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Abstract

The synthesis, structure and magnetism of tetranuclear complexes, [Lns(LH2)2(7"Piv)a(°—
Piv)2(us—02)2(H20)2]-2MeOH (1, Ln = Gd": 2,L.n = Tb"; 3, Ln = Dy""; 4, Ln = Er'") (LH, = 6-
((bis(2-hydroxyethyl)amino)-N"-(2-hydroxybenzylidene)picolinohydrazide), (piv = pivalate ion)
are reported. Interestingly, the formation of these tetranuclear assemblies is assisted by two side-
on coordinating peroxide ligands which bind in a us-#%:%:° fashion. DC magnetic behaviour
revealed the existence of a dominating but weak intramolecular antiferromagnetic interaction in
the cases of 1, 2, and 4 while a small structural change in complex 3 turns this into a

ferromagnetic interaction. We have investigated the magnetothermal behaviour of 1 which shows



a magnetocaloric effect with the value of maximum entropy change of -AS, = 33.60 J K Kg™ at

4 K (AH = 13-0 T). This is close to the calculated value of 36.45 J K Kg™. The ac magnetic
susceptibility study confirms zero-field out-of-phase magnetic susceptibility signals only for 3
which get well resolved on the application of 1 kOe dc magnetic field. The energy barrier for the
Orbach process of spin reversal was found to be 23 K (7 =9 x 107 s). We also report detailed

theoretical studies to rationalize and understand the observed magnetic behaviour.
Introduction

Lanthanide complexes have attracted considerable attention in recent years in the field of
catalysis, ** molecular magnets *® as well as photophysical properties. * '° The use of lanthanide
complexes in molecular magnetism in general and single-molecule magnets (SMMs) in
particular has been triggered by the seminal discovery of Ishikawa in 2003 that the complex
[BusN][TbPc,] showed a blocking of magnetization below a critical temperature.™* The intrinsic
high spin of many lanthanide ions and their strong spin-orbit coupling make them attractive
candidates for assembling single-molecule magnets.*?* Another aspect of interest in lanthanide
complexes is molecular refrigeration which can be generated by the so-called magnetocaloric
effect (MCE). It has been shown that MCE can be maximized by the presence of metal ions that
can contribute to a high spin and have negligible anisotropy. %°? These criteria are fulfilled quite
nicely by Gd" and not surprisingly many Gd"' complexes have been investigated for their
MCE.*** An additional caveat among polynuclear Gd"' complexes for displaying MCE is the
presence of weak ferromagnetic coupling between the Gd"" centres.

We have been working on the design of multinuclear Ln"™" complexes for some time now. We

have extensively used aroylhydrazone Schiff base ligands for this purpose. These ligands have



many favourable features including flexible coordination pockets, C-C/C-N/N-N bond rotation
as well as keto-enol tautomerization (vide infra). “**° In this context, recently we have utilized
this family of ligands along with an aryl phosphonate, [RPO3]%, to assemble a tetranuclear
ensemble (vide infra). *° The phosphonate ligand helps in connecting the two dinuclear motifs
together to afford the tetranuclear complex. In view of the large number of transition metal
complexes containing the peroxide ligand, we were intrigued to investigate the effect of peroxide
as a co-ligand along with the aroylhydrazone Schiff base ligand in lanthanide chemistry. We
reasoned that in its side-on coordinating mode the peroxide ligand would function akin to the
phosphonate ligand and help in assembling a tetranuclear complex. Accordingly, we report the
synthesis, structural characterization, and magnetic studies of the peroxide-containing
tetranuclear assemblies, Lna(LH2)2(7"—Piv)a(*—Piv)a(us—02)2(H20)] -2MeOH {where Ln =
Gd" (1), To" (2), Dy" (3), Er' (4)}. As anticipated, the peroxide ligand binds in a side-on us-
n%n%:n? fashion.

Experimental Section

Solvents and other general reagents used in this work were purified according to standard
procedures.” 2 Pyridine—2,6-dicarboxylic acid, sodium borohydride, H,0, (34.5-36.5% wiv),
DyCl3-6H,0, TbhCl3-6H,0, ErCls-6H,0, and GdCl;-6H,O were obtained from Sigma Aldrich
Chemical Co. and were used as received. Diethanolamine, hydrazine hydrate (80%), PBrs, and
sodium sulphate (anhydrous) were obtained from S.D. Fine Chemicals, Mumbai, India. Methyl—
6—(hydroxymethyl)  picolinate, methyl  6—(bromomethyl)picolinate,”®  methyl-6-((bis(2-
hydroxyethyl) amine)methyl)picolinate,*’ and 6-((bis(2-
hydroxyethyl)amino)methyl)picolinohydrazide,*” were prepared according to literature

procedures.



Instrumentation

Melting points were measured on a JSGW melting point apparatus and are reported uncorrected.
IR spectra were recorded as KBr pellets on a Bruker Vector 22 FT IR spectrophotometer
operating at 400-4000 cm™. Elemental analyses of the compounds were obtained from
Thermoquest CE instruments CHNS-O, E.A./110 model. ESI-MS spectra were recorded on a
MICROMASS QUATTRO Il triple quadrupole mass spectrometer. *H NMR spectra were
recorded in CDCl; and DMSO-d® solutions on a JEOL JNM LAMBDA 400 model spectrometer
operating at 500.0 MHz. Chemical shifts are reported in parts per million (ppm) and are
referenced with respect to internal tetramethylsilane (*H). Powder X-ray diffraction study was
performed on finely ground polycrystalline material with Bruker D8 Advance Powder X-ray
diffractometer.

X-ray Crystallography

Single crystal data for all the complexes were collected on a Bruker SMART CCD diffractometer
(MoK, radiation, A = 0.71073 A). The program SMART >* was used for collecting frames of data,
indexing reflections, and determining lattice parameters, SAINT for integration of the intensity of
reflections and scaling, SADABS **° for absorption correction, and SHELXTL>® for space group
and structure determination and least-squares refinements on F2 The crystal structures were
solved and refined by full-matrix least-squares methods against F? by using the program
SHELXL-2014°" using Olex-2°® software. All the non-hydrogen atoms were refined with
anisotropic displacement parameters. Hydrogen atoms were fixed at calculated positions and

refined isotropically. The crystallographic figures have been generated using Diamond 3.1e



software.”® The crystal data, CCDC information, and cell parameters for the complexes 1-4 are

summarized in Table 1.

Table 1. Crystal data and structure refinement parameters of complexes 1-4

1 2 3 4
Formula | CsgHggGdsNgOz4 CsgHggNgThsO24 CsgHggDysNgO24 CsgHggEraNgO24
g/mol 1910.36 1917.04 1931.36 1950.40
Crystal Triclinic Triclinic Triclinic Monoclinic
system
Space P-1 P-1 P-1 P-1
group
a/A 10.862(10) 10.809(11) 10.800(5) 10.830(5)
b/A 13.136(12) 13.071(13) 13.061(5) 13.029(5)
c/A 13.290(12) 13.263(14) 13.350(5) 13.579(5)
a(® 94.270(2) 94.202(3) 94.576(5) 96.466(5)
B 102.678(2) 102.719(3) 102.765(5) 103.556(5)
) 110.320(2) 110.284(3) 110.248(5) 109.626(5)
VIA® 1711.5(3) 1691.6(3) 1697.8(12) 1715.7(12)
Z 1 1 1 1
pdgcm® | 1854 1.882 1.889 1.888
u/mm?  [3.907 4.212 4.433 4.923
F(000) 940.0 944.0 948.0 956.0
Crystsize | 0.12x0.09 x0.07 | 0.15x0.012x0.09 | 0.15x0.13x0.06 | 0.14 x0.11 x
(mm?®) 0.07
20 range | 5.62t050.278 5.646 to 50.166 5.012 to 50.22 5.608 to 50.998
(deg)
Limiting | -12<=h<=12 -12<=h<=12 -12<=h<=12 -13<=h<=13
indices -15<=k<=15 -15<=k<=15 -15<=k<=15 -15<=k<=15
-15<=I<=15 -15<=I<=15 -15<=I<=15 -16<=1<=16
Reflns 20397 19819 17978 20945
collected
Ind refins | 6105 [R(int) 5992 [R(int) 6041 [R(int) 6366 [R(int)
=0.0434] =0.0572] =0.0493] =0.0425]
Complete | 100 100 100 100
ness to @
(%)
Refineme | Full-matrix least- Full-matrix least- Full-matrix least- Full-matrix least-
nt method | squares on F2 squares on F2 squares on F2 squares on F2
Data/restr | 6105/6/439 5992/6/439 6041/6/439 6366/15/403
aints/para

ms




Goodness | 1.041 1.020 1.053 1.052
-of-fit on

F2

Final R R; =0.0300 R; =0.0423 R; =0.0372 R; =0.0434
indices WR; = 0.0645 wR, = 0.0801 wWR, = 0.0756 WR; = 0.0948
[l >

260()]

Rindices | R;=0.0438 R; =0.0692 R; =0.0610 R; =0.0668
(all data) | wR, =0.0690 wR, =0.0879 WR, =0.0835 wR, =0.1026
CCDC 2177071 2177073 2177072 2177074

No.

Magnetic Measurements

The direct current (dc) magnetic susceptibility measurements were performed on solid
polycrystalline samples using a Quantum Design MPMS-XL SQUID magnetometer between 2
and 300 K in the applied magnetic field of 0.02 T for temperatures of 2-20 K, 0.2 T for
temperatures of 20-80 K and 1 T for temperatures of 80-300 K. The sample was immobilized in
a pellet made with Teflon tape. The alternative current (ac) magnetic susceptibility
measurements were performed using a Quantum Design MPMS-XL SQUID magnetometer for
frequencies between 1 and 1000 Hz under an oscillating field of 3 Oe and Quantum Design
PPMS magnetometers for frequencies between 10 and 10000 Hz under an oscillating field of 5
Oe. These measurements were all corrected for the diamagnetic contribution as calculated with
Pascal’s constants.

Computational Details

To reduce the computational cost all the density functional theory (DFT) and multireference
calculations were performed on a truncated model of the X-ray crystal structure, where the -CHj3
group of the pivalic acid was replaced with the -H atom. All the hydrogen atoms in the truncated
model were optimized using the BP86 level of theory **®* and def2-SVP basis sets %2 (see ESI

for the optimized coordinates). All the DFT calculations were performed using the ORCA 4.2.1




code’?.%4% Scalar relativistic DFT calculations were performed on complex 1 to analyse the
electronic structure and magnetic exchange between the Gd"' centres. The scalar relativistic
effects were accounted for by Douglas-Kroll-Hess (DKH) approximation® as implemented in
ORCA. We have employed the B3LYP level of theory®” with all-electron SARC basis sets for
Gd centres and DKH-adapted def2-TZVP(-f) basis set for the atoms N and O atoms (i.e., the
atoms in the first coordination sphere), while DKH-adapted def2-SVP basis set was used for C
and H atoms. The dispersion interaction is accounted for by Grimme’s dispersion along with
Becke-Johnson damping (D3BJ)*®®° as implemented in ORCA. To speed up the calculations,
resolution-of-identity-chain-of-sphere (RIJCOSX) formalism was employed with large GRID
settings i.e., “GRID9” for Gd and “GRID6” for the rest of the atoms as implemented in ORCA.
The magnetic exchange coupling between the Gd"' centres was calculated using Noodleman’s
broken-symmetry (BS) formalism. "° The BS solutions were obtained by reading the converged
natural orbital of the high-spin state (S = 14), followed by flipping the spin on the desired Gd
centres. The correctness of the BS solution was verified by analysing the spin populations at
Gd"" centers. Here, we have computed six different BS solutions and employed a pair-wise

exchange model™

to calculate the J values in complex 1 (see ESI for details). Here we have
estimated four interactions J; (wing-body), J, (wing-body), J; (body-body), and J4 (wing-wing),
using a pair-wise exchange model. Additionally, the ORCA_ECA utility was used to compute
the relative energies of all possible spin states through diagonalization of the computed spin-
Hamiltonian parameters. To further understand the mechanism of magnetic exchange between
the Gd"' centres, three different dinuclear model complexes were prepared by substituting the

other two Gd"" ions with diamagnetic La"" ions. These three dinuclear complexes M;, M, and

M3 correspond to the Ji, J,, and Js interaction of complex 1 (see ESI for details).



Scheme 1. DFT computed magnetic exchange pathways in 1. Only the core structure of 1 is

shown in the picture for clarity.

All the multireference calculations were performed on the truncated model of 2, 3, and 4 using
an Open MOLCAS code.”*"® The spin-Hamiltonian parameters were calculated using a complete
active space self-consistent field (CASSCF) method.”* Here, we have employed the ANO-RCC-
VDZP type basis set for the paramagnetic ions (Dy"', Er'" and Tb"") while the ANO-RCC-VDZ
type basis set was used for the rest of the atoms.”"® The details of the basis set and contraction
scheme are provided in the ESI. To speed up the calculations, the two-electron integrals were
computed using the resolution of identity Cholesky decomposition (RICD) approximation. The
single-ion properties of Th"', Dy"', and Er'" in complexes 2-4 were calculated by replacing other

paramagnetic ions in the cluster with their diamagnetic Lu™" analogue. For CASSCF calculations,

the active space comprises CAS(n,7), where n represents the number of active electrons in seven



active 4f-orbitals (n = 8, 9, and 11 for Tb", Dy"" and Er'" respectively). Using these active
spaces, we have computed 7 septets, 94 quintets, and 112 triplets for Th"' ions, 21 sextets for

Dy" ions, 35 quartets, and 112 doublets for Er'"

ions in 2-4. Subsequently, these states were
mixed in the spin-orbit restricted active space state interaction (SO-RASSI) module to compute
the spin-orbit states.”” The calculated spin-free energies and SOC states for 2-4 are reported in
Tables S17-S28. The computed spin-orbit coupled (SOC) states were used to calculate the g-
values, crystal field parameters, transition magnetic moments, magnetic susceptibility, and
magnetization of individual Tb", Dy"" and Er'" ions with the SINGLE_ANISO module” as
implemented in MOLCAS. The obtained g-tensors and their orientations and the energies of
computed SOC states of individual single-ion were combined to simulate the magnetic properties

and exchange spectrum (dipolar and exchange contributions) of the tetranuclear complexes 2-4

using POLY_ANISO code.”*®

Synthesis

The ligand LH, was prepared by following a reported procedure.*
General Synthetic Procedure for the Preparation of the Complexes 1-4

LH,4 (0.040 g, 0.11 mmol) and LnCl3-6H,0 (0.22 mmol) were taken together in methanol (25
mL) immediately giving a clear, yellow-coloured solution which was allowed to stir for 15
minutes at room temperature. Then, triethylamine (0.55 mmol) was added dropwise to the
reaction mixture and subsequently, hydrogen peroxide (34.5-36.5%) (0.11 mmol) was added
followed by the addition of pivalic acid (0.22 mmol). The reaction mixture was stirred overnight
at room temperature, filtered and the solvent removed in vacuo affording a yellow solid residue

which was dissolved in methanol to which a few drops of chloroform were added. This solution



was kept undisturbed at room temperature. Suitable crystals for X—ray diffraction were obtained
by slow evaporation of the solvents within 3-4 days. Specific details of each reaction and the
characterization data of the complexes are given below.

[Gda(LH2)2(n'-Piv)2( #°~Piv)2(u3-02)2(H20)2]-2MeOH (1)

Quantities: LH,4 (0.040g, 0.11 mmol), GdCl3-6H,0 (0.083g, 0.22 mmol), H,O, (0.11 mmol),
Pivalic acid (0.22 mmol), EtsN (0.55 mmol). Yield: 0.036 g, 70.05% (based on the Gd"' salt). IR
(KBr) cm*: 3330 (br), 2958 (br), 2914 (br), 2866 (br), 1612(s), 1566 (s), 1540 (s), 1477 (s),
1431 (s), 1355 (s), 1194 (s), 1068 (s), 848 (s), 754 (s). Anal. Calcd. For CsgHggGdsNgOo4
(1912.28): C, 36.47; H, 4.59; N, 5.81 Found: C, 36.02; H, 4.17; N, 5.55

[Toa(LH2)2(i"=Piv)2( #°~Piv)2(u3—05)2(H20)2]-2MeOH (2)

Quantities: LH4 (0.040 g, 0.11 mmol), TbCl3-6H,O (0.041g, 0.11 mmol), Pivalic acid (0.22
mmol),H,0, (0.11 mmol), EtzN (0.55 mmol). Yield: 0.039 g, 76.02% (based on the Th"" salt).
Mp: >250 °C (d). IR (KBr) cm™: 3332 (br), 2969 (br), 2912 (br), 2866 (s), 1612 (s), 1540 (W),
1446 (s), 1431 (W), 1371 (s), 1274 (W), 1224 (w), 1195 (s), 1068 (s), 1016 (S), 900 (W), 849 (s)
754 (s), 691 (w). Anal. Calcd. For Csg Hgg Ths Ng Oz (1916.29): C, 36.34; H, 4.63; N, 5.85

Found: C, 36.01; H, 4.24; N, 5.64.

[DYa(LH2)o(1'—Piv)a( 5°~Piv)z(3-03)2(H20)]-2MeOH (3)

Quantities: LH,4 (0.040 g, 0.11 mmol), DyCl;-6H,0 (0.082 g, 0.22 mmol), H,O, (0.11 mmol),
pivalic acid (0.22 mmol), Et;N (0.55 mmol). Yield: 0.041 g, 80.04% (based on the Dy"" salt).
Mp: >200 ‘C (d). IR (KBr) cm™: 3337 (br), 2961 (br), 2867 (br), 1614 (S), 1541 (w), 1479 (s),

1431 (w), 1356 (s), 1275 (W), 1225 (s), 1197 (s), 1152 (s), 1070 (s), 1017 (s), 901 (s),850 (s), 755



(), 709 (w), 692 (s). Anal. Calcd. For Csg Hgg Dys Ng O24 (1936.30): C, 36.07; H, 4.59; N, 5.80
Found: C, 35.85; H, 4.45; N, 5.67.

[Era(LH2)2(n'Piv)2( #1°~Piv)2(43=02)2(H20)2]-2MeOH (4)

Quantities: LH4 (0.040g, 0.11 mmol), ErCls-6H,O (0.0849g, 0.22 mmol), pivalic acid (0.22
mmol), H,0, (0.11 mmol), EtzN (0.55 mmol). Yield: 0.037 g, 72.4% (based on the Er'"" salt).
Mp: >250 C (d). IR (KBr) cm™: 3347 (br), 2966 (br), 2866 (w), 1616 (s), 1546 (s), 1479 (s),
1355 (s), 1275 (W), 1225 (w), 1198 (s), 1152 (s), 1071 (s), 901 (s), 852 (s), 755 (s), 692 (5), 644
(w). Anal. Calcd. For Csg Hgg Erg Ng O4 (1944.31): C, 35.66; H, 4.27; N, 5.94 Found: C, 35.30;
H, 4.11; N, 5.71

Results and Discussion
Synthetic Aspects

Among polyfunctional ligands, aroylhydrazone-based Schiff base ligands have found a great
utility to construct multi-nuclear lanthanide ensembles of various nuclearities, geometries, and
topologies.***® 88 The versatility of this ligand family arises from several features including
their flexibility involving C-C and C-N bond rotation and capability of coordinating to the metal
centre in keto/enolate forms, depending on the reaction conditions. We have been involved in the
use of this ligand system for some time now with considerable success (Scheme 2). The
tetranuclear assembly shown in Scheme 2 contains two dinuclear subunits connected to each

other by the phosphonate ligand.



+ LnCly-6H,0 + H,03;P'Bu + CF;COOH

ybBiu 1an0
N3 ‘HO®I

Ln=py" x=2,y=2(1) L1
Ln=Tb" x=2,y=2(2) x=H,0
Ln=Gd", x=2,y=2(3) y=MeOH

Scheme 2. Synthesis of a phosphonate assisted tetranuclear complex, [Lns(LH,)2(OsP'Bu)y(

o ttfa)2][2CI] (Ln = Dy" (1) , Tb" (2) and Gd"'(3)).*

Inspired by the above results, we were interested in examining the coordination response of the
peroxide ligand in conjunction with LH,4. Specifically, we were interested to examine if the
peroxide ligand formed under the reaction conditions binds in a side-on or end-on manner
(Scheme S1) and if the peroxide ligand can also assist in bridging metal complex sub-units
similar to what has been shown by us and others for phosphonate ligands.** #” The ligand LH,
contains two unsymmetrical pockets with seven coordination sites which can be partitioned as
follows: a tridentate pocket, consisting of a phenolic oxygen, an imine N, and an enolate O
(20,1N) while the other is pentadentate pocket, consisting of a pyridine N, a common enolate
oxygen and a diethanolamine motif (2N, 30) (Scheme 3). We anticipated that the ligand [LH2]*
can accommodate two lanthanide ions in its pockets (Scheme 3), affording a dinuclear motif

which can be bridged by peroxide ions to afford a tetranuclear complex (Scheme 3).
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po-n gy un = wnn’
Scheme 3. The unsymmetrical coordination pockets of LH, and various coordination modes of
deprotonated LH, and coligands.
In addition to using the ligands LH, and H,O, we have also used pivalic acid as a co-ligand to
fill the remaining sites on metal centres. Accordingly, the reaction of LH4, LnCIl36H,0,
hydrogen peroxide, and pivalic acid in the presence of the base triethylamine in a molar ratio of
1:1:1:2:5 afforded tetranuclear complexes [Lna(LH,)o(7—Piv)y( n—

Piv)2(us—02)2(H20)2]-2MeOH, where Ln = Gd"' (1), Tb" (2), Dy" (3), Er'"' (4) (Scheme 4).



~ P
N
@\ 4 N + LnCly;6H,0 + 'BuCOOH + H,0,

3ybBiu uano

X = MeOH

Ln=Gd*, x=2(1)

\\ Ln=Tb*, x =2 (2)

o © Ln=Dy%, x =2 (3)
V@ Ln=Er®, x=2 (4)

Scheme 4. Synthesis of Ln, complexes 1-4.
To check the phase purity of the complexes 1-4, powder X-ray data were collected. The
experimental and simulated PXRD pattern of 1-4 were found to match quite well indicating the

phase purity of the complexes (Figures S1-S4).

To assess the thermal stability of 1-4, thermogravimetric analysis (TGA) was carried out in the
temperature range of 25-600 °C. As shown in Figures S5-8, 1-4 reveal a weight loss of
approximately 8-9% from 25 °C to 230 °C, which corresponds to the loss of two methanol

molecules, two coordinated water molecules, and two peroxo ions (calcd: 8-9%). After the



temperature range of 550 °C, a continuous weight loss is observed for all the complexes

indicating the decomposition of the complexes (Figures S5-S8).

X-ray Crystallography

Suitable crystals for single-crystal X-ray diffraction study were obtained by slow evaporation of
the methanol/chloroform (4:1) solutions of 1-4, within 3-4 days. A single-crystal X-ray
diffraction study reveals that 1-4 are charge-neutral, isostructural, and crystallize in a triclinic
system in the space group P-1 with Z = 1. In view of the structural similarity of the complexes,
we are providing a description of these using 1 as a representative example. A perspective view
of 1 is given in Figure 1 and those of complexes 2-4 are given in the Electronic Supporting
Information (ESI) (Figures S9-S11). Selected bond lengths and bond angles of 1 are given in

Table 2 while those of complexes 2-4 are given in ESI (Tables S1-S3.).

(@) (b)

Figure 1. (a) Asymmetric unit and (b) Molecular structure of 1. Thermal ellipsoids at a 50%

probability level are shown (selected hydrogen atoms and the solvent molecules have been

omitted for clarity). Color codes: N = blue; O =red; C = grey; Gd= pink and H = black)



Table 2. Selected bond angles (*) and bond distances (A) of 1

Bond distances around Gd1 | Bond distances around Gd2 | O-O bond distance

Gd(1)-0(2) 2.426(3) | Gd(2)-0(3) 2.357(3) | O(6)-0(7) 1.530(4)
Gd(1)-0(2) 2.386(3) | Gd(2)-O(4) 2.331(3)

Gd(1)-0O(3) 2.314(3) | Gd(2)-O(5) 2.445(3) | Bond angles around Gd atoms
Gd(1)-0(6) 2.308(3) | Gd(2)-O(6) 2.439(3)

Gd(1)-0(7) 2.332(3) | Gd(2)-O(7) 2.602(3) | O(6)-Gd(2)-O(7) 35.15(9)

Gd(1)-0(10) 2515(3) | Gd(2)-0(6)*  2.337(3) | O(6)*-Gd(2)-O(7)*  37.78(10)
Gd(1)-0(11) 2.447(3) | GA(2)-0(7)*  2.385(3) | O(7)-Gd(1)-0(6)  38.50(10)
Gd(1)-N(1) 2.657(4) | Gd(2)-0(8) 2.332(3) | Gd(2)-0(6)-Gd(1)  105.56(11)
Gd(1)-N(2) 2.501(4) | Gd(2)-N(4) 2.641(4) | Gd(2)-0(7)-Gd(1)  99.88(10)
Gd(2)-0(6)-Gd(2)*  101.15(11)
Gd(2)-0(7)-Gd(2)*  95.33(10)
Gd(2)-0(3)-Gd(1)  108.05(12)

The asymmetric unit comprises of a doubly deprotonated ligand [LH,]* which accommodates
two Gd"' ions in its two multidentate flexible pockets [tridentate (ONO) and pentadentate
(ONNOO) (scorpionate type)]. The metal centres in the asymmetric unit are also bridged by the
peroxide ion. The latter binds in a us-#°7%n* fashion to another sub-unit affording the
tetranuclear core, [Gd(LH,)2(0,)2]*" (Figure 2). The remaining sites on the metal centres in the
tetranuclear assembly are filled by four pivalate ions and two water molecules. Interestingly, the
pivalate ions function as terminal ligands. Thus, 1 consists of four Gd" ions, two di anionic
ligands, [LH2]*, two peroxide anions, four pivalate anions, and two water molecules. The
coordination pattern of each of these ligands is shown in Scheme 3. The peroxide ligand
functions in a side-on binding and generates a Gd4Og core by bridging two dinuclear subunits
(Figure 2b). This results in three Gd,O, four-membered rings supported by a single peroxide
ligand, in a butter-fly type topology (Figure 2c). The four Gd centres lie in the same plane with

two types of Gd----Gd distances, Gd2—Gd1 = 3.780 A and Gd2-Gd1* = 4.1983 A.
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Figure 2. a) Core structure of 1 b) Gd,Og core of 1 ¢) butterfly topology around peroxide ion.

For clarity, the outer backbone of ligands and co-ligands are omitted.

Based on the immediate coordination geometry two types of Gd"' can be identified. Thus, Gd1
has an N3Og environment in a spherical capped square antiprism while Gd2 has an N,O-;
coordination environment in a muffin geometry. The geometry around the Gd"' centres was

determined by the SHAPE program®®° (Figure 3, Table S4).



(@) (b)

Figure 3. (a) Spherical capped square antiprism coordination geometry around Gd1 and (b)

Muffin geometry around Gd2.

The Gd-O and Gd-N bond lengths fall in a range of 2.308-2.602 A and 2.501-2.651

respectively. The peroxide (O-0) bond length is found to be 2.530 A which is consistent with
what was found previously in analogous lanthanide complexes (ESI, Table $5).%%

The crystal structure of 1 reveals that several types of intra/inter molecular hydrogen bonding are
present leading to a 2D supramolecular architecture (Figures S12-13, Tables S6-S7).

Although peroxide binding in lanthanide complexes is quite sparse, there are a few examples
which are listed in Table S5 in the ESI. Among these only example, that too a heterometallic
complex, {[DysNi3(H20)3(mpko)s(02)(NO3)3](ClO4)-3CH30H-3CH3CN} is a zero-field SMM
(Table S5, ESI).** And, similarly there are only two heterometallic complexes, containing
peroxide coordination, where MCE properties are reported (Table S5, ESI).* In light of this the
results presented herein add much value to the existing literature.

Magnetic Studies

The temperature dependence of the molar magnetic susceptibilities (yv) of the tetranuclear

complexes (Figure 4) were measured from 2 to 300 K temperature. The observed room



temperature yuT values of 31.75, 42.23, 53.2 and 42.73 cm® K mol™ for complexes 1-4
respectively are found to be in reasonably good agreement with the expected values for four
isolated Ln"" ions; 31.48 cm® K mol™ for Gd"" (¢S, g; = 2), 47.28 cm® K mol™ for Tb"' ("F¢ and
g; = 3/2), 56.68 cm® K mol™ for Dy"' (°Hys;, and g = 4/3), and 45.92 cm® K mol™ for Er""" (*lssp,
and g; = 6/5). °" Upon lowering the temperature the ywT values of 1 remain constant down to 30
K and then decrease until 2 K reaching the minimum values of 19.59 cm® K mol™ respectively.
The magnetic behaviour of 1 is a clear indication of antiferromagnetic exchange interactions at
low temperatures. For the isotropic Gd"' based system, the antiferromagnetic behaviour in the
magnetic susceptibility can be described by employing the exchange interactions between the
different metal centres (H=—Y;,J(S, -S,)). The four Gd" ions forming the structure are
represented in Figure S14, with their respective oxygen-bridges and the four different exchange
interactions described as: J; between Gd2---Gd1 via O3/06/O7 (average angle value of 104.5°),
J, between Gd2---Gd1* via O6*/O7* (average angle value of 127.6°), J; between Gd2---Gd2*
via O7/06 (average angle value of 98.1°) and J, between Gd1---Gd1* via O6/07-Gd2/Gd2*-
06*/0O7*. The best-fitted parameters (Figure S15) are extracted using a homemade program
assuming that J, is negligible in comparison to the other contributions. The following parameters
have been determined: g = 2.017, J; = -0.0690, J, = -0.0349 and J; = -0.0938 cm™. The negative
value of the different Js indicates the antiferromagnetic interactions between the different Gd""
centres. It is well known that the magnetic exchange interaction intensity is dependent on the Gd-
0-Gd angle.” Indeed, the acute and obtuse angle values lead to the strongest (J; and Js) and

weakest (J,) antiferromagnetic exchange interaction constants, respectively.
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Figure 4. Thermal dependence of the molar magnetic susceptibility for 1 (green), 2 (magenta), 3
(black), and 4 (blue) from 2 to 300 K. Purple solid line represent the best curve fit of the yuT
product of 1. The solid red solid lines represent the POLY_ANISO simulated data. Note: we

have reduced the simulated data by 4% to meet the experimental values.

The ymT values of 2 remain constant down to 50 K and then decrease until 2 K reaching the
minimum value of 26.07 cm® K mol™. The ywT product 3 decreases from 300 K to 17 K (48.35
cm® K mol™) and then increases at lower temperature reaching the maximum value of 55.02 cm®
K mol™ at 2 K while the yuT product for 4 decreases continuously from room temperature to 2 K
(20.96 cm® K mol™).The decrease of ywT products for 2, 3, and 4 could be attributed to the
combination of both crystal-field effects and antiferromagnetic interactions. For 3, additional

significant ferromagnetic dipolar interactions are observed in the low-temperature range.



For 1, the field dependence of the magnetization increases with increasing applied magnetic
field, reaching a saturation value of 28.2 N3 at 5T, which agrees with the theoretical value for
the four isotropic Gd"' ions. The magnetization data for 1 was simulated with the Brillouin
formula for g = 2.017 and S = 7/2 (Figure S15, red line). As displayed in Figure S15, the
differences existent between the experimental data and the simulation, support the
antiferromagnetic interactions previously determined in the system 1. Magnetization shows a
classical behaviour with values of 18.3 NP, 19.3 Nf and 17 Np at 50 kOe for the three Th"' Dy"
and Er' ions in their respective complexes, presenting the associated magnetic anisotropy

(Figure S15).
Magnetothermal Property of 1

The weak magnetic couplings usually featured in Gd-systems, together with the high
metal/ligand mass ratio, are some characteristics that make this system an interesting candidate
for the Magnetocaloric Effect (MCE). To evaluate the MCE, the magnetization data for 1 was
measured between 2 and 15 K up to a maximum magnetic field of 13 T (Figure 5A).
Subsequently, the change in the magnetic entropy (-AS,) of the system was calculated by
applying the Maxwell equations (AS,,,(T) = [(dM/dT)dH) ** * to the magnetic data mentioned
above. The dependence of the -AS, with the temperature is represented in Figure 5B,
corresponding to a gradual growth with the decreasing temperature and increasing field. The
maximum -AS,, experimentally observed corresponds to 33.60 J K* Kg* at 4 K and AH = 13 T;
which is close to the theoretical limiting value of 36.45 J K™ Kg™ calculated from the expression
AS = nRIn(2S + 1)/My, (where R is the gas constant, n the number of non-interacting spins
(4), S =7/2, and My, = 1897 g/mol. In general, the deviation between maximum calculated and

experimental values of —ASm is due to the antiferromagnetic interactions between the metal



centres as reported previously

experimental values is found in some Gd, clusters

antiferromagnetic coupling.
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Figure 5. A) Field dependence of the magnetization from 2 to 15 K for 1. B) Temperature

dependence of -AS, obtained from the magnetization corresponding to selected AH for 1.

The MCE properties of known molecular Gd, clusters are summarized in Table 3. Interestingly,

1 reveals a significant MCE value (Table 3).



1 has a slightly lower value of —AS,, (maximum) in comparison to three-dimensional systems

such as GdFs,*” Gd(OH)COs® and others'1?,

In principle, it may be possible to achieve larger MCE values in peroxide linked clusters if the

system can be designed to have large metal/ligand ratio or less diamagnetic contents with

suitable exchange coupling.

Table 3. The MCE data for 1 along with those for representative examples of Gd, clusters

S. No. Compound -ASm QKT Kg™) (AH) | Temp. | Ref.
(K)

1.[Gd4(SO4)4(ptz-OH)4(H20)4] 51.29 (7T) 2 106

2.[Gd4(OAC)4(acac)s(H20)4] 37.7 (7T) 2.4 31

3.[Gd4(HL)4(p2-CH30)4]-4CH30OH; HsL = N'-(2- 34.46 (7T) 2 107

hydroxybenzylidene)-6-

(hydroxymethyl)picolinohydrazide

4.[Gd4(CO3) (L)4(acac)2(H20)4]-2CH3CN; HoL = 31.23(7T) 2 108

2-(hydroxyimino)-2-[(3-methoxyl-2-

hydroxyphenyl)methylene]hydrazide

5. [Gda(HL)4(p2-CH3 0)4]-4CH3OH; H,L = N'-(4- 29.2(7T) 2 109

diethylamino-2-hydroxybenzylidene)-6-

(hydroxymethyl)picolinohydrazide

6. [Gd4(acac)6(L)2(CH30)2(CH30H)4]; H,L= N-((2,3- 27.96(7T) 2 110

dioxidophenyl)methylidene)pyridine-2-

carbohydrazonate

7.[Gd4(CO3)(L)4s(acac)2(MeOH),(H20),]-MeOH-H,0; 27.06(7T) 2.5 108

H.L = 2-(hydroxyimino)-2-[(3-methoxyl-2-

hydroxyphenyl)methylene]hydrazide

8.[Gd4(uz-OH)4(L)4(po-piv)4(MeOH),]; LH =[1,3- 25.57(77T) 3 111

bis(o-methoxyphenyl)-propane-1,3-

dione]

9. [Gd4(acac)4(L)6(u3-OH)2]-CH3CN-0.5CH2CI2; HL = 2508(7T) 2 112

5-(benzylidene)amino-8-hydroxyquinoline

10. [Gd4L4(OH),]-(OAC),-4H,0 24.4(7T) 113

11. [Gd4(acac)s(pus-OH)2(L)s]-4CH3CN; HL = 5-(4- 23.37(77T) 114

ethylbenzylidene)-8-hydroxylquinoline




12. Gd4(L)4(CO3)(acac), (CH30OH)4]-2CH30H-CH,Cly; 21.43(7T) 5 101

H.L = 2-(hydroxyimino)-2-[(5-methyl-2-

hydroxyphenyl)methylene]hydrazide

13. {[Gd4(L)s(pbd)4(3-OH),]-2CH3CN}; HL = 5- 21.41(77T) 2 115

(benzylideneamino)quinolin-8-ol

14. [Gd4(N3)4(Tpz)g]; Tpz = tris(pyrazolyl)borate) 20.9(7T) 3 116

15. Gdy(L)2(dbm)e(C2HsOH),]; HsL = (6- 20.26(7T) 2 117

hydroxymethyl)-N'-((2,3-dihydroxyphenyl)-

methylene)picolinohydrazide

16. [Gd4(us-OH),(L)s(acac)4]-2CH3CN; HL = 5-(4-0- 18.85(7T) 2.5 118

hydroxybenzylidene)-8-hydroxylquinoline

17. [Gd4(us-OH),(tmhd)4(L)s]-2CH3CN; HL = 5- 17.94(7T) 2 119

phenyl-8-hydroxylquinoline

18. [Gd4(dbm)4(L)s(ps-OH)2]-5CH3CN-0.5CH,Cl;; HL 17.77(7T) 2 102

= 5-(((3-methyl-2-thienyl)methylene)amino)-8-

hydroxyquinoline

19. Gdg(puz-OH),(L)s(tmhd)4]-CH3CN-CH3CH,OH; HL 16.21(7T) 3 120

= 5-(4-methoxybenzylidene)-8-hydroxylquinoline

20.Complex 1 33.40(13T) 4 This
work

Dynamic Magnetic Behaviour of 2-4

To determine the existence of slow relaxation of the magnetization, dynamic magnetic

susceptibility measurements were performed for the anisotropic complexes 2, 3, and 4. The zero-

field ac susceptibility shows for 2 and 3 an out-of-phase component, passing through maxima

centred at 10 and 7 kHz, respectively (Figures S16-S17). However, for complex 4, only the

beginning of the peak is observed at the highest frequency values (Figure S18). By applying a

DC magnetic field, the slow relaxation of the magnetization is enhanced, and the out-of-phase

component shifts to lower frequencies because of the cancelling of the fast relaxation of the

magnetization through Quantum Tunnelling of the Magnetization (QTM).** As a result, for the

three compounds a double peak contribution appears whereas the relaxing fraction increases.




However, this relaxing part is not sufficient in 2 (ESI, Figure S16) and no further experiments
were performed. For complexes 3 and 4, a respective optimal magnetic field of 1 and 4 kOe
(ESI, Figure S17-S19, Table S8) were determined, considering a compromise between the
slowest relaxation and the intensity of the relaxing fraction. The thermal dependence of the ac
magnetic susceptibility has been studied (Figures 6 and S20-S21). The relaxation time (t) has
been extracted with a modified extended Debye model for two peaks for 3 (see ESI Figure S20,
Table S9), whereas it has been manually extracted for 4 (Figure S21). The thermal variation of
the log(t) for 3 is depicted in Figure 6B, in which the two different relaxation events are

represented. The dependence on the temperature is described by the contribution of Orbach and
Raman processes (771 = t5lexp (— %) + CT™) for the low frequency (L.F.) contribution

(black disks) and a full direct process (t~* = AH*T) for the high frequency (H.F.) contribution
(orange disks). The best fitted parameters are A = 23(2) K, = 9(2)-10" s, C = 187(99) K™ s*
and n = 1.7(7) for the LF contribution; and A = 3.18(7)-10% Oe™ K™ s for the HF contribution.
The expected n value for Kramers ions should be 9 *** but it is well known that for molecular

systems, the presence of both acoustic and optical phonons could lead to lower values between 2

7 124,125 126-127

and and sometimes even lower.
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Figure 6. A) Frequency dependence of the out-of-phase susceptibility (ym”) of 3 at 1 kOe

between 2 and 12 K. B) Thermal dependence of the relaxation times of the magnetization of 3 at

1 kOe and from 2 to 8 K. Red lines correspond to the best-fitted curve.

Concerning complex 4, the relaxation is driven only by direct process and the details are

presented in ESI with A= 1.56(2)-102 0e* K™ s? (Figure S21).

Electronic Structure Calculations

Magnetic Exchange Interaction in 1

To understand the nature of the magnetic exchange interaction in 1, we have performed scalar
relativistic broken-symmetry density functional calculations using B3LYP functional (see
computational details). These broken-symmetry DFT calculations have shown a track record in
computing the sign and magnitude of the magnetic exchange interaction in various polynuclear
lanthanide-based complexes.®™** In the butterfly type Ln, complexes, six exchange interactions
connect each Gd"" ion, including four body-wing interactions, one body-wing, and one wing-
wing interaction. In complex 1, the Gd, assembly contains two dinuclear subunits connected by

two peroxo ligands in the us—> #° #° fashion, where each O atom of the peroxo ligand is



connected to three Gd"' centres. A careful inspection indicates that the four body-wing
interactions in 1 can be reduced to two by symmetry arguments. Here, we have labelled the first
body-wing interaction as J, representing the interaction between the two Gd"' centres connected
by one p,-O bridge of pivalic acid and one peroxo bridge in the #%- fashion. On the other hand,
the second body-wing interaction (J,) represents the interaction between the two Gd"' centres
connected only through one peroxo ligand in the »* fashion. The body-body interaction is
described as Js, where two peroxo ligands connect two Gd"' centres in the #°- fashion. We have
also computed the wing-wing interactions (Js) between the two Gd"' centres situated far apart
from each other (~7.086 A) and connected through multiple atoms (see Scheme 1). Using the
pair-wise exchange interaction, we computed all four J (J1-J4) values in 1 (see ESI for broken-
symmetry energies and J values). For 1, BS-DFT calculations predict J;-J3 as antiferromagnetic
interaction while J4 as extremely weak ferromagnetic interaction. DFT calculated J values are -
0.093, -0.033, -0.097 cm™ for J; to J; respectively. The computed J-values are in excellent
agreement with the experimental J value of J;= -0.0690, J,= -0.0349, and Js= -0.0938 cm™,
respectively. On the other hand, DFT calculated J, interaction is 0.001 cm™ which is extremely
small compared to other J;-J; interactions due to largely separated Gd"" ions (~7.086 A). Most
importantly, DFT predicts three distinct exchange interactions with the correct trend in the
magnitude as observed in the experiment. Furthermore, we have also simulated the static DC
magnetic susceptibility and magnetization data using the DFT computed J values, and our
simulated data is in excellent agreement with the experiment (see Figure S29). Spin-density
analysis indicates that all the Gd"' centres possess a spin-density of ~7.014, which results from
weak spin-polarization (see Figure 7). The extent of the spin-polarization is significantly large on

the connecting bridging oxygen atoms (for both the p,-O bridge and nz-peroxo bridges), which



indicates that the spin-polarization mechanism is the dominant pathway responsible for the

observed antiferromagnetic interactions in complex 1.

To further understand the differences in the observed J;-J; values, here we have modeled three

"' The dinuclear

dimeric complexes by replacing the other two Gd"' ions with diamagnetic Lu
model complexes M1, M5, and M3 correspond to the Ji, J2, and Js interactions present in complex
1 (see Scheme 1). The computed J values for the M; and M3 model complexes (corresponding to
the J; and J3 interaction in 1) are -0.18 and -0.19 cm™, respectively. Although the computed J
values are quite large compared to pairwise extracted J values in the parent complex, our model
complex indicates that the J; and Js interactions are of comparable magnitude. This is further
corroborated by computed overlap integrals between corresponding 4f orbitals, where both M;
and M3 have nearly similar overlap integral values. On the other hand, our model complex M,
shows the J value of -0.06 cm™, much smaller than the J's obtained for the My and M3 model
complexes. Calculations on dimer complexes nicely reflect the observed trends in the J values
obtained for the polynuclear complexes. Among dinuclear/polynuclear lanthanides complexes,
the £Gd-O-Gd bond angle is observed to be the most influential parameter that dictates the
nature of the magnetic interaction. Previous magneto-structural correlation studies suggest that a

large ~Gd-O-Gd bond angle (> 110°) often results in a weak ferromagnetic exchange.'?® 13138

For J; interaction, the ~Gd-O-Gd bond angle for z,-O bridge is ~108° and 105°/100° (avg. ~
102.5°) degree for ;72- bridged peroxo ligand. Contrarily, the body-body interaction J; emerges
from the two 7% bridged peroxo ligand having an avg. ~Gd-O-Gd bond angle ~98°. The avg.
ZGd-O-Gd bond angle for J; and J; interactions are ~104° and 98°, respectively. This small
variation in the ZGd-O-Gd bond angle is reflected in the computed J values, where J; is

marginally large in magnitude compared to the J; interaction. On the other hand, our model



complex M, shows the value of -0.06 cm™, much smaller than the J’s obtained for the M and Mj
model complexes. The avg. £Gd-O-Gd bond angle in the M, complex is ~128° degrees, much
larger than the average bond angle observed for M; and M3 complexes. As a result of the large
bond angles, the ferromagnetic contributions to the total J value increase due to the enhanced

135 Moreover, we have also observed

charge transfer mechanism through the vacant 5d-orbitals.
strong 4f-4f overlap integral values for M, model complexes, highlighting the enhanced
antiferromagnetic interaction contributions to the J values (see Figure 7). These two competing
interactions in the M3 model complex results in a weak antiferromagnetic J value. We have not

discussed J4 interaction using the model complex as it is very weak and insensitive towards

fitting the magnetic susceptibility.




Figure 7. a) DFT computed spin-density of the high-spin state (S = 14) of the complex 1 along
with the strongest overlap between corresponding orbitals for b) J, interaction; c) J; interaction,
and d) J; interaction. Spin-density plot is constructed with an iso-value of 0.001 e/bohr®, where
the violet and yellow color represents the positive and negative spin-densities. Color code: Gd

(cyan), O (red), N (blue), C(grey), and H (white)

In the next step, we have analysed the MCE properties of complex 1 using DFT computed J
values. For complex 1, the maximum change in the entropy is AS,,,(T) is ~ 33.60 J K* Kg™ at 4
K and AH = 13-0 T. The experimentally observed AS,,(T) values are very close to the
theoretically limit value of 36.165 J K™ Kg™* obtained from the uncoupled four Gd(l11) ions using
the following expression (A4S = nR In(2S + 1) /M,,,; where R is the gas constant, n the number
of non-interacting spins (4), S = 7/2, and My = 1912.287 g/mol). Such closeness between the
theoretical and computed AS,,,(T) value indicates the presence of the multiple low-lying excited
states. Using DFT calculated J values, we have computed the relative energies of all the possible
spin-states through diagonalization of the spin-Hamiltonian. The eigenvalue plot of all the
possible spin states for complex 1 is provided in Figure 8. The computed eigenvalue plot
indicates the presence of several hundred states (~ continuum) within the energy range of ~1 cm”
! emerging from multiple weak competing Gd"'-Gd"" interactions present in complex 1 (see
Figure 8a). The continuum of all states explains why the experimentally observed AS,,(T) is
much closer to the theoretical value. Due to highly demanding MCE simulations with four Gd""
centres (S= 7/2), we have simulated the -AS,,(T) vs. T using the dimeric model complexes (as
the Gd4Og core is formed by bridging two dinuclear subunits). The computed —AS,,, value for the

dimeric unit with J; interaction yields a maximum of 34.45 J K* Kg* at 4 K and AH = 13-0 T.



The computed value for the dimeric model is very close to the observed experimental value ~
33.60 J K* Kg™. The minor difference in the observed —AS,, values for different model
complexes is directly related to the difference in the strength of the magnetic exchange
interactions (see Figure S30). Moreover, the strong dependence of the MCE at low temperatures
implies a continuum of the low-lying excited states emerging from the weakly coupled Gd"

centres (see Figure 8a).
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Figure 8. a) DFT computed eigen value plot of all the spin states for 1 derived from the

computed J values; b) DFT simulated —AS,,, versus T plot using dimeric model complex.



Single-lon Anisotropy in Complexes 2-4

To understand the electronic structure and probe the origin of magnetic anisotropy in complexes
2-4, we have carried out CASSCF calculations on the individual paramagnetic ions of each

complex (see computational methodology for details). Based on the local coordination

environment around Ln"" ions, we have observed that there are two distinct Ln™" ions possessing
an N3Og environment in a spherical capped square antiprism and an N,O; coordination

environment in a muffin geometry.

For complex 2, we have computed all the septet and quintet states and mixed them using the
RASSI-SO module to get the spin-orbit states of all the individual centres. The SOC spectrum of
the ground state 'Fg comprising thirteen states spans over an energy range of the ~286 (~345)
cm™ for Th@1/Th@3 (Th@2/Th@4) centres, respectively (see Tables S21-S24). The ground
state g-tensor shows Ising type anisotropy with g, value of 17.186 (17.720) for Tb@1/Th@3
(Th@2/Th@4) centres (see Tables S31-S32). For both the Th@1/Tb@3 (Th@2/Th@4) centres,
the ground state g-tensor does not lie in the molecular plane and is oriented towards the ,-O
bridges connecting the two Th"' atoms. Wavefunction decomposition analysis suggests
stabilization of the |+6) state as the ground state for both the Th@1/Th@3 (Th@2/Tbh@4) centres
with little admixing from other excited states (See Tables 4 and S39). The non-collinearity in the
ground and excited g, indicate that the magnetic relaxation is likely to occur through the first
excited KD. This is further supported by the observed large tunnel splitting value (0.7 for
Th@1/Tb@3 while 0.3 for Tb@2/Th4) between the first excited pseudo-KDs, indicating
magnetic relaxation occurs via this state. Our calculations predict the theoretical barrier height to
be ~77.4 (116.2) cm™? for the Th@1/Th@3 (Tb@2/Tb@4) centres. We have also noticed a

significantly large tunnel splitting value of 0.7 (0.3) cm™ between the ground state pseudo-KDs



of the Th@1/Tb@3 (Th@2/Th@4) centres. This tunnel splitting value is the direct measure of
the extent of the QTM within the ground state of non-Kramer type Tb"' ion. Additionally, the
computed crystal field parameters indicate comparable axial and non-axial parameters for both
the Th@1/Th@3 (Th@2/Th@4) centres, suggesting that the ligand field fails to provide a

complete axial ligand field environment for oblate type Th"' ion (see Table S36).

For complex 3, we have computed 21 sextet states for individual ions, and CASSCF computed
spectrum spanned over an energy range of ~34952 (34989) cm™ with the first excited spin-free
state located at ~ 31 (18) cm™ for Dy@1/Dy@3 (Dy@2/Dy@4) sites. RASSI-SO computed
energy spectrum of the spin-orbit states for Dy@1/Dy@3 and Dy@2/Dy@4 sites are over 355
cm™ and 391 cm™, respectively (see Tables S17-S20). The computed ground state g-values are
O = 0.266, gy = 0.394, g« = 18.854 and gy = 0.2228, gyy = 0.367, g« = 17.014 for
Dy@1/Dy@3 and Dy@2/Dy@4 sites respectively (see Tables S29-S30). The computed g-values
are axial. However, they lack pure Ising type anisotropy (gx = 0yy = 0; gz = 20), which is the
utmost requirement for achieving a highly anisotropic ground state. A wavefunction
decomposition analysis indicates the stabilization of the m; |+15/2) and [+13/2) for
Dy@1/Dy@3 and Dy@2/Dy@4 sites, respectively, with admixing from the other higher excited
states, resulting in a large transverse component in the g-values (See Tables 4 and S38).
Although we notice similarities in the computed energy spectrum for nine coordination Dy sites,

" centre

the difference in the donor atoms (NOg vs. N,O7) and local distortion around Dy
(spherical capped square antiprism vs. muffin type) lead to the isolation of different magnetic
ground states for Dy@1/Dy@3 and Dy@2/Dy@4 sites respectively (see Table S29-S30 for
details). The ground state g, orientation for the Dy@1/Dy@3 sites lies in the molecular plane

and passes through the centre of the bridging peroxide ion (see Figure 9). Contrarily, for



Dy@2/Dy@4 sites, the g, orientation is deviated from the plane of the molecule and oriented
toward one of the coordinated Dy-N bonds (~5.6°degrees from the bond). For both the sites, the
first excited g-values are gy = 0.734, gyy = 1.136, gxx = 17.299 (for Dy@1/Dy@3) and gux =
0.832, g,y = 0.947, g, = 14.471 (for Dy@2/Dy@4 sites), indicating the presence of significant
transverse component in the g-values. The energy of the first excited KD is located at ~ 76 cm™
(Dy@1/Dy@3) and 68 cm™ (Dy@2/Dy@4) from the ground state, while the angle between the
g, of the ground and first KD lies between 22-80° for both sites. This indicates that the magnetic
relaxation is likely operative via the first excited KD for all the four Dy centres. We have
constructed the ab initio blockade barrier to understand the magnetic relaxation by computing the
transverse magnetic moments between the KDs. The computed transverse magnetic moment
between the ground doublet is 0.10 (0.09) for the Dy@1/Dy@3 and Dy@2/Dy@4 sites,
respectively (see Figure S31), which is significantly large to quench the ground state QTM (~1x

10-6 fOI’ Complete quenching).l4,l7,l39-l46

On the other hand, the transverse magnetic moment
between the ground and first excited KD is relatively large compared to the number connecting
ground doublet, indicating that TA-QTM via first excited KD is a favourable pathway for
magnetic relaxation. The computed crystal field parameters indicate that the non-axial B,

parameters (where k = 2, 4 and 6 and q # 0) are relatively higher compared to the axial B terms

(where k = 2, 4, and 6 and q = 0) for both the Dy@1/Dy@3 and Dy@2/Dy@4 sites, indicating
the lack of a complete axial ligand field environment offered by both the spherical capped square
antiprism and muffin type geometry (see Table S35). Our calculations set the theoretical barrier
height of 76 cm™ and 68 cm™ for magnetization relaxation for Dy@1/Dy@3 and Dy@2/Dy@4

sites, respectively, along with dominant QTM within the ground state for complex 3 (see Figure



9). The small energy gap between the first two KDs and dominant QTM within the ground state

ensure a lack of single-ion slow relaxation in complex 3.

For complex 4, we have computed 35 quartets and 112 doublets for the individual Er"" ions. The

CASSCF computed quartet state spans over an energy range of ~46928 (46976) cm™ with the
first excited spin-free state located at ~ 70 (52) cm™ for Er@1/Er@3 (Er@2/Er@4) sites.
RASSI-SO computed sixteen SOC states corresponding to the “l1s;, ground state term spans over
an energy range of ~327 (391) cm™ for Er@1/Er@3 (Er@2/Er@4) sites (see Tables $25-528).
The computed g-values for the ground state KD are gy = 2.583, gy, = 4.134, gxx = 11.954 (for
Er@1/Er@3 sites) and gy = 1.558, gyy = 2.254, g,; = 13.289 (for Er@2/Er@4 sites), indicating
the lack of complete axial g-values (see Table 4). Wavefunction decomposition analysis suggests
that the ground state composition is 39.8% |+15/2)+32.4% |+11/2) for Er@1/Er@3 sites and
80.0% |+13/2) for Er@1/Er@3 sites, indicating a highly mixed ground state (See Tables 4 and
S40). Such large transverse anisotropy in the g-values indicates that the ligand field environment

is completely unsuitable to offer axiality to the g-values for prolate type Er'"

ions. The computed
CF parameters further support this where the axial BY term is positive in nature for all the sites
and is either comparable or smaller compared to the non-axial terms (where k = 2, 4 and 6 and q

+ 0) (See Table S37). The first excited KD is primarily m; | +1/2) in nature for both sites and is

located at ~ 40.6 (25.1) cm™ for Er@1/Er@3 and Er@2/Er@4 sites, respectively. The computed
ab initio blockade barrier indicates the presence of a large transverse magnetic moment
connecting the ground doublet for Er@1/Er@3 sites (1.1) and Er@2/Er@4 sites (0.63) sites (See
Figure S32). The computed ground state connecting values are either comparable/marginally
small compared to the values connecting the ground and first excited KD, indicating QTM to be

the most prominent pathway for magnetic relaxation in complex 4. Our single-ion anisotropy



analysis suggests that the spherical capped square antiprism/muffin-type geometry around

prolate type Er" ion is completely unsuitable for isolating m; |+15/2 required for achieving slow

relaxation.

Table 4. SINGLE_ANISO computed ground state g-tensors, tunnel splitting values, and m;

Complexes/centers Oxx; Oyys Oz Kot/Atun (cm™)  Ue |£my)

2 Th1/Tb3 0.000; 0.000; 17.186 0.7 77.4 91.9% |+6)
Th2/Th4 0.000; 0.000; 17.720 0.3 116.2 97.0% |+6)

3 Dy1/Dy3 0.266; 0.394; 18.854 0.10 75.7  87.9% |+15/2)
Dy2/Dy4 0.229; 0.368; 17.015 0.09 68.3  93.9% |£13/2)
Erl/Er3 2.583; 4.134; 11.954 1.1 406  39.8% |+15/2)

4 32.4% [+11/2)
Er2/Er4 1.565; 2.274; 13.295 0.63 25.1 80.0% |£13/2)

composition and theoretical Uy values for complexes 2-4.



Energy (K)

Figure 9. SINGLE_ANISO computed orientation of the ground state main magnetic axis (gz,) of
the individual centres in a) complex 3; b) complex 2 and c) complex 4 along with ab initio
blockade barrier for Dy@1/Dy@3 sites in complex 1. Colour code: Dy (green), Tb (olive), Er

(pink), O (red), N (blue), C (grey). The hydrogen atoms are omitted for clarity.

To further investigate the nature and magnitude of magnetic interactions present in anisotropic
complexes 2-4, here we have simulated the static DC magnetic data (magnetic susceptibility and
magnetization) using the POLY_ANISO code implemented in the Open MOLCAS code.’*"
Here, we have used the CASSCF computed SINGLE_ANISO data of the individual

paramagnetic centres as an input for the simulations. This methodology utilizes the Lines Model



to extract the magnetic exchange interaction between different Ln""

centres and the dipole-dipole
contributions to the total exchange. As observed for complex 1 (from DFT calculations), we have
considered three different exchange interactions (J;, J,, and Js3) to simulate the magnetic
susceptibility and magnetization data. The simulation nicely reproduces the experimentally
observed trend for all the complexes 2-4 (Figures 4 and S33). For complex 3, the best fit yields
Joot (1 = +0.1 cm™, J, = +0.05 cm™ and J; = +0.35 cm™) a ferromagnetic interaction between the

respective Dy"

centres. Both the exchange and the dipolar contributions are ferromagnetic in
nature for all three interactions (see Table 5). From Table 5, it is evident that the exchange
contributions dominate in J; and Js interactions while dipolar contributions dominate in the J,
interactions. This is in line with DFT analysis on 1, which predicts stronger exchange for the J;
and J; interaction while weak exchange interaction for J, interactions. On the other hand, the

best fit yields (Jior) J1 = -0.08 cm™, J, = -0.007 cm™ and J; = -0.12 cm™ for complex 2 and J; = -

0.10 cm™, J, = -0.005 cm™ and J; = -0.30 cm™ for complex 4.

Table 5. Magnetic Exchange Coupling J estimated from the POLY_ANISO simulation of dc

data for complexes 2-4.

Complex Jiot Jex Jdipo
NETAPYAR NETAPIAR NETAPIAR
2 -0.08/-0.007/-0.12  -0.1/-0.007/-0.15 0.02/0.003/0.03
3 0.1/0.05/0.35 0.08/0.01/0.30 0.02/0.04/0.05
4 -0.1/-0.005/-0.30  -0.15/-0.008/-0.40 0.5/0.003/0.10

The low-lying magnetic exchange spectrum and tunnelling gap (Awn) between the doublets
generated during the simulation of dc data of complexes 2-4 are reported in Table S43-S45 in
ESI. The exchange energy states span up to 73.44 cm™ (Table S43 and Figure 10) for complex 3.

The tunnelling gap between the ground exchange state doublet 3.7E-08 cm™ is very small,



indicating negligible QTM within the ground state. A similar picture has been observed for the
first and second excited states located at 2.7 cm™ higher in energy from the ground state. The
extent of the tunnel splitting increases dramatically from the third excited exchange state
onwards ( ~10®), indicating the presence of a thermal-assisted QTM via these states. Here, we
have observed eight low-lying exchange doublets within the narrow energy range of ~ 7.7 cm™,
while the other excited exchange states are much higher in energy. The obtained exchange
spectrum analysis indicates that the magnetic relaxation is likely to occur via the eight excited
KD as it is difficult to populate higher energy states at low temperatures. In our experimental
finding no well resolved zero-field out-of-phase magnetic susceptibility signals were observed
for 3 which is consistent with the low theoretical energy barrier of only 7.7 cm™ (11 K). The
application of a small dc magnetic field (1 kOe) suppressed the tunnelling process between the
magnetic exchange states and resolves the out-of-phase signals to reach the experimental energy
barrier of 23 K for the spin reversal for 3. In the cases of complexes 2, and 4, no out-of-phase
magnetic susceptibility signals were observed, which are well rationalized with the theoretical
finding. As can be seen from Tables S44 and S45 a tunnelling gap ~ 10 cm™ between the
ground exchange state was found in both complexes 2 and 4, which suggests fast magnetic
relaxation between ground-state doublet and denies any possibility of zero-field SMM behaviour
which is further rationalized with the absence of a zero-field out-of-phase magnetic relaxation in

the experiment.
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Figure 10. Magnetic relaxation between exchange states in complex 3. The red arrows and
values represent the tunnelling gap between exchange states, while the blue and green arrows

and values represent Orbach/Raman and Orbach magnetic relaxations.

Conclusion

In summary, we have synthesized a series of tetranuclear assemblies supported by peroxide
ligand, which binds to metals centres in a side-on manner using the coordination mode us-
n?n?n?. Overall, the tetranuclear complexes contain two types of nine coordinated metal centres
with different coordination environments; one in an N3Og environment with spherical capped

square antiprism geometry while the other is in an N,O; coordination environment with muffin

geometry. All the complexes show weak antiferromagnetic interactions except 3, which reveals



weak ferromagnetic interactions. Due to the isotropic nature of Gd"' ions and weak
antiferromagnetic interactions between them in 1, a magnetocaloric effect is observed with the
maximum value of —AS, = 33.60 J kg™ K" at T = 4 K, AH = 13 T. The ac susceptibility
measurements reveal that complex 3 at 1kOe shows two different relaxation events; a low
frequency (LF) contribution with fitted parameters, Ut = 23(2) K, 7 = 9(2)-10” s, C= 187(99)
K™ s and n=1.7(7), by the contribution of Orbach and Raman processes and a high frequency
(HF) contribution with fitted parameter, A=3.18(7)-10® Oe™ K™ s, driven by direct process. In
4, the relaxation is purely driven by the direct process with A= 1.56(2)-10"0e™*K™*s™. The
experimental finding of the magnetic and magnetothermal properties was further fully

rationalized with detailed theoretical studies.

Electronic Supplementary Information (ESI): Peroxo binding modes, Simulated single-
crystal data and experimental XRD pattern for 1-4, TGA curves for 1-4, Continuous Shape
measurement calculations, Molecular structure, and Supramolecular interactions of 1-4,
Frequency dependence of the in-phase (ym’) and out-of-phase (xm”) components of the ac
susceptibility measured on powder at 2 K from 0 to 3 kOe for 2-4, Field dependence of the
relaxation time of the magnetization at 2 K for 3 (full and empty black circles) and 4 (green
circles), Frequency dependence of the in-phase (xm’) and out-of-phase (xm””) components of the
magnetic susceptibility of 4 in 4 kOe external field and from 2 to 12 K, and BS-DFT computed
energies of high-spin and broken-symmetry solution of Gds, DFT computed corresponding
orbitals for which the overlap integral values were calculated for model 3 equivalent to J;
interaction of complex 1 at contour value= 0.03 e/bohr’, Simulation of DC magnetic
susceptibility and magnetization (at 2 K) data using the DFT computed J values. Solid red lines

represent the simulated data.
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