxation of magnetization under an 

applied magnetic field, complex 4.A.4 does not exhibit slow relaxation. The energy 

barriers of magnetization reversal for complex 4.A.2 and complex 4.A.3 were found 

to be 34(3) K and 80(3) K respectively. It may be noted that in the current dinuclear 

complexes the oxime –OH groups are free and can therefore be in principle utilized to 

proliferate the dinuclear assembly into a one-dimensional polymeric system. 
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Non-planar Octanuclear {Ln8} Complexes: Magneto-Caloric Effect 

in the {Gd8} Analogue

 

ABSTRACT: Neutral isostructural octanuclear LnIII complexes, [Ln8(HL)6(L)2(μ3-

OH)4(μ2-OH)2(H2O)4] (Ln = GdIII, (4.B.1), TbIII, (4.B.2), DyIII, (4.B.3), and ErIII, 

(4.B.4)) have been synthesized using LnIII nitrate salts and an o-vanillin supported 

multidentate ligand, N'-(2-hydroxy-3-methoxy-5-nitrobenzylidene)-2-hydroxyamino-

propanehydrazide (H3L) in the presence of tetramethyl ammonium hydroxide. The 

complexes were structurally characterized by single crystal X-ray diffraction studies. 

The complexes are held by the cumulative coordination action of six [HL]2− doubly 

deprotonated ligands, two [L]3− triply deprotonated chelating ligands, H2O and 

hydroxide ligands. The magneto-structural analysis in complexes 4.B.1 and 4.B.3 

reveals the presence of intramolecular antiferromagnetic interactions between the LnIII 

ions possibly mediated by the bridging groups. The magneto-caloric effect was 

analyzed for the complex 4.B.1 which shows a maximum in the change of molar 

entropy (-ΔSm) of magnitude 25.5 J kg-1 K-1 at T = 3 K and applied field change ΔB = 

5 T. 

4.B.1 INTRODUCTION  

Rare earth compounds have been explored in recent years owing to their interesting 

magnetic1, optical2, and catalytic properties3. Among lanthanide complexes, 

polynuclear complexes are formed usually as a result of the bridging coordination 

action of the hydroxide ligand.4 Such complexes have been of interest in the field of 

molecular magnetism.4b, 4c, 5 However, the synthesis of such complexes is fraught with 

some challenges. One difficulty is the formation of intractable polymeric complexes 
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as a result of the ready deprotonation of the coordinated water molecules around the 

lanthanide ions. The formation of discrete complexes becomes feasible if controlled 

deprotonation of the coordinated water molecules can be achieved.4a This is often 

feasible by having an appropriate multi-site coordinating ligand to bind to lanthanide 

ions so that the available coordination sites are reduced and the chances for the 

formation of a discrete complex increased. In our lab, multi-pocket multidentate 

hydrazone ligands have been extensively used for the synthesis of discrete 

polynuclear lanthanide complexes.6  

In order to take this further and to explore the quest of studying LnIII···LnIII exchange 

interactions mediated by an enolate oxygen atom, we have designed a multi-pocket 

hydrazone ligand to isolate dinuclear LnIII complexes. The {DyIII}2 and {TbIII}2 

derivatives showed field induced SMM behaviour. In these dinuclear complexes, we 

have observed uncoordinated free oxime −OH groups which could be deprotonated so 

that these dinuclear complexes can proliferate to discrete multinuclear complexes. 

These aspects have been discussed in Chapter 4A. We were interested in modifying 

the reaction conditions to examine the possibility of increasing the nuclearity of the 

complexes. Accordingly, in this chapter, we discuss the non-planar octanuclear 

complexes, [Ln8(HL)6(L)2(μ3-OH)4(μ2-OH)2(H2O)4] (Ln = GdIII; (4.B.1), TbIII; 

(4.B.2), DyIII; (4.B.3), and ErIII; (4.B.4)). Compared to the dinuclear complexes, in 

these complexes, the ligand is involved in binding to the metal centers in both the 

dianionic and trianionic charge states with additional coordination modes (Scheme 

4.B.1). Interestingly, we did not use any additional co-ligand in isolating the discrete 

molecular species which are often required to isolate such multinuclear LnIII 

complexes. In this chapter, the synthesis and solid-state structures of the complexes 
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4.B.1-4.B.4 are discussed in detail. The magnetic properties of complexes 4.B.1 and 

4.B.3 were analyzed and discussed herein. 

4.B.2 EXPERIMENTAL SECTION 

4.B.2.1 Materials and Methods. Solvents and other general reagents used in this 

work were obtained from commercial sources and used without further purification. 

3-Methoxy-5-nitrosalicylaldehyde, hydroxylamine hydrochloride and lanthanide 

nitrate hydrates were obtained from Sigma Aldrich Chemical Co. (India), Ethyl 

pyruvate and tetramethylammonium hydroxide pentahydrate were obtained from 

Spectrochem Pvt. Ltd., Mumbai, India. All these reagents were used as obtained 

without further purification. Ethyl 2-(hydroxyimino)propanoate, 2-(hydroxyimino)-

propanehydrazide and the ligand H3L were prepared by a previously reported 

procedure as described in Chapter 4A. 

4.B.2.2 Instrumentation. Melting points were measured using a StuartTM SMP10 

melting point apparatus and are uncorrected. IR spectra were recorded on a Perkin 

Elmer FT-IR spectrometer. Mass spectra were recorded with a Bruker micrOTOF-Q 

II spectrometer. Elemental analyses of the compounds were obtained from a Euro 

Vector EA instrument (CHNS-O, model EuroEA3000). 

4.B.2.3 Magnetic Measurements. Field dependence of the magnetization at different 

fields and variable temperature (2-300 K) magnetic susceptibility measurements were 

carried out on polycrystalline samples with a Quantum Design SQUID MPMS XL-5 

device operating at different magnetic fields. Ac susceptibility measurement of 4.B.3 

was performed using an oscillating ac field of 3 Oe and in the ac frequency 1400 Hz. 

The static experimental susceptibilities were corrected for the diamagnetism of the 

constituent atoms (using Pascal’s constants) and for the sample holder. In order to 
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avoid any torquing of the microcrystals, a pellet of the sample cut into very small 

fragments were introduced in the sample holder. 

4.B.2.4 X-ray Crystallography. The molecular structures of complexes 4.B.1, 4.B.3, 

and 4.B.4 were analyzed by single crystal X-ray diffraction studies performed on a 

Bruker APEX-II CCD diffractometer system equipped with an Oxford low 

temperature attachment. The crystals were kept at 120 K during data collection. The 

frames were indexed, integrated, and scaled using the SMART and SAINT software 

package.7 Absorption correction was performed by a multiscan method implemented 

in SADABS.8 Space groups were determined using XPREP implemented in APEX-

II.9 The single crystal X-ray diffraction data of 4.B.2 was collected on a Rigaku 

XtaLAB X-ray diffractometer system equipped with a CCD area detector and 

operated at 30 W power (50 kV, 0.6 mA) to generate MoKα radiation (λ = 0.71073 Å) 

at 120(2) K. Data were integrated using CrysAlisPro software with a narrow frame 

algorithm.10 Data were subsequently corrected for absorption by the program 

SCALE3 ABSPACK scaling algorithm.10 The crystal data and the cell parameters for 

4.B.1-4.B.4 are summarized in Table 4.B.1. The structures were solved by ShelXT11 

structure solution programme using Intrinsic Phasing and refined with the ShelXL12 

refinement package using Least Squares minimization on F2 in the Olex-2 software13. 

All of the non-hydrogen atoms were refined anisotropically using full-matrix least-

square procedures. Hydrogen atoms on all the bridging hydroxides were not observed 

in the diffraction pattern and therefore omitted entirely, although their oxidation states 

were confirmed by BVS calculations (see Table 4.B.2).14 The structures also contain 

heavily disordered solvents of crystallization which couldn’t be modelled 

satisfactorily. Therefore, the PLATON/SQUEEZE programme was used to get rid of 

the contributions of the disordered solvent molecules.15 All of the mean plane 
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analyses and molecular drawings were produced using the DIAMOND software 

(version 3.2).16 

Table 4.B.1. Crystallographic details for complexes 4.B.1-4.B.4. 

 4.B.1 4.B.2 4.B.3 4.B.4 

Empirical formula*  C88H86Gd8N32

O58 
C88H88Tb8N32

O59 
C88H86Dy8N32

O58 
C88H86Er8N32

O58 
Mw* /gmol-1 3777.88 3809.26 3819.88 3857.96 
Temperature/K  120 (2) 119.99(10) 120(0) 120(0) 
Crystal system  Monoclinic Monoclinic Monoclinic Monoclinic 
Space group  C2/c P21/c C2/c C2/c 
a/Å  19.1263(18) 19.0208(3) 18.9896(19) 18.8768(8) 
b/Å  31.7579(18) 31.6554(6) 31.583(3) 31.5079(8) 
c/Å  25.4695(16) 25.2299(5) 25.239(3) 25.2367(7) 
α/° 90 90 90 90 
β/° 98.198(5) 95.255(2) 98.325(5) 97.065(3) 
γ/° 90 90 90 90 
Volume/Å3  15312.4(19) 15127.4(5) 14978(3) 14896.0(8) 
Z  4 4 4 4 
ρcalc g/cm3 1.639 1.673 1.694 1.720 
μ/mm-1 3.500 3.776 4.027 4.543 
F(000)  7256.0 7328.0 7320.0 7384.0 
Crystal size/mm3  0.21 × 0.15 × 

0.11 
0.25 × 0.18 × 
0.12 

0.13 × 0.11 × 
0.08 

0.15 × 0.14 × 
0.11 

Radiation  MoKα (λ = 
0.71073) 

MoKα (λ =  
0.71073) 

MoKα (λ = 
0.71073) 

MoKα (λ = 
0.71073) 

2θ range for data 
collection/°  

2.504 to 
51.332 

5.032 to 53 3.052 to 
57.938 

2.53 to 56.808 

Index ranges  -22 ≤ h ≤ 23,  
-38 ≤ k ≤ 38,  
-30 ≤ l ≤ 24 

-23 ≤ h ≤ 23,  
-37 ≤ k ≤ 39,  
-31 ≤ l ≤ 31 

-25 ≤ h ≤ 25,  
-42 ≤ k ≤ 41,  
-30 ≤ l ≤ 33 

-25 ≤ h ≤ 24,  
-41 ≤ k ≤ 42,  
-33 ≤ l ≤ 33 

Reflections collected  85743 193424 114164 139038 
Independent reflections  14325 [Rint = 

0.1923] 
31280 [Rint = 
0.0828] 

18900 [Rint = 
0.2075] 

18554 [Rint = 
0.1837] 

Data/restraints/parame
ters  

14325/1/630 31280/0/1699 18900/2/797 18554/0/716 

GOF on F2  1.029 1.045 0.948 0.928 
Final R indexes [I>=2σ 
(I)] 

R1 = 0.1065,  
wR2 = 0.2123 

R1 = 0.0701,  
wR2 = 0.1517 

R1 = 0.0660,  
wR2 = 0.1317 

R1 = 0.0650,  
wR2 = 0.1420 

Final R indexes [all 
data]  

R1 = 0.2235,  
wR2 = 0.2758 

R1 = 0.1027,  
wR2 = 0.1778 

R1 = 0.1692,  
wR2 = 0.1690 

R1 = 0.1535,  
wR2 = 0.1777 

R1=∑|F −  F|/ ∑ F; wR2 = ∑[w(Fଶ − Fଶ)]ଶ/[w(Fଶ)ଶ]భమ 

*including H atoms of the bridging hydroxyl groups as confirmed by BVS calculations. 
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Table 4.B.2. Bond Valence Sum (BVS) and assignment of bridging O atoms in 4.B.1 

Atoms BVS Assignment 

O1F 1.069 HO– 

O1G 1.131 HO– 

O1E 0.807 HO– 

 

4.B.4.5 Synthesis of the metal complexes. A general synthetic protocol was utilized 

for preparation of the octanuclear metal complexes as follows:  

To a solution of H3L in 20 mL of acetonitrile, tetramethylammonium hydroxide was 

added. After stirring for half an hour Ln(NO3)3·xH2O (for 4.B.1, x = 6, for 4.B.2-

4.B.4, x = 5) was added to this solution which resulted in a clear yellow colored 

solution. The solution was stirred for another 12 h at room temperature. The reaction 

mixture was filtered and kept undisturbed for crystallization under ambient 

conditions. Slow evaporation of the filtrate resulted in the formation of yellow block-

shaped crystals suitable for X-ray diffraction after two weeks. The specific quantities 

of the reactants involved in each reaction, yields of the products, and their 

characterization data are given below. 

[Gd8(HL)6(L)2(μ3-OH)4(μ2-OH)2(H2O)4]‧2CH3CN‧4H2O (4.B.1). Quantities: H3L 

(0.061 g, 0.205 mmol), Gd(NO3)3·6H2O (0.092 g, 0.205 mmol), Me4NOH (0.112 g, 

0.616 mmol). Yield: 0.046 g (46% based on Gd). M.P.: >250 °C. IR (KBr) (cm-1): 

3425(br), 3245(br, w), 2941(w), 2839(w), 1605(s), 1570(m), 1493(s), 1383(s), 

1360(w), 1305(s), 1256(m), 1203(m), 1101(s), 1060 (m), 975(w), 911(s), 842(w), 

777(m), 746(m), 725(w), 707(w), 552(w). Calcd elemental analysis for 

C92H106Gd8N34O62 (MW = 3938.01): C, 28.06; H, 2.71; N, 12.09; found: C, 27.89; H, 

2.56; N, 11.82. ESI-MS: m/z = 1868.9176, [Gd8(HL)6(L)2(OH)6 + Na+ + H+]2+. 
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[Tb8(HL)6(L)2(μ3-OH)4(μ2-OH)2(H2O)4]‧CH3CN‧7H2O (4.B.2). Quantities: H3L (0.061 

g, 0.205 mmol), Tb(NO3)3·5H2O (0.089 g, 0.205 mmol), Me4NOH (0.111 g, 0.616 

mmol). Yield: 0.051 g (52% based on Tb). M.P.: >250 °C. IR (KBr) (cm-1): 3409(br), 

3213(br, w), 2931(w), 2835(w), 1603(s), 1564(m), 1493(s), 1387(s), 1305(s), 

1254(m), 1201(m), 1101(s), 1056(m), 973(w), 909(s), 818(w), 777(m), 744(m), 

728(w), 707(w), 554(w). Calcd elemental analysis for C90H109Tb8N33O65 (MW = 

3964.41): C, 27.27; H, 2.77; N, 11.66; found: C, 27.16; H, 2.86; N, 11.41. ESI-MS: 

m/z = 1875.4216, [Tb8(HL)6(L)2(OH)6 + Na+ + H+]2+. 

[Dy8(HL)6(L)2(μ3-OH)4(μ2-OH)2(H2O)4]‧2CH3CN‧3H2O (4.B.3). H3L (0.061 g, 0.205 

mmol), Dy(NO3)3·5H2O (0.090 g, 0.205 mmol), Me4NOH (0.111 g, 0.616 mmol). 

Yield: 0.049 g (48% based on Dy). M.P.: >250 °C. IR (KBr) (cm-1): 3417(br), 

3235(br, w), 2939(w), 2837(w), 1603(s), 1568(m), 1491(s), 1381(s), 1360(w), 

1306(s), 1254(m), 1201(m), 1101(s), 1058(m), 975(w), 909(s), 842(w), 777(m), 

746(m), 726(w), 705(w), 552(w). Calcd elemental analysis for C92H104Dy8N34O61 

(MW = 3962.00): C, 27.89; H, 2.65; N, 12.02; found: C, 27.73; H, 2.47; N, 11.91. ESI-

MS: m/z = 1889.9365, [Dy8(HL)6(L)2(OH)6 + Na+ + H+]2+. 

[Er8(HL)6(L)2(μ3-OH)4(μ2-OH)2(H2O)4]‧3CH3CN‧4H2O (4.B.4). H3L (0.061 g, 0.205 

mmol), Er(NO3)3·5H2O (0.091 g, 0.205 mmol), Me4NOH (0.111 g, 0.616 mmol). 

Yield: 0.053 g (51% based on Er). M.P.: >250 °C. IR (KBr) (cm-1): 3425(br), 3237(br, 

w), 2933(w), 2837(w), 1605(s), 1570(m), 1493(s), 1383(s), 1362(w), 1305(s), 

1254(s), 1203(m), 1101(s), 1060(m), 971(w), 911(s), 840(w), 779(m), 746(m), 

726(w), 707(w), 554(w). Calcd elemental analysis for C94H109Er8N35O62 (MW = 

4059.14): C, 27.81; H, 2.71; N, 12.08; found: C, 27.66; H, 2.59; N, 12.22. ESI-MS: 

m/z = 1908.9526, [Er8(HL)6(L)2(OH)6 + Na+ + H+]2+. 
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4.B.3 RESULTS AND DISCUSSION 

4.B.3.1 Synthetic Aspects. The Schiff base hydrazone ligand, N'-(2-hydroxy-3-

methoxy-5-nitrobenzylidene)-2-(hydroxyamino)propanehydrazide (H3L), contains six 

potential coordinating sites capable of binding to multiple lanthanide metal ions in 

different coordination modes as shown in Scheme 4.B.1. The role of the hydroxide 

base is crucial not only in deprotonating H3L but also for being a source of hydroxide 

ligands essential for stitching the multiple metal centers together in the complexes 

without the additional co-ligands. Hence the reaction of H3L with hydrated 

Ln(NO3)3.xH2O and Me4NOH.5H2O in the 1:1:3 molar ratio in MeOH/CH3CN (v/v) 

solvent mixture allowed isolation of [Ln8(HL)6(L)2(μ3-OH)4(μ2-OH)2(H2O)4] 

complexes (Scheme 4.B.2). 

 

μ2‒ƞ1:ƞ1:ƞ2:ƞ1                    μ3‒ƞ1:ƞ1:ƞ2:ƞ1:ƞ1                 μ3‒ƞ2:ƞ1:ƞ1:ƞ2:ƞ1 

Scheme 4.B.1. The coordination modes of the ligand H3L. 

ESI-MS studies on 4.B.1-4.B.4 revealed that all the complexes retain molecular ion 

peaks at m/z = 1868.9176, 1875.4216, 1889.9365, and 1908.9526 corresponding to 

the dicationic fragments [Gd8(HL)6(L)2(OH)6 + Na+ + H+]2+, [Tb8(HL)6(L)2(OH)6 + 

Na+ + H+]2+, [Dy8(HL)6(L)2(OH)6 + Na+ + H+]2+, and [Er8(HL)6(L)2(OH)6 + Na+ + 

H+]2+ (Figures 4.B.1-4.B.4). 
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Scheme 4.B.2. The reaction scheme for the synthesis of complexes 4.B.1-4.B.4. 

 

 

(a) 
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(b)       (c) 

Figure 4.B.1. (a) Full range ESI-MS spectrum of complex 4.B.1. (b) Experimental 

and (c) Simulated pattern of [Gd8(HL)6(L)2(OH)6 + Na+ + H+]2+. 

 

(a) 

   

(b)      (c) 

Figure 4.B.2. (a) Full range ESI-MS spectrum of complex 4.B.2. (b) Experimental 

and (c) Simulated pattern of [Tb8(HL)6(L)2(OH)6 + Na+ + H+]2+. 
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(a) 

  

(b)     (c) 

Figure 4.B.3. (a) Full range ESI-MS spectrum of complex 4.B.3. (b) Experimental 

and (c) Simulated pattern of [Dy8(HL)6(L)2(OH)6 + Na+ + H+]2+. 

 

(a) 
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(b)      (c) 

Figure 4.B.4. (a) Full range ESI-MS spectrum of complex 4.B.4. (b) Experimental 

and (c) Simulated pattern of [Er8(HL)6(L)2(OH)6 + Na+ + H+]2+. 

4.B.3.2 Molecular Structures. The molecular structures of the complexes 4.B.1-

4.B.4 were confirmed by the single crystal X-ray studies. All the complexes are 

charge neutral and crystallized in the monoclinic crystal system with the C2c space 

group in the case of 4.B.1, 4.B.3, 4.B.4 (Z = 4) and P21/c space group for 4.B.2 (Z = 

4).  

 

(a)                                                                  (b) 

Figure 4.B.5. (a) The molecular structure (−OMe, −NO2 groups, and H atoms except 

in the water molecules are omitted for clarity) and (b) the asymmetric unit of complex 

4.B.1. Color scheme: GdIII, light green; O, red; N, blue; C, gray. 
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The octanuclear complexes comprise of eight Ln3+ cations, six [LH]2−, two [L]3−, four 

[μ3-OH] −, two [μ2-OH] − anions and four H2O molecules (Figure 4.B.5). Considering 

the overall structural similarity possesses these complexes, we choose the complex 

4.B.1 to elucidate the common structural features present in them. The molecular 

structure of 4.B.1 and its asymmetric unit is shown in Figure 4.B.5. A C2 axis of 

symmetry passes through the line connecting the Gd1 and Gd5 atoms which equally 

divides the whole molecule into two halves generating the asymmetric unit. The 

asymmetric unit comprise of five Gd3+ cations, three [HL]2−, one [L]3−, one [μ3-OH] −, 

two [μ2-OH]− anions and two H2O molecules as shown in Figure 4.B.5 (b). The 

formation of this octanuclear complex can be understood as follows. The whole 

molecular structure can be viewed as being composed of (i) a tetranuclear core motif 

(Figure 4.B.6 (a)) and (b) two structurally same dinuclear core motifs Figure (4.B.6 

(b)). In the dinuclear cores, the two [HL]2− ligands hold two GdIII ions in a “head-to-

tail” fashion utilizing a tridentate (O, N, O) and a bidentate (N, O) coordinating motif. 

The enolate oxygen atoms (O2 and O2*) of the ligand bridge the two metal centers 

affording an approximate rhomboidal-shaped four-membered Gd2O2 core. The 

average Gd···Gd distance and average Gd−Oenol−Gd angle in the Gd2O2 cores are 

found to be 3.677(19) Å and 103.365(62)° respectively. Each of the GdIII ions in the 

dinuclear units is eight-coordinate with an overall 2N, 6O coordination environment. 

In the tetranuclear core unit, one [HL]2− ligand and one [L]3− ligand hold three GdIII 

ions in a “head-to-head” fashion. The bridging coordination action of the enolate 

oxygen atoms and the hydroxyl atoms between the four metal centers results in a 

Gd4O8 core where the four metal ions represent a kite-shaped geometry. The average 

Gd···Gd distance and average Gd−Oenol−Gd angle in this core are found to be 

3.831(18) Å and 107.071(59)° respectively. The overall coordination environment 
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around the metal ions in this core is also 2N, 6O type similar to the coordination 

environment observed in the dinuclear units. The cumulative coordination action of 

the hydroxyl anions and the ligand oxime oxygen atoms connects the two dinuclear 

units with the tetranuclear unit completing the octanuclear Gd8 complex. Selected 

interatomic distances and bond angle parameters of complex 4.B.1 are given in Table 

4.B.3. 

 

(a)     (b) 

Figure 4.B.6. Structure of (a) the tetranuclear core motif and (b) the dinuclear core 

motifs. 

A view of the Gd8 core with only the bridging atoms is shown in Figure 4.B.7 (left). 

Mean plane analysis reveals that the kite-shaped {Gd4} unit is perfectly planar 

comprising the Gd1, Gd2, Gd2*, and Gd5 atoms (plane 1). Another two planes 

corresponding to the dinuclear units i.e. plane 2 (Gd1, Gd3, Gd4) and plane 3 (Gd1, 

Gd3*, Gd4*) pass are at a dihedral angle of 62.97(3)° with respect to plane 1 while 

the plane 2 and plane 3 bisects one another with a dihedral angle of 33.57(5)° (Figure 

4.B.7 (right)) 
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Figure 4.B.7. (left) The structure of the {Gd8} core motif and (right) the mean planes 

in the structure of complex 4.B.1.  

Table 4.B.3. Selected interatomic distances (Å) and angles (°) for complex 4.B.1 

Intermetallic distances 

Gd1···Gd2      3.892(2)                         Gd1···Gd4      4.076(2) 

Gd1···Gd3      3.822(2)                         Gd1···Gd5       5.519(2) 

Bond distances 

 Gd1−O2*     2.349(16)          Gd1−O2      2.349(16)        Gd1−O2A     2.445(12) 

 Gd2−O1B    2.427(19)          Gd2−O4*    2.347(16)        Gd2−O1A     2.313(16) 

 Gd2−O2A    2.376(14)          Gd2−O3      2.406(14)        Gd2−N1A      2.511(19) 

 Gd3−O1C    2.232(19)          Gd3−O2*    2.497(16)        Gd3−O3         2.365(16) 

 Gd3−N3D    2.592(18)          Gd4−O2*    2.423(15)        Gd4−O1D      2.256(18) 

 Gd4−O1      2.438(17)           Gd5−O4      2.369(14)        Gd5−O4*       2.369(14) 

 Gd5−O5*    2.435(19)           Gd5−O5      2.435(19)        Gd5−O2B*    2.300(19) 

Bond angles 

O31−Gd1−O2A*   69.7(5)   O3−Gd1−O2A    69.7(5)    O3*−Gd1−O2A     82.9(5) 

O3−Gd1−O2A*    82.9(5)    O3−Gd1−O3*    86.0(7)     O3−Gd1−N3A    121.5(6) 

O4*−Gd2−O1B   152.5(5)   O1A−Gd2−O3   158.4(6)    O2A−Gd2−O3      70.4(5) 

O2D−Gd3−O3     89.5(6)    N3D−Gd3−N1C 124.4(8)    O2C−Gd3−N3D 116.3(7) 

O1D−Gd4−O2D  129.8(6)   O21−Gd4−O1      76.9(5)    O1−Gd4−N3A*    93.5(6) 

O3A*−Gd4−O2C 151.3(6)  O2C−Gd4−O2*    68.5(6)    N1D−Gd4−N3C  116.5(7) 

O41−Gd5−O4      76.5(7)     O4−Gd5−N3B    127.2(8)    O5*−Gd5−N3B*  79.0(8) 

O2B*−Gd5−O5      86.9(6)   N3B−Gd5−N3B* 84.0(13)   O2B−Gd5−O4     82.6(5) 

*1-X, +Y, 3/2-Z 
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The immediate coordination geometries around all the eight Gd atoms were confirmed 

by the SHAPE analysis programme.17 The geometries were obtained as square 

antiprism (Gd1, Gd2, Gd2*), Johnson gyrobifastigium (Gd3, Gd3*), biaugmented 

trigonal prism (Gd4, Gd4*), and triangular dodecahedron (Gd5) (Figure 4.B.8 and 

Tables 4.B.4 and 4.B.5). Similar types of coordination environments were also 

observed in the complexes 4.B.2-4.B.4. The packing diagram (Figure 4.B.9) shows 

that the shortest Gd···Gd separation between two adjacent {Gd8} molecules is 9.215 

Å. 

   

(a)      (b) 

   

(c)      (d) 

Figure 4.B.8. (a) Square antiprism (Gd1), (b) Johnson gyrobifastigium (Gd3), (c) 

biaugmented trigonal prism (Gd4), and (d) triangular dodecahedron (Gd5) geometries 

of the Gd atoms in the structure of complex 4.B.1. 
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Table 4.B.4. Continuous Shape Measures (CShM) calculations for GdIII atoms in 

4.B.1. 

Polyhedron‡ Gd1 Gd2 

OP-8 

HPY-8 

HBPY-8 

CU-8 

SAPR-8 

TDD-8 

JGBF-8 

JETBPY-8 

JBTPR-8 

BTPR-8 

JSD-8 

TT-8 

ETBPY-8 

30.152       

23.228       

11.707       

5.299        

2.374        

3.009       

14.447       

24.785        

5.030        

4.540        

6.709        

5.646       

18.744 

31.350       

21.581       

12.980        

7.225        

1.810        

3.025       

13.671       

23.526        

4.385        

3.914        

6.315        

7.546       

17.702 

‡ OP-8 = Octagon (D8h); HPY-8 = Heptagonal pyramid (C7v); HBPY-8 = Hexagonal 

bipyramid (D6h); CU-8 = Cube (Oh); SAPR-8 = Square antiprism (D4d); TDD-8 = 

Triangular dodecahedron (D2d); JGBF-8 = Johnson gyrobifastigium J26 (D2d); 

JETBPY-8 = Johnson elongated triangular bipyramid J14 (D3h); JBTPR-8 = 

Biaugmented trigonal prism J50 (C2v); BTPR-8 = Biaugmented trigonal prism (C2v); 

JSD-8 = Snub diphenoid J84 (D2d); TT-8 = Triakis tetrahedron (Td); ETBPY-8 = 

Elongated trigonal bipyramid (D3h) 
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Table 4.B.5. Continuous Shape Measures (CShM) calculations for GdIII atoms in 

4.B.1. 

Polyhedron† Gd3 Gd4 Gd5 

OP-8 

HPY-8 

HBPY-8 

CU-8 

SAPR-8 

TDD-8 

JGBF-8 

JETBPY-8 

JBTPR-8 

BTPR-8 

JSD-8 

TT-8 

ETBPY-8 

31.765       

19.841       

12.972       

16.767       

11.337        

9.376        

7.207       

23.830        

9.694        

8.340       

10.903       

16.405       

19.145 

31.585       

21.324       

13.342       

13.551        

9.036        

6.546        

7.588      

24.431        

7.741        

6.527        

9.296      

13.724       

19.349 

30.590      

 24.080       

15.516       

8.507        

2.329        

0.830       

14.661       

27.915        

3.296        

2.843        

3.330        

8.871       

20.714 

† OP-8 = Octagon (D8h); HPY-8 = Heptagonal pyramid (C7v); HBPY-8 = Hexagonal 

bipyramid (D6h); CU-8 = Cube (Oh); SAPR-8 = Square antiprism (D4d); TDD-8 = 

Triangular dodecahedron (D2d); JGBF-8 = Johnson gyrobifastigium J26 (D2d); 

JETBPY-8 = Johnson elongated triangular bipyramid J14 (D3h); JBTPR-8 = 

Biaugmented trigonal prism J50 (C2v); BTPR-8 = Biaugmented trigonal prism (C2v); 

JSD-8 = Snub diphenoid J84 (D2d); TT-8 = Triakis tetrahedron (Td); ETBPY-8 = 

Elongated trigonal bipyramid (D3h) 

The molecular structures of complexes 4.B.2-4.B.4 are given in Figures 4.B.10-4.B.12 

and the selected metric parameters are given in Tables 4.B.6-4.B.8. 
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Figure 4.B.9. The solid state packing diagram of complex 4.B.1 viewed along the 

crystallographic c axis. The central metal atoms are shown in the space fill model 

while the other atoms are shown in the capped stick model. 

 

Figure 4.B.10. The molecular structure complex 4.B.2 (−OMe, −NO2 groups, and H 

atoms except selected are omitted for clarity). Color scheme: TbIII, lime; O, red; N, 

blue; C, gray. 
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Table 4.B.6. Selected interatomic distances (Å) and angles (°) for complex 4.B.2 

Intermetallic distances 

  Tb1···Tb2      3.755(7)        Tb1···Tb3     3.876(5)         Tb1···Tb4     3.848(5) 

  Tb1···Tb5     4.537(7)         Tb1···Tb6     3.762(7)         Tb1···Tb7     4.075(6) 

Bond distances 

   Tb1−O2        2.319(8)        Tb1−O3         2.379(7)        Tb2−O4         2.325(8) 

   Tb2−N1B     2.593(10)      Tb3−O3A      2.354(8)        Tb3−N1A       2.473(11) 

   Tb4−O2D     2.357(8)        Tb4−N1D      2.475(10)      Tb5−O1E       2.272(9) 

   Tb6−O2F     2.307(9)         Tb7−O1G      2.252(9)        Tb8−N3H      2.502(11) 

Bond angles 

O2−Tb1−O3        129.8(3)  O3A-Tb1-N3D   153.1(3)     O2E-Tb2-N3E    60.9(3) 

O2B−Tb2−O1C  112.6(3)   O6−Tb3−O2C       72.0(3)     O5−Tb4−O1H   152.1(3) 

O2H−Tb4−N1D 145.6(3)   O3−Tb5−N3B      108.7(3)     O1E−Tb5−O2B 119.4(3) 

O1−Tb6−N1F  143.3(3)     O4A−Tb7−O2F    148.7(3)    O2C−Tb8−N3C   65.3(3) 

 

 

Figure 4.B.11. The molecular structure complex 4.B.3 (−OMe, −NO2 groups, and H 

atoms except selected are omitted for clarity) Color scheme: DyIII, dark green; O, red; 

N, blue; C, gray. 
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Table 4.B.7. Selected interatomic distances (Å) and angles (°) for complex 4.B.3 

Intermetallic distances 

               Dy1···Dy2     3.854(8)                         Dy1···Dy3      5.465(10) 

               Dy1···Dy4     3.754(7)                         Dy1···Dy5       4.043(8) 

Bond distances 

  Dy1−O1G      2.379(7)        Dy1−O1F*      2.344(7)        Dy1−N3A      2.545(10) 

  Dy2−N1B      2.505(10)      Dy2−O1E        2.331(7)        Dy3−O1E*     2.338(7)  

  Dy3−O1H      2.429(9)        Dy4−O1D        2.238(9)        Dy4−N3C      2.575(11)  

  Dy5−O1F*     2.393(7)        Dy5−N1C        2.528(10)      Dy1−O2A*    2.406(7) 

Bond angles 

O1F*−Dy1−O1G*  156.7(2)  O2A−Dy1−N3A  62.1(3)   O1F*−Dy1−N3A* 69.9(3) 

O2A−Dy2−N1B     146.1(3)  O1A−Dy2−O1G*  157.2(3)  O1E−Dy3−N3B 125.5(3) 

O1E*−Dy3−O1H*   70.6(3)  O2C-Dy4-O1B*  146.3(3)    N1D-Dy4-N3C   120.1(4)  

O1F*−Dy5−O1I      76.4(3)   O2C−Dy5−O3A     95.0(3)   O1I−Dy5−N3D   75.9(3) 

*1-X, +Y, 3/2-Z 

 

Figure 4.B.12. The molecular structure of complex 4.B.4 (−OMe, −NO2 groups, and 

H atoms except selected are omitted for clarity). Color scheme: ErIII, olive green; O, 

red; N, blue; C, gray. 
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Table 4.B.8. Selected interatomic distances (Å) and angles (°) for complex 4.B.4 

Intermetallic distances 

               Er1···Er2      3.722(2)                         Er1···Er3      4.076(2) 

               Er1··· Er4      4.026(2)                         Er1···Er5     5.416(3) 

Bond distances 

       Er1−O3       2.375(6)      Er1−O3*         2.375(6)          Er1−N3A       2.520(8) 

       Er2−O2D    2.299(7)      Er2−N1B        2.543(10)        Er2−O1C*      2.347(7) 

       Er3−O1       2.312(7)      Er3−N1A        2.419(9)          Er4−O5*        2.360(7) 

       Er4−N3A    2.845(9)      Er5−O2*         2.382(9)            Er5−O1          2.304(7) 

Bond angles 

O2A−Er1−N3A*   153.9(2)  O5−Er1−N3A   70.8(2)    O3*−Er1−O2A*    82.1(15) 

O5*−Er2−N3D     116.6(2)  O1C*−Er2−N1B 78.1(3)   O1B−Er2−O2D     127.0(3) 

O3*−Er3−O1C     70.00(2)  O1−Er3−O1C  152.60(2)   O2D−Er4−N1D      62.6(3) 

N3B−Er4−N3A    170.3(3)  O1*−Er5−O1       77.6(3)   O2C*−Er5−N3C*  65.9(3) 

*1-X, +Y, 3/2-Z 

4.B.3.3 Magnetic properties. The temperature dependence of MT for complexes 

4.B.1 and 4.B.3 (M is the molar magnetic susceptibility per {Ln8} unit) in the range 

2-300 K were measured under a magnetic field of 0.1 T (Figure 4.B.13).  

 

Figure 4.B.13. Temperature dependence of the χMT product for complexes 4.B.1 and 

4.B.3. 
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The χMT product for 4.B.1 at room temperature (62.60 cm3 K mol-1) agrees well with 

that expected for eight isolated GdIII ions with g = 2 and S = 7/2. By lowering the 

temperature, the χMT product remains almost constant until ~ 100 K and then 

decreases sharply down to 2 K to reach a value of (39.40 cm3 K mol-1). The decrease 

of the χMT product at low temperature is mainly due to an overall weak 

antiferromagnetic interaction between the GdIII ions, combined with very small ZFS 

of the ground state (the GdIII ion is an essentially isotropic ion) and Zeeman effects. 

The magnitude of the antiferromagnetic exchange interaction in 4.B.1 could not be 

determined by diagonalization matrix methods because the extremely high dimension 

of the matrices to be diagonalized for a {Gd8} system. 

The existence of antiferromagnetic interactions between the GdIII ions is supported by 

the field dependence of the magnetization at 2 K which is well below the Brillouin 

function for eight non-interacting GdIII ions, respectively (Figure 4.B.14). At high 

field the saturation of the magnetization is almost complete at 5 T (54 μB), reaching 

values that agree well with the theoretical saturation values for eight GdIII ions (56 

μB).  

Experimental and theoretical studies18, 19 carried out on oxygen-bridged Gd2 

complexes (alkoxido, phenoxido and carboxylate) have suggested that J becomes 

more antiferromagnetic as the Gd−O−Gd angle (θ), and consequently the Gd···Gd 

distance, decrease, and the Gd−O distances become more equal. The crossing point 

between antiferromagnetic and ferromagnetic interactions occurs approximately at θ 

and Gd···Gd values of 112° and 4.0 Å, respectively. The global antiferromagnetic 

interaction observed in complex 4.B.1 is not unexpected because, with the exception 

of one angle (117.39°) and one distance (4.076 Å), in the asymmetric unit all the θ 
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angles (in the 3.677-3.887 Å range) and Gd···Gd distances (in the 96.70-109.02°) are 

below the above values. 

It is worth mentioning that low temperature molecular magnetic coolers (MMCs) 

based on GdIII complexes can exhibit higher magneto-caloric effects (MCEs), that is 

to say, an important change of magnetic entropy upon application of a magnetic field. 

This effect is of great interest because GdIII complexes with high MCE could be 

potentially employed for refrigeration applications via adiabatic demagnetisation.3 We 

have studied the MCE properties of 4.B.1 because: (i) the GdIII ion exhibits negligible 

anisotropy due to the absence of orbital contribution and the largest single-ion spin (S 

= 7/2) arising from the 4f7 electron configuration. Both factors (small anisotropy and 

large spin ground state) favor an enhanced MCE. (ii) the weak antiferromagnetic 

interactions between the GdIII ions give rise to multiple low-lying excited and field-

accessible spin states, very close in energy with respect to each other, each of which 

can contribute to the magnetic entropy of the system. In view of the above 

considerations, a significant magneto-caloric effect is expected for 4.B.1. The 

magnetic entropy changes (-ΔSm) that characterize the magneto-caloric properties of 

4.B.1 were calculated from the experimental isothermal field dependent magnetization 

data (Figure 4.B.15) by making use of the Maxwell relation:  
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where Bi and Bf are the initial and final applied magnetic fields. The values of -ΔSm 

for 4.B.1 (Figure 4.B.15) under all magnetic fields increase with decreasing 

temperature from 7 to 3 K.  The maximum value of -ΔSm achieved for 4.B.1 is 25.5 J 

kg-1 K-1 at T = 3 K and applied field change ΔB = 5 T (Figure 4.B.15). In spite of the 

antiferromagnetic interactions between the GdIII ions in 4.B.1, there is an important 
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change in -ΔSm, which is due to the easy spin polarization at relatively low magnetic 

field. The extracted -ΔSm value at T = 3 K is lower than that calculated for the full 

magnetic entropy content per mole nRln(2SGd + 1) = 16.6 R = 35.1 J kg-1 K-1. This fact 

is essentially due to the existence of antiferromagnetic interactions between the GdIII 

ions. It should be noted that the extracted ΔSm value at 5T for 4.B.1 is close to those 

found for alkoxido/hydroxo bridged {Gd8} complexes with antiferromagnetic 

interaction between the GdIII ions and possessing similar molecular weight (Mw),20 but 

lower than those found other much more magnetic dense GdIII complexes (Mw/N, 

where N = number of GdIII ions).21, 22  

 

Figure 4.B.14. The field dependence of the magnetization plots for 4.B.1 between 2 

and 7 K. The black solid line corresponds to the Brillouin function for eight 

uncoupled GdIII ions. 
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Figure 4.B.15. The magnetic entropy changes (-ΔSm) calculated using the 

magnetization data for 4.B.1 from 1 to 5 T and temperatures from 3 to 7 K. 

It is well known that DyIII complexes are good candidates to exhibit slow relaxation of 

the magnetization because the DyIII is a Kramers ion with a bistable ground state 

(electronic structure composed of Kramers doublets, KDs) and a large magnetic 

moment. In addition to this, to observe slow magnetization relaxation, the ground 

state must be axial, that is to say to possess the largest value of MJ (± 15/2 ). This KD 

can be stabilized by an axial crystal field, because the repulsive interactions between 

the ligands and its disc shape charge cloud is minimized.23 It is worth noting that the 

axial ligand field can be attained by serendipity in low symmetry DyIII complexes and, 

therefore, they often exhibit slow relaxation of the magnetization and SMM behavior.  

In view of the above considerations, we have performed ac magnetic susceptibility 

measurements under zero and with a small-applied magnetic dc field to know if 

complex 4.B.3 exhibits slow relaxation of the magnetization. The results of these 

measurements demonstrate that compound 4.B.3 does not exhibit any maximum 

above 2 K in the out-of-phase ("M) signals even at the highest used frequency of 

1400 Hz (Figure 4.B.16). This behavior could be due to a fast relaxation of the 

magnetization through quantum tunneling (QTM) and/or to the existence of a very 
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small effective energy barrier that is not able to trap the magnetization in one of the 

two equivalent orientations at temperatures above 2 K. When the ac measurements 

were carried out in the presence of a small external dc field of 1000 Oe (Figure 

4.B.16), to fully or partly suppress the possible fast quantum tunneling relaxation, the 

temperature dependence of ''M for 4.B.3 at 1400 Hz did not significantly change. 

This fact either supports a very small height of anisotropic energy barrier (typically 

below 5 K) or suggests that the strong QTM process, leading to apparently lower Ueff 

values, is not effectively suppressed by the field and therefore should have its origin 

in hyperfine and intramolecular/intermolecular magnetic interactions.  

 

Figure 4.B.16. Temperature dependence of the out-of-phase (''M) ac component of 

the susceptibility for 4.B.3 under zero and 0.1 T applied fields at 1400 Hz. 

4.B.4 CONCLUSIONS 

In conclusion, we have shown a cluster expansion method of generating discrete 

multinuclear LnIII complexes by tuning the reaction conditions. In the present study, 

we have synthesized four octanuclear {Ln8} complexes and their structures were 

analyzed by single crystal X-ray diffraction studies. The structural topology of these 

complexes are quite unprecedented and don’t match with literature reported {Ln8} 
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topologies. The complexes are also quite stable in the solution phase as confirmed by 

the ESI-MS studies. We have studied the magnetic properties of the GdIII and DyIII 

derivatives. Although the DyIII derivative shows a slow magnetic relaxation at very 

low temperature and at a high frequency in the ac susceptibility measurements a clear 

maxima was not observed. The GdIII derivative being isotropic and the GdIII ions 

interacting in a weakly antiferromagnetic manner magneto-caloric effect in this 

complex was studied from the magnetization vs field data at different temperatures. 

This study reveals a maximum in the change of molar entropy (-ΔSm) of magnitude 

25.5 J kg-1 K-1 at T = 3 K and an applied field change ΔB = 5 T. 
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Synthesis, Structure, and Magnetic Properties of Heterometallic 

Octanuclear NiII
4LnIII

4 (Ln = Y, Gd, Tb, Dy, Ho, Er) Complexes 

Containing NiII
2LnIII

2O4 Distorted Cubane Motifs 

 

ABSTRACT: The reaction of 2-methoxy-6-[2-(2-hydroxyethylamino)ethylimino}-

methyl] phenol (H2L), with lanthanide metal salts followed by addition of nickel 

acetate allowed isolation of a family of heterometallic octanuclear NiII-LnIII 

coordination complexes, [Ni4Ln4(µ2-OH)2(µ3-OH)4(µ-OOCCH3)8(HL)4]·(OH)2·xH2O. 

Single crystal X-ray diffraction studies of these complexes reveal that their central 

metallic core consists of two tetranuclear [Ni2Ln2O4] cubane sub-units fused together 

by acetate and hydroxide bridges. The magnetic study of these complexes reveals a 

ferromagnetic interaction between the LnIII and the NiII centers mediated by the O-

centered bridges. The magnitude of exchange coupling between the NiII and LnIII 

centers, parametrized from magnetic data of the Gd analogue gives J = +0.86 cm-1. 

The magneto caloric effect, studied for the NiII
4GdIII

4 complex shows a maximum of 

magnetic entropy change, -ΔSm = 22.58 J kg-1 K-1 at 3 K for an applied external field 

of 5 T. 

5.1 INTRODUCTION  

The discovery of single-molecule magnets is now nearly two decades old, yet this 

field continues to grow unabated with several contributions each year. The first 

example of a SMM is a Mn12 complex and this spurred interest in polynuclear 

transition metal complexes.1 The cumulative understanding as a result of studies on 

several such complexes leads to the understanding that in polynuclear transition metal 

complexes a high spin ground state (S) and a negative magnetic anisotropy (D) should 
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be present to achieve high anisotropic energy barriers (Ueff) for magnetization 

reversal.2 Although a large spin ground state can be achieved in exchange coupled 

polynuclear transition metal complexes, the S and D parameters are found to be 

inversely proportional to each other and therefore there appears to be a limit to the 

extent of increasing Ueff by modulating S.3 It was soon realized that the single-ion 

anisotropies, particularly of lanthanide ions might be gainfully harnessed for 

achieving interesting magnetic properties in molecular complexes.4 One of the 

approaches to take advantage of the lanthanide anisotropy is to design molecular 

magnets containing heterometallic 3d-4f complexes.5 We have been working in 

assembling and studying various types of 3d-4f complexes.6 Among the numerous 3d-

4f complexes reported in the literature, including from our lab, polynuclear NiII-LnIII 

complexes are gaining interest because of the ferromagnetic exchange interaction that 

is often seen between the lanthanide and nickel center.7 In view of this interest we 

were interested in exploring new NiII-LnIII complexes. In an earlier study from our 

laboratory, we have used 2-methoxy-6-[2-(2-hydroxyethylamino)-ethylimino}methyl] 

phenol (H2L) ligand to assemble the heterometallic FeIII-LnIII and CoIII
2DyIII 

complexes (Scheme 5.1).8 The latter was found to be an SMM even at zero applied 

magnetic field with the highest reversal of energy barrier so far reported in the 

literature for such type of complexes.8a 

Further, it was of interest to us to study the coordination behaviour of H2L towards the 

assembly of NiII-LnIII complexes. Accordingly, herein, we report a series of Ni4Ln4 

complexes (Ln = Y, (5.1); Gd, (5.2); Tb, (5.3); Dy, (5.4); Er, (5.5); Ho, (5.6)). These 

complexes are composed of two heterometallic NiII
2LnIII

2O4 distorted cubes connected 

to each other by acetate and hydroxide bridging ligands. The synthesis, 

characterization and magnetism of these complexes are discussed herein. 
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Scheme 5.1. (a) Heterometallic hexanuclear FeIII-LnIII complexes. (b) Heterometallic 

trinuclear CoIII-LnIII complexes. 

5.2 EXPERIMENTAL SECTION 

5.2.1 Materials and Methods. Solvents and other general reagents used in this work 

were purified according to standard procedures.9, 10 o-Vanillin, nickel acetate 

tetrahydrate, and tetramethyl ammonium hydroxide pentahydrate were obtained from 

Spectrochem Pvt. Ltd., Mumbai, India. N-(2-hydroxyetyhyl)ethylenediamine, 

Ln(NO3)3.xH2O (x = 6, for Ln = Y, and Gd; x = 5 for Ln = Dy, Tb, Ho, and Er) were 

obtained from Sigma Aldrich Chemical Co. (India). All these chemicals were used as 

obtained without further purification. The ligand 2-methoxy-6-[2-(2-

hydroxyethylamino)ethylimino}methyl] phenol (H2L) was prepared following a 

previously reported procedure.11 

5.2.2 Instrumentation. Melting points were measured using a JSGW melting point 

apparatus and are uncorrected. IR spectra were recorded with a Perkin Elmer FT-IR 

spectrometer. Mass spectra were recorded with a Bruker micrOTOF-Q II 

spectrometer. Powder X-ray diffraction data of all the complexes were collected with 

a Bruker D8 Advance X-ray Powder Diffractometer using CuKα radiation (λ = 1.5418 

Å). Elemental analyses of the compounds were obtained from a Euro Vector EA 

instrument (CHNS-O, Model EuroEA3000). 
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5.2.3 Magnetic Measurements. Static magnetic properties were measured on 

polycrystalline samples of the complexes in the temperature range 2-300 K under an 

applied field of 1000 Oe using a Quantum Design SQUID MPMS XL-5 

magnetometer. Field dependence of the dynamic (ac) susceptibility measurements 

were carried out using an alternating ac field of 3.5 Oe in the frequency range 1-1500 

Hz. The static experimental susceptibilities were corrected for the diamagnetism of 

the constituent atoms (using Pascal’s constants) and for the sample holder. In order to 

avoid any torquing of the microcrystals, a pellet of the sample cut into very small 

fragments was introduced in the sample holder. 

5.2.4 X-ray Crystallography. Single crystal X-ray structural studies of 5.1-5.6 were 

performed on a Bruker Apex II CCD diffractometer system equipped with graphite-

monochromated MoKα radiation (λα = 0.71073 Å) at 100(2) K. The crystals did not 

degrade/decompose during data collection. The frames were indexed, integrated, and 

scaled using the SMART and SAINT software package.12 Absorption correction was 

performed by a multi-scan method implemented in SADABS.13 Space groups were 

determined using XPREP implemented in APEX2.14 The structures were solved with 

the ShelXT15 structure solution program using Intrinsic Phasing and refined with the 

ShelXL16 refinement package using Least Squares minimization in the Olex-217 

software. All the non-hydrogen atoms were refined with anisotropic thermal 

parameters. All the hydrogen atoms except the bridging –OH atoms were included in 

idealized positions and a riding model was used. Lattice solvent molecules could not 

be satisfactorily modelled by the present analysis due to heavy disorder associated 

with it. Therefore, the “PLATON/SQUEEZE” program18 was used to remove those 

disordered solvent molecules. All the mean plane analyses and crystallographic 

figures have been generated using the DIAMOND software (version 3.2).19 
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5.4.5 Synthesis of Complexes 5.1-5.6. The general synthetic protocol that was used 

for the preparation of the metal complexes (5.1-5.6) is as follows: A methanolic 

solution (5 mL) of Ln(NO3)3·xH2O (1 eq.) (where x = 6 for 5.1 and 5.2, and x = 5 for 

5.3-5.6) was added drop wise to a 15 mL methanolic solution containing a mixture of 

H2L (1 eq.) and tetramethyl ammonium hydroxide (2 eq.) with constant stirring. To 

this reaction mixture, solid Ni(CH3COO)2·4H2O (1 eq.) was added and the resulting 

deep orange-colored solution stirred further for 12 h. The volume of the solution was 

reduced to ~10 mL by rotary evaporation, filtered, and kept undisturbed for 

crystallization under ambient conditions. Slow evaporation of the solvent afforded 

green, block-shaped crystals suitable for X-ray analysis after two weeks. The 

stoichiometry of the reactants involved in each reaction, yield of the products, and 

their characterization data are provided below: 

[Ni4Y4(µ2-OH)2(µ3-OH)4(µ-OOCCH3)8(HL)4]·(OH)2·4H2O (5.1). H2L (0.050 g, 0.209 

mmol), Y(NO3)3·6H2O (0.094 g, 0.209 mmol), Ni(CH3COO)2·4H2O (0.052 g, 0.209 

mmol), and Me4NOH·5H2O (0.076 g, 0.419 mmol) were used. Yield: 0.051 g, 42% 

(based on Y). M.P.: >230°C. IR (KBr ν/cm-1): 3404(br), 2943(m), 2881(w), 1655(s), 

1613(s), 1573(s), 1434(s), 1381(s), 1267 (s), 1224(s), 1173(w), 1142(w), 1075(s), 

1041(m), 985(w), 954(m), 846(w), 784(w), 745(s), 655(m), 615(w), 541(w), 515(w), 

426(m). Anal. Calcd (%) for C64H108Y4N8Ni4O40: C, 34.63; H, 4.90; N, 5.05. Found: 

C, 34.41 H, 4.76; N, 4.88. 

 [Ni4Gd4(µ2-OH)2(µ3-OH)4(µ-OOCCH3)8(HL)4]·(OH)2·H2O (5.2). H2L (0.050 g, 

0.209 mmol), Gd(NO3)3·6H2O (0.094 g, 0.209 mmol), Ni(CH3COO)2·4H2O (0.052 g, 

0.209 mmol), and Me4NOH·5H2O (0.076 g, 0.419 mmol) were used. Yield: 0.035 g, 

46% (based on Gd). M.P.: >230 °C. IR (KBr ν/cm-1): 3402(br), 2946(m), 2880(w), 
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1653(s), 1612(s), 1572(s), 1434(s), 1384(s), 1268 (s), 1224(s), 1170(w), 1139(w), 

1073(s), 1041(m), 984(w), 954(m), 849(w), 787(w), 746(s), 657(m), 615(w), 542(w), 

512(w), 424(m). Anal. Calcd (%) for C64H102Gd4N8Ni4O37: C, 31.51; H, 4.21; N, 4.59. 

Found: C, 31.35; H, 4.08; N, 4.41. 

[Ni4Tb4(µ2-OH)2(µ3-OH)4(µ-OOCCH3)8(HL)4]·(OH)2·5H2O (5.3). H2L (0.050 g, 

0.209 mmol), Tb(NO3)3·6H2O (0.091 g, 0.209 mmol), Ni(CH3COO)2·4H2O (0.052 g, 

0.209 mmol), and Me4NOH·5H2O (0.076 g, 0.419 mmol) were used. Yield: 0.042 g, 

49% (based on Tb). M.P.: >230 °C. IR (KBr ν/cm-1): 3401(br), 2945(m), 2881(w), 

1656(s), 1610(s), 1570(s), 1433(s), 1384(s), 1268(s), 1223(s), 1173(w), 1140(w), 

1070(s), 1040(m), 986(w), 953(m), 848(w), 784(w), 749(s), 659(m), 616(w), 540(w), 

511(w), 423(m). Anal. Calcd (%) for C64H110Tb4N8Ni4O41: C, 30.53; H, 4.40; N, 4.45. 

Found: C, 30.26; H, 4.17; N, 4.20.  

[Ni4Dy4(µ2-OH)2(µ3-OH)4(µ-OOCCH3)8(HL)4]·(OH)2·6H2O (5.4). H2L (0.050 g, 

0.209 mmol), Dy(NO3)3·5H2O (0.092 g, 0.209 mmol), Ni(CH3COO)2·4H2O (0.052 g, 

0.209 mmol), and Me4NOH·5H2O (0.076 g, 0.419 mmol) were used. Yield: 0.041 g, 

54% (based on Dy). M.P.: >230 °C. IR (KBr ν/cm-1): 3401(br), 2947(m), 2884(w), 

1657(s), 1610(s), 1570(s), 1433(s), 1384(s), 1268 (s), 1225(s), 1172(w), 1140(w), 

1075(s), 1039(m), 986(w), 955(m), 848(w), 789(w), 744(s), 657(m), 614(w), 541(w), 

514(w), 425(m). Anal. Calcd (%) for C64H112Dy4N8Ni4O42: C, 30.14; H, 4.43; N, 4.39. 

Found: C, 29.86; H, 4.59; N, 4.11. 

[Ni4Ho4(µ2-OH)2(µ3-OH)4( µ-OOCCH3)8(HL)4]·(OH)2·6H2O (5.5). H2L (0.050 g, 

0.209 mmol), Ho(NO3)3·5H2O (0.092 g, 0.209 mmol), Ni(CH3COO)2·4H2O (0.052 g, 

0.209 mmol), and Me4NOH·5H2O (0.076 g, 0.419 mmol) were used. Yield: 0.040 g, 

53% (based on Ho). M.P.: >230 °C. IR (KBr ν/cm-1): 3403(br), 2946(m), 2879(w), 
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1652(s), 1614(s), 1576(s), 1432(s), 1384(s), 1268 (s), 1225(s), 1172(w), 1138(w), 

1075(s), 1039(m), 983(w), 955(m), 850(w), 786(w), 744(s), 660(m), 614(w), 541(w), 

514(w), 426(m). Anal. Calcd (%) for C64H112Ho4N8Ni4O42: C, 30.03; H, 4.41; N, 4.38. 

Found: C, 29.77; H, 4.20; N, 4.08. 

[Ni4Er4(µ2-OH)2(µ3-OH)4(µ-OOCCH3)8(HL)4]·(OH)2·4H2O (5.6). H2L (0.050 g, 

0.209 mmol), Er(NO3)3·5H2O (0.093 g, 0.209 mmol), Ni(CH3COO)2·4H2O (0.052 g, 

0.209 mmol), and Me4NOH·5H2O (0.076 g, 0.419 mmol) were used. Yield: 0.044 g, 

57% (based on Er). M.P.: >230 °C. IR (KBr ν/cm-1): 3414(br), 2944(m), 2881(w), 

1656(s), 1611(s), 1573(s), 1435(s), 1384(s), 1267 (s), 1225(s), 1169(w), 1139(w), 

1073(s), 1041(m), 983(w), 955(m), 848(w), 786(w), 743(s), 658(m), 618(w), 542(w), 

513(w), 427(m). Anal. Calcd (%) for C64H108Er4N8Ni4O40: C, 30.34; H, 4.30; N, 4.42. 

Found: C, 30.06; H, 4.11; N, 4.21. 

5.3 RESULTS AND DISCUSSION 

5.3.1 Synthetic Aspects. Polyfunctional compartmental ligands with O-donor and N-

donor atoms are the most commonly used ligands for the construction of 

heterometallic 3d-4f complexes many of which exhibit interesting magnetic 

properties.20 Appropriate design of ligands with specific binding compartments that 

can selectively coordinate to lanthanide and transition metal ions allows the 

preparation of 3d-4f heterometallic compounds. We have been involved in the design 

of such ligands for some time and have successfully assembled many 3d-4f 

complexes. In this context, we have prepared a multipocket compartmental Schiff 

base ligand based on an ethylene diamine central motif flanked by two unsymmetrical 

O-donor functional units. Previously, we have used this ligand to prepare a Co2Dy 

complex which revealed a zero-field SMM behaviour.8a In view of this, we were 
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interested to explore if this ligand could be used for preparing other heterometallic 3d-

4f complexes containing NiII. Accordingly, the ligand 2-methoxy-6-[2-(2-hydroxy-

ethylamino)ethylimino}methyl] phenol (H2L) was allowed to react with nickel acetate 

and lanthanide metal salts in the presence of tetramethyl ammonium hydroxide in a 

1:1.1:2 stoichiometric ratio to afford dicationic octanuclear complexes, 5.1-5.6 

(Scheme 5.2). 

 

Scheme 5.2. Synthetic scheme for the preparation of NiII
4LnIII

4 complexes. 

5.3.2 Molecular Structure. The molecular structures of the complexes 5.1-5.6 were 

confirmed by single crystal X-ray crystallography. All the complexes are isostructural 

and crystallized in the monoclinic crystal system with the P21/n space group. The 

crystal data and refinement parameters for 5.1-5.6 are summarized in Table 5.1 and 

Table 5.2. In view of the overall structural similarity of the complexes the molecular 

structure of [Ni4Gd4(µ2-OH)2(µ3-OH)4(µ-OOCCH3)8(HL)4]·(OH)2 (5.2) is described 

herein, as a representative example, to illustrate the common structural features of 

these complexes (Figure 5.1). The coordination modes of all the participating ligands 

are summarized in Scheme 5.3. The molecular structures of all the other complexes 

are given in the Figure 5.3 (a-e). 
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Scheme 5.3. The coordination modes of the different ligands.  

Table 5.1. Crystal data and refinement parameters for complexes 5.1-5.3 

 5.1 5.2 5.3 
Chemical 
formula 

C64H98Y4N8Ni4O34·2(
OH) 

C64H98Gd4N8Ni4O34·2(
OH) 

C64H98Tb4N8Ni4O34·2(
OH) 

Mw (g mol-1) 2147.99 2421.35 2428.03 
Crystal system, 
Space group 

Monoclinic, 
P21/n 

Monoclinic, 
P21/n 

Monoclinic, 
P21/n 

Temperature 
(K) 

100(2) 100(2) 100(2) 

a, b, c (Å) 12.9768 (12), 
15.5079 (15), 
23.549 (2), 

12.8381 (6), 
15.4317 (6), 
23.4889 (10) 

12.9219 (6), 
15.516 (1), 
23.5346 (13) 

β (°) 96.737 (1) 96.593 (3) 96.576 (3) 
V (Å3) 4706.3(8) 4622.7(3) 4687.6(5) 

Z 2 2 2 
Radiation type MoKα MoKα MoKα 

µ (mm-1) 3.298 3.704 3.840 
Crystal size 
(mm3) 

0.17 x 0.15 x 0.11 0.15 x 0.12 x 0.10 0.16 x 0.13 x 0.11 

Reflections 
collected 

32167 70774 71751 

GOF on F2 1.012 1.046 1.058 

Unique 
reflections [Rint] 

10018 [Rint = 0.0653] 11503 [Rint = 0.0595] 11609 [Rint = 0.0814] 

No. of 
parameters 

531 540 504 

No. of 
restraints 

4 5 4 

Δρmax, Δρmin (e 
Å-3) 

1.28, -0.94 1.92, -1.34 2.01, -1.37 

Density  
(g cm-3) 

1.516 1.740 1.720 

Completeness 

to  

99.6 % (26.799°) 99.5 % (28.365°) 99.6 % (28.295°) 

Limiting -16 ≤ h ≤ 16 -17 ≤ h ≤ 17 -17 ≤ h ≤ 17 
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indices -17 ≤ k ≤ 19 
-29 ≤ l ≤ 28 

-20 ≤ k ≤ 20 
-31 ≤ l ≤ 31 

-20 ≤ k ≤ 14 
-31 ≤ l ≤ 31 

θ range (°) 2.627 to 26.799 1.582 to 28.365 2.059 to 28.295 
F (000) 2192.0 2392 2400 

Final R indices 

[I>2 (I)] 

R1 = 0.0457,  
wR2 = 0.0959 

R1 = 0.0349, 
wR2 = 0.0833 

R1 = 0.0520,  
wR2 = 0.1333 

R indices [all 
data] 

R1 = 0.0920,  
wR2 = 0.1098 

R1 = 0.0439,  
wR2 = 0.0866 

R1 = 0.0900,  
wR2 = 0.1574 

R1=∑|F0 −  F𝑐|/ ∑ F0; wR2 = ∑[w(F0
2 −  F0

2)]
2

/[w(F0
2)

2
]

1

2 

 

Table 5.2. Crystal data and refinement parameters for complexes 5.4-5.6 

 5.4 5.5 5.6 
Chemical 
formula 

C64H98Dy4N8Ni4O34·2(
OH) 

C64H98Ho4N8Ni4O34·2(
OH) 

C64H98Er4N8Ni4O34·2
(OH) 

Mw (g mol-1) 2442.35 2452.07 2461.39 
Crystal 
system,  
space group 

Monoclinic,  
P21/n 

Monoclinic,  
P21/n 

Monoclinic,  
P21/n 

Temperature 
(K) 

100(2) 100(2) 100(2) 

a, b, c (Å) 12.832 (3),  
15.413 (3),  
23.419 (5) 

12.9771 (7), 15.5019 
(8), 23.5655 (13) 

12.9222 (3), 15.4758 
(3), 23.46589 (4) 

β (°) 96.765(4) 96.714 (3) 96.601 (1) 
V (Å3) 4599.6(16) 4708.2(4) 4661.61(16) 
Z 2 2 2 

Radiation type MoKα MoKα MoKα 
µ (mm-1) 4.088 4.180 4.428 

Crystal size 
(mm3) 

0.14 x 0.11 x 0.08 0.14 x 0.12 x 0.09 0.15 x 0.13 x 0.10 

Reflections 
collected 

24420 34917 86231 

GOF on F2 1.052 0.978 1.007 
Unique 
reflections 
[Rint] 

8541 [Rint = 0.0633] 10164 [Rint = 0.0545] 14305 [Rint = 0.0833] 

No. of 
parameters 

536 539 536 

No. of 
restraints 

4 3 5 

Δρmax, Δρmin  
(e Å-3) 

1.70, -1.43 1.30, -1.06 1.65, -1.36 

Density  
(g cm-3) 

1.763 1.730 1.753 
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Completeness 

to  

99.6 % (25.449°) 99.1 % (26.978°) 99.7 % (30.592°) 

Limiting 
indices 

-14 ≤ h ≤ 15 
-18 ≤ k ≤ 18 
-28 ≤ l ≤ 21 

-16 ≤ h ≤ 16 
-19 ≤ k ≤ 16 
-29 ≤ l ≤ 28 

-18 ≤ h ≤ 18 
-22≤ k ≤ 21 
-33 ≤ l ≤ 33 

θ range (°) 1.585 to 25.499 2.63 to 26.978 1.897 to 30.592 
F (000) 2408 2416 2424 
Final R indices 

[I>2 (I)] 

R1 = 0.0472  
wR2 = 0.1115 

R1 = 0.0357,  
wR2 = 0.0757 

R1 = 0.0430,  
wR2 = 0.0977 

R indices [all 
data] 

R1 = 0.0694,  
wR2 = 0.1300 

R1 = 0.0542,  
wR2 = 0.0831 

R1 = 0.0844,  
wR2 = 0.1159 

R1=∑|F0 −  F𝑐|/ ∑ F0; wR2 = ∑[w(F0
2 −  F0

2)]
2

/[w(F0
2)

2
]

1

2 

 

The various aspects of the structural details of 5.2 are given in Figure 5.1 (a-d). The 

crystal structure of 5.2 reveals it to be a dicationic complex, [Ni4Gd4(µ2-OH)2(µ3-

OH)4(µ-OOCCH3)8(HL)4]
2+, containing two counter hydroxide ions that are involved 

in a hydrogen-bonded interaction with the complex. The structure of the complex can 

be understood in the following way. The whole complex can be structurally 

decomposed into two NiII
2LnIII

2 sub-units which are interconnected by hydroxide and 

acetate bridges. Two [HL]– units are involved in binding and assembling the 

NiII
2LnIII

2 motifs. The two LnIIIs present in the sub-unit are bridged to each other by a 

pair of hydroxide ligands affording four-membered LnIII
2O2 ring. Each of the bridging 

OH groups is also involved in binding to a NiII. The phenolate unit of a [HL]– is 

involved in bridging NiII and LnIII and is also involved in interaction with an 

additional NiII. The imino nitrogen and the free NH of the ethylenediamine motif are 

involved in a chelating coordination action to NiII. Interestingly, the N-CH2CH2OH 

unit does not take part in coordination and is unutilized; however, the OH group is 

involved in hydrogen bonding to the counter hydroxide ions (Figure 5.1 (a) and 5.1 

(b)). Each of the methoxy groups on the aromatic scaffold are involved in a terminal 

coordination to the lanthanide ions. Finally, the two sub-units are linked to each other 
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by a pair of hydroxide ligands and four acetate ligands. The nature of the bridging 

hydroxylato ligand present in all the complexes has been confirmed by BVS 

calculations (Table 5.3) 

   

(a)      (b) 

  
(c)      (d) 

Figure 5.1. (a) Asymmetric unit of 5.2 with the Ni2Ln2 sub-unit; (b). Molecular 

structure of 5.2; (c) Octanuclear core of 5.2; (d) Dihedral angle between the O−NiII−O 

and O−GdIII−O planes. 

Table 5.3. Bond Valence Sum (BVS) calculations for bridging O atoms of 5.2 

Atoms BVS Assignment 

O1H 1.127 HO– 

O2H 1.148 HO– 

O1G 1.070 HO– 
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As a result of the cumulative coordination interaction described above, the complex 

contains two tetranuclear NiII
2LnIII

2O4 cubane cores (containing μ2-acetate and 

hydroxide ligands). As mentioned above the acetate ligands bridge the GdIII ions of 

two different cubane cores in a syn-syn μ-η1:η1 fashion to form the heterometallic 

octanuclear core. A perspective view of the octanuclear core structure is shown in 

Figure 5.1 (c).  

   

(a)      (b) 

Figure 5.2. (a) Coordination environment/geometry around GdIII showing a distorted 

trigonal dodecahedron geometry and (b) Coordination environment/geometry of NiII 

showing a distorted octahedral geometry.  

The GdIII ions are all equivalent and have an 8O coordination environment in a 

trigonal dodecahedron geometry as confirmed by SHAPE analysis21 (Figure 5.2 (a) 

and Table 5.4). Three oxygen atoms of the 8O coordination environment are from the 

bridging carboxylate groups (O2C, O2D, and O1E; Gd−O average distance 2.359(4) 

Å), three from hydroxide ligands (O1H, O2H, and O1G; Gd−O average distance 

2.353(3) Å), and two O atoms (Gd−O1B distance 2.581(3) Å and Gd−O2B distance 

2.482(3) Å) from phenoxide motif of the ligand. 
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Table 5.4. Continuous Shape Measures (CShM) calculations for LnIII 

Complex
_Metal 
centre 

Structure† 

CU-8 SAPR-
8 

TDD-
8 

JGBF-
8 

JETBP
Y-8 

JBTP
R-8 

BTPR
-8 

JSD-8 TT-8 

5.1_Y1 
CShM 

10.463 2.789 0.793 14.056 28.927 2.458 1.961 3.170 11.282 

5.2_Gd1 
CShM 

10.697 2.748 0.833 13.857 29.037 2.473 1.975 3.158 11.498 

5.3_Tb1 
CShM 

10.649 2.750 0.801 13.840 28.872 2.468 2.013 3.134 11.448 

5.4_Dy1 
CShM 

10.555 2.709 0.829 13.890 28.916 2.420 1.944 3.197 11.355 

5.5_Ho1 
CShM 

10.493 2.760 0.791 14.078 28.942 2.477 1.961 3.212 11.340 

5.6_Er1 
CShM 

10.449 2.771 0.794 14.017 28.849 2.445 1.963 3.175 11.264 

†CU-8 = Cube (Oh); SAPR-8 = Square antiprism (D4d); TDD-8 = Triangular dodecahedron 

(D2d); JGBF-8 = Johnson gyrobifastigium J26 (D2d); JETBPY-8 = Johnson elongated 

triangular bipyramid J14 (D3h); JBTPR-8 = Biaugmented trigonal prism J50 (C2v); BTPR-8 

= Biaugmented trigonal prism (C2v); JSD-8 = Snub diphenoid J84 (D2d); TT-8 = Triakis 

tetrahedron (Td) 

The NiII centers in the complex are equivalent and are hexa-coordinate (2N, 4O) in a 

distorted octahedral geometry with the nitrogen atoms occupying the cis positions 

(Figure 5.2 (b) and Table 5.5). The coordination sphere consists of two oxygen atoms 

from the phenolates of two different ligands (O2B and O2A; Ni−O average distance 

2.140(3) Å), one oxygen atom from the hydroxide ligand (Ni−O1H distance 2.018(3) 

Å), one oxygen atom from the acetate ligand (Ni−O2E distance 2.083(3) Å), and two 

N atoms of the same ligand (N1B and N2B; average distance 2.060(4) Å). The 

average Gd−Ooph−Ni bond angle is 98.35(10)˚ while the average Ni···Gd separation is 

3.502(6) Å. The dihedral angles in the bridging fragment were obtained through mean 

plane analysis shown in Figure 5.1 (d). The dihedral angle containing plane 1 (O2A–
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Gd2–O2H) and plane 2 (O2A–Ni1–O2H) is 16.0˚; however, a value of 21.1˚ is 

obtained when plane 3 and plane 4 were considered.  

Table 5.5. Continuous Shape Measures (CShM) calculations for LnIII 

† HP-6 = Hexagon (D6h); PPY-6 = Pentagonal pyramid (C5v); OC-6 = Octahedron (Oh); 

TPR-6 = Trigonal prism (D3h); JPPY-6 = Johnson pentagonal pyramid J2 (C5v) 

Analysis of the crystal packing diagram reveals that the shortest distance between two 

LnIII centers of the neighboring molecule is 9.714 Å. (Figure 5.4). The intermolecular 

hydrogen bonding parameters and matric parameters of complexes 5.1-5.6 are given 

in Table 5.6 and Table 5.7 respectively. We have also checked the phase purity of all 

the complexes (5.1-5.6) using powder X-ray diffraction analysis (Figures 5.5), which 

shows good agreement with the simulated patterns generated from the SCXRD data. 

Table 5.6. Intermolecular hydrogen bonding parameters for compounds 5.1-5.6 

Complex 
No. 

D   H   A d(D–H)/Å d(H–A)/Å d(D–A)/Å D–H–A/° 

5.1 O2B H2BA O1H 0.84 2.02 2.754(9) 144.8 
5.2 O3B H3B O1I 0.84 1.93 2.723(8) 157.4 

5.3 O3B H3B O4 0.82 1.99 2.745(18) 153.5 
5.4 O3A H3A O4 0.84 1.92 2.743(12) 165.9 
5.5 O4    H4   O2D 0.85 2.11 2.923(5) 159.7 

5.6 O1G H1G O2F  0.85 2.08  2.925(6) 167.7 

 

 

 
Metal  
center 

Structure† 

HP-6 PPY-6 OC-6 TPR-6 JPPY-6 

5.1_Ni1 31.179 27.792 0.754 14.256 30.833 

5.2_Ni1 31.515 27.207 0.759 13.337 30.949 

5.3_Ni1 31.378 27.563 0.728 14.418 30.533 

5.4_Ni1 31.378 27.341 0.793 13.425 30.784 

5.5_Ni1 31.322 27.439 0.797 14.238 30.385 

5.6_Ni1 31.185 27.437 0.794 14.311 30.411 
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(a)      (b) 

  

(c) 

  

(d)     (e) 

Figure 5.3. The molecular structures of complexes 5.1, (a); 5.3, (b); 5.4, (c); 5.5, (d); 

and 5.6, (e) with selected H atoms. The counter anions and hydrogen atoms have been 

omitted for clarity 
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Figure 5.4. (left) Crystal packing diagram of 5.2 viewed along the a direction; (right) 

Crystal packing diagram of 5.2 viewed along the b direction (the counter anions and 

H-atoms are removed for clarity) 

 

(a)    (b)    (c) 

 

(d)    (e)    (f) 

Figure 5.5. Powder XRD pattern of complexes 5.1 (a), 5.2 (b), 5.3 (c), 5.4 (d), 5.5 (e), 

and 5.6 (f). 
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Table 5.7. Selected bond lengths and bond angles for 5.1-5.6. 

Coordination 
environment around 

metal ion 
Bond lengths (Å) Bond angles (°) 

 
 
 

Complex 5.1. Distorted  
octahedron 

Ni1–O2       2.011(3) 

Ni1–O1B     2.077(3) 

Ni1–O1A    2.218(3) 

Ni1–O1D    2.077(3) 

Ni1–N1B     2.000(4) 

Ni1–N2B     2.134(4) 

N1B–Ni1–O2          173.96(14) 

N1B–Ni1–O1B        90.18(13)  

O2–Ni1–N2B         102.08(13)  

O1D–Ni1–O1B         92.36(11)  

O1D–Ni1–O1A       172.52(11)  

O1D–Ni1–N2B         89.44(13)  

O1B–Ni1–O1A         81.74(10)  

O1B–Ni1–N2B        172.92(12) 

N2B–Ni1–O1A         96.97(12) 

 
 

Complex 5.1.Triangular 
dodecahedron 

Y1–O3        2.224(3)  

Y1–O1        2.338(3)  

Y1–O2        2.407(3)  

Y1–O1B     2.456(3)  

Y1–O3B     2.569(3)  

Y1–O1F      2.344(3)  

Y1–O1E      2.319(3) 

Y1–O2D     2.305(3) 

O3–Y1–O1E             86.39(11)  

O1–Y1–O2D             95.23(11)  

O2D–Y1–O1           138.73(11)  

O2D–Y1–O2             76.67(10)  

O2D–Y1–O1B          78.46(10)  

O2D–Y1–O3B          88.75(10)  

O1E–Y1–O1F           75.49(11)  

O1–Y1–O2                67.37(10)  

O1–Y1–O3B            130.31(10)  
 

 
 

Complex 5.2. Distorted 
octahedron 

Ni2–O1H    2.018(3) 

Ni2–O2A    2.202(3) 

Ni2–O2B    2.075(3) 

Ni2–O2E    2.083(3) 

Ni2–N1B   1.993(4) 

Ni2–N2B    2.127(4) 

O1H–Ni2–O2E           93.34(12) 

O2A–Ni2–O2B          81.62(11) 

O2A–Ni2–N2B          96.38(14) 

O2B–Ni2–N2B       172.91(14)  

N1B–Ni2–N2B          83.22(16) 

O1H–Ni2–O2A          81.74(11) 

O1H–Ni2–N1B        174.75(14) 

O2A–Ni2–O2E         172.77(12) 

 

 
 
Complex 5.2. Triangular 
dodecahedron 

 

Gd1–O1B   2.581(3)  

Gd1–O1E    2.349(4) 

Gd1–O1G   2.267(3) 

Gd1–O2B  2.482(3)  

Gd1–O2C   2.377(3) 

Gd1–O2D   2.352(4) 

O1E–Gd1–O1G         94.91(12) 

O1E–Gd1–O2D       147.14(11) 

O1G–Gd1–O2B       144.64(11) 

O1G–Gd1–O1H         76.07(11) 

O2B–Gd1–O2D       116.90(10) 

O2C–Gd1–O2D         75.53(12) 

O2D–Gd1–O1H       135.71(10) 

O1B–Gd1–O2B          61.38(10) 
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 Gd1–O1H   2.432(3) 

Gd1–O2H    2.361(3) 
O1B–Gd1–O1H         129.69(10) 

O1E–Gd1–O2B           78.57(10) 

 

 
Complex 5.3. Distorted 

octahedron 

Ni2–O2      2.028(5)  

Ni2–O2B   2.215(5)  

Ni2–O1F   2.037(5)  

Ni2–O2A   2.080(5) 

Ni2–N1A   2.015(7) 

Ni2–N2A   2.115(7)  

O2B–Ni2–O2A           80.94(19) 

O2B–Ni2–N1A               97.1(2) 

O2B–Ni2–N2A               97.7(2) 

O1F–Ni2–O2A               94.4(2) 

O2A*–Ni2–N1A            89.8(2) 

O2A–Ni2–N2A            171.8(2) 

N1A–Ni2–N2A              82.4(3) 

O2–Ni2–O2B               81.55(19) 

 

 
 

Complex 5.3. Triangular 
dodecahedron 

Tb01–O1     2.256(5) 

Tb01–O1B  2.588(5)  

Tb01–O2     2.357(5) 

Tb01–O2B   2.468(5) 

Tb01–O2C   2.372(5) 

Tb01–O2D   2.337(5) 

Tb01–O2E   2.326(6) 

Tb01–O3      2.434(5) 

O2–Tb01–O2C         148.60(19) 

O2–Tb01–O2E         138.75(17) 

O2–Tb01–O3             75.94(17) 

O2B–Tb01–O2C      127.32(16) 

O2B–Tb01–O2D      117.32(18) 

O2C–Tb01–O2D            75.6(2) 

O2C–Tb01–O2E         72.45(19) 

O2C–Tb01–O3          139.70(19) 

O2D–Tb01–O2E       147.18(18) 

O2D–Tb01–O3          134.82(18) 
 

 
Complex 5.4. Distorted 
octahedron 

Ni1–O2        2.026(5) 

Ni1–O2A     2.198(4) 

Ni1–O1C     2.046(5) 

Ni1–O2B     2.087(5) 

Ni1–N1B     2.003(7) 

Ni1–N2B     2.121(7) 

O2–Ni1–O1C            92.92(19) 

O2–Ni1–O2B            85.81(19) 

O2A–Ni1–N2B             97.4(2) 

O1C–Ni1–O2B             94.3(2) 

O2B–Ni1–N2B           172.1(2) 

N1B–Ni1–N2B             82.7(3) 

O2–Ni1–O2A            82.00(19) 

 
 

 
 
Complex 5.4. Triangular 
dodecahedron 

Dy1–O1      2.245(5)  

Dy1–O1A    2.560(5) 

Dy1–O1E    2.356(5)  

Dy1–O1F     2.317(5) 

Dy1–O2       2.329(5) 

Dy1–O2A    2.455(5) 

Dy1–O2D    2.326(5) 

Dy1–O3       2.418(5)  

O1A–Dy1–O2           99.69(16)  

O1A–Dy1–O2A        61.71(15)  

O1A–Dy1–O2D        88.54(16) 

O1A–Dy1–O3          130.45(15) 

O1E–Dy1–O1F         75.91(17)  

O1E–Dy1–O1A       149.02(17) 

O1E–Dy1–O2          127.00(16) 

O1E–Dy1–O2D         71.92(17)  

O1E–Dy1–O3           139.16(17) 

O1)–Dy1–O2              73.20(17)  
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Complex 5.5. Distorted 
octahedron 

 

Ni1–O2      2.018(3)  

Ni1–O2A   2.076(3)  

Ni1–O2C   2.078(4)  

Ni1–N1A   1.993(4)  

Ni1–N2A   2.133(4)  

Ni1–O2B    2.224(3) 

O2–Ni1–O2C            93.91(12)  

O2–Ni1–N1A          173.45(14)  

O2–Ni1–N2A           102.38(15) 

O2–Ni1–O2B            80.80(11)  

O2C–Ni1–N2A         89.70(16)  

N1A–Ni1–O2B         94.99(14)  

N2A–Ni1–O2B         97.10(14)  

O2–Ni1–O2A            84.51(11) 

 
 

 
Complex 5.5. Triangular 
dodecahedron 

 

Ho01–O1     2.224(3)  

Ho01–O1A  2.574(3)  

Ho01–O1C   2.324(4)  

Ho01–O1F   2.310(3)  

Ho01–O2     2.407(3)  

Ho01–O2A  2.459(3)  

Ho01–O2E   2.342(3)  

Ho01–O3     2.336(3) 

O1–Ho01–O1A       152.31(12)  

O1–Ho01–O1C          95.48(13)  

O1–Ho01–O1F           86.36(13) 

O1–Ho01–O2            76.89(11)  

O1–Ho01–O2A       145.77(11)  

O1–Ho01–O2E          81.36(11) 

O1–Ho01–O3            95.56(11)  

O1A–Ho01–O1C      88.66(12)  

O1A–Ho01–O1F       75.64(11) 

O1A–Ho01–O2        130.54(11)  

 

 
Complex 5.6. Distorted 
octahedron 

 

Ni1–O2       2.020(4)  

Ni1–O2A    2.200(4)  

Ni1–O1F     2.020(4)  

Ni1–O2B     2.080(4) 

Ni1–N1B     2.010(5)  

Ni1–N2B     2.130(5) 

 

O2–Ni1–O2A            81.35(15)  

O2A–Ni1–O1F        173.43(16)  

O2A–Ni1–O2B           81.73(15) 

O2A–Ni1–N1B          97.18(17)  

O2A–Ni1–N2B          97.64(18)  

O1F–Ni1–O2B             4.03(17) 

O1F–Ni1–N1B             7.79(19)  

N1B–Ni1–N2B              82.8(2) 

 
 

 
Complex 5.6. Triangular 
dodecahedron 

Er1–O1       2.208(4)  

Er1–O1A    2.560(4)  

Er1–O1C    2.303(4)  

Er1–O1D     2.337(4) 

Er1–O2       2.323(4)  

Er1–O2A    2.445(4)  

Er1–O2E     2.306(4)  

Er1–O3        2.398(4) 

O1–Er1–O2E            86.57(15) 

O1–Er1–O3              76.76(13) 

O1A–Er1–O1C       88.69(14)  

O1A–Er1–O1D        73.69(15) 

O1A–Er1–O2          99.30(14)  

O1A–Er1–O2A       61.78(12)  

O1A–Er1–O2E         75.54(15) 

O1A–Er1–O3        130.70(12)  

O1C–Er1–O1D        72.36(16)  
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5.3.3 Magnetic properties. The temperature dependence of the χMT product for 

complexes 5.1-5.6 (χM being the molar magnetic susceptibility per mononuclear 

NiII
4LnIII

4 unit) in the 2-300 K temperature range was measured with an applied 

magnetic field of 0.1 T and are given in Figures 5.6 and 5.7 for complexes 5.1 and 

5.2, respectively, and in Figure 5.10 for complexes 5.3-5.6. 

 

Figure 5.6. Temperature dependence of the χMT product and field dependence of 

magnetization for compound 5.1. The solid lines represent the best fit of the 

experimental data. 

At room temperature, the observed χMT values for 5.1-5.6 are close to those calculated 

for four independent NiII and LnIII (YIII) ions in the free ion approximation (Table 5.8). 

We are going to start the discussion with the Ni4Y4 (5.1) and Ni4Gd4 (5.2) complexes. 

On lowering the temperature, the χMT slowly increases from room temperature to 50 

K (5.03 cm3 K mol-1) for 5.1 and 30 K (42.1 cm3 K mol-1) for 5.2 and then in a more 

abrupt way to reach values of 5.88 cm3 K mol-1 at 10 K and 65.7 cm3 K mol-1 at 2 K, 

for 5.1 and 5.2, respectively. These behaviors are due to a ferromagnetic interaction 

between the NiII ions in the case of 5.1 and between the NiII ions and the NiII and GdIII 
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ions in the case of 5.2. In the case of 5.1, the χMT decreases below 10 K up to 2 K, 

which is probably associated to the zero-field splitting effect of the NiII ions. 

Table 5.8. Direct current magnetic data for the complexes 5.1-5.6 

Compound 

Theoretical 

χMT300K value 

(cm3 K mol-1)b 

Experimental 

χMT300K/χMT2K (cm3 

K mol-1) 

Experimental Msat  

value (T =2 K, H = 5 

T) (NµB) 

Theoretical Msat 

value (NµB)c 

5.1 4.6 (g = 2.15) 4.7 / 4.19 7.21 8.6 

5.2 39.1 (g =2.10) 40.3/ 67.5 37.5 37.8 

5.3 51.3a 52.5 / 98.3 25.9 44 

5.4 60.7 a 61.4 / 55.1 30.7 48 

5.5 60.3 a 61.6 / 36.2 31.0 48 

5.6 49.9 a 51.6/37.3 29.1 44 

agNi = 2 ; b𝜒𝑇 =  
அఉమ

ଷ
{𝑔

ଶ𝐽(𝐽 + 1) ; c𝑀 = 𝑁𝐽𝑔𝜇 ; 𝐽 = 𝐿 + 𝑆 ;  𝑔 =  
ଷ

ଶ
+  

ௌ(ௌାଵ)ି (ାଵ)

ଶ(ାଵ)
 

 

The magnetic properties of 5.1 have been modelled by using the following Hamiltonian:  

2
4

1
21212121 NiiziNi

i
NiNiNiNiaNiNiNiNi SDSSSSJSSSSJH 



 )()( ''''
         (eq. 5.1) 

where J accounts for the magnetic exchange coupling between NiII ions, Ja represents 

the magnetic exchange coupling between NiII ions through the shorter Ni1-Y3-Y3’-

Ni1’ and Ni2-Y4-Y4’-Ni2’ pathways and DNi accounts for the axial single ion zero-

field splitting parameter of the NiII ions, which are equivalent (see Figure 5.8). The 

simultaneous fit of the experimental susceptibility and magnetization data with the 

above Hamiltonian using the PHI program22 afforded the following set of parameters: 

J = 5.2 cm-1, Ja = -0.09 cm-1, g = 2.15, D = 5.6 cm-1 and R = 4.3 x 10-7. The very weak 
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antiferromagnetic interaction described by Ja must be taken into account, because 

when Ja is fixed to zero the quality of the fit got rather worse.  

The ferromagnetic coupling exhibited by complex 5.1 can be justified by analyzing 

the structural parameters of dinuclear Ni2 complexes with diphenoxido bridging 

group connecting octahedral NiII ions. Experimental and theoretical magneto-

structural correlations23 have shown that the Ni–O–Ni bridging angle () is the major 

issue influencing the nature of the magnetic coupling in hydroxido-, alkoxido- and 

phenoxido- Ni(O)2Ni complexes. Thus, for Ni–O–Ni angles close to 90°, a 

ferromagnetic coupling is expected. As the Ni-O-Ni angle increases from 90°, the 

ferromagnetic coupling diminished and becomes antiferromagnetic (AF) at values of 

~ 96-98°. Moreover, it has been shown from theoretical studies23a that the AF 

interaction increases when the out-of-plane displacement of the phenyl carbon 

atom from the Ni2O2 plane) diminishes. Taking into account this, Ni(O)2Ni 

diphenoxo-bridging fragment in complex 5.1, with mean  and  angles of 98.6° and 

46.7° should transmit either weak F or AF interactions between the NiII ions, which is 

in good agreement with the observed values. 

The magnetic data for such an intricate system as the Ni4Gd4 complex (5.2) were 

modelled in a crude manner with the following Hamiltonian: 

zzNiiziNi
i

GdiNii
i

NiNiNiNi SSzJSDGdGdGdGdJSSJSSSSJH ')'(")(')( '''  


2
8

1
4343

8

1
2121

  

(eq. 5.2) 
 

Where the interactions between the GdIII and NiII ions connected by two 3-O 

bridging atoms of the two cubane units are assumed to be equal, J” represents the 

Gd‧‧‧‧Gd interactions inside the cubane units and zJ’ accounts for the intercubane 

interactions between the GdIII using the molecular field approach (see Figure 5.8). 
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Taking into account that the structural parameters affecting the dinuclear Ni2 units 

inside the cubane units are almost identical for the isostructural complexes 5.1 and 

5.2, and to avoid over parametrization, the values of J and D were fixed to those 

extracted for compound 5.1. Considering the above approximations, the best fit of the 

magnetic data with the above Hamiltonian led to the following magnetic parameters: 

J’ = 0.86 cm-1, J” = -0.0034 cm-1, g = 2.10, zJ’ = -0.0002 cm-1 and R = 1.2 x 10-5.  

 

Figure 5.7. Temperature dependence of the χMT product and field dependence of 

magnetization for compound 5.2. The solid lines represent the best fit of the 

experimental data. 

 

Figure 5.8. Scheme of magnetic coupling pathways in the complex 5.2 
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Experimental and theoretical studies on diphenoxide-bridged Gd-Ni dinuclear 

complexes6b, 24 have shown that the ferromagnetic interaction between NiII and GdIII 

ions increases mainly with the increase of the Ni–O–Gd angle () and with the 

planarity of the Ni–O2–Gd fragment. Complex 5.2 has average values of the  angle 

and the hinge angle  (the dihedral angle between the O–Ni–O and O–Gd–O planes in 

the bridging fragment) of 102.1° and 18.6°, respectively. For these values, and 

according to the magneto-structural correlations a JNiGd  +1 cm-1 is expected, which 

agrees well with the J’NiGd value extracted for 5.2. It is worth noting that the magnetic 

coupling constants for the Ni···Gd and Gd···Gd intra-cubane interactions agree in 

sign and magnitude with those found for other Ni2Gd2O4 cubane complexes.25 As the 

GdIII ion does not have first order angular momentum and almost a negligible zero 

field splitting, the dipolar interactions are expected to be very weak, so that the 

experimentally observed Gd···Gd interactions are due mainly to exchange coupling 

between the GdIII ions. Experimental and theoretical studies have shown that with 

diphenoxo-, dialkoxo-, two oxo-carboxylate and two carboxylate-acetate bridging 

groups smaller values of the Gd–O–Gd, and consequently of the Gd···Gd distance, 

favour an antiferromagnetic interaction.26 For some of these compounds 

antiferromagnetic interactions are predicted for Gd–O–Gd angles smaller than 110°. 

In view of the above considerations, the fact that the intra-cubane antiferromagnetic 

interactions (described by J”) are larger than the intercubane ones (described by zJ’) 

is not unexpected as the Gd–O–Gd angles for the former are around 108.5°, whereas 

the Gd–O–Gd angle for the latter ones is 132.23°. Taking into account only the      

Gd–O–Gd angle, the intercubane interaction is expected to be ferromagnetic in nature, 

however, the existence of two additional syn-syn acetate bridging groups connecting 

the GdIII ions lead to the very weak antiferromagnetic interaction found for this triple 
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bridge. Nevertheless, these assumptions should be taken with caution because of (i) 

the crudeness of the model, (ii) the weakness of the magnetic interactions and, (iii) the 

possible existence of ZFS splitting of the GdIII ions.  

Previous work has shown that NixGdy polynuclear complexes can exhibit large 

magneto-caloric effects (MCE) and therefore can be considered for magnetic 

refrigeration materials.27 This is so because, among other factors, the magnetic 

exchange interaction between the GdIII and NiII ions is very weak, which generates 

multiple low-lying excited and field-accessible states, each of which can contribute to 

the total magnetic entropy of the system. Moreover, if the interaction is ferromagnetic 

in nature, the low lying states would have a large spin, which also favors larger MCE. 

In view of this, we decided to evaluate the MCE of 5.2 from magnetization 

measurements in the 2-6 K temperature range under an applied magnetic field in the 

range 0-5 T, making use of the Maxwell relation: 

dB
dT

BTM
BTS

B

B

B

M

f

i

 





),(
),(     (eq. 5.3)  

where Bi and Bf are the initial and final applied magnetic fields. The integration 

results show that the -ΔSm values for complex 5.2 under all fields (Figure 5.9) 

increase as the temperature decreases from 5 to 3 K, with a maximum magnetic 

entropy change (-ΔSm = 22.58 J kg-1 K-1 ). This value is rather smaller than the full 

magnetic entropy content per mole for the Ni4
IIGd4

III complex is 2Rln(2SGd + 1) + 

2Rln(2SNi + 1) = 6.08 R, which corresponds to 36.8 J kg-1 K-1 for 5.2. This fact can be 

mainly due to magnetic anisotropy of the NiII ions and the intra- and inter-cubane 

antiferromagnetic interactions between the GdIII ions (both the increase of D and AF 

interactions diminishes -Sm). The -ΔSm value for 5.2 is larger than those observed for 

complexes with a Gd/Ni = 0.5 but lower than those found for other more dense 
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complexes with Gd/Ni ratios in the range 1-4.2.27 The MCE increases with the 

increase of the Gd/Ni ratio as expected for increasing the spin and decreasing the 

magnetic anisotropy. 

 

Figure 5.9. Isothermal field dependent curves for 5.2 between 2 and 6 K and 

magnetic entropy changes (inset) extracted from the experimental magnetization data 

with the Maxwell equation between 1 to 5 T and temperatures from 3 to 5 K (points). 

The MT product compounds Ni4Tb4 (5.3) and Ni4Dy4 (5.4) steadily decreases with 

decreasing temperature to minimum values of 49.1 cm3 K mol-1 at 35 K for 5.3 and 

54.74 cm3 K mol-1 at 12 K for 5.4, then sharply increases at lower temperatures up to 

2 K in the case of 5.3 and to reach a maximum value of 55.5 cm3 K mol-1 at 5 K for 

5.4. Below this temperature, the MT value for 5.4 drops down to 2 K. As usual, the 

decrease of the MT product in the high temperature region (above 40 K) is due to the 

depopulation of the MJ sublevels of the TbIII and DyIII ions, which arise from the 

splitting of the ground term by the ligand field. The increase of MT at low 

temperature is likely to be due to a ferromagnetic interaction between NiII and LnIII, 

whereas the decrease of MT below 5 K for 5.4 is essentially associated with the 

magnetic anisotropy of the NiII ions. For complexes 5.5 and 5.6, the χMT product 
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decreases steadily with decreasing temperature until approximately 20 K and then 

more sharply down to 2 K. The observed behavior is mainly due to the depopulation 

of the MJ sublevels of the LnIII ions, which are able to overcome (together with the 

effect of the NiII anisotropy) the effect of the presumable NiII-LnIII ferromagnetic 

interactions in the low temperature region. This behaviour is rather common in HoIII 

and ErIII complexes. In the case of complexes 5.3 and 5.4 the opposite situation 

occurs, so that the NiII-LnIII ferromagnetic interaction are strong enough as to 

overcome the effect of the depopulation of the MJ sublevels and an increase in χMT is 

observed at low temperature. The fact that the χMT for 5.3 reaches a rather larger 

value than 5.4 at 2 K seems to indicate that the NiII-LnIII magnetic coupling is 

stronger for the former. 

 

Figure 5.10. Temperature dependence of the χMT product and field dependence of 

magnetization (inset) for compound 5.3-5.6 

The magnetization versus field plots for complexes 5.3-5.6 at T = 2 K (Figure 5.10) 

show a fast increase of the magnetization up to ~1 T, which supports the 

ferromagnetic interaction between NiII and LnIII in these complexes, and then a slow 
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increase with the field without reaching saturation at 5 T, which is mainly due to the 

presence of significant magnetic anisotropy and/or low-lying excited states that are 

partially populated at this temperature. The presence of low lying excited states is in 

agreement with the existence of weak Ni···Ln magnetic interactions in these 

complexes. It should be noted that the magnetization values at the highest applied dc 

magnetic field of 5 T are however almost the half of those calculated for non-

interacting NiII and LnIII ions (Table 5.8), which is, as usual, mainly attributed to 

crystal-field effects giving rise to significant magnetic anisotropy.28 The fact that the 

slope of the M vs H plot below 1 T is higher for 5.3 than for 5.4 seems to support a 

stronger NiII···LnIII magnetic coupling for the former. The smaller slope for 5.5 and 

5.6 could indicate a weaker magnetic coupling than in complexes 5.3 and 5.4. 

Nevertheless, these qualitative suggestions should be taken with caution as the crystal 

field splitting of the ground term by the ligand field is different for each of the 

complexes 5.3-5.6 and therefore their ability for counterbalancing the effect of the 

NiII···LnIII ferromagnetic coupling.  

In order to know if these complexes exhibit slow relaxation and possible SMM 

behaviour, dynamic ac magnetic susceptibility measurements as a function of the 

temperature at different frequencies were performed on complexes 5.1-5.6 under zero 

and 1000 Oe external dc field. Only complexes 5.3 and 5.4 showed out-of-phase 

("M) signals below 4 K (Figure 5.11), but none of them exhibited any maximum in 

the temperature dependence of "M above 2 K at frequencies reaching 1400 Hz, even 

in the presence of a small dc field to fully or partly suppress the possible quantum 

tunneling relaxation (this process is able in some cases to prevent the observation of 

slow relaxation of the magnetization). Therefore, in these two complexes either the 

energy barrier for the flipping of the magnetization is not enough as to block the 
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magnetization above 2 K or there exists a very fast resonant zero-field quantum 

tunnelling of the magnetization (which cannot be eliminated by applying a small dc 

field) with a flipping rate that is too fast to give rise to a maximum in the χ"M above 2 

K. This behaviour can be related with the existence of very weak Ni···Ln and Ln···Ln 

magnetic interactions in complexes 5.3-5.6. These interactions generate small 

separations of the low lying split sublevels, which lead to very small energy barrier 

for the flipping of the magnetization and, moreover, favor QTM by mixing of low-

lying excited states in the ground state. 

 

 

Figure 5.11. Temperature dependence of the in-phase χ'M and out-of-phase χ"M 

components of the ac susceptibility at 1400 Hz under applied magnetic field of zero 

and 1000 Oe for complex 5.3 (top) and 5.4 (down) 
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5.4 CONCLUSIONS 

A compartmental ligand, 2-methoxy-6-[2-(2-hydroxyethylamino)ethylimino}methyl] 

phenol (H2L), was utilized to assemble heterometallic octanuclear Ni4Ln4 complexes. 

Structural studies of these complexes reveal that they are made up of two tetranuclear 

[Ni2Ln2O4] cubane sub-units. The core of the assembly consists of a tetranuclear 

lanthanide motif, where two four-membered [Ln2(µ-OH)2] sub-units are linked to 

each other by four acetate and two hydroxide bridging ligands. Magnetic studies on 

these complexes reveals a ferromagnetic interaction between the lanthanide and the 

nickel centers, the magnitude of which for the GdIII analogue has been estimated as J 

= + 0.86 cm-1. While none of the complexes are single-molecule magnets due to the 

existence of very weak Ni···Ln and Ln···Ln magnetic interactions, the NiII
4GdIII

4 

complex shows a magneto caloric effect with a maximum magnetic entropy change,   

-ΔSm = 22.58 J kg-1 K-1 at 3 K for an applied external field of 5 T. 
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