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Macrocycle supported dinuclear lanthanide
complexes with different p-diketonate co-ligands
displaying zero field single-molecule magnetic
behaviourf
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Three different sets of isomorphous dinuclear Gd/Dy complexes, [Ln,(L')(acac),]-2H,O-2CH3CN (Ln =
Gd (1ga) and Dy (2py); acac = acetylacetonate), [Lny(L')(tfac)s] (Ln = Gd (3ge) and Dy (4py); tfac =
trifluoroacetylacetonate), and [Lny(L')(hfac)s] (Ln = Gd (5q4) and Dy (6py); hfac = hexafluoro-
acetylacetonate), where HyL’ is a new Ln-assisted in situ generated macrocyclic ligand from acyclic
Schiff base HL, derived from a condensation reaction of 2,6-diformyl-4-methylphenol and N,N-
dimethyldipropylenetriamine, have been synthesized by the reaction of lanthanide nitrates with ligand HL
in the presence of different B-diketonate co-ligands. Structural analysis revealed that the lanthanide ions
in these complexes are all eight-coordinated in a square antiprismatic geometry with Dsq symmetry.
Magnetic measurements of these complexes revealed that the magnetic interaction between Gd** ions
is antiferromagnetic, while Dy** ions are ferromagnetically coupled in dimetallic complexes, and the
detailed analysis of Gd analogues discloses the significant influence of the different -diketonate co-
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Accepted 16th May 2022 molecule magnet behaviour with energy barriers varying in the close range 60.1-62.8 K. The orientation
of the magnetic axes and crystal structural parameters were critically analysed to establish magneto-
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Introduction

Single-molecule magnets (SMMs), which exhibit slow magnetic
relaxation under certain conditions, are a fascinating area of
interdisciplinary research in materials science because of their
unique and intriguing prospects for applications in high-
density information storage, quantum computing and
molecule-based spintronic devices." Among several character-
istics required for the chemical design of high performance
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SMMSs, magnetic anisotropy is considered the most dominating
factor.” Lanthanides especially Dy*" ions usually posses a large
magnetic moment with significant magnetic anisotropy arising
from strong coupling between the spin and orbital angular
moments and the crystal-field splitting effects that make them
ideal candidates for the construction of SMMs.? Consequently,
a large number of Dy-based SMMs with diverse nuclearities and
structural topologies have been reported, including systems
featuring very high relaxation energy barriers (U.g) and block-
ing temperatures (T;).” Literature has witnessed the continuous
breaking of records of the anisotropy barrier and magnetic
blocking temperature in Dy-based SMMs, further boosting the
field of molecular magnetism.”> Despite these apparent suc-
cesses, it still remains a challenge to understand the magnetic
behaviours of Dy-based molecular magnets due to their com-
plicated magnetic nature, which can be influenced by a number
of factors, such as spin-orbit coupling, symmetry imposed
single-ion magnetic anisotropy, magnetic interactions, and
crystal-field effects.® Considering the effect of the magnetic
interactions on the SMM properties, the dinuclear Dy-based
SMMs may provide the simplest molecular species which
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render the determination of magnetic interactions between two
lanthanide ions more precisely and conveniently to address
magnetic relaxation mechanisms influenced by the magnetic
interactions. Moreover, it is relatively convenient to determine
the possible orientations of magnetic anisotropy in dimetallic
systems to elucidate the relationships between single-ion
relaxation and the relaxation in a molecular entity.

Recent advances in this area revealed that the magnetic
anisotropy in Dy-SMMs is extremely sensitive to the coordina-
tion environment around Dy*" ions, and thus the choice of
organic ligands is crucial for the synthesis of discrete SMMs as
well as modulation of single-molecule magnetic properties.”
Among several ligand systems employed for the development of
Dy-SMMs, Schiff base ligands possessing rich N/O donor sites
have been extensively used in the synthesis of such SMMs
mainly due to their ease of synthesis and possible modulation
of electronic and steric properties by suitable choice of carbonyl
and amine components.® In our previous work, we successfully
isolated some lanthanide complexes with a symmetrical dinu-
cleating Schiff base ligand derived from 4-chloro-2,6-
diformylphenol and N,N-dimethyldipropylenetriamine in
which Dy analogues displayed SMM properties.” Remarkably,
the metal assisted in situ macrocyclization of the acyclic hepta-
dentate N¢O donor Schiff base ligand was observed in the
presence of co-ligands (acetylacetone or its derivative) by
defragmentation of some parts of the ligands. The resulted
macrocyclic ligand is similar yet distinct to the Robson type
macrocycle as alternate N-atoms are imine and amine
functionalities."®™"* This type of macrocyclic ligand is extremely
rare and is indeed difficult to synthesize via regular synthetic
methods.' In order to increase the scope of the lanthanide
assisted transformation of acyclic into macrocyclic ligands and
to understand the effect of the finely tuned electronic structure
of the ligand on the magnetic anisotropy of Dy*" ions and on
the slow magnetic relaxation process, an analogous methyl
substituted heptadentate phenolate-based Schiff base ligand
(HL, Scheme 1) is used in the present study and allowed to react
with lanthanide ions in the presence of three different
B-diketone co-ligands. Consequently, we report herein the
syntheses and structures of six new dimetallic complexes,

Ln = Gd or Dy
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[Ln,(L)(acac),]-2H,0-2CH;CN (Ln = Gd (1ga) and Dy (2py);
acac = acetylacetonate), [Ln,(L')(tfac),] (Ln = Gd (3gq) and Dy
(4py); tfac = trifluoroacetylacetonate) and [Ln,(L)(hfac),] (Ln =
Gd (5ca) and Dy (6py); hfac = hexafluoroacetylacetonate), where
H,L’ is a new Ln-assisted in situ generated macrocyclic ligand
from acyclic Schiff base HL. The magnetic properties have been
investigated, and the Dy analogues exhibit zero field SMM
behaviours that have been further correlated with the electronic
effect of both the macrocyclic ligand and B-diketonate co-
ligands.

Experimental section
Materials and methods

N,N-dimethyldipropylenetriamine, p-formaldehyde, hexam-
ethylenetetramine, p-cresol, acetylacetone, trifluoroacetylace-
tone and hexafluoroacetylacetone were purchased from
commercial sources and used as received. Other chemicals
and solvents were of reagent or analytical grade and used
without further purification. 2,6-Diformyl-4-methylphenol was
synthesized according to a literature reported method."’
Elemental analyses (C, H, N) were performed by a PerkinEl-
mer 240C elemental analyser. A Thermo Scientific Nicolet iS5
FTIR spectrometer was used to record IR spectra using a
universal ATR sampling accessory from 4000 to 400 cm .
Electrospray ionization mass spectrometry (ESI-MS positive)
was carried out using a Micromass Q-tof-Micro Quadruple mass
spectrometer. Measurements of "H NMR spectra were con-
ducted using a Bruker 400 spectrometer in CDCl;. Magnetic
susceptibility measurements were performed using a Quantum
Design SQUID VSM magnetometer for all the compounds.
Experimental data were corrected for diamagnetism of the
sample holders and that of the compounds according to

Pascal’s constants.

Synthesis of the Schiff-base ligand (HL)

The ligand was synthesized following a similar Schiff base
condensation method as reported by our group earlier.'®
Briefly, 20 ml of a methanol solution of 0.5 mmol

R'

Ln(NO3)3
ﬁ

Scheme 1 Synthetic route for the lanthanide complexes with different co-ligands.
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2,6-diformyl-4-methylphenol (82 mg) and 1.0 mmol N,N-
dimethyldipropylenetriamine (159 mg) was allowed to reflux
for ca. 1 h that resulted in a clear yellowish orange solution. The
solution was then allowed to cool to room temperature and was
directly used for the synthesis of the metal complexes. "H NMR
(CDCl;, 600 MHz) d = 7.33 (s, 2H), 3.4-3.34 (m, 4H), 2.79-2.70
(m, 4H), 2.50-2.40 (m, 4H), 2.30 (s, 6H), 2.28-2.26 (m, 4H), 2.24
(s, 12H), 1.82-1.91(m, 4H), 1.64-1.71 (m, 4H) ppm. ESI-HRMS:
[M + H]" for C,5H,,0N; 447.3760 (calculated 447.3811).

Synthesis of the complexes

The Schiff base ligand LH (1.0 mmol) and Ln(NOj3);-6H,0
(0.5 mmol; Ln(m) = Gd or Dy) were mixed together with stirring
in 30 ml of acetonitrile/methanol (1: 1, v/v) solvent mixture that
resulted in a yellowish precipitate immediately. Triethylamine
(0.5 mmol) was then added to the mixture under stirring which
led to partial dissolution of the precipitate. Thereafter either
acetylacetone (for 14 and 2py) or trifluoroacetylacetone (for 3gq
and 4py) or hexafluoroacetylacetone (for 54 and 6py) (2 mmol)
was added to the mixture under stirring and the reaction
mixture was heated to reflux for ca. 1 h, during which time a
completely clear orange-yellow solution appeared. The reaction
mixture was then filtered and kept at ambient temperature for
crystallization. Crops of yellow block-shaped crystals suitable
for X-ray diffraction studies were separated out of the solution
within a week. Crystals were then filtered and washed with cold
acetonitrile/ether and allowed to dry in air.

[Gd,(L")(acac),]-2H,0-2CH;CN (1gq)- Yield: 482 mg (78%).
Anal. caled for C,5HgsGd,NeOq,: C 46.66%, H 5.55%, N 6.80%.
Found: C 46.18%, H 5.32%, N 6.41%. FTIR (cm ™!, KBr): 1(acac)
1603 s, (C=N) 1518 s.

[Dy,(L")(acac),]-2H,0-2CH;CN (2py). Yield: 448 mg (72%).
Anal. caled for CugHegDy,NgOqy: C 46.27%, H 5.50%, N
6.74%. Found: C 45.88%, H 5.17%, N 6.37%. FTIR
(em™?, KBr): v(acac) 1604 s, ,(C—=N) 1518 s.

[Gd,(L')(tfac),] (3ga). Yield: 500 mg (75%). Anal. caled for
CasH46Gd,N,040F 15 C 39.64%, H 3.48%, N 4.20%. Found: C
39.15%, H 3.24%, N 3.91%. FTIR (cm™ ", KBr): v(tfac) 1635 s,
(C=N) 1580 s.

[Dy,(L')(tfac)s] (4py). Yield: 470 mg (70%). Anal. caled for
CaaHi60yoN4010F 152 C 39.33%, H 3.45%, N 4.17%. Found: C
38.93%, H 3.13%, N 3.87%. FTIR (cm ', KBr): 1(tfac) 1636 s,
(C=N) 1580 s.

[Gd,(L')(hfac),] (5ga)- Yield: 612 mg (79%). Anal. caled for
C,4H3,Gd,N,O0F,4: C 34.11%, H 2.21%, N 3.62%. Found: C
33.67%, H 2.01%, N 3.27%. FTIR (cm ', KBr): v(hfac) 1658 s,
(C=N) 1605 s.

[Dy,(L")(hfac),] (6py). Yield: 577 mg (74%). Anal. caled for
CaaH34pyoN,010F,4: C 33.88%, H 2.20%, N 3.59%. Found: C
33.56%, H 2.05%, N 3.33%. FTIR (cm ™', KBr): v(hfac) 1659 s,
(C=N) 1606 s.

X-Ray crystallography

Single crystal X-ray diffraction data of all complexes were
collected using a Bruker Smart Apex-II CCD diffractometer with
monochromated Mo-Ka. radiation (/. = 0.71073 A). Several scans
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in ¢ and w directions were performed to increase the number
of redundant reflections and were averaged during refinement
cycles. The intensity data collection, data reduction, structure
solution and refinement were carried out using the Bruker
APEX-II suite (v2.0-2) program. Reflections were then corrected
for absorption, inter-frame scaling, and other systematic errors
using the SADABS program.'” The structures were solved by the
direct methods within SHELXS and refined with SHELXL-2018
using the least squares method based on F>.'® All non-hydrogen
atoms were refined with anisotropic thermal parameters and
hydrogen atoms attached to carbon and nitrogen atoms were
placed at geometrically idealized positions with individual
isotropic thermal parameters equal to 1.2 or 1.5 times to their
parent atoms. In 1gq and 2p,, the lattice acetonitrile molecule
was solved in a disorder model and some restraints were
applied to make it better. Similarly, some trifluoromethyl
groups in the hfac co-ligand in 5gq4 and 6py were solved in a
disordered model over two positions and were freely refined to
set their final occupancies. The crystallographic data and
refinement details are available in Table S1 (ESIt).

Results and discussion
Synthesis and characterization

In our previous work,” we observed lanthanide ion assisted
in situ macrocyclization of an acyclic heptadentate NsO donor
Schiff base ligand in the presence of co-ligands (acetylacetone
or its derivative) by defragmentation of some parts of the
ligands. The resulting macrocyclic ligand is similar to the
Robson type macrocycle, except that alternate N-atoms are
imine and amine functionalities. This type of macrocyclic
ligand is extremely rare and is indeed difficult to synthesize
via regular synthetic methods.’ Inspired by this Ln-assisted
in situ synthesis of the macrocyclic ligand, a methyl (electron
donating) substituted heptadentate ligand (HL) was used as a
starting material instead of chloro-substitution (electron with-
drawing) in our previous work® to increase the scope of this
synthetic methodology. Additionally, the opposite electronic
effect on the para substitution of the ligand might affect the
overall magnetic properties of the complexes. Furthermore, the
effect of co-ligands with different electronic properties may add
up to the overall properties of the complexes. For example, the
use of trifluoroacetylacetone or hexafluoroacetylacetone, where
one or two methyl groups (electron donating) of acetylacetone
are replaced by a trifluoromethyl group (electron withdrawing),
respectively, may have a strong overall ligand field effect on the
magnetic properties of these complexes. Accordingly, ligand HL
was synthesized following a literature reported Schiff base
condensation method.'® Typically, 2,6-diformyl-4-methyl-
phenol and N,N-dimethyldipropylenetriamine were mixed in a
1:2 molar ratio in 20 ml of methanol and refluxed for ca. 1 h to
yield the desired Schiff-base as a clear yellowish orange
solution. The characterization of the ligand by "H NMR spectro-
scopy was very complicated as it shows broad peaks in the NMR
spectra even at the lowest possible temperature (—20 °C) where

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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the measurement was permissible (Fig. S1, ESIt). This is due to
its high degree of flexibility which produces large numbers of
conformers, remaining in equilibrium in solution, as reported
earlier with similar systems.” However, the IR spectrum
(Fig. S2, ESIt) showed a sharp peak at 1635 cm ™' corresponding
to the formation of an imine bond by Schiff base condensation.
HRMS spectra further authenticate the formation of the desired
ligand. The in situ generated ligand HL was thereafter allowed
to react with the lanthanide salts under stirring, resulting in a
yellowish precipitate, which turned into a clear yellow-orange
solution upon addition of Et;N followed by acetylacetone (for
1G4 and 2py) or trifluoroacetylacetone (for 3gq and 4py) or
hexafluoroacetylacetone (for 54 and 6py) to the reaction mix-
ture. After refluxing for ca. 1 h and slow evaporation over a one-
week time period, it afforded crystals of the complexes in
moderate yields. Again, the Schiff base ligand in the present
case was transformed in situ into a macrocyclic ligand with the
assistance of lanthanide ions. Mass spectrometry studies were
performed to understand the course of the reaction by adopting
the synthetic methodology of complex 2p,. The mass spectrum
(Fig. S3, ESIT) of the mixture of the reactants after 5 min
consists of an important peak at m/z = 808.34 which matched
well with a monocationic species [Dy(HL)(acac),]" as suggested
by the isotopic distribution patterns of unity. Identification of
this intermediate species suggests that the reaction proceeds
through the formation of intermediate species I, and two of
such species are thereafter self-assembled by the phenoxido
bridges to produce another intermediate II, which brings
steric crowding around the metal centres, favouring the

View Article Online

NJC

macrocyclization of the ligand by eliminating some parts of
the ligands as depicted in Scheme S1 (ESIt).'® Finally, it leads
to the formation of the final complex as suggested by mass
spectrometry with the identification of two peaks at m/z =
1029.22 and 1151.25, which matched well with two monoca-
tionic species related to the final product (2py) of compositions
[Dy,(L")(acac);]" and [NaDy,(L')(acac),]’, respectively. All these
complexes were characterized by IR spectroscopy and the IR
spectra consist of the bands related to acetylacetonate, imine
and amine functionalities (Fig. S4-S9, ESIt).

Description of crystal structures

Single crystal X-ray diffraction analysis of these complexes
revealed that each pair, ie (1gq and 2py), (3ga and 4py) and
(5a and 6py), produced isomorphous compounds and crystal-
lized in the monoclinic crystal system but with different space
groups and also with different unit cell parameters (Table S1,
ESIt). Whereas complexes 1gq—4py crystallized in the P2,/n
space group with half of the complex molecules in the asym-
metric unit, complexes 5gq4 and 6py crystallized in the P2,/c
space group with a full-set of complex molecules in the asym-
metric unit (Fig. 1 and Fig. S10, ESIt). Additionally, one lattice
water and a lattice acetonitrile molecule are present in the
asymmetric unit of 1gq and 2p,. Symmetry operation through
an inversion centre, positioned at the midpoint of the Ln-
(phenoxido-O),-Ln core, creates a full set of dimetallic Ln-
complexes in 1gg—4py. In all these complexes, two different
sets of C-N bond distances in the macrocyclic ligand (generated
in situ) are observed; one in the range 1.277(4)-1.288(4) A and

Fig. 1 (a)-(c) Crystal structures of complexes 2py, 4py and 6py, respectively, excluding solvent molecules and disorder models, which are available in
Fig. S10 (ESI?); (d) local coordination geometry of the central Dy** ions in the complexes.
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New J. Chem., 2022, 46, 11722-11733 | 11725


https://doi.org/10.1039/d2nj01017h

Published on 01 June 2022. Downloaded by NANJING UNIVERSITY on 5/11/2023 1:54:16 AM.

NJC

the other varying in the range 1.482(4)—1.492(7) A, which are
typical for C = N double and C-N single bonds, respectively,
justifying that it is not a simple Robson type macrocycle rather
signifies that the alternate nitrogen atoms in the macrocyclic
ligand are imine and amine functionalities. Although there is
some sort of dissimilarity in the crystallization process, the
structures of all complexes are eventually similar in that the
lanthanide ions are coordinated with one amine nitrogen atom,
one imine nitrogen atom and two phenoxide-O atoms of the
macrocyclic ligand and four oxygen atoms of the anionic B-
diketonate co-ligands. Therefore, each lanthanide ion is octa-
coordinated being surrounded by a N,Os donor set and the
geometry around the lanthanide centre is best described as a
slightly distorted square antiprism (SAPR) in which one square
plane is constructed with two nitrogen and two oxygen atoms of
the macrocyclic ligand and the other one is made up of four
oxygen atoms from two B-diketonate co-ligands. For an ideal
SAPR geometry with D,q symmetry, the magic angle « and the
skew angle @ as defined in Fig. S11 (ESIt) are calculated to be
54.748° and 45°, respectively. The o and @ angles vary in a
narrow range of 57.01-57.19° and 43.63-46.56°, respectively,
suggesting a slightly distorted SAPR geometry around Ln’*" ions
in these complexes. The coordination polyhedra around lantha-
nide ions were further verified by the continuous-shape mea-
sures (CShMs) method utilizing the Shape 2.1 software®® in the
light of the crystallographic parameters, and found the smallest
CShM values for square antiprism geometry (SAPR, D,q)
(Table S2, ESIt). The Ln-O bond distances fall in the range of
2.283-2.413 A and the Ln-N bond lengths vary in the range of
2.535-2.622 A (Table 1). The Ln-O-Ln bridging angles of the
Ln-(phenoxido-O),-Ln core span in a very narrow range of
112.36(8)-114.1(2)° with intradimer Ln---Ln separations
through double phenoxide bridges observed to be 3.819-
3.941A, which are comparable to the literature reported results
on similar systems.'*™*?! It is important to note that on
moving from acac to tfac to hfac co-ligands, the gradual

Table 1 Selected bond lengths (A) of the complexes
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shortening of the Ln---Ln separation is observed, which is
ascribed to the presence of one or two strong electron with-
drawing trifluoromethyl groups in trifluoroacetylacetone or
hexafluoroacetylacetone, respectively. Interestingly, in 1g4 and
2py, complex molecules create a pore to accommodate lattice
water and acetonitrile molecules as depicted in Fig. S12 and S13
(ESIY).

Magnetic properties

The temperature dependence (2-300 K) of direct current (dc)
magnetic susceptibility data of polycrystalline samples 1Gq-6py
was measured under an applied magnetic field of 1.0 kOe
(Fig. 2 and Fig. S14, ESIt). As can be seen from the figure, the
ymT values at room temperature are 17.23, 32.30, 16.26, 27.74,
16.53 and 28.81 cm® K mol ™" for 164-6py, respectively, which
are in agreement with the expected values of two uncoupled
Ln*" ions (for the Gd*" ion, 15.76 cm® K mol %, S=7/2, g=2 and
for the Dy*" ion, 28.34 cm® K mol ™", J = 15/2, g = 4/3). As the
temperature is lowered, the y\T products of 2py, 4p, and 6p,
gradually decrease to attain minimum values of 30.22, 24.08
and 26.04 cm® K mol ", respectively, at around 24 K and
thereafter increase rapidly until 2 K is reached. The observed
decrease of yT values at high temperatures can be attributed
to the thermal depopulation of the Stark sublevels of Dy**
ions,” while low temperature behaviour is typical for an
intramolecular ferromagnetic coupling between the Dy*" ions
as observed in other dimetallic Dy complexes (Fig. 2)."*™"* On
the other hand, the y\T values of Gd complexes decrease
gradually upon decreasing the temperature to attain minimum
values of 15.75 (1gq), 13.08 (3ga), and 11.34 (5g4) cm® K mol " at
2 K. Such behaviour is typical for a global weak antiferromag-
netic interaction between Gd*' ions in 1g4, 3ca and 5gq,>
which is further supported by the Curie-Weiss analysis
(Fig. S14, ESIY) of the magnetic susceptibility data above
100 K with negative Weiss values. The experimental suscepti-
bility and magnetization data of Gd complexes were fitted

1Ga 2‘Dy 3Ga 4Dy 5Ga 6Dy
Ln-0O1 2.340(4) 2.320(5) 2.312(2) 2.290(2) 2.306(2) 2.283(2)
2.362(4)° 2.327(6)° 2.363(3)" 2.331(2)° 2.339(2) 2.310(2)
Ln-02 2.347(4) 2.315(6) 2.378(3) 2.340(2) 2.337(2) 2.311(2)
2.289(2) 2.271(2)
Ln-03 2.383(4) 2.349(6) 2.387(3) 2.327(2) 2.402(2) 2.349(2)
Ln-04 2.359(4) 2.334(6) 2.362(3) 2.347(3) 2.405(2) 2.389(2)
Ln-05 2.367(4) 2.332(6) 2.352(3) 2.366(2) 2.373(2) 2.380(2)
Ln-06 — — — — 2.413(2) 2.383(2)
Ln-07 — — — — 2.413(2) 2.364(2)
Ln-08 — — — — 2.419(2) 2.334(2)
Ln-09 — — — — 2.389(2) 2.396(2)
Ln-010 — — — — 2.371(2) 2.403(2)
Ln-N1 2.612(5) 2.582(7) 2.599(3) 2.571(3) 2.559(2) 2.535(3)
Ln-N2 2.620(5) 2.612(7) 2.592(3) 2.569(3) 2.584(3) 2.526(3)
Ln-N3 — — — — 2.549(2) 2.564(3)
Ln-N4 — — — — 2.577(2) 2.558(3)
Ln---Ln 3.941(1) 3.893(1) 3.899(1) 3.857(1) 3.859(1) 3.819(1)
Ln-O-Ln 113.87(15) 113.9(2) 113.03(10) 113.17(9) 112.36(8) 112.95(8)

“ Symmetry code: a = —x, —y, —2.
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Fig. 2 Plots of ymT versus T under a 1000 Oe dc field in the temperature
range of 2.0-300 K for three Dy complexes.

simultaneously using the PHI programme® with isotropic spin
Hamiltonian & = —2J8,5, +guB(S‘1 + S‘Z)B to obtain precise informa-
tion regarding the magnetic interactions in these complexes. The
best fit to experimental data yielded g = 2.08, J = —0.0241 cm™
£=2.02,7=—0.0391 cm™ " and g = 2.03, ] = —0.0567 for 14, 3ga and
5Ga, respectively, indicating very weak antiferromagnetic coupling
between two Gd** ions, which are comparable to similar dinuclear
Gd*" complexes reported in the literature.>>® Upon moving from 1gq
to 3ga to 5aq, the crystallographic data reveal a gradual decrease of
the Gd. - -Gd separation, which leads to the better orbital overlap of
the bridging oxygen atoms with Gd(u) ions, favouring the antiferro-
magnetic exchange between Gd(m) ions through a super-exchange
mechanism. Moreover, decreasing the Gd-O-Gd angle on moving
from 1gq to 3gq to 5gq favours the antiferromagnetic character as
proposed by the magneto-structural correlation with similar
systems.?*”
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The field dependence magnetization was measured at three
different temperatures for all the complexes in the field range
of 0-7 T (Fig. S15 and S16, ESIf). The magnetization data
revealed that, for isotropic Gd complexes 1gq, 3ga and 5¢q at
2 K, the highest magnetization values of 13.88 and 13.83 Nf at
7 T are slightly lower than the theoretical saturation value of 14
NB for two isolated Gd*" ions, while for Dy analogues, the
magnetization values are far from a saturation of 20 Nf for a
dinuclear Dy system, indicating the presence of significant
magnetic anisotropy and/or low-lying excited states in all
systems.>®

The temperature dependence of alternating current (ac)
magnetic susceptibilities was examined to explore the dynamic
magnetic behaviour of Dy complexes (2py, 4py and 6py) under
zero dc magnetic field and with an oscillating field of 1 Oe in
the frequency range 1-1000 Hz (Fig. 3-5). As can be seen from
the figures, all the Dy complexes exhibit strong frequency- and
temperature-dependent in-phase (') and out-of-phase (yn")
ac susceptibility signals under zero dc field, illustrating that a
slow magnetic relaxation process exists in these Dy complexes.
The out-of-phase (yn”) magnetic susceptibility data further
reveal a well-defined maximum as a function of frequency
and temperature with y\,” peaks clearly detectable up to 10 K,
15 K and 15 K for 2py, 4py and 6p,y, respectively. As expected, the
maxima of the out-of-phase y” peaks for these Dy complexes
shifted towards a lower frequency of the oscillating field with
lowering temperatures. This indicates that three Dy complexes
are typical SMMs.

The Cole-Cole plots of these complexes further display
nearly symmetrical semi-circular curves from the frequency
dependent ac data measured at different temperatures, reveal-
ing that a single relaxation process occurs in these systems
(Fig. S17 and S18, ESIt).>” The data were then analysed with the
generalized Debye model to extract the relaxation time 7 and its
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Fig. 3 (a) Frequency dependence and (b) temperature dependence of the in-phase and out-of-phase parts of the ac magnetic susceptibilities of 2p,

collected under a zero dc field at 2.0 K to 10.0 K.
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Fig. 4 (a) Frequency dependence and (b) temperature dependence of the in-phase and out-of-phase parts of the ac magnetic susceptibilities of 4p,

collected under a zero dc field at 2.0 K to 15.0 K.
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Fig. 5 (a) Frequency dependence and (b) temperature dependence of the in-phase and out-of-phase parts of the ac magnetic susceptibilities of 6py

collected under a zero dc field at 2.0 K to 15.0 K.

distribution factor «. The fittings of these curves are eventually
very good with low residual values and the obtained o values
(Fig. S17 and S18 and Tables S3-S6, ESIt) of 0.12-0.22 among
2-8.5 K for 2py, 0.11-0.13 among 2-8.5 K for 4py at zero dc field,
0.05-0.29 among 2-8.5 K for 4p, at 1000 Oe dc field and 0.06-
0.17 among 2-8.5 K for 6p, at zero dc field are consistent with
narrow distributions of the relaxation time t as commonly
observed in Dy complexes.”® At higher temperatures, the relaxa-
tion follows a thermally induced process and can be analysed
using the Arrhenius equation [t = 7, exp(AE/kgT)] to obtain

11728 | New J. Chem., 2022, 46, 11722-11733

energy barriers of 40.4 cm™ " (58.09 K), 41.3 cm ™' (59.39 K) and
439 ecm™' (63.13 K) with pre-exponential factors (t,) of
1.95 x 107° 1.61 x 10 ° and 1.65 x 10 ° s for 2py, 4py and
6py, respectively, which are typical of Dy-based SMMs (Fig. 6
and Fig. S17, ESI{).>® However, the Int values deviate signifi-
cantly at lower temperatures, which is characteristic of a cross-
over from a thermally activated Orbach process that is
predominant at high temperatures to a direct or phonon
triggered tunnelling mechanism emerging at lower tempera-
tures. However, the direct process can be neglected for the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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Fig. 6 Arrhenius plot of In(z) vs. T~ for 4p,. Red lines show fits of the data
to the Arrhenius law t = 1g-exp(Ues/kgT), assuming the Orbach relaxation

process. Blue lines represent fits to all the data considering other possible
processes as indicated.

relaxation time products under zero dc field. Therefore, the
data could be fitted considering temperature independent
quantum tunnelling, thermally activated Orbach and Raman
processes, using the following equations:

Uefp

1 —1 n 1 _

—= —e T

. Torm T CT" + Toe (1)
— QTM + Raman + Orbach process

1 1 U
- =CT"+— T
T T0

— Raman + Orbach process (2)

The curve from 2 to 8.5 K of 2p, was further fitted, giving the
following parameters: Ueg = 60.1 K (41.8 cm™ ), 75 = 3.17 x 10" s,
C=24s"K?* n=31 and tgpm = 1.4 x 10°* s. For
compound 4py, similar treatment gave the following set of
parameters: Uy = 61.5 K (45.7 em™ '), 70 = 1.68 x 107 5, C =
23.5s 'K 7, n=1.7,and tqrm = 1.2 X 10> 5. In addition, a dc
field of 1000 Oe was applied to suppress the QTM effect of 4p,.
The resulting frequency dependent ac data and the Cole-Cole
plots are shown in Fig. S19 and S18 (ESIt). The data were fitted
using eqn (2), giving Ueg = 60.0 K (41.7 cm ™), 70 =107 s, C =
1s 'K % n = 4. Besides, the fit of the relaxation data of 6, using
both Orbach and Raman processes was also performed, giving the
following parameters: Upg = 62.8 K (43.7 em ™), 7o = 3.64 x 10 s,
C=13.0s" K "% n = 1.6 (Tables S7 and S8, ESI¥).

It is now increasingly found that the dynamic magnetic
behaviour of dinuclear Dy-SMMs is sensitive to symmetry-
related single-ion magnetic anisotropy, the strength and sym-
metry of the ligand field, and the magnetic coupling effects of
the metal ions within the molecules.>® In the present com-
plexes, the ligand field is relatively high (D,q symmetry) and the
magnetic coupling between the Dy*" ions is ferromagnetic in
nature, and thus the zero field SMM behaviours of these

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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complexes are reasonable. In fact, the energy barriers in the
present systems, varying in the narrow range 60.1-63.1 K, fall
into the normal range among the reported Dy, SMMs with D,q
symmetry (Table 2).°**3'™% In our recent report with analo-
gous chloro-substituted (electron withdrawing) ligand system,
we observed similar magnetic behaviour.” However, in the
present case the methyl substitution (electron donating) in
the ligand system brings slightly weaker SMM properties in
the resulted complexes. In both systems, the coordination
environment and arrangement of the anionic donor sites
around the metal centres are identical and therefore one can
expect a similar orientation of principle magnetic anisotropy
axes in these complexes. Further insights could be obtained by
determining the direction of the anisotropic axes of the ground
doublet in the present complexes with the MAGELLAN
programme™’ that utilises a purely electrostatic model to esti-
mate the principle anisotropic axis at the Dy centre based on
crystallographically determined structures (Fig. S20, ESIT). As
expected, the magnetic anisotropy axes are parallel in 2p, and
4py (centrosymmetric complexes), while a full set of dinuclear
complex molecules is present in the asymmetric unit of 6py,
leading to a slight deviation of the anisotropy axes from the
parallel orientation. It is worth noting that different f-
diketonate co-ligands usually bring different magnetic relaxa-
tion behaviours in the resulting complexes.*® However, in the
present case, only a minor difference in slow magnetic relaxa-
tion behaviour is observed although three different f-
diketonate co-ligands were used. Complexes 2py, and 4p, are
isomorphous compounds and a close inspection of the mag-
netic anisotropic axes reveals that both of them deviate almost
equally from the symmetry axis of square antiprism (Dyq) with
deviation angles of 44.22° and 43.82° for complexes 2py and 4py,
respectively, suggesting that it has a little impact on their
magnetic properties. However, slight differences in the struc-
tural parameters are observed from the X-ray crystallographic
study. The Dy- - -Dy distance is relatively shorter (3.857(1)A) for
4py compared to 3.892(1)A in 2p,. Again, the Dy-O-Dy angle
within the Dy,0, core in 4p, is found to be slightly smaller
(113.17°) in comparison to 2p, (113.9°). Both the factors favour
better superexchange interaction between the lanthanide ions
in 4p,."” In fact, the same trend has been observed from the
fitting of the data with the PHI programme for Gd analogues as
mentioned earlier. Moreover, the degree of distortion from the
ideal square antiprism geometry is also on the side of 4py to
make it a better SMM (Table S2, ESIt). Recent reports revealed
that the lattice solvent molecules also influence the magnetic
relaxation behaviours through a favourable dipole-dipole inter-
action, leading to the enhancement of the energy barrier in the
systems."® Although, both 2y, and 4y, are isomorphous, the
crystal structures show that complex 2p, includes solvent
acetonitrile and water molecules in the crystal pore, while it
is void in 4p,, indicating better dipole-dipole interaction in 2p,
mediated by the solvent molecules. This dipole-dipole inter-
action may complement the slow magnetic relaxation beha-
viour in 2py, leading to the almost similar magnetic relaxation
behaviour in 2py and 4py. The Dy: - -Dy distance (3.819(1) A) and
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Table 2 Structural and magnetic parameters for the reported eight-coordinated Dy,O, core compounds with square antiprismatic geometry (SAPR-8,

D)
Dy, complexes Donor set Dy- - -Dy (A) Dy-O-Dy (°) Magnetic coupling Field (Oe) Ueg (K) 7o (5) Ref.
2py N,Oq 3.892 114.1 F 0 60.1  3.17 x 1077 This work
4py N,O4 3.857 113.17 F 0 61.5 1.68 x 10’ This work
1000 60.0  1.00 x 1077
6y N,Os 3.819 112.95 F 0 62.8 3.64 x 107 This work
Dyz(LZ)(acac) ] N,Oq 3.891 112.73 F 0 66.7 11x10°° 9
[Dy,(L?)(tfac),] N,O6 3.874 113.27 F 0 79.0 33x10°% 9
DyZ(LS)(acac)] N,Oq 3.886 111.99 F 1000 130.92 3.3 x 10 11
Dyz(L )(Cl-salphen),]-0.5CICH,CH,CI N,O, 3.9231 113.39 F 2000 48.09 5.64 x 10°° 12
[Dy,(L*)(acac),] N,Oq 3.931 116.27 F 0 139 1.3x107° 13
[Dy,(LY)(CI- salphen)z] N,O,4 3.953 115.71 F 0 82 8.9 x 107" 13
[Dy,(dbm), (L°H,),]-H,0 N,Oq 3.804 109.5 F 0 76.18 2.54 x 10°% 31
[Dy,(L®),(dbm),(DMF),]-3CH;0H NO, 3.7701 106.83 AF 0 11 1.00 x 107° 32
3.7505 106.80
[Dy,(NO;),(saph),(DMF),] NO, 3.738 107.2 F 0 24.8 3.0x10°° 33
231 4.4 x 1077
[Dy,(bfbpen),(H,0),]-21 N,0, 3.845 109.45 AF 0 20.9 3.68 x 107° 34
[Dy,(bebpen),(H,0), ]21 -0.5H,0 N,0, 3.861 110.01 AF 0 72.7 679 x 1077 34
DyZ(L ),(dbm),(dma),] NO, 3.753 106.16 AF 0 124  2.87 x 10°° 35
Dyz(L )2(dbm),(DMF),] NO, 3.773 106.55 AF 0 108 212 x 107° 35
DyZ(L ),(dbm),(DMF), ] NO, 3.7270 106.5 AF 0 24 1.36 x 10°° 36
[Dy,(L%). (dbm),(dma),]- 2DMA NO, 3.7198 105.3 AF 0 77 2.74 x 107% 36
[Dy,(acac), (HL )] 6C,H;O0H NO, 3.8644 110.97 F 800 48.42 5.30 x 10°° 37
[Dy,(bfa),(HL’ )2] 2C,H;0H NO, 3.7917 109.80 AF 800 54.82 520 x 1077 37
[Dy,(tmhd),(HL *)4]-4C,H;OH N,O4 3.8829 108.84 AF 3000 60.59 3.52 x 107'° 37
{Dyz(Llo) (L'),(diphenyl phosphate),(MeOH),} N;Og 3.8509 111.20 AF 0 233 1.02 x 10 '° 38
{Dy,(L"%)5(L""),(NOs),} N;O05 3.7510 108.5 AF 0 51.4 3.5x10°° 38
[Dy,(dbm),(0Q),(MeOH),] NO, 3.908 3.908 AF 3000 109.5 4.23 x 107° 39
[Dy(api)],-2CH,Cl, N,0, 3.808 110.596 AF 1500 18.19 10.9 x 10°° 40
[Dy(Clapi)],-2C4HsO N,O, 3.814 110.509 AF 700 27.99 2.92 x 10°° 40
[Dy(Clapi)],-2C;HsO N,0, 3.827 110.626 AF 500 16.35 12.6 x 10°° 40
ij(clapi)]Z»ZCHZCI2 N,0, 3.839 110.59 AF 0 24.77 7.2 x10°° 41
[Dy,(L'?),]-4CH;CN N,O, 3.896 110.4 AF 800 18.9  3.92x 107° 42
[Dy,(L"%), (Ll? (CH;0H),] NO, 3.833 111.12 F 0 69 1.37x 10°° 43
[Dy2(L"%), (L ,(CH;0H),] NO, 3.831 111.52 F 0 51 4.54x 10°° 43
[(Pc)2Dy,(L'®),(H,0)] N,O, 3.936 10.166 F 0 59.5 1.6 x 1077 44

H,L? = 1,9-dichloro-3,7,11,15-tetraaza-1,9 (1,3)-dibenzenacyclohexadecaphane-2,10-diene-1,9-diol; H,L*> = a macrocyclic ligand derived from 4-
methyl-2,6-diformylphenol and 1,3-diaminopropane; Cl-salphenH, = N,N’-bis(5-chlorosalicylidene)-o-phenylenediamine; H,L* = a macrocyclic
ligand derived from 4-tert-butyl-2,6-diformylphenol and o-phenylenediamine; H;L®> = (1E,3E)-2-hydroxy-5-methylisophthalaldehyde dioxime;
Hdbm = dibenzoylmethane; H,L® = 2-((2-hydroxy-3-methoxybenzylidene)amino)acetic acid; Hpsaph = N-salicylidene-o-aminophenol; H,bfbpen =
N,N'-bis-(2-hydroxy-5-fluoro-benzyl)-N,N’-bis-(pyridin-2-ylmethyl)ethylenediamine; H,bcbpen = N,N’-bis-(2-hydroxy-5-chloro-benzyl)-N,N’-bis-
(pyridin-2-ylmethyl)ethylenediamine; H,L” = 2-(2-hydroxy-3-methoxybenzylidene) hydrazine-1-carboxylic acid; dma = dimethylacetamide; H,L® =
2-hydroxy-N'-(2-hydroxy-3-methoxybenzylidene)benzohydrazide; H,L° = 5-methylsalicylaldehyde-2-aminobenzoylhydrazone; Hacac = acetylacetone;
Hbfa = benzoyltrifluoroacetylacetone; Htmhd = 2,2,6,6-tetramethylheptane-3,5-dione; L'® = (E)-2-(((2-hydroxyphenyl)imino)methyl)-6-
methoxyphenol; L'' = 1,10-phen; OQ = 8-quinolinolate; Hzapi = 2-(2-hydroxyphenyl)-1,3-bis[4-(2-hydroxyphenyl)-3-azabut-3-enyl]-1,3-imidazoline;
H;Clapi = 2-(2’-hydroxy-5’-chlorophenyl)-1,3-bis[3'-aza-4'-(2"-hydroxy-5"-chlorophenyl)prop-4’-en-1'-yl]-1,3-imidazolidine; L'? = Ny,N,,N3,N,-tri(3-

methoxysalicylidene)triethylenetetramine; H,L' =

2-((2-hydroxybenzylidene)amino)phenol; HL'* = 2,6-dimethoxyphenol; H,L" = 2-(((2-

hydroxyphenyl)imino)methyl)naphthalen-1-ol; Pc = phthalocyanine; and HL'® = 2-hydroxy-3-methoxybenzaldehyde.

the Dy-O-Dy angle (112.73°, average value) within the Dy,0,
core in 6p, are the shortest and smallest, respectively, among
these three compounds, and thus one can expect much better
magnetic relaxation behaviour in 6p,. In reality, no such
pronounced effect is observed from the magnetic study. The
presence of two slightly nonparallel single-ion magnetic aniso-
tropy axes possibly leads to slightly weaker magnetic anisotropy
in the molecular entity, which counterbalances the effect of the
shorter Dy- - -Dy distance and smaller Dy-O-Dy angles to bring
the magnetic relaxation behaviour of 6p, very closer to other
complexes. Notably, the previously reported B-diketonate Dy,
complexes with a very similar ligand,"""> with the only excep-
tion that the reported analogue was constructed with a Robson
type macrocycle while in the present case alternate nitrogen

1730 | New J Chem., 2022, 46, 11722-11733

atoms are amine and imine functionalities, and displayed slow
magnetic relaxation only under an external dc field. Such a
small structural difference along with the presence of lattice
solvent molecules made the present system (2py) a zero field
SMM, indicating that the increased flexibility in the macrocycle
played a crucial role in the slow magnetic behaviour in these
complexes.

Conclusions

In conclusion, three different sets of isomorphous dimetallic
Gd/Dy complexes have been synthesized from a bicompartmen-
tal N¢O donor Schiff based ligand (HL) in which lanthanide-
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assisted in situ cyclisation of the acyclic Schiff base to the
macrocyclic ligand is observed. The in situ transformation
mechanism of these complexes is explored by means of mass
spectrometry in detail. The resulted macrocyclic ligand is
similar to the Robson type macrocycle, except that alternate
N-atoms are imine and amine functionalities. This type of
macrocyclic ligand is extremely rare and is indeed difficult to
synthesize via regular synthetic methods. Our continuous effort
to develop a new synthetic methodology could attract research-
ers worldwide for synthesizing similar types of uncommon
macrocycles. X-Ray crystallography revealed that the lanthanide
centres in these complexes adopt slightly distorted square
antiprismatic coordination geometries. Magnetic interactions
between the Gd** complexes are found to be antiferromagnetic,
while Dy*" ions are ferromagnetically coupled in dimetallic
complexes, and the detailed analysis with Gd analogues dis-
closes the significant influence of the different -diketonate co-
ligands on the strength of the magnetic interactions. Dynamic
magnetic studies revealed that all three Dy complexes are
SMMs under zero dc field and surprisingly found very close
effective energy barriers in these complexes. Although, from the
structural parameters like the Dy- - -Dy distance and the Dy-O-
Dy angles, one can expect better slow magnetic responses on
moving from 2py to 4py t0 6py, the inclusion of solvent mole-
cules in the crystal void in 2py and a slight deviation from the
parallel orientation of the single-ion magnetic anisotropy axes
in 6py overall describe the comparable relaxation mechanism in
these complexes. Therefore, this work discloses that several
factors are responsible for understanding the slow magnetic
relaxation in Dy-based complexes in which complementary and
counter complementary effects overall describe the magnetiza-
tion dynamics.
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