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ABSTRACT: The mechanistic investigations between Cu(II) and the 1200 4
anisotropic lanthanides (Ln(III)) are not much explored to date. This is 1000] =
due to the complicated energy spectrum which arises due to the orbital | o4 - = =

P 8y sp goo| /i - 1 : -
angular momentum of anisotropic lanthanides. Interestingly, the exchange oE; | — ’
coupling J in Ln(III)—Cu(II) systems was found to be antiferromagnetic 3 800 g e e | mEE
for <4f metal ions and ferromagnetic for >4f" metal ions, while the net £ 4001 4t | ! i
magnitude of Jp,, strength gradually decreases moving from f' to f*. While 3; P o ‘ {302
this is established in several examples, the reason for this intriguing trend is ¥ AE‘E e T ! / of Cul)
not rationalized. In this article, we have taken up these challenging tasks by & 0 o pr(il) cdi) Tbi) D\}m)
synthesizing a family of complexes with the general molecular formula -200 fasss  laga a2
[Cuan(HL)4(N03)](N03)z; where Ln = La (1.1,), Ce (2.c.), Pr (3.p,), -400 - % *_ .Y_
Gd (4.ga), Tb (S.1), Dy (6-Dy)1 and Ho (7.g,) and HL = C;sH N, Oj; (2- 600 ] “ “

methoxy-6-[ (E)-2'-hydroxymethyl-phenyliminomethyl]-phenolate) is a
monodeprotonated tridentate Schiff base ligand. Detailed dc magnetic
susceptibility measurements performed for all the complexes reveal that the Cu(1l) ion is coupled ferromagnetically to the respective
Ln(III) ion, which has more than seven electrons in the 4f shell, while an antiferromagnetic coupling is witnessed if Ln(III) has less
than seven electrons. The strength of the exchange coupling constant was quantitatively determined for representative complexes
from the high-field/high-frequency electron paramagnetic resonance spectroscopy which follows the order of 4.g4 (1.50(10) cm™) >

S.mp (1.18(10) cm™) > 6., (0.56(10) cm™ based on the —2J.  ( Scu Jin T Scu, Ji,) spin Hamiltonian. The increased
axiality in S.qp, and 6., due to the presence of 3d ions in the near vicinity of an oblate ion and the increased exchange coupling
strength between Cu(II) and Tb(III) or Dy(IIl) is the ideal combination to stabilize magnetic bistability in these complexes in the
absence of an external magnetic field with the effective energy barrier of 15.7 K (7, = 2.49 X 107 s) and 12.6 K (7, = 1.70 X 10™°s),
respectively. To rationalize this experimental trend, we have performed ab initio CASSCF and DFT calculations. To compute the |
values, we have employed POLY ANISO routines and utilized the computed data to establish the generic mechanism of magnetic
coupling in {Cu—Ln—Cu} motifs. These mechanistic findings reveal the importance of Sd orbitals and their energy with respect to
the d,2_> orbital of Cu(II) ions in controlling the magnetic coupling of {Cu—4f} complexes.

H INTRODUCTION

Understanding the mechanism of the exchange interaction
between the 3d-ion and 4f-ion is important in many different
research areas. Indeed, it modulates the magnetic properties of
bulk systems such as spinels, orthoferrites, garnets, magneto-
optical devices, permanent magnets (such as Sm;Co and
Nd,Fe,,B), high-temperature superconducting materials
(YBa,Cu;0,_,), and so forth.'™® Insights of its behavior in
0-dimensional 3d—4f complexes are also a cutting-edge

around the Ln(III) ions. A further complication arises in these
systems, due to the buried nature of 4f-orbitals and hence a
weak exchange interaction, which is often masked in the
depopulation by M; sublevels of Ln(IIT)** ions. This task then
requires a detailed and systematic investigation to develop
sound magneto—structural correlations, in analogy to those
well established for the complexes containing transition metal
ions exclusively.”*"** Although the empirical approach (i.e.

7-27
research area currently.

The elucidation of the nature of exchange interaction Published: March 29, 2022 o"0)
between 3d ion and anisotropic Ln(II) ions (hereafter
Ln(III)*™) is an extremely challenging task due to the

complicated energy-level splitting caused by the unquenched
orbital angular momentum coupled with the crystal field
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substitution of the paramagnetic 3d—4f ion by a suitable
diamagnetic analog) developed earlier discloses the overall
exchange interaction qualitatively, the investigation related to a
quantitative estimate of exchange strength is extremely rare in
the literature.”**

In this respect, Ishida, Nojiri, and co-workers have
established a method to quantitatively determine the strength
of the exchange interaction between the 3d and Ln(III)* ions
using high-field/high-frequency electron paramagnetic reso-
nance techniques (HE-EPR).”* *> ~3* Besides HE-EPR, other
sophisticated analytical techniques such as inelastic neutron
scattering,‘?’9 magnetic circular dichroism,* high-resolution
neutron spectroscopy, and magnetic field dependent far-
infrared transmission spectra, have been employed to extract
the exchange strength recently.* = On the other hand, the
underlying mechanism of the exchange interaction between the
3d and Ln(III)* ions has not been investigated in detail until
now. This is a fundamental step to develop magneto-structural
correlations in 3d—Ln(III)* complexes because it would
provide a rationale for the factors that dictate not only the
magnitude but also the sign of exchange interaction (i.e,, ferro-
or antiferromagnetic interaction).

To shed light on the mechanism of the exchange interaction
between 3d—Ln(III)™ complexes to develop a magneto-
structural correlation, we have investigated a linear hetero-
metallic Cu,Ln series with the general molecular formula of
[Cu,Ln(HL),(NO3)](NO;), where Ln = La (1.1,), Ce (2.c.),
Pr (3.p,), Gd (4.gq), Tb (5.1), Dy (6-Dy)l and Ho (7.,) and
HL is a monodeprotonated tridentate Schiff base ligand. The
detailed dc magnetic studies reveal that the Cu(II) ion is
coupled ferromagnetically to Ln(III) ions with a 4f shell, which
are either half-filled or more than half-filled, while the nature of
exchange coupling is reversed when the Ln(III) ions have less
than half-filled electronic configuration. This is in excellent
agreement with the results from HEF-EPR obtained for the
representative 3d—4f metal complexes. Employing ab initio
CASSCF/DFT calculations, not only the experimental
observations are rationalized, but also a generalized mechanism
of exchange coupling between the Cu(II) and Ln(III)* ions is
proposed. The unique aspect of this finding is that the
proposed mechanism for this series can be further generalized
to other 3d—4f [where 3d = Fe(Il), Co(Il), and Ni(II)]
complexes.

B EXPERIMENTAL SECTION

Unless otherwise mentioned, all the reactions were performed under
aerobic conditions. The chemicals were purchased from commercially
available sources Alfa Aesar/Sigma-Aldrich and used without further
purification. The Schiff base ligand 2-methoxy-6-[(E)-2'-hydroxy-
methyl-phenyliminomethyl]-phenol (H,L) was synthesized by the
reported procedure.**** Single crystal data were collected on a Rigaku
(Mo Ka, 4 = 0.71073 A). The selected crystals were mounted on a
fiber loop using Paratone-N oil and placed in the cold flow produced
with an Ozxford Cryo-cooling device. Complete hemispheres of data
were collected by using @ and ¢-scans (0.3 A, 30 s per frame).
Integrated intensities were obtained with SAINT+, and they were
corrected for absorption using SADABS.® Structure solution and
refinement were performed using the SHELX-package.”” The
structures were solved by direct methods and completed by iterative
cycles of AF syntheses and full-matrix least-squares refinement against
F. Tt was not possible to solve the diffused electron density residual
which was associated with solvent molecules for all the complexes.
This is treated with the SQUEEZE facility from PLATON, resulting
in smooth convergence of all the atoms during refinement.*®* CCDC
numbers: (2062882—2062888). Powder X-ray data were collected for
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all the complexes using a powder X-ray diffractometer (PANalytical
Netherland, Model: X’ Pert Pro, Cu Source, A = 1.54184 A). Dc
magnetic measurements and magnetic susceptibility measurements
were performed on an MPMS-XL SQUID magnetometer (Quantum
Design) equipped with a 50 kOe magnet. All the samples were
prepared in pellet to avoid orientation of the grains; Pascal’s and
sample holder’s contributions were taken into consideration in the
treatment of the data.

All high-frequency/high-field electron paramagnetic resonance
(HF-EPR) measurements were performed using a millimeter-wave
vector network analyzer (MVNA) from ABmm as a phase-sensitive
microwave source and detector and a superconducting magnet from
Oxford instruments.*’ Measurements were performed between 80
and 900 GHz, and in magnetic fields up to 16 T. Temperature control
between T = 2 and 70 K was ensured by a variable temperature insert
with a *He gas flow cryostat. To enhance signal intensities, the 5.y,
and 6.p, samples were measured as loose powders. They were placed
inside a brass ring in a homemade transmission-type EPR probe with
no extra glue or grease so that the crystallites were free to align to the
external magnetic field direction. To ensure alignment of the loose
powder, the maximum magnetic field of B = 16 T was applied before
the measurements and the alignment was monitored by observation of
corresponding orientation jumps in the transmitted microwave signal.
4.gq and 1, samples were ground and then fixed with eicosane to
avoid partial orientation of the powder. Analysis and simulations of
the HF-EPR data were done using the EasySpin software package.*

Synthesis of 1,,. 2 equiv of the Schiff base ligand H,L (0.2 g,
0.7782 mmol) was treated with 1 equiv sodium methoxide (0.042 g,
0.3889 mmol) in 50 mL of a methanol solvent, and the solution was
stirred for a couple of minutes. Into this solution, 1 equiv La(NO;)5-
6H,0 (0.158 g, 0.3889 mmol) was added, and the resultant mixture
was continued to stir at room temperature for 20 min. Followed by
this, 1 equiv of copper acetate hydrate Cu(CH;COO0),-(0.077 g,
0.3889 mmol) was added. The green solution was further stirred for
24 h, and afterward, the volume was reduced to 2 mL under vacuum.
Into that 2 mL of THF solvent (MeOH/THEF, 1:1) was added and
kept for crystallization at room temperature. The X-ray quality block-
shaped crystals were grown in a week by slow evaporation. Yield
(based on Cu®") = 0.141 g (26%), FTIR (KBr pellet): vc—y = 1610
em™Y, Upy = 2923 cm™

Synthesis of 2..—7., A similar synthetic procedure as
described for 1, was followed for the isolation of the complexes
2.ce—7-1 but a corresponding equivalent of Ln(NO;);«H,O salt
(0.3889 mmol, where Ln = Ce (0.159 g), Pr (0.161 g), Gd (0.133 g),
Tb (0.144 g), Dy (0.169 g), or Ho (0.171 g) was used in instead of
La(NO;);:6H,0. The crystals of 4.4, which were grown in a MeOH/
THE solvent, were found to be not suitable for X-diffraction and were
recrystallized in a MeOH/CH;CN (8 mL; 1:1 ratio) mixture for
better quality crystals. Yield of 2., = 0.140 g (26%), FTIR (KBr
pellet): vcy = 1621 cm™, v,y = 2941 cm ™. Yield of 3.p, = 0.100 g
(24%), FTIR (KBr pellet): vc—y = 1612 ecm™, vy = 2935 cm ™.
Yield of 4.4 = 0.141 g (26%), FTIR (KBr pellet): vc—y = 1621 cm™,
Vpep = 2941 cm™. Yield of 5.5, = 0.140 g (26%), FTIR (KBr pellet):
Vo = 1625 em™, vp,ir = 2944 cm ™. Yield of 6.5, = 0.111 g (25%),
FTIR (KBr pellet): vc_y = 1634 cm™, 15,4y = 2940 cm™" and yield of
7.10 = 0.160 g (28%), FTIR (KBr pellet): vy = 1755 cm™, vy, =
2959 cm™! respectively based on Cu.

Note that to confirm the crystalline phase purity of all the
complexes, powder X-ray diffraction measurements were performed.
The PXRD profile of all the complexes is in good agreement with the
simulation pattern generated from their corresponding single-crystal
X-ray diffraction structure (Figure S1S of Supporting Information).

B RESULTS AND DISCUSSIONS

The reaction of 1 equiv of copper acetate and lanthanide
nitrate with 2 equiv of mono deprotonated Schiff base ligand
led us to isolate a family of heterometallic trinuclear complexes
(see Scheme 1) with the general molecular formula [Cu,Ln-
(HL)4(NO;)](NO3), {where Ln = La (1.1,), Ce (2.ce), Pr
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Scheme 1. General Synthetic Procedure was Followed to
Isolate Complexes 1;,—7 4,

o}

OH

Ln(NO3)3.xH,0 +2 + Cu(OAc),.H,0 + 2NaOMe

(HaLl)

RT |MeOH

Ln =114, 2.ce, 3.pr. 4.6a, 5.0, 6.0y, OF 7.0

(3.p), Gd (4.ga), Tb (5.11,), Dy (6-Dy)r or Ho (7.5,)}. All the
complexes crystallized in the monoclinic, C2/c space group
except 2_c,, which is crystallized in the triclinic, P1 space group
(Table S1 of Supporting Information). Consequently, the
asymmetric unit (ASU) consists of only half of the molecule
for all the complexes except 2_¢, (Figure 1), and the remaining
half of the molecule is generated by a rotation and reflection
symmetry. Slight asymmetry around the Cu(II) bond lengths
and bond angles in 2_¢, results in a change in the space group
(triclinic, P1) of this system compared to the other complexes
(monoclinic, C2/¢; vide infra). In these complexes, the Ln(III)

091

Figure 1. Ball and stick representation of the crystal structure of 2_¢,
(A) and representative complex 6.py (B). The transparent fragment in
panel B is generated by a symmetry operation. Color code: red (O),
blue (N), gray (C), black (H), dark green (Cu™), wine (Dy™), and

magenta (Ce'™).
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ion lies in a special position, the C,-symmetry axis passing
through the Ln(IIl) ion and the N, O atoms of the nitrate
anion coordinate to it. The ASU of 2_¢, consists of the entire
molecule (Figure 1A).

Despite the different space groups, the cationic core of 2 ¢,
is structurally analogous to all the other ones, that is a hetero
trinuclear complex where the three metal centers are arranged
in a near-linear fashion (Cu—Ln—Cu = 169—170°) and the
lanthanide ion is sandwiched between the two copper ions. In
all the complexes, the Cu(Il) ion is surrounded by {O,N,}
donor atoms, which are exclusively derived from two mono-
deprotonated Schiff base ligands (HL).

Due to the inherent electronic structure associated with the
Cu(Il) ion, all the copper ions exhibit distorted octahedral
geometry owing to the Jahn—Teller distortion. The imino
nitrogen atoms and phenoxy donor atoms of HL occupy the
equatorial plane of Cu(II) and the axial position is occupied by
hydroxymethyl arms of the HL ligands. As expected for a
Cu(II) ion with Jahn—Teller elongation, the axial bond lengths
(2.3349(1)—2.7118(2) A) are longer than the equatorial Cu—
N(imino) (1.9802(1)=2.070(4) A) and Cu—O(phenoro)
(1.9396(2)—2.058(1) A) bond distances.

On the other hand, the Ln(III) ion figures a coordination
number of ten. Four methoxo and four phenoxo donor atoms
derived from four HL ligands account for the eight out of ten-
coordination numbers of the lanthanide ions. The remaining
coordination sites of Ln(III) are occupied by a chelating
nitrate anion. Thus, the 10-coordinated Ln(III) ion exhibits
distorted sphenocorona (C,,) geometry.

The geometry around the lanthanide and copper ions was
confirmed by CShM software (Tables S2 and S3 in Supporting
Information).”" In all the complexes, the average bond distance
of Ln1=0penoxo (2.3050(1)—=2.5662(1) A) is shorter than the
average Lnl—O, hoxo (2.5605(1)—2.6752(1) A) and the
average Lnl—O,;.. bond distance (2.4057(1)—2.5512(1)
A). However, not surprisingly, a uniform trend is naturally
observed in all the bond distances, that is, the Ln—O bond
distance in each class (phenoxy or methoxy or nitrate), which
decreases from 1, to 7.y,, except 4.gq due to the lanthanide
contraction. The intramolecular Cu(Il)---Cu(II) and Cu(II)---
Ln(III) bond distance falls in the range of 7.2115(3)—
7.0151(2) and 3.6215(2)—3.5202(1) A, respectively (refer to
Table S4 for details).

It is established earlier in the literature that to stabilize Ising
magnetic anisotropy in Dy(IlI) ions, corresponding to an
oblate charge distribution on the jon,>*™>° a ligand with high
charge density should occupy the axial position. Among the
three different coordinating atoms around Dy(III) in 6., the
charge density is expected to be more on the phenoxo donors
compared to the nitrate or methoxo ligands. Therefore, the
axial direction of the lanthanide is expected to be along the
Cu—Dy—Cu axis in this complex. This is consistent with ab
initio calculations (vide infra).

In all the complexes, the Cu(II) and Ln(III) ions are linked
through two phenoxo donors of HL ligands exclusively, with an
average bond angle of £Cul—O11-Lnl of 111.3(2)°, while
the other angle (£Cul—031-Lnl) is slightly more acute
[106.4(3)°] compared to the former one. The presence of only
one type of bridging ligand between the Cu(II) and Ln(III)
ion is extremely important to maintain the axiality of the
Ln(III) ion. The presence of bridging ligands with different
charge densities (e.g, phenoxo and carboxylate) leads not only
to deviations of the g,, orientation of Ln(III) (from Cu—Ln—

https://doi.org/10.1021/acs.inorgchem.2c00065
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Cu direction) but also introduces rhombicity, which ultimately
enables quantum tunneling of magnetization (vide infra).53

In all the complexes, two dihedral planes are formed (Cul—
O11-Ln1-031 and Cul#-011#-Lnl1—031#; where #
represents the symmetrically generated atoms). The atoms
within these are not in the same plane, which is evidently
reflected in the dihedral angle, which falls in the range between
13.7(2) and 14.9(6)° for all the complexes. Furthermore, it is
noticed that the two dihedral planes in each of the complexes
are not co-planar but twisted each other by 29—37°. However,
there is no distinct trend observed across all the complexes.
The four mono-anionic Schiff base ligand (HL) and a chelating
nitrate account for five out of seven cationic charges, resulting
in an overall two cationic charge on the coordination sphere.
Two nitrate anions reside in the crystal lattice to compensate
for the cationic charge on the coordination sphere of the
complexes.

A similar coordination environment was observed in the
cationic core of 2.¢, as in 3p,—7.y, but a slight change in
structural parameters (bond lengths, bond angle, and dihedral
angle) due to the lanthanide contraction (Table S4 of
Supporting Information). Selected bond lengths, bond angles,
dihedral angles, and the angle between the dihedral planes for
all the complexes are listed in Table S4 of the Supporting
Information. In all the complexes (1.;,—7.y,), the solvent
molecules (MeOH) that reside in the crystal lattice are heavily
disordered due to diffused electron density. Despite diligent
efforts modeling this, it failed; therefore, we have used the
SQUEEZE routine in Platon software to account for the
electron density of these disordered solvent molecules. The
closest intermolecular Cu(II)--Cu(II) and Ln--Ln distance
observed in 6.5, is 8.220(3) and 12.013(2) A, respectively,
while the same in 2., was observed to be 15.540(2) and
16.116(1) A, respectively. In all the complexes, the nitrate
anion coordinated to Ln(III) and the nitrate anions in the
crystal lattice facilitate intra-/intermolecular H-bonding and
C—H--O type interactions. Thus, a 3D-supramolecular
interaction spreads across the crystal lattice (Figures S1, S2
and Table SS in Supporting Information).

Direct Current (DC) Magnetic Susceptibility Measure-
ment. Variable temperature magnetic susceptibility measure-
ments were performed on polycrystalline samples of 1,—7 g,
in the temperature range of 300—2.0 K in the presence of an
external magnetic field of 1 kOe (Figure 2). A room
temperature yyT value of 1.24, 1.79, and 2.45 cm® K mol™!
for complexes 1,,—3.p, is observed, respectively, which is
slightly higher than the expected value for two uncoupled
Cu(1I) ions (for 1;,) and one Ln(III) ion (gc. = 6/7, *Fs)s; gp:
= 4/5, 3H,) for 2.¢, and 3.p,, respectively. This observation is
not surprising, as the g-value of Cu(Il) is usually larger than
2.0. A similar trend was observed for the other complexes
(4.ga—7.1,), that is, the y3,T values observed for 4.c4—7 5, at
room temperature are 8.83, 12.93, 15.16, 14.84, and 12.63 cm®
K mol™!, respectively, which is higher than the theoretically
expected value (Table 1).

For 1, the T value decreases gradually upon decreasing
the temperature down to 14 K before it rapidly falls below this
temperature. This drop is attributed to the antiferromagnetic
superexchange interaction between the two Cu(II) ions via the
diffused empty orbitals of the diamagnetic La(IIl) ion. Such a
behavior has already been reported in the literature and
elegantlgr explained by Gatteschi and co-workers and
others.”®” Some of us have also shown that by replacing the
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Figure 2. Temperature-dependent magnetic susceptibility plot of a
polycrystalline sample of 1.;,—7.y, in the presence of an external
magnetic field of 1 kOe. (B) Field-dependent magnetization data for
all the complexes (1.,—7.y,) measured at 2 K. The solid red line
represents the simulation of the experimental data using the
parameters described in the main text obtained from POLY_ANISO
calculations. The solid green line denotes the simultaneous fit of the
experimental magnetic data [yyT(T) and M(H)] using the
parameters described in the main text.

Table 1. Calculated and Experimentally Observed y,,T
Value (in cm?® K mol™) for Complexes 1;,—7 5,

g J
complex Cu Ln Ln amT cal. JmT exp
1., 2 0.75 1.24
2 ce 2 6/7 5/2 1.55 1.79
3 2 4/5 4 2.35 2.57
4.6a 2 2 7/2 8.62 8.83
St 2 3/2 6 12.52 12.93
6_Dy 2 4/3 15/2 14.87 15.16
7 Ho 2 5/4 8 14.77 14.84

large La(III) ion with another diamagnetic ion from an s-block
element such as sodium, either a weak or no exchange
interaction between the paramagnetic center’s ion is
observed.”®

A similar y\,T(T) profile like in 1.;, is observed for 2., and
3.p- The gradual decrease in the yT value upon lowering the
temperature (down to 50 K) in these cases is presumably due
to the depopulation of M; sublevels of Ce(III) and Pr(III) ions
and/or intramolecular antiferromagnetic coupling between the
two Cu(II) ions and Cu---Ln(III) ions. The sudden drop of the
amT value at temperatures below 50 K for 2., and 3_p, and the
approach of a final yy T value of 0.85 and 0.48 cm® K mole™ at
2 K, respectively, can be attributed to several factors: (1)
intermolecular and/or intramolecular antiferromagnetic cou-

https://doi.org/10.1021/acs.inorgchem.2c00065
Inorg. Chem. 2022, 61, 5572—-5587


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00065/suppl_file/ic2c00065_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00065/suppl_file/ic2c00065_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00065/suppl_file/ic2c00065_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00065/suppl_file/ic2c00065_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00065?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00065?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00065?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00065?fig=fig2&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c00065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry pubs.acs.org/IC

500 T 900 :
(@) 1 800} (b) =
® A a
4001 / 1 700} S 12
600+ 13
| 500} >~ =Y
[0}
400 / e
4 <
300+ f g
Cu,Gd 200! Cu,Tb B
fixed powder | loose powder | &,
T=2K 100+ T=2K a

0 0

800 T 400, :
._‘
L (© )
i g
600} . 1 300} 1 é
s o e
N 3
T 400} " | 200} // 18
Y= | A | Q”
300 / ./ /.a
200+t Cu,Dy 100} / Cu,lLa ?
loose powder fixed powder | £
100¢ T=2K ] T=2K SU'i

T S
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16

B(T)

B(T)

Figure 3. Frequency vs resonance field diagram for (a) 4.g4, (b) 5.1, (c) 6.p,, and (d) 1., at T = 2 K. The magnetic resonance field positions for
selected features are marked by different symbols. Solid lines show a simulation or a fit of the field dependence of the selected features using the SH
shown in eq 4 (4.g4), eq 5 (5.1 and 6.p,) or an S = 1/2 approach (1.;,) and the parameters shown in Table 2 or the text. Gray lines display the
measured HF-EPR spectra, which are vertically shifted for better comparison with the corresponding resonance positions.

pling, (2) magnetic anisotropy associated with the Ln (III)
ions, and (3) dipolar coupling between the molecules.

Unlike complexes 1;,—3p,, the y\T value of 4.¢q4 steadily
increases upon decreasing the temperature from room
temperature down to 40 K. Below this temperature, the y\T
value increases rapidly and reaches a maximum value of 13.43
ecm™® K mol™ at 4 K. The overall trend noticed for 4.¢, is
indicative of ferromagnetic exchange interaction between the
Cu(Il) and Gd(III) ions. The experimentally observed yyT
value for 4.g4 (13.43 cm® K mol™") at 4 K is slightly higher
than the expected yy,T value (12.37 cm® K mol™'; g = 2) for a
well-isolated ground state of 9/2, which is conceivable
considering gc,n) > 2.

For complexes, S.1,—7.y, a distinctly different trend was
noticed compared to 1;,—4.¢q, that is, the y3T value initially
decreases gradually from room temperature, but at low
temperatures, the yyT value increases to a maximum value.
However, the turning point, that is, the temperature at which
the yyT value begins to increase for complexes S_.pp,—7.y, is
distinctly different from one another.

The steady decrease in the yyT value for all the complexes
from room temperature is accredited to the depopulation of M;
sublevels of the corresponding Ln(IIl) ion. The yyT value
begins to increase at 66, 47, and 10 K for complexes 5.11,—7 0,
respectively.

This implies not only that the Cu(Il) ion is showing a
ferromagnetic exchange coupling with the corresponding
Ln(Il) ions in the complexes S.;p,—7.4, but also that the
exchange strength decreases as the atomic number increases.
This is, in fact, consistent with the exchange coupling constant
quantitatively determined from HF-EPR measurements, which
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are also in excellent agreement with the ab initio CASSCF
calculations (vide infra). Such a scenario has been
experimentally proven for certain 3d—4f metal complexes by
Krzystek and co-workers through the detailed HF-EPR
studies, 12353659

Field-dependent magnetization measurements were per-
formed (up to 70 kOe) on polycrystalline samples of 1, to
7 1o at temperatures between 2 and 8 K (Figures 2B and S3 in
Supporting Information). The magnetic moment sharply
increases as soon as the external magnetic field is turned on
for complexes 4.G4—7.y,, indicating that the highest m, or m;
levels are populated. Upon further sweeping the external
magnetic field, the magnetic moment tends to saturate at 8.85,
7.99, 7.15, and 7.16 Nyjy for complexes 4.g4—7._y,, respectively.
The saturation value close to 9.00 Nyy for 4.4 is in excellent
agreement with the ground state of 9/2 associated with this
complex, while for the other complexes (5.1,—7.4), the
observed magnetic moment is significantly lower than the
expected saturation value. This is not surprising for complexes
possessing significant magnetic anisotropy. The presence of
anisotropy is well corroborated by the nonoverlapping nature
of the reduced magnetization curves of these complexes
(Figure S4, Supporting Information).

In contrast to the situation observed in S.pp—7.4o the
magnetic moment of 1;,—3p, tends to increase linearly with
the external magnetic field, which implies that either the lowest
m;/mg level or a singlet ground state is populated. The
magnetization profile observed for these complexes is
consistent with the prediction from empirical methods, that
is, the presence of antiferromagnetic interactions between not
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only the two Cu(Il) ions but also the Cu(Il) and Ce(IIl) or
Pr(III) ions.

To understand the nature/strength of the exchange coupling
between the metal ions and the SH parameters associated with
the isotropic metal complexes 1, and 4.g4, the experimental
magnetic data [both yuT(T) and M(H)] were fitted
simultaneously”® using the following Heisenberg exchange
Hamiltonian (eq 1).

H= _ZJI(SCUI.SGdl + SCuZ'SGdl) - 2]2(SCu1'SCu2) (1)

For complex 1., the first term on the right-hand side of eq
1 is not present. Based on the crystal structure and symmetry
present in 4.g3, we have employed two different exchange
coupling constants, J; and J,, which denote, respectively, the
nearest neighbor [Cu(II)--Gd(III)] and the next-nearest
neighbor [1,3 interaction, ie, Cu(Il)--Cu(II)] exchange
coupling constant to fit the experimental magnetic data
simultaneously.

A good agreement to the experimental magnetic data
[simultaneous fit of y,T(T) and M(H)] of 1, was obtained
upon employing the J,-value of —0.88 cm™', while keeping the
g-value constant as it is derived from HF-EPR (g; = 2.31 and
g1 = 2.09). Similarly, the following SH parameters J; = +1.70
cm™" and J, = 0.05 cm ™" and isotropic g-values for Cu(II) and
Gd(11I) (gc, = 2.18 and ggq = 2.0) show an excellent fit [The
slightly higher calculated magnetization value as compared to
the data (Figure 2B) for 4.4 may be due to the contribution of
magnetic anisotropy caused by dipolar interaction] to the
magnetic data of 4.4 [simultaneous fit of y T(T) and M(H)].
This confirms the dominant ferromagnetic exchange coupling
between the magnetic moments of the Cu(II) and Gd(III)
ions. The parameters extracted from the fitting of magnetic
data are in close agreement with the parameters extracted from
HE-EPR. We have also noticed that there is no significant
change in the magnetic data fit of 4.4 even if we ignore ], as
the strength of 1,3-interaction appears to be extremely weak
(compared to J;). However, the importance of the inclusion of
the 1,3-interaction into the magnetic data fit (particularly at
low-temperature regime) was rationalized by some of us
recently.’’

High Field and HF-EPR Studies. The high frequency/
high field electron paramagnetic resonance (HF-EPR)
technique is well suited for the direct determination of SH
parameters such as coupling constants or anisotropy
parameters.””"®® On this account, we performed HE-EPR
measurements with a variation of the frequency at a fixed
temperature (see Figure 3) and variation of temperature at a
fixed frequency (see Figures 4 and S6—S9 in Supporting
Information), respectively, on fixed (4.gq and 1,,) and
oriented loose (5.1, and 6.p,) powder samples.

For all complexes under investigation, we obtained well-
resolved resonance features in the spectra measured at T =2 K
in the accessible field and frequency range, shown as gray lines
in the background of Figure 3a—d, respectively. Distinct
resonance positions are marked by different symbols
corresponding to the resonance branches. Solid lines show a
simulation or fit of selected resonance branches using the
proper SH shown in eq 4 (for 4.g4) or eq 5 (5.1 and 6.p,,) and
the parameters discussed below for each investigated
compound, separately. The HF-EPR data acquired for 1,
are discussed in terms of an S = 1/2 approach, as will be
justified in the following section (vida infra).
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Figure 4. HF-EPR spectra (black symbols) obtained for a fixed
powder sample of 4.4 at the frequency of f = 169.3 GHz for different
temperatures as indicated in the plot. The solid red lines show
simulation results using the SH in eq 4 with the parameters shown in
Table 2 and the main text.

Figure 3a depicts the frequency versus resonance field
diagram for a fixed powder sample of 4.gq4 at T = 2 K. The
measured spectra, shown as gray lines in Figure 3a, clearly
display a powder-like spectral shape featuring axial anisotropy
as it is indicated by the large spectral weight in the high field
region of the spectra, while only small spectral weight is
observed in the low field region.

Black squares and red dots in Figure 3a mark the low field
and high field edges of the corresponding resonance feature,
respectively. The edges of the features were used as a reference
because the spectra comprise a variety of overlapping
transitions (see Figure SS) due to the sample configuration
as a fixed powder. Straight lines in Figure 3a show a linear fit to
the marked edges. The slope of these fits corresponds to the
effective g-value of the respective transitions, which amounts to
Zeir = 2.15(2). Note, that the g-value for both selected features
is the same, that is, no broadening of the spectra is observed
upon increasing the frequencies, which imply at the first glance
vanishing g-anisotropy on the Cu sites within the resolution of
our experiment.

However, even though our experimental data on the slope of
the resonance branches do not resolve g-anisotropy, a g-value
significantly larger than the spin-only value implies that a g-
anisotropy on the Cu sites is likely to be present. Indeed, the
measurements on 1, (see below) reveal a significant g-
anisotropy on the Cu(Il) sites when the central magnetic Ln
ions are replaced by a diamagnetic one. Thus, it can be
speculated that the exchange interaction between the Gd(III)
and the Cu(II) moments is responsible for the nonresolvable g-
anisotropy in the EPR data for 4_gq4.

In addition, the data in Figure 3a enable us to obtain two
zero-field splitting (ZFS) gaps of 24 GHz (0.8 cm™) and —7
GHz (—0.23 cm™) from the intercepts of the black and red
lines, respectively. It has been shown in several examples in the
literature*”®” that dipolar interaction can contribute to the
anisotropy and thus yield finite ZFS. To rationalize this
influence, the dipolar interactions are estimated using the
following dipolar Hamiltonian

https://doi.org/10.1021/acs.inorgchem.2c00065
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Hdip = SCulDdipSGd + SCuZDdipSGd (2)

The dipolar anisotropy tensor Dy, can be written in the
following form”®

gx,Cugx,Gd gx Gdg gx Gdg
(1-3 sin® sin 5 sin 77 sin £ sin i
7 sin® £) cos 7 cos &
- - 3gx,Cugy,Gd gy,Cugy,Gd(1 gx Gdg
Dyp = sin® & sin 7 —3cos’ sin & cos 17
cos sin” &) cos &
- 3gx,Cugy,Gd - 3gx,Cugy,Gd gz,Cugz,Gd(l -3
sin & cos & sin & cos & cos® &)
sin cos ]
Hy
r’ (3)

where r is the distance between the respective Cu and Gd ion
and £ or # define the angle, which is formed by the ionic z- or
y-axis and the distant vector r. For the calculations, it is
assumed that both Cu(Il) ions figure the same g-value g, and
the anisotropy of g, is fixed to the one derived from the HF
EPR measurements on the 1, sample. ggq is fixed to the
isotropic value of 2.

Figure S12 shows the respective calculated spin projections
of the Cu(II) and Gd(III) ions. In a good approximation, it
can be assumed that the spin projections of the Gd(III) ion
and the Cu(II) ions are perpendicular to each other and thus &
= n = 0. Consequently, only the diagonal elements in eq 3
remain ﬁnite, which can be quantiﬁed to Dy, = Difj, = 0.051
cm™! and G = —0.113 cm”™ !, Hence, it can be concluded that
a significant dipolar interaction contributes to the anisotropy of
the complex.

Figure 4 shows the temperature dependence between T = 2
and 60 K of the resonance feature in 4.4 at the frequency of
169.3 GHz. At the lowest temperatures, we observe a powder-
like spectrum with a sharp peak at B = 6.2 T and a shoulder
ending at B = 5 T. Upon increasing the temperature up to 6 K,
the sharp peak starts to broaden and shifts to lower fields. At
more elevated temperatures, it sharpens again, while staying at
a constant field position of B = 6 T. The shoulder on the low
field side shifts to higher fields upon heating.

2 2
H= MBB§GdSGd + Z ﬂBBgcu,,-SCu,i + Z SCu,iDdipSGd

= 2y ca(ScarSca + ScuaSca)

= YeralScarrSca + ScurSca)
4)

The temperature dependence of the spectra can be
simulated using the SH shown in eq 4 where the first and
second terms describe the Zeeman effect on the Cu(II) and
Gd(III) spins induced by the external magnetic field B and the
fourth and fifth term reflects the magnetic interaction between
the Cu(II) and Gd(III) spin and the two Cu(Il) spins,
respectively. The third term describes the dipolar coupling
term as it is shown in eq 4.
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Red solid lines in Figure 4 show the best simulation results
of the temperature-dependent data. The coupling and g-value
parameters and their error bars, which were obtained by
finding the variation interval in which the simulation gives still
a reasonable reproduction of the experimentally observed
spectra, are summarized in Table 2. The coupling between the

Table 2. SH Parameters Obtained by Simulation of the
Temperature Dependence of the Measured HF-EPR Spectra
(4.g4, See Figure 4) and of the Resonance Branches in the
Frequency vs Magnetic Field Diagram Using the SH Shown
in Equations 4 and 5“

Jeu=cu

8eff Jin—cu (Cmil) (cm™)

4y fixed  2.15 (iso) (2.18%%%) 1.5(10) (1.70%%%)  —0.25%
S.1p loose  2.08 1.16(5) +0.33(S)
6.py loose  2.11 0.58(5) +0.35(5)
1., fixed g =2.09(2) g = 2.31(2) —0.88%*

“*Value is taken from DFT calculations on 4.g4 (cf. below).**Ob-
tained by PHI fit of the dc magnetization data on 1., shown in Figure
2. *¥*% Obtained by PHI fit of the dc magnetization data on 4.g4
shown in Figure 2.

Cu(1I) spins described by J,_c, in the last term of eq 4 is fixed
to the value obtained by density functional theory (DFT)
calculations because an additional coupling parameter would
lead to overparameterization. Similarly, to the analysis of the dc
magnetization data presented above, Jc,_c, = 0 does not affect
the resulting parameters within error bars. The best simulation
values for the diagonal elements of the dipolar coupling tensor
described in eq 3 are Ddlp DY}, = 0.17(5) em™" and DF, =
—0.34(10) cm™, which is in the same range as the calculated
values described above. Thus, we conclude that the main
contribution to the observed anisotropy is arising from the
dipolar interaction of the Gd ions with the two Cu ions.
Nevertheless, based on the discrepancy between the calculated
and best simulation values, we cannot exclude that there are
other contributions to the anisotropy present, which, however,
cannot be quantified from the measured data at hand, due to
various parameter dependencies in the simulation.

The resonance features in the powder spectra exhibit a
temperature-dependent shift of the intensity toward the center
of the spectrum upon heating. This shift can be illustrated and
explained by the energy level diagram shown in Figure SSa,b,
which correspond to crystallites, where the easy axis of the
dipolar tensor is oriented in parallel or perpendicular to the
external magnetic field, respectively. For the former (see Figure
SSa), the spectral weight shifts to higher fields upon heating,
while the opposite is expected for the latter (see Figure SSb).

For 5.1, and 6.y, oriented loose powder is measured (see
the Experimental Section for details). Because the anisotropy
of the Ln(III) ions dominates over one of the Cu(II) ions, it is
assumed that the crystallites are most likely oriented with the
main anisotropy direction d;, in the local frame of the
respective Ln(III) ion along the external magnetic field B.
Consequently, the measured pseudo-single-crystal spectra
consist of contributions arising exclusively from this
orientation direction and, hence, only an effective g-value g4
can be measured. In the frequency vs magnetic field diagram
for 5.1, and 6.p,, two distinct features can be followed over the
whole frequency range under study (see Figure 3b,c,
respectively). At T = 2 K, the most pronounced feature,
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Figure 5. Frequency-dependent ac susceptibility measurements were performed on polycrystalline samples of 5., and 6.p, at the indicated
temperatures (H,. = 3.5 Oe) in the absence of an external field. Panels (A—C) represent in-phase/out-of-phase vs frequency, Cole—Cole, and the
Arrhenius plots, respectively, for the complex .1, while panels (D—F) correspond to 6.p,,. The solid red curves in panels B and E represent the
best fit obtained using the generalized Debye model. The solid red line in panel C and F represent the linear fit, and the solid green line in panel F
represent the nonlinear fit (Orbach + Raman) of the experimental data.

marked with black symbols, is attributed to the ground state
transition. This assignment is further confirmed by the
temperature-dependent measurements (see Figures S6a and
S7a), which show that the intensity of the selected features is
highest at T = 2 K. Figures S6b and S7b show the temperature
dependence of the integrated area over the whole spectra. For
both compounds (5.7, and 6_Dy), activated behavior can be
observed with a peak around T = 10 K. This indicates the
presence of energetically higher states, which are separated
from the ground state by more than 10 K and can hence be
neglected for discussing the ground state transitions at T =2 K.

The frequency dependencies of the selected features,
assigned as black symbols, for both samples show a linear
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behavior figuring an effective g-value of g = 2.08 and ZFS of
405 GHz for 5.1, while g.¢ = 2.11 and ZFS = 235 GHz for 6.p,
are observed. Due to the unquenched orbital contribution to
the anisotropy of the Ln(III) ions, the separation between the
ground and first excited state is much larger than the energy
scales of our experiment, so that the Ln(III) moments can be
treated as Ising spins.””***”’" The high axiality of the crystal
field is further shown by numerical results discussed in the
theoretical section below. Thus, the effective SH considering

the Ln ion as Ising spin can be written as

https://doi.org/10.1021/acs.inorgchem.2c00065
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2
H= MBgLnBZ]En + Z 'uBBgCu,iSCH;i

1

- 2]Cu_Ln(Séul‘]1fn + SéuZ']]fn) - 2]Cu_CuSCul‘SCuZ
(%)

As shown in Figure 3, the experimental data are well
described by the SH in eq 5. g, is thereby fixed to the
respective Lande g-value of g ,.4. = 3/2 for Tb(III) or 4/3 for
Dy(III). The corresponding energy—level diagrams are shown
in Figure S8. In particular, the experimental data do not imply
the presence of forbidden transitions with Amg > +1, which
corroborates usage of eq 5, that is, approximating J;,, by an
Ising spin and neglecting further anisotropy. Hence, the
coupling between Ln and Cu moments (J¢,_1,) can be directly
read-off from the ZFS gap of the branches corresponding to
the most pronounced feature at low temperatures. The
simulation results for 5.5, and 6.p, using the SH in eq § are
shown as solid black lines in Figure 3b,c, respectively. The
Jinca values amount to 1.16(5) and 0.58(5) cm™ for 5.y, and
6.py, respectively. All parameters used for these simulations are
listed in Table 2.

In addition to the main feature, the obtained spectra for 5.,
and 6.p, figure a fine structure in the form of a second feature,
which can be followed over the whole measured frequency
range, as indicated by the red dots in Figure 3b,c. The
appearance of these additional features with a ZFS gap only
marginally different from the main branch can be explained if a
finite coupling between the Cu ions is considered giving rise to
a triplet state. Including lJc,—c,l = 0.33(S) and 0.35(5) cm™
for S.p and 6.p,, respectively, leads to a simulation that
perfectly fits the measured data as shown by the red solid lines
in Figure 3b,c. These values are in the same range as the
Jcu—cu-values obtained for 4.4 and 1.5, from DFT calculations
or PHI fit, respectively. However, because the relative
intensities of the different features are hard to evaluate due
to the fact, that both, the orientation of the molecules within
the field, as well as other anisotropy effects can have an impact
on the very same, conclusions on the sign of J-,_c, exclusively
based on the HF EPR data would be an overinterpretation of
our measurement results.

Furthermore, we would like to mention that the explanation
of the additional fine structure in the measured spectra by a
finite coupling between the Cu(1l) ions is, even if well justified
by the predictions from dc susceptibility data and DFT
calculations, a rather speculative assumption because there are
other mechanisms as for example, a mixed ground state of the
Ln(III) ion®” or minimal differences in coupling strength to
the two Cu(Il) ions, which in principle could also promote
additional features.

Investigating 1., enables us to determine the g-anisotropy of
the Cu(II) spins in the absence of a Ln(III) moment. The
obtained spectra, depicted as gray lines in Figure 3d, show a
typical powder-like spectral shape, again figuring axial
anisotropy.”””®> Such anisotropic powder spectra can be
described by an S = 1/2 approach with an anisotropic g-
tensor. The axial symmetry suggests that only the axial (g;) and
transversal (g,) contributions of the anisotropic g-tensor need
to be considered. The features corresponding to g and g, are
marked by red dots and black squares in Figure 3d,
respectively. From linear fits to the resonance field positions,
we obtain g = 2.31(2) and g, = 2.09(2). Note that there is no
ZFS for either branch as expected for a spin S = 1/2 system.
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The temperature dependence of dc magnetization of 1,
shown in Figure 2A implies the presence of a small but finite
antiferromagnetic (AFM) coupling between the Cu(II) spins.

However, as demonstrated by the simulation (Figure S9) of
the energy-level diagram with the expected transitions shown
in Figure S10, the excitation gap induced by this coupling
cannot be directly observed by HF-EPR measurements
because there is no transition probability between the gapped
energy levels. Also, due to the weak coupling, ~1.3 K, the
contribution of a singlet ground state is ignored in our analysis
of the HE-EPR data.

Consistent with the literature reports,‘i’5 the exchange
strength between Cu—Ln(III) in 4.gg, S.11,y and 6-p,, complexes
decreases gradually. This has been rationalized in the
theoretical section below (vide infra).

Alternating Current Magnetic Susceptibility Meas-
urements. To investigate the magnetization relaxation
dynamics, ac susceptibility measurements were performed for
the polycrystalline samples of 5.1, —7.y, in the presence of 3.5
Oe ac oscillating magnetic field. The complex 7.y, shows an
out-of-phase susceptibility signal neither in the presence nor in
the absence of an external magnetic field (Figure S10 in
Supporting Information). This suggests that an under-barrier
relaxation mechanism within the ground state (ie. quantum
tunneling of magnetization) is dominant compared to the
other relaxation processes to reverse the magnetization
direction. This scenario is presumably due to the incompatible
crystal field around the Ho(III) ion and/or hyperfine
interaction, in addition to weak exchange interaction associated
with this complex (vide infra). In contrast to 7_y,, complexes
5.t and 6.p, show a well-resolved out-of-phase susceptibility
signal (ry;) that emerges with a concomitant decrease in the in-
phase susceptibility signal (y),') in the absence of an external
magnetic field. Also, the yy; signals shift to lower frequencies
upon decreasing the temperature. The presence of frequency-
dependent yy; signals observed for both S.p, and 6.p, are a
characteristic signature of single-molecule magnets (Figure 5).
From Figure S, it is evident that there is only one relaxation
process which is reflected in the Cole—Cole plot of both
complexes. Considering a single relaxation process (for both
S.rp and 6.p,), the Cole—Cole plot was fitted using the Debye
equation (eq 6), and the parameters used to fit the data are
listed in Tables S6 and S7 in Supporting Information.

t = X
1, (@) L

= + —
AT (7)™

(6)
Here, ys, Y1) @, 7, and a are the adiabatic susceptibility,
isothermal susceptibility, angular frequency, relaxation time,
and Cole—Cole parameters, respectively. The a-values range
from 0.22 to 0.40 for 5.1, and 0.09 to 0.15 for 6.p, which
indicates a narrow distribution of relaxation times. The
relaxation times extracted from the Cole—Cole fit were used
to construct the Arrhenius plot. There is no deviation observed
from linearity in the Arrhenius plot in the case of 5.y, (Figure
5C), while in the case of 6.1, a slight deviation appears at low
temperature. The latter further reiterates the point that the
Orbach process is the predominant relaxation mechanism for
the reversal of magnetization orientation compared to the
other faster relaxation mechanism such as Raman and QTM.
In the case of S, the effective energy barrier extracted from
the linear fit of the Arrhenius plot (Figure SC) is found to be
15.7 K (z, = 2.49 X 107% ) for the Orbach process. In the case
of 6., we have fitted the slightly deviated or nonlinear
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to extract the energy barrier of 12.6 K (7, = 1.70 X 107> s) for
the Orbach process along with the Raman (C = 15.14 s™' K™/,
n = 3.1) relaxation process (Figure SF). The observed energy
barrier for these complexes is comparable to the barrier height
reported for structurally similar complexes in the literature
(Table S8 of Supporting Information). The routine problem of
QTM in Ln(III) containing complexes is not observed in both
S and 6.p,. This can be presumably attributed to the
combination of the suitable ligand field around the oblate f-
electron configuration and relatively strong exchange inter-
action between the Cu(II) and Tb(III) or Dy(III) ions. " #7477

Theoretical Studies. To shed light on the electronic
structure of the complexes, the influence of magnetic exchange
interactions on the magnetization relaxation dynamics, and the
mechanism of the exchange interaction between the Cu(Il)
and the anisotropic lanthanides ion, we have performed
CASSCEF and DFT calculations. We noticed that the computed
gu > g1 for both the Cu(II) ions in all the complexes (Table S9
of Supporting Information) is consistent with the Jahn—Teller
elongated electronic structure and in line with the g-tensor
extracted from HF-EPR measurements on 1,;,. The spin
projection on each Cu(II) site in 1.1, is found to be oriented
along with the elongated Cu—O(alkoxy) bonds (Jahn Teller
axes) and almost perpendicular (85°) to the Cul—O11—Ln—
031 and Cul#-0O11#-Ln—031# dihedral planes but they
oppose each other. A similar spin projection for the two Cu(II)
ions was found in all the complexes (2.c,—7.,) as in 11, (see
Figures 6 and S11).

On the other hand, the magnetization axis on the Ln(III)
ion is governed by the charge density on the ligands bound to
it. We and others have noticed in 3d—4f metal complexes,
however, that (i) bringing a 3d metal ion in the vicinity of an
Ln(IIl) ion facilitates to increase the charge density on the
bridging atom, (ii) a uniform charge density on the bridging
ligand (i.e. one type bridging atoms, examples phenoxo bridges
as observed in complexes 2.c.—7.y,) tend to increase the
axiality in lanthanides with oblate/prolate f-electron density,
(iii) unequal charge density on the bridging ligand arising due
to scrambled ligands (phenoxo, carboxylate, nitrates, efc.) tends
to increase the rhombicity and hence triggers faster magnet-
ization relaxation than anticipated, and (iv) if the 3d metal ion
is diamagnetic, then this structural arrangement manifests to
mitigate the intermolecular interactions. Consistent with the
abovementioned observations, the magnetization axis (g,) of
oblate f-electron configuration containing lanthanides (2.,
S.tb—7-1o) orients along the Cu—Ln—Cu axis to avoid the
repulsion between the electron density on the bridging ligand
and f-electrons on the Ln(III).

The high axial nature of Ln(III) ions in 2_¢, and §.1—7.y, is
disclosed in the computed g-tensors where g, > g, and g, and
the transverse components are negligibly small for ground m;
state (see Tables S10 and S11 of Supporting Information). As
a consequence, not only the ground Kramers doublet (KD)
+15/2, but also the first excited KD (+13/2) is found to have
negligible admixing with the other excited state KDs in 6_p,.
Similarly, due to the ideal crystal field around the Tb(III) ion
in S.p, the tunnel gap (0.001) observed within the ground
state m; levels (+6) is very small, while the bias field produced
by Cu(ll) and Tb(III) exchange interactions presumably
arrest/prevent the fast relaxation through the ground m; levels.
The orientation of the magnetization axis g, of Ho(III) is along

Arrhenius plot using the equation 1/7 = CT" + exp
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Figure 6. Computed spin projection of Cul, Cu2, and g,, orientation
of Ln(III) ion in their respective complexes. (Here, the Z-axis is
chosen as the highest order symmetry axis, while the choice of the X
and Y axes is arbitrary).”””® The head of the g,, axis is shown only in
one direction instead of double-headed arrows to exhibit the nature of
the interaction between the metal centers.

the Cu—Ho—Cu axis, and it has a larger tunnel gap (0.5 cm™)
within the ground state m; levels compared to that of S.g,.
Besides, the presence of hyperfine interactions [Iy, = 7/2
(100% abundance)] could also manifest a relaxation of the
magnetization vector within the ground m; levels.

Although the wavefunction analysis of SINGLE ANISO
calculations is useful to understand the mechanism of
relaxations qualitatively, it does not capture the real scenario
as it is an exchange-coupled system. Therefore, we used the
ground state wavefunction computed from SINGLE_ANISO
as an input file to compute the exchange-coupled energy
spectrum using the POLY ANISO module in the MOLCAS
8.2 suite.””® The resultant energy spectrum was used to
explain the experimental trend observed for the magnetization
relaxation dynamics of 5., to 7.y, The dc magnetic
susceptibility computed from POLY ANISO for complexes
2_¢. to 7.y, reproduces the experimental magnetic data (Figure
2) and, hence, offers confidence on the extracted SH
parameters including the strength of exchange interaction (J).

To avoid an over parameterization and to estimate the
exchange coupling strength between Cu(II) and the
anisotropic lanthanides, we have kept the J, value constant at
—0.25 cm™' (BS-DFT estimated Cu—Cu interaction in 4.¢q)
or 0.0 cm™" for complexes (4.g4—7.1o), While for 2_¢, and 3.p,,
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the Cu(II)---Cu(II) strength (J,) is fixed at —0.88 cm™" (PHI
estimated Cu(II)—Cu(II) interaction in 1;,), and therefore,
the lines single parameter approach can be effectively utilized.
In line with the prediction from the empirical approach, an
antiferromagnetic exchange coupling between Cu (1I) and the
Ce(II1) or Pr(III) ion is witnessed in 2.c, (—2.0 cm™") and 3_p,
(—=1.12 cm™"), respectively. A ferromagnetic exchange coupling
constant can be estimated between Cu(II) and the isotropic
Gd(III) and anisotropic Ln(III) spins, that is, Jou_1, = +2.40
em™ (for 4.g4), +2.30 cm™" (for §.1), +2.15 cm™" (for 6.p,),
and +0.35 cm™" (for 7.4,).The computed J-values reproduce
the experimental trend [i.e, decrease in magnitude of J with
increasing atomic number of Ln(III)], which is consistent with
experimental observations, although the magnitude of the
exchange coupling constants is overestimated. This is in good
agreement with the other literature reports as well.”"*®

To rationalize the experimentally observed dynamic
magnetic behaviors, we have analyzed the complete
exchange-coupled energy spectrum that arises from the
simulation of magnetic data for complexes 5.r,—7.y, (Figure
7 and see S12 in Supporting Information; also see Tables S12

A) 40-

QTM = 3.3E-04

T T T 1

0 5 10 15
M1y,

N
o
&

Figure 7. Low-lying non-KDs (A) for S.5, and KDs (B) for 6.5,
exchange states were obtained from POLY_ANISO simulation.
Energy states are placed on the diagram according to their magnetic
moment. Red arrows/curves show the tunneling of magnetization
within each doublet, while the green and blue arrows show Orbach
and Orbach/Raman processes, respectively.

and S13). To also shed the light on the mechanism of
magnetization relaxation dynamics, we have computed the
transverse magnetic moment between the connecting pairs of
opposing magnetization moment for KD exchange states and
the tunneling splitting between non-KD exchange states
(Figures 7 and S12 in Supporting Information). The computed
tunneling gap A, = 1.0 X 107> K between the ground state
doublet is too low to facilitate the magnetization relaxation
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between these levels via QTM in S_y,. Therefore, this complex
is expected to show slow relaxation of magnetization in the
absence of an external magnetic field. This is in excellent
agreement with the experimental observation. Several factors
presumably contribute to the zero-field yy; in S.pp: (i)
increased axiality due to the presence of 3d-ions in the vicinity
of the Tb(II) ion, (ii) small tunnel splitting, and (iii) a
relatively strong exchange interaction between the Cu(II) and
Tb(III) ion (Jou_1p = +2.30 cm™"). The tunnel splitting (A,
= 6.7 X 107*) for the excited exchange-coupled non-KDs up to
the fourth states in complex 5_p, was also found to be as low as
~107*, which signifies that the relaxation should occur ideally
through the fourth excited exchange-coupled state which is
separated from the ground-coupled state by 26.5 cm™ or 37.2
K.

This sets the maximum permissible barrier under extreme
dilution conditions. Other excited exchange-coupled states are
energetically very high; for instance, the fifth one is separated
by 158 cm™ from the ground state (Table S12). The
experimentally observed effective energy barrier for complex
5.1 of 10.9 cm™" (15.69 K) is in agreement with the computed
effective energy barrier of 26.5 cm™" (37.2 K). Similarly, in the
case of complex 6.p,, the transition magnetic moment 3.3 X
107" pp between the ground state exchange-coupled KDs,
which defines the extent of quantum tunneling of magnet-
ization, is found to be small. This observation is correlated with
the linear Arrhenius plot observed for complexes 5.y, and 6.p,
at zero applied dc magnetic field, which shows that the QTM
has been suppressed/quenched to the maximum extent. The
thermally assisted transition magnetic moment (TA-QTM =
1073) for up to the fourth low lying excited exchange-coupled
states support the relaxation of magnetization through the
fourth excited exchange state which is separated by 20.74 cm™
(29.04 K) from the ground state. The experimentally observed
zero-field effective energy barrier for complex 6.p, was found
to be at 875 cm™ (12.6 K) and comparable with the
computed effective energy barrier for the reversal of magnet-
ization.

The tunnel splitting of 3.3 X 107* K between the ground
exchange state non-KDs in the case of complex 7y, is large
(Figures S12 and Table S13 in Supporting Information) and
triggers magnetic relaxation within the ground states itself.
This rationalizes the absence of any slow relaxation of
magnetization (Hy. = 0) consistent with experimental
observations (Figure S12 in Supporting Information).

Next, we turned our attention to unraveling the mechanism
of the exchange interaction between Cu(Il) and the
anisotropic lanthanide. Before we proceed with the anisotropic
system, we have computed the exchange coupling constant for
the isotropic 1, and 4.gq usin% Noodleman’s broken
symmetry-DFT (BS-DFT) approach.”!

To evaluate the exchange coupling constants J; and J,, the
following Hamiltonian (eq 7) has been used.

A= _Z[L{(SCul'SGd) + (Scwr'Sea)} + ]z(SCul'SCuZ)]
(7)
To compute J; and J,, we have considered various BS states
(Table S14). The Cu—Gd and Cul—Cu2 magnetic exchange
coupling J, and J, are found to be +1.69 and —0.25 cm™’,
respectively, in complex 4.¢g4.
Mechanism of Magnetic Exchange Coupling in {Cu—
Ln—Cu}. Based on the detailed experimental and theoretical
investigations, the mechanism of magnetic exchange coupling
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within Cu—Gd is well established, and the participation of
empty orbitals (Sd, 6s, and 6p) for the exchange coupling is
invariably accepted. Particularly, the sole antiferromagnetic
contribution of the J (J,z) arises from the overlap between
3d,_,> and 4f orbitals, while the ferromagnetic contribution to
the net exchange (Ji) arises from charge transfer to Sd orbitals
or orthogonality between 4f and 3d orbitals.”'*'*3*%>%3 T¢
analyze various factors mentioned above in 4.4, we looked at
the symmetry and overlap of the SOMOs. Complex 4_g4 has an
approximate C,, symmetry, and among the seven 4f-orbitals,
only two of them have the same irreducible representation to
that of Cu(II) 3d,>_,> orbital and hence could contribute to the
antiferromagnetic part of the exchange, while the other five 4f
orbitals are expected to be orthogonal to the Cu(Il) 3dz_
orbital and hence are expected to contribute to the J; term.
NBO analysis revealed that the electronic configuration of
Gd(II1) is 6s(0.16)4£(7.01)5d(0.74)6p(0.40), and this shows
that the 6s, 5d, and 6p orbitals, which were formally empty
orbitals have significant electron occupancy due to polar-
isation/charge transfer. On the other hand, the literature lacks
descriptions of a mechanism for magnetic exchange coupling
between Cu—Ln™ ions. In line with the literature reported, we
have noticed an antiferromagnetic coupling in 2.c, and 3.p,
while a ferromagnetic coupling is witnessed for 4_Gd—6_Dy.20’38
To rationalize the experimentally observed universal trend, not
quantitatively but qualitatively, we have performed DFT
calculations on complexes 2.c,, 3.p,, 4.gay S-11y and 6.p,.

In the pretext of the earlier proposed mechanism for {Cu—
Gd}, it is important to underline the overlap between 3dg_y
orbital and the 4f orbitals, which is likely to be influenced by
their energy difference, that is, a smaller energy difference
between these two orbitals may lead to a stronger overlap and,
hence, a larger J,g contribution and vice versa. Conversely, the
scenario that leads to a small energy gap between the 3d,_
orbital and the Sd orbitals of the Ln(III) ions presumably
enhances the charge transfer and, hence, has a large Ji
contribution to the J;. Therefore, these two energy gaps
could offer further clues into the mechanism of magnetic
exchange between the Cu(Il) and the anisotropic lanthanide
ions.

Henceforth, we have analyzed the energy gap AE, = E,{(Ln)
— E;d;_(Cu) and AE, = Egy(Ln) — Eyd;2_2(Cu) for 2.¢,,
3.pv 4.Go S-ty and 6.p, complexes and plotted their relative
energy on the same scale, as shown in Figure 8. It can be seen
that, when going from Ce(III) to Pr(III), AE, decreases from
363.7 to 83.8 kJ/mol and this indicates an increase in ], to the
overall ] (J1) as a smaller gap between these SOMOs. At the
same time, AE, was found to also decrease from 1026 to 868
kJ/mol, indicating that J; contribution to J; should strengthen
as well (supported by the increase in the energy of 5d orbitals).
However, with the exchange contribution being higher for AE;
than for AE,, the net exchange is expected to be
antiferromagnetic, but the strength of the J; is expected to
diminish between {Cu—Pr} in 3.p, compared to {Cu—Ce} in
2 ce

It was further noticed that going from Pr(IIl) to Gd(III)
leads to an increase of AE; (from 83.8 to 351.6 kJ/mol), which
accounts for a decrease in J,p contribution. At the same time,
only a marginal increase in AE, (from 868.4 to 877.5 kJ/mol)
leads to an overall ferromagnetic exchange between the Cu—
Gd in 4.g4 as the J,p contribution diminishes significantly. This
is consistent with both magnetic and HF-EPR measurements.
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Figure 8. Comparative energies (kJ/mol) of 4f, 5d of Ln(III), and
3d,2_,* orbital of Cu(II). The energies of Cu(II) 3d,_,> are taken as
reference for each complexes. The energy differences between
4f(Ln)—3>de_y2 (Cu) and 5d(Ln)—3dxl_yl (Cu) termed as AE; and
AE,, respectively.

As we move from Gd(III) to the Tb(III) complex, a simple
comparison of the energetics of AE; (a slight increase from
351.6 to 413.7 kJ/mol) and AE, (a slight decrease from 877.5
to 828.4 kJ/mol) of 5.1, with 4.g4 does not rationalize the
experimental trend. Therefore, we have carefully analyzed the
overlap integrals in S.p, which are significantly lower for 4.gq
(implying orbital orthogonality). Careful analysis of S.p
unveils that there is a significant overlap between 4f,,, and
3d,>_,> which is much larger than any other overlap which was
computed. This interaction leads to a strong J,r contribution.
Due to this J,r contribution to the overall exchange, the net
ferromagnetic exchange in 5., decreases (compared to 4.gq),
which is consistent with the HF-EPR studies.

Again, moving from Tb to Dy, a slight decrease in AE, and a
slight increase in AE, indicate larger J,r and smaller Jg
contributions leading to a drop in the net ferromagnetic
exchange compared to Tb(III) as observed. Also, there are
three non-zero {3d,>_>—4f} overlap integrals for Dy(III) and
thus enhancement of the antiferromagnetic contribution leads
to a decrease in the net ferromagnetic exchange interactions
compared to {Cu—Tb}(Table S15).

To sketch our conclusions, we can say that in the case of less
than half-filled lanthanides, small AE; and less CTC due to
large AE, result in dominant antiferromagnetic Cu—Ln
interactions.

When we move from less than half-filled lanthanides to
Gd(11I), the energies of 4f orbitals of Ln(III) drop compared
to that of the Cu(II) 3d,>_,* orbital. This brings the 5d orbitals
of 4f ions close to the Cu(Il) 3d,2_ (small AE,) leading to a
greater Jp contribution. At the same time, AE, also increases
(diminishing J,p contribution), and this ensures not only the
change in the magnetic exchange sign but also favors the
ferromagnetic exchange interactions (Scheme 2). While the
energies qualitatively rationalize the trend observed, it is still
important to look at the strength of overlap in some cases as in
Tb(III), where an unusually large 14f, 13d,>_2| overlap was
found, leading to a slight variation from the orbital energy
arguments.

In both 4.g4 and 1,,, the ], interaction is estimated to be
antiferromagnetic (—0.25 cm™" for 4.g4 and —0.57 cm™ for
1., from DFT calculations). It can be seen that there is a slight
difference between the J, interactions in 4.gq and 1., even

https://doi.org/10.1021/acs.inorgchem.2c00065
Inorg. Chem. 2022, 61, 5572—-5587


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00065/suppl_file/ic2c00065_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00065?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00065?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00065?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c00065?fig=fig8&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c00065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

Scheme 2. Proposed Mechanism of Exchange Interaction
for Less than Half-Filled (Panel A) and More than Half-
Filled Lanthanides (Panel B)“
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“Where J,r represents antiferromagnetic contributions, while Jp
represents ferromagnetic contributions to the net exchange
interactions. The CTC is charge transfer from Cu(1I) 3d,>_,> orbitals
to Sd orbitals of Ln(III); Ln(IIl) 4f polarization is the polarization of
5d orbitals of Ln(III) by 4f orbitals of Ln(III).

though both these interactions are between the d,>_> orbitals
of two Cu(Il) ions, which indicates the influence of the
electrons in 4f orbitals. The absence of 4f electrons leads to a
stronger overlap between the d,>_ orbital of Cu, and Cu, and
thus to a stronger antiferromagnetic interaction in 1, than
4_gg- Magneto structural correlations developed earlier for the
{Cu—0-Gd} and {Cu—O-Gd—O} dihedral angles affirm
that the computed ], should be positive and J, should be
negative, in line with our calculations.”’ The experimentally
determined/the computed exchange interaction for the
complexes is in good agreement with the complexes reported
in the literature which possess similar structural parameters as
in 1,~7 4o

B CONCLUSIONS

We have isolated a series of near-linear trinuclear Cu—
Ln(III)-Cu complexes which are characterized by single-
crystal X-ray diffraction with the general molecular formula
[CuyLn(HL),(NO,)[(NO,),, where Ln = La (1), Ce (2.c,),
Pr (3.p,), Gd (4.ga), Tb (S.1), Dy (6-Dy)) or Ho (7.y,). The
empirical approach followed discloses that an antiferromag-
netic coupling dominates between Cu(II) and Ln(IIl) in 2.¢,
and 3 _p,, while a ferromagnetic exchange coupling is dominated
between Cu(II) and Ln(IIl) in the complexes 4.g4—7.,- The
turning point moves to a lower temperature from 4.g4 to 7.y,
in the yuT(T) data, which qualitatively implies that the
exchange coupling strength between Cu—Ln(III) decreases in
the same order. Strikingly, this experimental trend is confirmed
by HF-EPR measurements on representative samples and the
ferromagnetic exchange coupling between Cu(II) and Ln(III)
is determined with a value of +1.5(10), 1.18(10), 0.56(10)

em™! in 4.gy S, and 6.py, respectively. Remarkably, this
experimental observation is well corroborated by computa-
tional calculations, that is, not only the calculations predict the
correct sign of exchange coupling constant in 11, to 7.y, but
also the experimental trend (decrease of ferromagnetic
exchange as moving from 4.g4 to 7.y,) is reproduced. We
have identified for the first time the factors that affect the sign
and magnitude of exchange coupling between Cu(Il) and
anisotropic Ln(IIl) ions. To summarize the finding and the
mechanistic aspect in these systems, we notice that the charge
transfer from the 3d orbital to the GA(III) vacant 5d orbital is
a dominant factor for the ferromagnetic coupling in 4_g4. While
the progressive decrease in the magnitude of overall exchange
coupling constant from 5., to 7.y, (compared to 4.g4) is
attributed to several parameters, namely, (i) increase in the
energy gap between 3d to Sd, (ii) reduced orbital
orthogonality, and (iii) increased non-zero orbital overlap
(3d and 4f) in complexes S.qp, to 7.y, The ideal crystal field
around the oblate ion complexes 5_1;, and 6.p, combined with
the strong exchange coupling between Cu(II) and Tb(III) or
Dy(Ill), respectively, manifest frequency-dependent out-of-
phase susceptibility signals in the absence of zero dc field.
While the weak exchange coupling [between Cu(Il) and
Ho(III)] and the unsuitable crystal field observed for 7.y,
facilitates faster relaxation. Therefore, there are no yy; signals
even in the presence of an external magnetic field. Ab initio and
DFT calculations suggest that the energy gaps between the
3d,_,> and 4f orbitals and the 3d,>_,> and Sd orbitals of 4f ions
are very relevant and dictate the sign and strength of magnetic
coupling in the {Cu—Ln} series. In this regard, a hitherto
unknown mechanism of magnetic coupling is proposed, which
is expected to have implications beyond the examples
discussed.
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