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Zero-field Slow Magnetic Relaxation Behavior of Dy, in a
Series of Dinuclear {Ln,} (Ln=Dy, Tb, Gd and Er) Complexes:
A Combined Experimental and Theoretical Study

Soumalya Roy*"” Pooja Shukla®,” Prem Prakash Sahu,” Yu-Chen Sun,” Naushad Ahmed,"
Subash Chandra Sahoo," Xin-Yi Wang,*¥ Saurabh Kumar Singh,*™ and Sourav Das*"

A series of dinuclear lanthanide(lll) complexes having general
formulae [Ln,L,(thd),]-2CH,CN {Ln=Dy"(1), Tb"(2), Gd"(3), Er"(4)}
were successfully synthesized using Schiff base (E)-2-((pyridin-2-
ylmethylene)amino)phenol  (LH) and co-ligand 2,2,6,6-
Tetramethyl-3,5-heptanedione (Hthd). The single crystal XRD
data shows that complexes possess a dinuclear planar [Ln,(u,-
0),]*" core where phenolate oxygen atoms act as bridges
between the two Ln" ions, and that the coordination sphere of
Ln" with eight coordination has distorted trigonal dodecahe-
dron geometry. The magnetic analysis shows complex 1 is a

Introduction

Single-molecule magnets (SMMs) are a class of molecular
materials known to block the magnetization at least for 100 s
below a certain temperature, known as blocking temperature
(T5),® which makes them ideal candidate in the advancing field
of quantum computing,”’ information storage,” spintronics,”
and ultrahigh-density magnetic recording.® These materials
depict the characteristic trait of an energy barrier (Uy) that
slows down magnetic relaxation phenomenon when the
magnetic field is removed. The higher value of effective energy
barrier should give larger blocking temperature; however, the
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single molecule magnet having a zero-field effective energy
barrier (U.4) of 54.02 K and relaxation time of 7,=4.45x10°s.
Field-induced SMM behavior has been observed for 4 with an
effective energy barrier of 26.9 K and t1,=2.4x107° s. CASSCF +
RASSI-SO calculations on 1, 2 and 4 provide deep insight
regarding the electronic structure and single-ion anisotropy of
lanthanide ions. Further, using state-of-the-art ab initio calcu-
lations, the nature of magnetic anisotropy and magnetic
exchange interaction between the Ln" centers is analyzed to
shed light on the magnetic dynamics of all the complexes 1-4.

presence of quantum tunneling of magnetization (QTM) can
drastically reduce Tg. Henceforth, research activity in the field of
SMMs has been predominantly focused on quenching the QTM
effect and increasing the Ty to facilitate the incorporation of
SMM in nanosized devices. The anisotropic energy barrier can
be modulated by a subtle change of ligands fields, the
coordination geometry around the metal center, based on steric
effect and electronic effect, which provides relevant information
regarding the design and assembly of advanced Ln"-based
SMMs.”# Utilizing these concepts, SMMs with U, and T, values
as high as 2220 K® and 80 K® respectively were reported.
However, such correlations in polynuclear Ln" complexes,
where modifications of intermolecular magnetic interactions
can be done through ligand field manipulation, are likely to be
key factors in determining the dynamics of magnetic relaxation
behavior.">'¥ Dinuclear lanthanide complexes being the sim-
plest molecular units can provide a detailed insight into the
magnetic interactions between spin carriers. A thorough
investigation of such systems can enhance understanding
regarding the magnetic exchange between lanthanide ions and
the favourable alignment of anisotropy axes.”™? These
elements can be regulated by the coordination sphere and/or
bridging ligands which  behave as superexchange
pathways.”*® Recent studies in lanthanide chemistry show
even a small change in ligand coordination can drastically
modify the overall magnetism dynamics of the complexes.**
Thus, designing and isolating dinuclear SMMs in a controlled
manner, one can build larger motifs using a bottom-up
approach and construct SMMs with higher effective energy and
blocking temperature. So, the synthesis of dinuclear complexes
with small modifications in their coordination environments can
be a promising approach to gain desired knowledge on
complicated magnetic interactions and the effect of anisotropy

© 2021 Wiley-VCH GmbH
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Scheme 1. Synthetic diagram of complexes 1-4.

on its magnetic dynamics.®>*? For example, the modification of
the terminal group on the ligand has been known to enhance
the energy barrier dramatically by stabilizing the ground
Kramers doublet (KDs).***® Thus, the intricate nature of
dinuclear complexes contributes to the in-depth understanding
of magnetic interactions, which can assist us in increasing the
magnetic exchange interactions between spin centers and
further improving the blocking temperature of SMMs. Recently,
Yao and co-worker®® have reported three phenoxyl-bridged
dinuclear lanthanide complexes where the Dy analogue exhibits
intramolecular Dy"-Dy" magnetic coupling up to 15.00 cm™,
which is one of the strongest for reported {Dy,} complexes.
Konar and co-worker®™ have suggested through experimental
and theoretical analysis the role of the binding mode of the
terminal ligands affecting the magnetic dynamics in the studied
complexes. Pineider and co-worker®" have reported a dinuclear
Dy" complex with an energy barrier of 1311 K and hysteresis
opening of 16 K where the effect of the electronic structure of
Ln" complexes on the magnetic field behavior is studied.
Keeping above points in mind, we employed a simple yet
effective  Schiff based-ligand LH=((E)-2-((pyridin-2-ylmeth-
ylene)amino)phenol) with co-ligand Hthd =2,2,6,6-Tetramethyl-
3,5-heptanedione to synthesize a series of dinuclear lanthanide
complexes [Ln,L,(thd),]-2CH,CN (Ln=Dy"(1), Tb"(2), Gd"(3), Er"-
(4)) (Scheme 1). The structural properties, magnetic aspects, and
ab initio calculations were studied extensively to understand
the delicate nature of dinuclear SMMs.

Results and discussion

Schiff-based ligands having multiple donor atoms are highly
effective in forming both heterometallic 3d/4f and homometal-
lic 4f complexes." Although, the Schiff base ((E)-2-((pyridin-2-
ylmethylene)amino)phenol) (LH) ligand has been utilized pre-
viously in assembling polynuclear 3d, 3d/4f and 4f
complexes.*®7? Still, we expected that dissimilar self-assembly
is possible in the presence of co-ligand, which can manipulate
the local structure around the Ln" ion. Accordingly, the step-
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(H;C)3C
(H3C)sC

Ln=Dy"(1), Tb'(2), Ga"™(3), Er'"'(4)

wise reaction of LnCl;-6H,0 with ligand LH, followed by the
addition of two moles of base Et;N along with co-ligand Hthd
in a mixture of methanol and acetonitrile solvent, gave red
block-shaped crystals of complexes [Ln,L,(thd),]-2CH,CN
(Ln=Dy"(1), Tb"(2), Gd"(3), Er"(4)).

Crystal Structure of [Dy,L,(thd),]-2CH;CN (1)

Single-crystal XRD studies revealed that complexes 1-4 possess
an isostructural dinuclear system with a triclinic space group P1
(Z=2). The unit cell comprises two discrete dinuclear entities.
Here, a detailed structural description of 1 is elaborated in
Figure 1. The molecular structures of the rest of complexes 2-4
are detailed in Supporting Information as Figure S1-S3 with
certain bond parameters of all complexes in Table S1-54.

Figure 1. Ball and stick model for the representative complex 1. (hydrogen
atoms are omitted).

© 2021 Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Eur]JIC . ..
doi.org/10.1002/ejic.202100983

European Journal of Inorganic Chemistry

Table 1. Comparison of metric parameters of complexes 1-4.

Description of Bond length and Bond angle 1 2 3 4

Ln...Ln 3.841(6)A 3.821(5)A 3.841(1A 3.787(4)A
LN—Ophenony 2.324(2)-2.407(2)A 2.330(3)-2.420(2)A 2.408(2)-2.353(2)A 2.299(2)-2.368(2)A
Ln—Nimine 2.518(3)A 2.532(3)A 2.544(2)A 2.485(3)A

Ln—N pyrigine 2.582(3)A 2.598(3)A 2.591(2)A 2.549(4)A
LN—Opgeragiktonate 2.341(3)-2.354(2)A. 2.300(3)-2.350(3)A 2.354(2)-2.370(2)A 2.273(2)-2.321(2)A
<Ln-0-Ln 108.5(1)A 107.6(1)A 107.5(1)A 108.4(1)A

< Oypn—Dy—Opnq 71.3(1)-71.6(1)A 70.7(1)-71.4(MA 70.54(8)-71.36(8)A 71.7(1)-72.2(1)A

Complex 1 consists of two Dy" ions along with two

deprotonated tridentate ligands [L]~ and four bidentate anionic
[thd]™ co-ligands. Each [L] ligand utilizes a w,-n": n': 1
coordination mode, while the [thd]™ ligand utilizes a bidentate
chelate mode (Scheme 2). The complex possesses a dinuclear
planar [Dy,(u,-0),]** core where phenolate oxygen atoms act as
bridges between the two Dy(lll) ions (Figure S4). In centrosym-
metric structure, each Dy" center has eight coordination with
two bridging phenolate oxygen atoms (u,-O), two mono
coordinated neutral N atoms (imine and Pyridyl) from deproto-
nated L~ ligands along with four oxygen atoms from two
monoanionic chelating [thd]™ co-ligands. Continuous Shape
Measurements values (CShM’s)"" obtained for complex 1
indicate that Dy" center presents in the trigonal dodecahedron
geometry (see TableS5). The sphere of Dy" with eight
coordination having trigonal dodecahedron geometry is illus-
trated in Figure S5. The Dy-Ophenoiate distances are 2.324(2)-
2.407(2) A. The bond distance of Dy-N,.. (2.518(3) A) is shorter
than that of Dy-Npq4a (2.582(3) A) and the Dy-O,4 (ranging
from 2341(3) to 2.354(2) A). The intra-ionic distance of
Dy"....Dy" is 3.8411(6) A and Dy-O-Dy angle range
108.511(104)°. The comparison between bond parameters of 1-
4 is given in Table 1. Certain examples of bond parameters of
dinuclear complexes in the literature are provided as Table S6.

The supramolecular interaction of 1 reveals interesting
intermolecular hydrogen bonding involving the solvent mole-
cule of acetonitrile (Figure S6a). The N6 atom of acetonitrile
molecule forms H-bond with C11-H11 and C45—H45 simulta-
neously. Further, the hydrogen atom H71 C of this acetonitrile
forms a hydrogen bond with N5 of other acetonitrile in the
same lattice. Apart from H-bonding from solvent atoms, another
H-bonding is found between two dimer units from
C—H10----C18, further strengthening the crystal packing. The
details of the bond distances of these interactions are given in
Table S7.

(o)
Scheme 2. Binding mode of [L]~ and [thd]™ with Dy(lll) ions in complex 1.
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Direct current (dc) magnetic susceptibility of 1-4

Temperature dependent magnetic susceptibility measurements
were performed in the range of 2-300 K under 0.1 T (Figure 2).
The room temperature yyT values of 29.66, 24.23, 15.96, and
23.65 cm®Kmol~'respectively for 1-4 are found to be slightly
higher than the calculated values for two non-interacting Ln"
ions in the free-ion approximation (see Table 2).

Upon decreasing the temperature, the y,T values of 3
remain constant upto 50 K and then decrease gradually upto
4 K. The precipitous falling of y,T values was observed below
4K and reached the minimum value of 7.86 cm*Kmol™". The
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Figure 2. DC magnetic susceptibilities for complexes 1-4. The solid red line
represents the POLY_ANISO simulated data, while the solid blue line
represents the best fit using PHI program. Note: The POLY-ANISO simulated
data were increased by 2% for complex 3 and 5% for complexes 1 and 2,
respectively, to meet the experimental values.

Table 2. Dc magnetic susceptibility data for 1-4.
Compound Ground state of T theoretical®/at Mat2Kand 7 T/
the Ln" ion 300 K/at 2 K Calculated™
[cm3Kmol~"] (Nug)
1 Hys00 9, =473 28.34/29.66/8.98 11.84/20
2 "Fe, g, =312 23.63/24.23/9.97 10.94/18
3 85,0 Gy =2 15.75/15.96/7.86 14.08/14
4 sy, gy =6/5 22.96/23.65/10.67  10.51/18
[a] Calculated with y, T = L‘S{ J -+ 1)}. [b] Calculated with
+1)—L( L 1
M = Ng,Jug;J = L+ S; g, =5+ 750D i
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xmT profile between the temperature range of 4-50 K indicated
the weak intramolecular antiferromagnetic interaction between
Gd" ions while sudden drop at a very low temperature
attributed to the small contribution of zfs parameter and or the
presence of intermolecular antiferromagnetic interaction in
complex 3. From the packing structure of complex 3 (Fig-
ure S6b) the closest distance between intermolecular Gd—Gd
was found to be 10 A so we can ignore the intermolecular
magnetic interaction. The gradual decrease in y,T profile of
complexes 1, 2 and 4 was observed upon decreasing the
temperature up to 10 K and then abruptly falling beyond this
temperature. This decrease in 1, 2, and 4 can be attributed to
the thermal depopulation of the excited m, sublevels of Ln"
ions, which arises due to the splitting of **'T", ground state of
the Ln" ions by the crystal field and/or possible weak
antiferromagnetic interactions between Ln*" centers.’?

The isothermal magnetization measurements were per-
formed at temperature 2-5 K for 1-4 and plotted as magnet-
ization (M=f(H)) and reduced magnetization (M=fHT™"))
curves (Figure 3). The field-dependent magnetization at 2 K for
compound 3 shows the linear response at a low applied
magnetic field, indicating the significant population of the
ground state of Gd" and the magnetization saturation value of
14.08 N observed at 70 kOe. A similar response of magnet-
ization at the low applied magnetic field was observed in the
case of complexes 1, 2 and 4, while the magnetization value
increases with increasing applied magnetic field and reaches
the value of 11.84, 10.94 and 10.51 Npg respectively at 70 kOe.
The lack of magnetic saturation indicates the significant amount
of magnetic anisotropy associated with these molecules, further
confirmed by the nonoverlapping nature of reduced magnet-
ization curves” (Figure S7-S10). To estimate the nature and
magnitude of magnetic exchange coupling J between Gd" ions,
we have fitted simultaneously the magnetic susceptibility and

16 -

0 14 2I8 4I2 56 70
H/ kOe

Figure 3. Field-dependent magnetization at 2 K for complexes 1-4. The solid
red and blue lines represent the POLY_ANISO simulated and PHI fitted data,
respectively.
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magnetization data using the PHI program?*

Hamiltonian (equation 1):

with the following

H = —J,(Sen-Saz)+ 9uPH + Dgy :
(S2—-S(5+1)/3) M
Where J is the exchange coupling, S, and S, are the ground
spin state, and D is the zero-field splitting parameter for Gd"
ions, respectively. The best fit is observed which reproduces the
magnetic data well with the spin-Hamiltonian (SH) parameters
J=-0.152cm™’, gy =2.0 (fixed) and D=—0.014 cm™". The sign
and magnitude of the magnetic exchange coupling J suggest
the presence of weak antiferromagnetic interaction between
the Gd" ions in complex 3 with small zero-field splitting.

Dynamic magnetic properties of complexes 1, 2 and 4

Frequency-dependent alternating-current (ac) magnetic sus-
ceptibility measurements were also performed in the temper-
ature range of 2-15 K under zero dc field for complexes 1, 2
and 4. The observable significant out-of-phase magnetic
susceptibility (y4") signals (Figure 4a) in the temperature range
of 10-15 K, clearly emphasize a typical single-molecule magnet
behavior for complex 1. The Cole-Cole (x"y=f (¥'y) plot was
depicted and fitted with the generalized Debye model (equa-
tion 2) to estimate the relaxation time (z) at various experimen-
tal temperatures. The fitted a parameters in the range of 0.1-
0.01 for the semi-circle Cole-Cole profile (Figure 4b) indicate the
narrow range of magnetization relaxation times for a single
relaxation process.

KT T X
ws(@) =g+ 77 () 2

The obtained t values were further used to construct the
Arrhenius (In(t)vs T') plot, which gives the non-linear curve
(Figure 4c), indicating the presence of QTM and other under
barrier magnetic relaxation processes such as Raman along with
Orbach process. To determine the energy barrier and various
magnetic relaxation processes, the non-linear plot was fitted
using QTM and Raman relaxations along with Orbach relaxation
processes following equation 3.

L . 1 [(—Usg
T (w7 ©)

The excellent fit was observed with the energy barrier of
5402 K (1,=4.45x107%s) for Orbach process (linear fit Fig-
ure 4C) while non-linear curve fit yielded with QTM (tqry=1.8%
1072s) and Raman (C=0.66s"' K" and n=3.2) relaxation
processes. The magnetic exchange coupling between two axial
Dy" ions in complex 1 suppresses the QTM to the maximum
extent and supports the slow magnetic relaxation at zero fields
(vide infra). This finding well consisted with some notable
examples of the reported Dy, SMMs (Table S8). In the case of

© 2021 Wiley-VCH GmbH
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Figure 4. Frequency dependence of the in-phase and out-of-phase ac susceptibilities (panel a) at the indicated temperature ranges, Cole-Cole and Arrhenius

plots (panel b and c) for 1 under the zero dc field.

complexes 2 and 4, no out-of-phase (y,,") signals observed in
the absence of the applied dc field indicate the very fast
magnetic relaxation through the tunnelling process between
the ground exchange states. The frequency-dependent y,,"
signals can be observed without clear maxima for complex 4
when applying 1 kOe dc magnetic field (Figure S13). The
application of the dc magnetic field is expected to lift the
degeneracy of the exchange states and minimize the QTM in 4.
In order to extract the energy barrier for complex 4, we have
applied In(y"/x')=In(wt,) +E,/ksT equation proposed by
Bartolomé."

The average energy barrier for the Orbach magnetic
relaxation process was found to be 26.9 K with 1,=2.4x107"s.
In the case of complex 2, there is no out-of-phase signals
observed even on the application of a dc bias field, indicating
the tunnelling splitting between the exchange doublet is very
large. Further, the dynamic magnetic behaviours for 1, 2 and 4
were rationalized with the computational studies (see the
computational section).

Eur. J. Inorg. Chem. 2022, 202100983 (5 of 13)

Theoretical Studies

This section has employed state-of-the-art computational
methodologies to understand the nature of isotropic exchange
coupling between the Gd" centers in complex 3, and the nature
of single-ion magnetic anisotropy and magnetic interactions
between anisotropic metal ions in complexes 1, 2, and 4. To
reduce the computational cost, we have prepared a model
complex of all the complexes, where the position of -CH,
groups was replaced by —H atoms. Later, we optimized the
position of all the hydrogens (see ESI for the hydrogen
optimized geometry).

Magnetic Exchange Interaction in Complex 3

The isotropic magnetic exchange interaction between the Gd"
centers of 3 was computed using broken-symmetry density
functional theory (BS-DFT) calculations. BS-DFT calculations
have been routinely used to study the magnetic exchange
interaction for various lanthanide complexes.”*®¥ X-ray struc-
tural data shows the presence of the two molecules in the
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asymmetric unit (ASU); however, we have taken one of them to
compute the magnetic exchange interaction due to structural
similarities. BS-DFT calculations yield an antiferromagnetic
interaction of —0.20cm™" between the Gd" centers. The
calculated J value reasonably agrees with the obtained
experimental J value of —0.15 cm™". The computed energy of
the high-spin, broken-symmetry solution along with spin-
densities on each Gd atom is listed in Table S9. In 4-O bridged
Gd, dimers, the /Gd—O—Gd bond angle is reported to be the
most influential parameter,”” where the smaller /Gd-O—Gd
bond angles (< 110°) offers antiferromagnetic interactions as a
result of significant overlap between the 4f-orbitals (Fig-
ure S14). It is pleasing to see that the obtained antiferromag-
netic exchange interaction agrees with previously developed
magneto-structural correlations.®” The overlap integrals be-
tween the corresponding 4f-orbitals were computed, and we
have observed two significant overlaps among the seven
corresponding 4f-orbitals (see Figure5). All the computed
overlap integrals values, along with the corresponding orbitals,
are listed in Table S10. These computed overlap integral values
directly correlate to the observed antiferromagnetic interaction
between the Gd" centers. DFT calculated spin-density analysis
reveals that spin is mainly localized at the Gd" center (Fig-
ure S15). A weak spin-polarization mechanism results in a
marginal gain in the spin-density at Gd" centers from their
expected value. A relatively small /Gd—O—Gd bond angle and
large avg. Gd—O bond distances result in an antiferromagnetic
exchange interaction between the Gd" centers in complex
3.57%9 Moreover, the computed J values nicely reproduced the
dc magnetic susceptibility of complex 3, highlighting the
efficacy of the DFT calculated J values (see Figure S17).

Magnetic Anisotropy in Complexes 1, 2, and 4

CASSCF calculations on complexes 1, 2, and 4 were carried out
to understand the nature of magnetic anisotropy and confirm
the observed dc magnetic properties. Calculations were
performed on the individual paramagnetic centers by replacing
other centers with their diamagnetic analogue Lu". The choices

of the active space and number of computed spin-states, spin-
orbit states for complexes 1, 2, and 4 are mentioned in the
computational methodology. To calculate the magnetic proper-
ties in Dy" ions in complex 1, here we have computed only 21
sextet states (°H, °F, and °P) with an active space of CAS(9,7).
The calculated spectrum of the spin-free sextet states spanned
over an energy window of ~35397 cm™, with the first excited
state placed at 9.3 cm™' higher in energy from the ground state.
RASSI-SO computed spin-orbit states emerging from these 21
spin-free sextet states spanned over an energy window of
~41482 cm™'. Due to the centrosymmetric structure, we have
observed a similarity in the computed energy spectrum (spin-
free and spin-orbit) for the Dy@1 and Dy@2 centers. The
computed spin-free states, spin-orbit states, along with g-
values, are reported in Table S11-S19. The low-lying eight
Kramer Doublets (KDs) emerging from the °H,;,, ground state
span over an energy window of ~546cm™', with the first
excited KD appearing at ~178 cm™' for the Dy@1 and Dy@2
centers (Figure S16). For both the centers, calculation advocates
highly axial g-values (g,,=0.0218; g,,=0.0428; g,,=19.594 for
Dy@1 and g,,=0.0218; g,=0.0428; g,=19.591 for Dy@2),
however lacking an Ising type feature (g9,=g,, ~0; g,, ~20).
Wavefunction decomposition analysis suggests that the ground
state composition is predominantly m, | +15/2):93%| +15/2) +
6.5% | +11/2) with a small admixing from | £11/2) state for
both Dy centers. The effect of the mixing is witnessed in the
computed ground state g-value, which possesses significant
transverse components. The first excited KD is predominantly
m; | £13/2) in nature with significant mixing with | +9/2) state
which brings substantial transverse component in the g-values
for both the Dy centers (g,,=0.702; g,, = 1.375; g,,= 15.464 for
Dy@1 and g,,=0.702; g,,=1.374; g,,=15.464 for Dy@2). For
both the Dy centers, the computed orientation of the main
magnetic axis of the ground state KD is perpendicular to the
disk type shape spin-density and passes closely (~20° degree)
through one of the shortest -O atoms of the -hthd ligand (see
Figure 6). CASSCF computed beta spin-density of the ground
state reveals a typical disk-like flattened shape, a characteristic
electron density representation of oblate shaped m, | +15/2)
state of Dy(lll) ions.®*%%1 A close inspection of the spin-

Figure 5. DFT computed spin-density of the high-spin state of complex 3 (left) along with two unrestricted corresponding orbitals (UCO) representing the
strongest overlap between the 4f orbitals of the Gd" ions (right). The yellow and violet color in the spin-density plot reveals the positive and negative spin-
densities, respectively. The spin-density plot was constructed using an iso-surface value of 0.0007 e /bohr’.
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Figure 6. A) CASSCF computed orientation of the main magnetic axis (g,,) of ground state KD for both Dy@1 and Dy@2 centers; B) CASSCF computed ground
state beta spin-density plot for both Dy centers; C) ab initio computed single-ion blockade barrier for complex 1 and D) for complex 4. The spin-density plot

was constructed with an iso-surface value of 0.001 e /bohr>.

density and orientation of the main magnetic axis reveals that
each eight coordinated Dy" ions possess four axial (—O atoms of
hthd ligands) and four equatorial bonds (coordinating atoms in
the molecular plane). Structural topology reveals that the avg.
Dy-L., bond (2.458 A) is larger than the avg. Dy-L, bonds
(2.318 A), alongside the axial ligands, possess higher charges
than the equatorial ones (see Figure S17 for the computed
Loprop charges). Thus more anionic ligands and relatively
shorter Dy-L,, bonds result in isolation of the m, | +15/2) as the
ground state. CASSCF computed orientation of the magnetic
axis along with ground state spin-density provided in Figure 6.
Due to the centrosymmetric structure, the main magnetic axes
of both the Dy" centers are collinear. For both the Dy" centers,
the computed orientation main magnetic axes (g,, vector) of
the first three low-lying KDs are nearly collinear (>2° degree),
which dictates the relaxation to occur via the fourth excited KD.
However, a significant transverse component in g-values of
ground and first excited KD indicates that the relaxation is likely
to occur via the first excited KD. The computed blockade barrier
shows a significantly large transverse moment within the
connecting first excited KDs (0.34 ) for both Dy" centers,
which enforces the relaxation to occur via the first excited KD.

Eur. J. Inorg. Chem. 2022, 202100983 (7 of 13)

We have also noticed a considerable large transverse moment
within the connecting ground state KD, highlighting the
possibility of the QTM. The computed axial and non-axial crystal
field (CF) parameters are of comparable strength, further
suggesting the possibility of the QTM within the ground state.
Thus, the theoretically calculated barrier height for complex 2 is
178 cm™ (256 K), almost five times higher than the experimen-
tal value. Such a large discrepancy between the computed and
experimental barrier height emerges from multiple factors,
including the presence of dipolar interactions, hyperfine
interactions, vibronic coupling, and the dynamic nature of
electrons.”®'% However, it is important to note here that two
molecules were observed in one unit cell, and our model
calculations do not account for such strong intermolecular
interactions (as calculations were carried out on the individual
molecules). These interactions cannot be kept aside as they
induce the QTM and dramatically decrease the barrier height. In
a nutshell, our detailed single-ion analysis indicates the
presence of multiple competing relaxations such as ground
state QTM and TA-QTM via first excited KD, which would result
in an observation of only a weak SMM characteristic for
individual Dy" centers.
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For complex 2, the computed energy spectrum of the low-
lying pseudo-doublets for the ground ’F, multiplet is spanned
over an energy window of ~852 cm™ for both the Tb centers.
The relative energies of the spin-orbit states and corresponding
g-tensors for pseudo-doublets, along with deviation from the
orientation of ground state pseudo-doublet, are listed in
Table S17. The computed ground state anisotropy is highly axial
in nature with a large g,, value of 17.385 and 17.382 for both
Tb@1 and Th@2 centers ((g,,=g,,=0) as per Griffith theorem).
The orientation of the main magnetic axis (g,,) of the ground
state pseudo-KD of Th centers is also aligned in the same
direction as the Dy g,, axis. The magnitude of the ground state
tunnel splitting (energy gap between the pseudo doublets) is
reasonably large, ~0.6 cm™' for both the Tb centers. This hefty
tunnel splitting indicates that QTM within ground state pseudo
KD is expected to be one dominant relaxation pathway. The
first excited pseudo KD orientation is ~151° degree away from
the ground state pseudo-KD, which ensures the relaxation
occurs via the first excited state. The large tunnel splitting
between the first excited pseudo-KD is 1.8 cm™', placing the
barrier height to be ~43 cm™' for the individual Tb" centers.
Our calculations indicate that the ligand field environment in
complex 2 is unsuitable for Tb" ions to attain a highly
anisotropic environment for magnetic relaxation. The unfavor-
able ligand field followed by significant QTM within the ground
and first excited KDs indicates no slow relaxation for the
individual Tb" centers in complex 2, which is in line with the
experimental observations.

For complex 4, we have computed only 35 quartet and 112
doublet states using an active space of CAS(11,7). The
calculated spectrum of the spin-free quartet and doublet states
spanned over an energy window of ~47211cm™' and
110998 cm™', respectively. RASSI-SO computed energy spec-
trum of low-lying eight KD emerging from “l;5, spanned over
an energy range of ~331cm™' with the first excited state
placed at ~26 cm™" higher in energy from the ground state KD
for both Er centers (Figure S18). The calculated ground state g-
values are (g,,=0.324; g,,=0.384, g,,=14.623) axial in nature
with significant transverse components. The energies of low-
lying KDs along with the g-values are reported in Table S19. The
composition of the ground state KD is mainly m,| +13/2):83%
| £15/2)+6.5% | +£7/2)+4.8%|£11/2) with a significant
mixing from the other excited | £7/2) and | +11/2) m), states.
The orientation of the main magnetic axis of the ground state
KD (g,,) passes through one of the —N atoms (~5.5° degree) of
the [L]” ligand (considered as an equatorial plane). Moreover,
the orientation of the first excited KD is ~71° degrees tilted
from the ground state KD, which ensures the relaxation occurs
via the first excited KD. This places the theoretically calculated
barrier height at ~26cm™ for Er'" ion in complex 4. The
computed blockade barrier indicates ground state QTM and TA-
QTM via the first excited KD is of comparable strength,
explaining why complex 4 lacks zero-field SMM behavior. This is
further supported by the computed CF parameters (see
Table S21), where non-axial terms are significantly larger than
the axial terms. It is gratifying to see that the same ligand
framework disfavors stabilizing the highest m, state for prolate

Eur. J. Inorg. Chem. 2022, 202100983 (8 of 13)

type Er'" ion while favoring the highest m, state for oblate type

Dy" ions - highlighting the concept of oblate vs. prolate ligand
field design.

Exchange Spectrum Analysis: To estimate the magnitude
and nature of magnetic interaction between the anisotropic
metal centers in complexes 1, 2, and 4 here, we have utilized
the SINGLE_ANISO input files of individual paramagnetic
centers and performed the simulation of dc magnetic proper-
ties using POLY_ANISO code (Table 526-528). The simulation
nicely reproduces the experimental magnetic susceptibility and
the magnetization data for complexes 1, 2, and 4 (see Figure 2
and Figure 3). The estimated coupling constants J,,=-0.18 cm™'
and J,,.=—0.12 cm™' represent the exchange contribution and
total (which includes dipolar Jg,, and exchange J,, interactions)
magnetic exchange interactions in complex 1. This indicates the
presence of predominant antiferromagnetic magnetic exchange
between Dy" centers with very weak ferromagnetic dipolar
Udipo=JrotaJex=—0.12—(—0.18) = +0.05 cm ") interaction (Jy,,)
in complex 1. The presence of such strong Dy"-Dy" interaction
is expected to block the QTM within the ground state and to
help to trigger the slow relaxation of magnetization for 1, which
corroborates our experimental findings. The estimated mag-
netic exchange values (J,,) for complexes 1-3 are reported in
Table S26. The exchange spectrum that arises from the POLY_
ANISO simulation is shown in Table 3 and Figure 7 for complex
1. It is evident from Table 3, as a result of the antiferromagnetic
interaction between the Dy" centers, the g,, value approaches
zero, which results in isolation of the non-magnetic ground
state. The ground state doublet notices a very small tunnel
splitting gap (9.0x10™°cm™) that is too small to facilitate
magnetization through the tunneling process. The small tunnel
splitting gaps (~10™*cm™) is also observed for the excited
exchange doublets up to the 6™ excited state, which is located
at 181 cm™' from the ground state and defining ab initio
computed energy barrier for the complex 1 (Table3 and
Figure 7). This blockade barrier is very close to the barrier
height obtained from the single-ion analysis. The most striking
difference between the single-ion and exchange-coupled block-
ade barrier is an extremely small tunnel splitting gap for the
latter (arising from strong antiferromagnetic interaction be-
tween the Dy(lll) centers), which could lead to suppression of
QTM within the ground state and result in zero-field SMM
behavior for 1. Such a large discrepancy between the computed
and experimental barrier heights of U.,,=181cm™ and U=

Table 3. Energy of the low lying non Kramers’ exchange doublets along
with g,, and tunnelling splitting obtained from POLY ANISO simulation of
1.

Exchange doublets Energy/cm™' <18 Awn

1 0.00 0.0028 9.0x107°

2 291 39.18633 1.3x107°

3 178.44 0.0956 8.0x107°

4 178.79 0.1025 49%107*

5 180.79 35.0557 6.7x107*

6 181.00 35.0557 3.1x10™*

7 357.17 0.00414 1.0x1072

8 358.95 30.9334 1.4%x1072
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Figure 7. The magnetic relaxation between the exchange states in complex
1. The red arrows/values show the tunneling gap between the exchange
states, while green and blue values and arrows indicate the Orbach and
Orbach/Raman relaxation processes, respectively.

54,02 cm™, respectively, indicates the presence of other under
barrier relaxation processes such as Raman and QTM, which
may be triggered by the strong dipolar interaction."®'%"'%? The
POLY_ANISO simulations for complexes 2 and 4, result in the
exchange coupling () of —0.07cm™ and —0.09cm™,
respectively (see Table S26). These computed J,, values are
slightly smaller in magnitude compared to complex 1. The
presence of a large tunnel splitting between the low-lying
doublets in both the complexes indicates the magnetic
relaxation to occur via the ground state itself and avoids the
possibility of any SMM behavior (see Table S27, S28 and
Figure S19). Our calculation indicates that the zero-field SMM
behavior in complex 1 results from the strong antiferromag-
netic exchange between the Dy", which is comprehended by
highly axial single-ion anisotropy emerging from the favorable

ligand around the Dy" ion.

Conclusion

A series of dinuclear lanthanide complexes [Ln,L,(thd),]-2CH,CN
(Ln=Dy"(1), Tb"(2), Gd"(3), Er"(4)) were synthesized using Schiff
based ligand LH ((E)-2-((pyridin-2-ylmethylene)amino)phenol)
and co-ligand Hthd (2,2,6,6-Tetramethyl-3, 5-heptanedione).
The detailed magnetic analysis reveals 1 showing SMM behavior
at zero dc field with U, and T, of 54.02K and 4.45x10°¢

respectively. Also, field-induced SMM behavior has been
observed for 4 with an effective energy barrier of 26.9 K and
T,=2.4%x10"°s. Density functional theory calculations were
performed to extract the magnetic exchange interaction
between the Gd" centers, and the obtained J value is in
reasonable agreement with experimental data. We have also
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rationalized the antiferromagnetic exchange interaction ob-
served between the Gd" centers by computing overlap integrals
and spin-density analysis. CASSCF 4 RASSI-SO calculations on
complexes 1, 2 and 4 provide insight into the electronic
structure and single-ion anisotropy. The detailed investigation
shows that the ligand field generated in [Ln,L,(thd),] complexes
is a more axial type that favors isolation of a highly anisotropic
environment around Dy" ion than Er" and Tb" ion. Thus, the
ligand framework supports the stabilization of the highest m,
state for oblate Dy" ion, whereas disfavors stabilization of the
highest m; state for prolate type Er"/Tb" ion, emphasizing the
importance of ligand field design in the enhancement of SMM
behavior. The presence of antiferromagnetic exchange inter-
action between the Dy" centers, along with highly axial single-
ion anisotropy around the Dy" ion, idealizes the conditions to
suppress the QTM and show zero-field SMM behaviour in
complex 1

Experimental Section

Material and methods

Ligand LH =((E)-2-((pyridin-2-ylmethylene)amino)phenol) has been
synthesized by according to previous literature.®”® IR data was
recorded using a Diamond ATR module using PerkinElmer Spec-
trum Two FTIR Spectrometer in the range 450-4500 cm™'. Elemen-
tal analysis was collected using Thermoquest CE instrument CHNS-
O, EA/110 model.

X-ray Crystallography

Single crystal XRD data of all compounds 1-4 were collected using
Supernova, Single source at offset/far, HyPix3000 diffractometer
having graphite-monochromatic with MoKa radiation, A=
0.71073 A. For indexing, scaling frame and integration the software
package SMART"®! and SAINT,"® SADABS," F?, SHELXTLI''0l
were used for absorption correction space group and structure
determination along with least-squares refinements. SHELXL-
2014 along with Olex-2 software!” was used for solving and
refinement of structures by full-matrix least-squares methods
against F2 All non hydrogen atoms were refined anisotropically.
Crystal structure was designed by Diamond 3.1e software."®® The
crystallographic data and parameters are presented in Table 4.

Magnetic Measurements

Magnetic susceptibility measurements were recorded using a
Quantum Design SQUID VSM magnetometer on ground single
crystal samples. Direct current (dc) susceptibility measurements
were conducted under an applied magnetic field of 1000 Oe
ranging from 300 to 2 K and magnetization isothermal measure-
ments were recorded at 2 K with a field between 0-7 T.

Computational Methodology

Density functional theory (DFT) calculations were performed using
the ORCA 4.2.1 code.®"'? All the analyses were performed on the
X-ray crystal structure, where we have replaced the methyl groups
on -hthd ligands with -H atoms. The position of all the hydrogen
atoms was optimized using BP86 functional™''? and def2-SVP

© 2021 Wiley-VCH GmbH
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Table 4. Crystallographic Data and Refinement Parameters.

2

3

4

Empirical formula

Independent reflec-

Final R indexes

Cr2H100Dy>NeO1o

13705 [R,, =0.0345,

R, =0.0354, wR,=0.0820

C72H'\00 N6010Tb2

18362 [Ryy = 0.0397,

R, =0.0405, wR,=0.0915

C142H197Gd4N11020

13630 [R,,, = 0.0400,

R, =0.0295, wR,=0.0613

ChaaH108ETaN1,050

Formula weight 1534.58 1527.41 3007.09 3086.18

Temperature/K 293(2) 273.15 293(2) 293(2)

Crystal system triclinic triclinic triclinic triclinic

Space group P-1 P-1 P-1 P-1

a/A 13.61890(10) 13.6463(11) 13.7135(2) 13.5838(2)

b/A 13.6948(2) 13.7189(11) 13.7933(2) 13.6819(2)

/A 22.2892(3) 22.1144(17) 22.1925(2) 22.3415(2)

a/° 84.0220(10) 84.051(2) 84.0320(10) 84.0150(10)

pre 84.2010(10) 84.379(2) 84.2160(10) 84.0520(10)

v/° 63.4380(10) 63.265(2) 63.1660(10) 63.5260(10)

Volume/A® 3691.18(8) 3671.4(5) 3718.62(9) 3688.92(9)

Z 2 2 1 1

Peacg/cm® 1.381 1.382 1343 1.389

wmm'' 2.066 1.968 1.824 2.317

F(000) 1572.0 1568.0 1542.0 1578.0

Crystal size/mm? 0.046x0.037 x0.024 0.065x%0.051x0.039 0.069x%0.051x0.043 0.078x0.055x0.041

Radiation MoKa (A=0.71073) MoKa (A=0.71073) MoKa (A=0.71073) MoKa (A=0.71073)

20 range for data col-  6.284 to 51 5.14 to 56.76 6.42 to 50.998 6.502 to 51

lection/®

Index ranges —15<h<16, —-16<k<16, —18<h<18, -18<k<18, —16<h<16, —16<k<16, —16<h<16, —15<k<16,
—26<1<26 —-29<1<29 —26<1<25 —-27<1<26

Reflections collected 48294 56286 50194 51216

13690 [R,, =0.0447,

tions Ruigma = 0.0409] Ruigma = 0.0442] Reigma =0.0436] Ruigma = 0.0440]
Data/restraints/param-  13705/0/819 18362/24/819 13630/85/878 13690/3/843
eters

Goodness-of-fit on F? 1.028 1.085 1.045 1.066

R, =0.0354, wR,=0.0869

[I> =20 ()]

Final R indexes [all R, =0.0422, wR,=0.0873 R,=0.0548, wR,=0.1004 R,=0.0358, wR,=0.0653 R,=0.0429, wR,=0.0905
data]

Largest diff. peak/ 2.37/-1.47 3.10/-1.94 0.78/-0.67 1.48/—1.26

hole/e A~

basis set.""*""¥ Scalar relativistic density functional theory (SR-DFT)
calculations were performed at the B3LYP level of theory to
compute the magnetic exchange interaction in complex 3. Scalar
relativistic effects were treated by Douglas—Kroll-Hess (DKH)
approximation.'"® Here, we have used an all-electron scalar
relativistic (SARC) basis set for Gd,"" combined with DKH
reconstructed versions of def2-type basis sets; DKH-def2-TZVP for N
and O and DKH-def2-SVP for the rest of the atoms as implemented
in ORCA code. Disperson corrections were incorporated by
Grimme's dispersion and Becke-Johnson damping (D3BJ) as
implemented in ORCA."®'" To speed up the calculations,
resolution-of-identity-chain-of-sphere  (RIJCOSX)"?*"?"  formalism
and large GRID settings of “GRID6” for all the atoms were
employed. The broken-symmetry DFT calculations were performed
by flipping the spin on one Gd" center using the spin-flip approach
as implemented in ORCA. The broken-symmetry calculations were
verified by analyzing the spin-density on individual Gd(lll) atoms.
The exchange coupling was computed with the Yamaguchi
formula.'?

All the multi-reference calculations were performed using the
MOLCAS 8.2 code.'™ Complete active space self-consistent field
(CASSCF) method™ was used to extract the spin-Hamiltonian
parameters for complexes Tb, Dy, and Er complexes. The basis set
was taken from the ANO-RCC library"*'?* (see Table S29 for
detailed contractions schemes). For calculations of single-ion
properties of Dy", Tb", and Er'" ions of their respective complexes,
we have replaced other paramagnetic ion with the diamagnetic Lu"
ion in the crystal structure. The active space comprises CAS(n, 7)
(where n=8, 9 and 11; represents the number of active f-electron
for Th", Dy" and Er" ion in seven 4f based active orbitals). The
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electronic configuration of the Dy" ion is 4f, possessing a ®Hs),

ground state. Using the active space comprised of CAS(9,7), we
have computed 21 spin-free sextet states. For Er'" ions, using the
active space of CAS(11,7), here we have calculated 35 quartets and
112 doublets spin-free states. For Tb" ion, we have computed 7
septets and 140 quintet spin-free states. All these computed spin-
free states for each Ln" center were later mixed using the RASSI-SO
module to compute the spin-orbit states. SINGLE_ANISO module
was used to calculate magnetic anisotropy, crystal field parameters,
d.c. magnetic properties (magnetic susceptibility and magnet-
ization), along with the blockade barrier. Resolution of identity
Cholesky decomposition (RICD) was turned on to save the disk
space. The calculated relative energies of spin-free states, spin-orbit
states, and the g-values are provided in the Supporting Informa-
tion.

Using the POLY_ANISO code, here we have simulated the dc
magnetic properties (magnetic susceptibility and magnetization
data) to extract the magnetic exchange interaction (dipolar+
exchange contribution) between the Ln" centers in complexes 1, 2
and 4.

General Procedure synthesis for complex 1-4

These four complexes were synthesized by a similar procedure. The
reaction of LnCl;-6H,0 and LH in solvent CH;OH/CH,CN in equal
volume was stirred for 2 hours at room temperature then drop wise
triethylamine (Et;N) with 2, 2, 6, 6-Tetramethyl-3, 5-heptanedione
(Hthd) in 1:1:2 stoichiometric ratio were added. The red colour
clear solution was filtered and kept for crystallization. After few
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days red colour block shaped crystals suitable for data collection
were obtained. The specifics of each complex and characterization
data are given below:

Synthesis of [Dy,(L),(thd),]-2CH;CN (1)

Quantities: LH (0.030g 0.15mmol), DyCl;-6H,0 (0.057 g,
0.15 mmol), Et;N (0.063 ml, 0.63 mmol), Hthd (0.062 g, 0.62 mmol).
Yield: 0.0459g, 39% (based on Dy’'). Anal. Calcd. For
CoH100DY,NgO;0 (1534.57): Cald: C, 56.56; H, 7.02, N, 6.08; Found C,
56.51; H, 6.97, N, 6.11 IR (KBr) (cm™"):2959(s), 1569(s), 1510(s),
1413(m), 1229(s), 1209(m), 840(m).

Synthesis of [Tb,(L),(thd),]- 2CH,CN(2)

Quantities: LH (0.030g 0.15mmol), TbCl;-6H,0 (0.056 g,
0.14 mmol), Et;N (0.063ml, 0.63 mmol), Hthd (0.062 mL,
0.062 mmol). Yield: 0.039 g, 36% (based on Tb*"). Anal. Calcd. For
C;, HigoTb,NgO,o (1527.44): Cald: C, 56.90; H, 6.98; N, 6.19 Found: C,
56.92; H, 6.95; N, 6.22; IR (KBr) (cm~"):2939(s), 1598(s), 1569(m),
1374(s), 1345(m), 1267(s), 869(m).

Synthesis of [Gd,(L),(thd),]-2CH,CN (3)

Quantities: LH (0.030g 0.15mmol), GdCl;-6H,0 (0.056 g,
0.15 mmol), Et;N (0.063mL, 0.63 mmol), Hthd (0.062 mL,
0.62 mmol). Yield: 0.037 g, 33% (based on Gd*"). Anal. Calcd for
Cy,H160Gd,N¢O, (1503.545): Cald: C, 56.88; H, 6.94; N, 6.78 Found: C,
56.84; H, 6.97; N, 6.81; IR (KBr) (cm™): 2978(s), 1579(s), 1510(m),
1404(m), 1209(s), 859(m).

Synthesis of [Er,(L),(thd),]-2CH,CN (4)

Quantities: LH (0.030 g 0.15 mmol), ErCl;-6H,0 (0.057 g, 0.14 mmol),
Et;N (0.063 mL, 0.63 mmol), Hthd (0.062 mL, 0.62 mmol). Yield:
0.042g, 39% (based on Er'"). Anal. Calcd for C;,H;oErNgOso
(1544.09): Cald: C, 57.44; H, 6.89; N, 6.03 Found: C, 57.40; H, 6.86; N,
6.06; IR (KBr) (cm™): 2969(s), 1588(s), 1569(s), 1497(m), 1423(m),
1248(s), 879(m).

Deposition Numbers 2110335 (for 1), 2110332 (for 2), 2110334 (for
3), and 2110333 (for 4) contain the supplementary crystallographic
data for this paper. These data are provided free of charge by the
joint Cambridge Crystallographic Data Centre and Fachinforma-
tionszentrum Karlsruhe Access Structures service www.ccdc.cam.ac.
uk/structures.
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