A dinuclear dysprosium Schiff base complex
showing slow magnetic relaxation in the absence
of an external magnetic field¥
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A dinuclear dysprosium(in) complex [Dy>(NO3)3(L)3]-nCHzOH (n = 1.20; HL = (2-[(2-hydroxy-propylimino)-
methyllphenol)) (1) was isolated when dysprosium nitrate reacted with a solution of salicylaldehyde and
1-amino-2-propanol in a basic medium under in-situ reaction conditions. The isolated complex was
characterized by single crystal X-ray diffraction studies at room temperature. The complex is built up of a
dinuclear {Dy,} molecule in which the two Dy(i) central atoms are triply linked by O-monoatomic bridges
arising from deprotonated hydroxyl groups of the three L ligands; these act as doubly chelating & bridging
ligands. Both Dy(i) atoms exhibit nona-coordination with donor sets OgN and O;N,, respectively. The
coordination spheres of the respective Dy(i) atoms are completed by one or two chelating nitrato ligands.
The magnetic properties of 1 have been investigated by DC and AC susceptibility measurements. The DC
measurements reveal a slight exchange coupling of an antiferromagnetic nature. The out-of-phase AC
susceptibility signal is seen even at zero applied field. The low-frequency relaxation mode is supported by

an external magnetic field.

Introduction

Single-molecule magnets (SMMs) are usually coordination
compounds, showing superparamagnetic nature below a certain
blocking temperature at the molecular level and having diverse
applications in high density information storage, quantum
computing and molecular spintronics." * This interdisciplinary
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field of molecular magnetism has undergone revolutionary
changes since the early 1990’s.” In continuation of the very first
dodecanuclear manganese SMM,> there have been ample
homometallic® '° and heterometallic'" *® transition metal SMMs
reported in the literature to date. Lanthanide based SMMs have
received special attention in this area on account of their large
spin state and high magnetic anisotropy."*"® >
discovery of the exotic Dy; by Powell et al.”* and because of its
large magnetic moment and high anisotropy, Dy(ur) based SMMs
have drawn the attention of many investigators.”® *” The sig-
nificance of Dy-SMM chemistry is very remarkable as evident
from the discovery of dinuclear*® and pentanuclear®® aggregates
with a high energy barrier for the reversal of magnetization.

It has been revealed in the previous studies*®*! that the
ligand field and the coordination geometry generally have a
pronounced effect on the magnetization dynamics. In this
context, Schiff bases are ideal candidates because of their fine
tunability for the ligand field by varying the substituents of
both aldehydic and amine precursors.’™*>*3

This fact is supported by the large number of reports on
constructing lanthanide-based SMMs>® *” especially those based
on dysprosium'®?'**** and Schiff bases, which can be effectively
employed in constructing SMMs with desired properties.

Herein, we report our investigations on the single crystal
structure at room temperature and field dependent magnetic
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Scheme 1 The Schiff base ligand
1-amino-2-propanol.

(HoL) from salicylaldehyde and

properties on the methanol solvate of the dinuclear dysprosium(m)
complex [Dy,(NOj3);(L)s]-#CH3;OH with L being a deprotonated
Schiff base derived from salicylaldehyde and 1-amino-2-propanol
(Scheme 1), synthesised by an in-situ method.

Experimental section
General procedures

All starting materials such as dysprosium nitrate hexahydrate,
salicylaldehyde, 1-amino-2-propanol, triethylamine and methanol
were of analytical reagent grade and were used as commercially
obtained without further purification. For preparing the complex,
the lanthanide salt was added dropwise to a stirring solution of
salicylaldehyde with 1-amino-2-propanol and triethylamine in a
1:1 ratio in methanol. Elemental analysis for C, H, and N was
carried out on Flash 2000 CHNSO apparatus (Thermo Scientific).
FTIR spectra were measured in the region 400-4000 cm ' at room
temperature (Shimadzu IR Affinity ).

Magnetic susceptibility data were collected at temperatures
between 2-300 K using a Quantum Design MPMS-XL SQUID
magnetometer equipped with a 5 T magnet at an external field
of 0.1 T. The samples were ground and fixed in a gelatine
capsule using small amounts of eicosane to avoid any move-
ment of the sample. The experimental magnetic susceptibility
data were corrected for the underlying diamagnetism.

Synthesis of dinuclear dysprosium Schiff base complex (1)

A solution of Dy(NO;3)-6H,O (1 mmol, 0.348 g) in 15 mL
methanol was added dropwise to a stirred methanolic solution
of salicylaldehyde (1 mmol, 0.122 mL) and 1-amino-2-propanol
(1 mmol, 0.075 mL) in the presence of triethylamine (1 mmol,
0.101 mL) (50 mL). The resultant mixture was refluxed for
4 hours in an oil bath, cooled and filtered. Vapour diffusion
of diethyl ether to the filtrate yielded yellow blocks of crystals
suitable for X-ray diffraction. The complex was collected by
filtration and washed with cold MeOH and dried in air and
vacuum. Yield: 180 mg/33% Anal. caled for complex 1,
C3oH36Dy,NgO55 + 1.2 methanol (Mr = 1082.86) (Scheme 2): C,
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Scheme 2 Schematic representation of the reaction procedure to obtain
complex 1.

34.54%; H, 3.65%; N, 7.75%. Found: C, 34.47%; H, 3.49%; N,
7.63%. IR (KBr disc)/em™: 3389(Br), 1635(s), 1588(m), 1551(m),
1468(w), 1431(w),1281(s), 1135 (m), 1027(s), 892(m), 772(s),
659(s), 607(m), 412 (m).

X-ray crystallography

X-ray diffraction measurements were taken at 299.15 K on a
Gemini diffractometer (Rigaku-OD) with an Atlas S2 CCD
detector with graphite-monochromated Mo Ko radiation (4 =
0.71073 A). The data collection was done using the CrysAllisPro
system.”” The data were corrected for absorption using numer-
ical absorption correction based on Gaussian integration over a
multifaceted crystal model, with Ty,;, = 0.520 and Ty, = 0.623.
The structure of the compound was solved by direct methods
and refined by full-matrix least-squares techniques on F* using
program SHELXT,® *® which was incorporated in the WinGX
program package.*® All non-hydrogen atoms including the well-
defined methanol solvate molecule were refined with anisotro-
pic thermal parameters. Hydrogen atoms on the Schiff base-
type ligands were placed in the calculated positions and
allowed to ride on the parent atoms with isotropic thermal
parameters tied with the parent atoms (U(H) = 1.2U(CH,) and
U(H) = 1.5U(CH;)), but the positional coordinates of the
methine ( C)-H hydrogen atoms were freely refined while
the positional coordinates of the hydroxyl hydrogen atoms
within the ligand and in the methanol (C41, O41 atoms) solvate
molecule were refined with application of restrained O-H
distances. The site occupation factor of the well-defined methanol
molecule was refined and its value converged to 0.870(7). The
packing mode of the dinuclear complex molecules leads to the
formation of channels running along the —3 axis. In the differ-
ence map were found small maxima positioned on this axis and
these were interpreted as additional disordered methanol solvate
molecules with half occupancies due to the closeness of their
positions. Due to the disorder and very high thermal motion,
these atoms were included in the model with isotropic thermal
parameters and no attempt was made to localize the hydrogen
atoms of these molecules. Structural figures were drawn using the
Diamond program.>® Crystal data and refinement results for
the complex are summarized in Table S1 (ESIt) and the selected
bond lengths and bond angles of the complex are presented in
Table S2 (ESIt).

Results and discussion

The dinuclear dysprosium complex 1 was isolated by reacting
hydrated dysprosium nitrate with salicylaldehyde and 1-amino-
2-propanol in the presence of triethylamine in a methanolic
medium under in situ conditions. The Schiff base ligand is
chelated to each metal center in a tridentate fashion (Scheme 2
and Fig. 1). The dinuclear complex 1 was crystallized from
the reaction mixture by vapor diffusion of diethyl ether. A
somewhat similar structural motif like that of 1 has been
reported by Zhang et al at 186 K.”' In addition, they have
studied the luminescence properties of the dinuclear aggregates.



Fig. 1 (a) Thermal ellipsoid plot of the dinuclear complex molecule in 1.
The carbon and hydrogen atoms are not labelled for clarity. The thermal
ellipsoids are drawn at the 30% probability level; (b) the dinuclear {Dy,}
core in 1.

Our compound was isolated under in situ conditions in compar-
ison with Zhang’s compound, which was prepared from a
prepared Schiff base ligand. In the present study, we have
created flexible reaction conditions by which the metal can bind
to a variety of coordinating ligands in addition to the Schiff base,
such as precursors, solvents etc.

In the infrared spectra of complex 1, the intense band at
1635 cm ' is assigned to the azomethine groups, /(C N).
The broad band around 3375 cm ' is assigned to the O-H
vibrations of the aliphatic alcoholic portion in the ligand. The
stretching frequencies at about 1135 cm ' for the complex
are attributed to the coordinated C-O of ring phenolic oxygen
(Fig S1, ESI).”?

Structural description of 1

The crystal structure of 1 had already been studied at 186 K
(PICBUA) along with some other isostructural Ln(ur) complexes,
but the detailed structural description was not given in that
study.>! As we have decided to study the magnetic properties of
the title complex 1, we have redetermined its crystal structure at
RT and here we briefly describe the molecular and supramole-
cular structure of 1, which is relevant with respect to the
studied magnetic properties. A look in Table S1 (ESIt) shows
that the unit cell volume of complex 1 at RT is higher
(18858.4(12) A) than the one measured at 186 K (18713.5(1) A)
and this is what was expected due to different temperatures of
the X-ray experiments. We note also different contents of
methanol solvent molecules at RT and 186 K (PICBUA) as we

have found additional highly disordered methanol solvent
molecules in the formed canals (see below). The crystal struc-
ture of 1 is built up of dinuclear complex molecules in which
two Dy(m) atoms are linked by three deprotonated Schiff base-type
ligands L (Fig. 1). The distance between the two Dy(u) atoms is
rather short, 3.4552(2) A and 3.454 A at 186 K.°* Similar closeness
of two Dy(m) atoms (3.485 A) in dinuclear triply O-bridged com-
plexes was already observed, e.g. in [Dy,(quin),(NO;);]-Hyquin:
CH;OH (Hquin = 8-hydroxyquinoline).”® Such close arrangement
of two Dy(ur) atoms may be important from a magnetic properties
point of view as it may lead to magnetic exchange interactions
between them.

The three crystallographically independent Schiff base
ligands L act as tridentate ligands forming two chelate rings
with one Dy(i) central atom and, at the same time, it acts as a
bridging ligand linking the two Dy1 and Dy2 atoms by phenox-
ido O-monoatomic bridges (011, 021 and 031) (Fig. 1). The
corresponding Dy-O-Dy angles are 95.64(1)°, 95.63(1)° and
95.74(1)° for Dy1-O11-Dy, Dy1-021-Dy2 and Dy1-O31-Dy2,
respectively (Fig. 1b). The bridging atoms O11, 021 and 031
form an approximate isosceles triangle with O11---021,
O11---031 and 021---031 distances of 2.697(5) A, 2.799(4) A
and 2.625(3) A, respectively. These values are slightly smaller
than those reported in similar other lanthanide dinuclear
complexes®>*"** (Table S2, ESIt). Both Dy(m) atoms are non-
acoordinated but their respective coordination spheres as to
the composition are different with O,N, and OgN donor sets;
three chelating nitrate ligands contribute to the coordination of
the respective Dy(u) atoms, one is coordinated to Dyl and two
to the Dy2 atom (Fig. 1a). Results of the SHAPE calculations®’
indicate that the coordination polyhedra around the respective
Dy(m) atoms can be best described as spherical tricapped
trigonal prisms (Fig. 2, Table S3, ESIt). The Dy-O and Dy-N
bonds are in the range 2.293(2)-2.634(4) and 2.480(5)-2.537(5) A,
respectively and these values are longer in comparison with the
one measured at 186 K (2.287-2.608 and 2.468-2.533 A), as
expected.

The neighbouring dinuclear dysprosium molecules are
interconnected by O-H:--O type hydrogen bonds in which
nitrato ligands and solvate methanol molecules are involved
(Fig. 3 and Table S4, ESIt). These hydrogen bonds lead to the
formation of a supramolecular chain-like arrangement of the
dinuclear molecules (Fig. 3). The packing view along the ¢ axis
shows that the packing of the dinuclear complex molecules
leads to the formation of channels running along the ¢ axis and

N21

Fig. 2 View of the coordination polyhedra of the respective Dy(i) atoms
in 1.



Fig. 3 View of the hydrogen bonding system in 1. For the sake of clarity,
carbon atoms and hydrogen atoms not involved in hydrogen bond
formation are omitted. Dy(i) atoms are yellow balls while nitrogen atoms
are blue balls. Symmetry codes: i: 1/3 —x +y, 2/3 —x, =1/3 + z; ii: 2/3 — y,
13+ x -y 1/3+z

these channels are occupied by additional solvent methanol
molecules (Fig. 4). The packing view along the a axis is shown
on Fig. S2 (ESIt). These highly disordered methanol solvent
molecules in the canals are rather isolated from other atoms in
the structure as no non-covalent contacts up to 4 A were found.

DC magnetic data

The Dy(m) centre in its ground state (multiplet) °Hj;,, possesses L =
5,8 =5/2,and J=L + S = 15/2. The product function then adopts a
value of yT/C, = 37.78 (dimensionless, C, = Nafiouis>/ks is the
reduced Curie constant containing only fundamental physical
constants in their usual meaning); for two centres it is 75.6. The
value observed at room temperature is y7/C, = 68.9 and it decreases
on cooling to 27.3 at T'= 2.0 K. The temperature dependence of the
effective magnetic moment is shown in Fig. 5. Its room tempera-
ture value is fieg/ptg = 14.4 and it drops to 9.1 at T = 2.0 K. The
magnetization per formula unit at 7= 2.0 K and B = 7 T approaches
the value of M; = My,l/Nayg = 11.5 (Fig. 5, right).

A simple coupling scheme for dinuclear species utilized the
Hamiltonian that involves the isotropic exchange coupling
constant J.,, the anisotropic g-factors (g, gx), and partially the
crystal-field effects via the Stevens operators B,> and B,”

I:Ia - —Jex(fl j2)h 2+;uBBga(j21 +j22)h : ( )
1

+ Bl (Ja% = J2/3) + Bi(J 2 — J?2/3)h

Fig. 4 View of the packing of the structure of 1 along the c axis. Only the
shared polyhedra around the Dy(ii) central atoms are shown for clarity. The
large red balls represent the positions of the methanol solvate molecules in
the channels between the complex molecules.
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Fig. 5 DC magnetic data for 1. Solid lines - fitted with the exchange
coupling model (left). Field dependence of the magnetization per formula
unit (right).

(@ = z, x) with constituent angular momenta J = 15/2 and the
corresponding operators. The fitting procedure gave Je./hc =
-0.007(2) em ', By’/hc=5(3) em ', B> ~ 0, g, =1.3(6) and g, =
1.2(1) (close to the theoretical value of g; = 4/3). Such a small
value of the exchange coupling constant means that the
maximum at the susceptibility vs temperature curve is not seen
(it lies below 2 K). Notice, the angles Dy-O-Dy = 96 deg are close
to the border when the antiferromagnetic coupling switches to
the ferromagnetic one.*

AC susceptibility data

The AC susceptibility data for 1 are displayed in Fig. 6. This
system shows slow magnetic relaxation even in the absence of
an external magnetic field. The field dependence of the out-of-
phase susceptibility for individual frequencies f of the AC field
shows two peaks confirming that there are two relaxation
channels: the low-frequency LF, and the high-frequency HF.
However, the maximum of the HF peak lies above the hardware
limit ( f > 1500 Hz). With increasing external magnetic field,
the HF peak tends to be suppressed and the LF peak bears
significance.

The in-phase and out-of-phase susceptibility were fitted
simultaneously by employing the two-set Debye model and
minimizing the combined functional based upon relative errors
of two data sets: F= E(y') x E()") - see ESLt This model consists
of seven free parameters: a pair of isothermal susceptibilities
yr1 and yro, two distribution parameters o; and «,, and two
relaxation times 7; and 1, along with the common adiabatic
susceptibility ys. The low-frequency channel is strongly sup-
ported by the external magnetic field. At T = 2.0 and Bpc = 0.1,
0.2, 0.3, 0.4 and 0.5 T, the mole fraction of the low-frequency
species rises as xpr = 0.02, 0.06, 0.43, 0.46 and 0.48, respectively;
along this series the relaxation time is tpy = 21(8), 49(7), 48(4),
51(3) and 57(2) ms, respectively. Because of the limited amount
of HF data, the parameters for the HF channel suffer from large
standard deviations. Therefore, the temperature effect giving
rise to the Arrhenius-like plot Intyy vs. T ' has not been
studied. The problem unresolved so far is that there is a lack
of any theory concerning the nature of the low-frequency
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Fig. 6 Field dependence (top) and frequency dependence (bottom) of
the AC susceptibility components [SI units] for L at T = 2.0 K. Full lines —
fitted, dashed — guide for the eyes.

channel in AC susceptibility data. All existing theories refer to
the “standard” situation for the single frequency or high-
frequency relaxation channels.

Conclusions

In-situ condensation reaction of Dy(NO3);-6H,O with salicylal-
dehyde and 1-amino-2-propanol in the presence of triethyla-
mine in methanol generated a nine-coordinated dinuclear
complex [Dy,(NO;);(L);]-nCH3O0H (n = 1.20) with a {Dy,0;} core
and short Dy---Dy distance of 3.4552(2) A (1). The magnetic
property studies of 1 in the 2.0-300 K range revealed weak
antiferromagnetic interactions. AC susceptibility studies of 1
show slow magnetic relaxation even in zero field. The low-
frequency relaxation channel is strongly supported by the
external magnetic field. At Bpc = 0.5 T and T = 2.0 the mole
fraction of the low-frequency species is x;r = 0.48 and the
relaxation time is 7. p = 57 ms.
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