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Introduction

Tetranuclear {Ln""}, complexes possessing
homometallic O-capped structural subunits:
study of magnetic and photoluminescent
properties

Purbashree Halder,® Nandini Barman,? Ibtesham Tarannum, @2 ©
Subrata Mukhopadhyay,? Bjorn Schwarz, & *® Saurabh Kumar Singh
Joydeb Goura () ¥d-e

*< and

A series of homometallic tetranuclear Lng complexes, [Ln4(pz-OH){py>C(OH)O},(0O,CCMesz)g] [{py,C(OH)
O}~ = monoanionic gem-diol form of di-2-pyridyl ketone; Ln = Nd (1), Eu (2), Tb (3), Dy (4), Er (5) and Yb
(6)], have been synthesized and characterized. The asymmetric unit of each of the tetranuclear derivatives
comprises the dinuclear motif, [Ln,(us-OH){py.C(OH)O}O,CCMesz)4]. The core structure of this Lny
family possesses two homometallic O-capped structural subunits, LnQ'O, which are further connected
through the bridging pz-OH ligands. Mean plane analysis indicates that all the lanthanide centers lie in the
same plane. There are two types of eight-coordinated lanthanide centers present. The shape analysis
revealed that the Lnl center possesses a distorted elongated trigonal bipyramidal geometry while the Ln2
center has a distorted Johnson elongated triangular bipyramidal geometry. Solid-state room temperature
photoluminescence studies of 1-5 show the ligand center emission band at 306 nm when excited at
270 nm. Compound 1, when excited at 380 nm emits at 517, 624, and 724 nm. On the other hand, exci-
tation at 360 nm of compound 3, leads to emission peaks at 489, 542, 583, 590, and 624 nm. These
bands are due to the f-f transitions of the Tb(i) centers. For all complexes, the dependence of direct
current (DC) and alternating current (AC) magnetization on temperature and magnetic field was
measured. The magnetic anisotropy and magnetic relaxation mechanism were also studied using the
complete active space self-consistent field (CASSCF) methodology for complexes 1-6. The SINGLE_ANISO
module is used to extract the relevant spin-Hamiltonian parameters. We have calculated the magnetic
exchange couplings (J;—Js) for all the complexes. For complexes 3 and 4, we observed a sizable tunnel
splitting of 1.5 x 10~ cm™ and 1.9 x 10~ cm™
magnetic relaxation in the exchange-coupled systems, resulting in diminished SMM behaviour.

, indicating that QTM is still a dominant mechanism for

ties, since it contains hetero-donor sites including one oxygen
and two nitrogen atoms. The neutral (py),CO can act as a

Multi-dentate coordinating organic and inorganic ligands have
been extensively used for developing lanthanide ion-based
single-molecule magnets (SMMs)." Among them, the di-2-
pyridyl ketone, (py),CO, has ubiquitous coordination capabili-
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bidentate chelating ligand, while tri- or tetra-dentate behavior
has been observed for the geminal diol, which is formed in
the presence of a base. The (py),CO ligand has strong coordi-
nation binding capability towards soft and hard metal ions. In
addition, two pyridine groups attached to the carbonyl slightly
enhance the electrophilic nature of the carbonyl group. As a
result, formation of the hemiketal is faster in the presence of
solvents (such as H,O, MeOH, EtOH, etc.) (Chart 1).> The
hemiketal ligand has beneficial properties for binding with
oxophilic lanthanide ions. On the other hand, the hydrazine
derivative of the (py),CO ligand shows strong fluorescence pro-
perties in an acidic medium.?

Therefore, the neutral (py),CO has the potential ability to
assemble polynuclear lanthanide complexes. Polymetallic
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Chart 1 Hemiketal form of di-2-pyridyl ketone.

lanthanide complexes have generated great interest over the
last few decades owing to their potential applications in
modern molecular qubits,* molecular spintronics,” quantum
computations,” magnetic  refrigeration,”  photochromic
materials,’ and particularly in single-molecule magnets
(SMMs).! SMM properties have been extensively studied for
polynuclear lanthanide complexes due to their high ground
spin state (S) and Tb(m),” Dy(u),"® Ho(m),"* and Er(m)" ions
show strong magnetic anisotropy (D). However, achieving a
high spin ground state by ferromagnetic coupling between the
lanthanide ions is very challenging. Simultaneously, the block-
ing temperature is another key factor in controlling SMM be-
havior that is certainly determined by the magnetic anisotropy,
caused by zero-field splitting (ZFS)."* A purely uniaxial negative
ZFS parameter D is desirable for good SMM characteristics
with slow magnetic spin-lattice relaxation and long conserva-
tion of the magnetic Ising limit."? The high uniaxial anisotropy
possesses a large energy barrier, U, with accompanying high
blocking temperature for reversal of magnetization.'*

An effective energy barrier that ensures slow spin-lattice
relaxation strongly depends on the coordination environment
and the geometry around the Ln(m) ion."” The electronic and
steric factors of the ligands play crucial roles in determining
the geometry and control of the magnetic properties. A
survey of the literature revealed that varieties of polynuclear
lanthanide complexes have been reported such as those with
di-, tri-, tetra-, penta-, hexa-, and higher nuclearities."®
Among them, tetranuclear derivatives have received signifi-
cant attention owing to their structural arrangements [e.g.
rhomboid, cubane, butterfly, square, rectangle, chain-like,
linear, Y, see-saw, irregular zigzag, square grids (2 x 2), etc.]
and magnetic behavior depending on the organic ligand
backbone.'® So, appropriate designs of the organic ligands
can regulate the structural patterns and coordination
numbers that can modulate the coordination geometry and
magnetic properties. Various tetranuclear lanthanide deriva-
tives have been reported based on several organic and in-
organic ligands.'® Indeed, the neutral (py),CO as primary
ligand-based tetranuclear lanthanide complexes have not
been reported yet.

In this regard, the (py),CO ligand is of great interest for
assembling tetranuclear lanthanide complexes due to its
multi-dentate nature and control of magnetic and photolumi-
nescent properties. Accordingly, herein, we report a series of
tetranuclear homometallic O-capped lanthanide complexes 1-6
based on the (py),CO ligand. Detailed magnetic and lumine-
scence studies have been conducted.
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Experimental
Reagents and general procedures

Solvents and other general reagents used in this work were
purified according to standard procedures.'” Di-2-pyridyl
ketone [(py).CO] and sodium pivalate hydrate (NaPiv) were
acquired from TCI (Tokyo, Japan). NEt; was obtained from S.D.
Fine-Chem Ltd. NdCl;-6H,0, EuCl;-6H,0, ErCl;-6H,0, and
YbCl;-6H,O were bought from Alfa Aesar, while TbCl;-6H,0
was obtained from SRL and DyCl;-6H,O from Sigma-Aldrich,
and were used as received.

Instrumentation

Melting points were measured using a JSGW melting point
apparatus and the presented values are uncorrected. Fourier
transform infrared (FT-IR) spectra were recorded with a
PerkinElmer LX-1 FT-IR spectrophotometer (4000-400 cm™)
by using a modern diamond attenuated total reflectance (ATR)
accessory. Elemental analyses of the compounds were per-
formed using a PerkinElmer 2400 Series-II CHN analyzer. The
solid-state emission spectra were recorded on a PerkinElmer
Lambda 20 spectrophotometer.

X-ray crystallography

Single-crystal X-ray structural studies of 1-6 were performed on a
Bruker SMART APEX CCD diffractometer. Data were collected
using a graphite-monochromated MoK, radiation source (4 =
0.71073 A). The crystals did not degrade/decompose during data
collection. Data collection, and structural solutions and refine-
ments were performed using the SMART, SAINT and SHELXTL
programs, respectively.'®*¥ All of the non-hydrogen atoms were
refined anisotropically using full-matrix least-square procedures.
All of the hydrogen atoms were fixed at idealized positions, and
a riding model was used. All of the mean plane analyses and
molecular drawings were obtained using Diamond (version 3.1).

DC and AC magnetometry

Direct current (DC) and alternating current (AC) magnetometry
was conducted using a Physical Property Measurement System
(PPMS) DynaCool from Quantum Design equipped with an
ACMS-II option. Powdered complexes of 1 (Nd), 2 (Eu), 3 (Tb),
4 (Dy), 5 (Er), and 6 (Yb) were used when measuring their DC
magnetometry values. The sample powders were filled into
gelatin capsules (QDC-AGC1 from Quantum Design) and
mechanically fixed with Icosane (about 50 mg) to prevent par-
ticle reorientation. The capsules were fixed with some polyi-
mide tape within magnetically neutral sample holder straws
(QDS-8000-001 from Quantum Design) and attached to the
sample holder rod. DC magnetization vs. temperature was
measured at a magnetic field of 1000 Oe from 2 K to 50 K in
settle mode and from 51 K to 200 K in sweep mode at a 1 K
min~" heating rate. The temperature step size for signal acqui-
sition was 1 K with a signal averaging time of 10 seconds.
Magnetization vs. magnetic field was measured at 2, 5, 10, 15,
20, 25, 35, 50, and 300 K up to 7 T (complexes 3 and 4 were not
measured at 300 K) with a signal averaging time of 10 seconds

This journal is © The Royal Society of Chemistry 2025
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and a three-fold redundancy per measuring point. Due to the
strong magnetic signal stemming from the lanthanoids, no
corrections for diamagnetic contributions have been made. AC
susceptibility was measured from 50 Hz to 10 kHz at 27
different frequencies with a log-distribution at 2 K at various
magnetic DC fields, as indicated in the corresponding figures
(maximum field was 2500 Oe). The AC excitation field was 5 Oe
with an average time per measuring point of 10 seconds.

Synthesis

General procedure for the synthesis of complexes 1-6. The
following general protocol was utilized for the synthesis of
homometallic tetranuclear lanthanide complexes. LnCl;-6H,O
was added to a stirred solution of di-2-pyridyl ketone (py),CO
in methanol (20 mL). To this solution, sodium pivalate (NaPiv)
hydrate and triethylamine (NEt;) were added. The mixture was
stirred for 30 minutes at 60 °C, affording a clear colorless solu-
tion. This solution was evaporated in a rotary evaporator to
dryness, the product re-dissolved in methanol, and then fil-
tered. The filtrate was allowed to evaporate slowly at room
temperature. After two weeks, colorless crystals suitable for
X-ray diffraction had been formed. Specific quantities of the
reactants involved in each reaction, yields of the products, and
their characterization data are given below.

[Nd,(p3-OH),{py,C(OH)O},(0,CCMe;)g]  (1).  Quantities:
(py).CO (0.062 g, 0.336 mmol), NdCl;:6H,0 (0.060 g,
0.168 mmol), NEt; (0.4 mL, 2.869 mmol), NaPiv (0.072 g,
0.507 mmol). Yield: 0.046 g, 53% (based on Nd). Mp: 200 °C (d).
IR (KBr) (ecm™): 3362(br), 2961(br), 1514(w), 1482(s), 1415(s),
1374(w), 1226(m), 1147(m), 1088(m), 1064(s), 1043(w), 1011(m),
938(w), 896(m), 846(m), 812(s), 790(m), 758(s), 631(m), 593(s),
593(m), 400(s). Anal. caled for CgHg,N,Nd,O,, (1822.39): C,
40.86; H, 5.09; N, 3.07. Found: C, 39.61; H, 4.88; N, 2.93.

[Euy(ps-OH),{py.C(OH)O},(0,CCMe3)g]  (2).  Quantities:
(py).CO (0.061 g, 0.336 mmol), EuCl3-5H,0 (0.062 g,
0.168 mmol), NEt; (0.4 mL, 2.869 mmol), NaPiv (0.072 g,
0.507 mmol). Yield: 0.041 g, 50% (based on Eu). Mp: 200 °C
(d). IR (KBr) (em™) 2963(br), 1579(w), 1521(w), 1485(s),
1425(s), 1378(w), 1362(s), 1227(m), 1166(m), 1038(m), 1014(w),
943(w), 898(m), 807(m), 759(s), 671(s), 631(m), 596(s), 403(s).
Anal. caled for Cg,Hop,EuyN,O,, (1853.28): C, 40.18; H, 5.00; N,
3.02. Found: C, 39.92; H, 4.81; N, 2.86.

[Tby(ps-OH){py.C(OH)O},(0,CCMes)s]  (3). Quantities:
(py).CO (0.062 g, 0.336 mmol), TbCl;-5H,0 (0.063 g,
0.168 mmol), NEt; (0.4 mL, 2.869 mmol), NaPiv (0.072 g,
0.507 mmol). Yield: 0.040 g, 51% (based on Tb). Mp: 200 °C
(d). IR (KBr) (em™'): 2961(br), 1567(w), 1516(w), 1485(s),
1424(s), 1377(w), 1297(w), 1227(m), 1209(m), 1117(m), 1164(s),
1079(m), 1079(m), 1039(w), 943(w), 896(m), 817(m), 808(m),
791(m), 759(s), 670(s), 649(m), 632(m), 595(s), 564(m), 400(s).
Anal. caled for Cg,Ho,TbyN,O,, (1881.13): C, 39.59; H, 4.93; N,
2.98. Found: C, 39.32; H, 4.74; N, 2.83.

[Dya(3-OH){py.C(OH)O},(0,CCMe3)s] (4). Quantities:
(py).CO (0.062 g, 0.336 mmol), DyCl;-5H,0 (0.064 g,
0.168 mmol), NEt; (0.4 mL, 2.869 mmol), NaPiv (0.072 g,
0.507 mmol). Yield: 0.042 g, 52% (based on Dy). Mp: 200 °C
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(d). IR (KBr) (em™): 2981(br), 1577(w), 1517(w), 1485(s),
1424(s), 1377(w), 1297(w), 1227(m), 1210(m), 1114(m), 1137(s),
1079(m), 1014(w), 943(w), 826(m), 816(m), 791(m), 758(s),
670(s), 658(w), 649(m), 632(m), 596(s), 565(m), 532(m), 400(s).
Anal. caled for Cg,Ho,Dy,N,0,, (1895.42): C, 39.29; H, 4.89; N,
2.96. Found: C, 39.04; H, 4.69; N, 2.82.

[Ery(p3-OH),{py.C(OH)O},(0,CCMe3)s]  (5).  Quantities:
(py).CO (0.062 g, 0.336 mmol), ErCl;-5H,0 (0.065 g,
0.168 mmol), NEt; (0.4 mL, 2.869 mmol), NaPiv (0.072 g,
0.507 mmol). Yield: 0.040 g, 50% (based on Er). Mp: 200 °C
(d). IR (KBr) (cm™'): 2961(br), 1579(w), 1519(w), 1460(s),
1426(s), 1378(w), 1297(w), 1228(m), 1212(m), 1167(m),
1150(m), 1080(s), 1037(w), 944(w), 898(m), 809(m), 791(m),
671(s), 650(w), 650(m), 632(m), 598(s), 567(m), 534(m), 400(s).
Anal. caled for CeyHo,Er;N,4O,, (1914.46): C, 38.90; H, 4.84; N,
2.93. Found: C, 38.66; H, 4.62; N, 2.79.

[Yba(p3-OH){py.C(OH)O},(0,CCMe3)s]  (6).  Quantities:
(py)2CO (0.062 g, 0.33 mmol), YbCl;-5H,0 (0.066 g,
0.168 mmol), NEt; (0.4 mL, 2.869 mmol), NaPiv (0.072 g,
0.507 mmol). Yield: 0.040 g, 50% (based on Er). Mp: 200 °C
(d). IR (KBr) (em™™): 2961(br), 1579(w), 1519(w), 1460(s),
1426(s), 1378(w), 1297(w), 1228(m), 1212(m), 1167(m),
1150(m), 1080(s), 1037(w), 944(w), 898(m), 809(m), 791(m),
671(s), 650(w), 650(m), 632(m), 598(s), 567(m), 534(m), 400(s).
Anal. caled for Ce,Ho,YbyN4O,, (1937.64): C, 38.43; H, 4.79; N,
2.89. Found: C, 38.19; H, 4.58; N, 2.77.

Results and discussion
Synthesis

The utility of di-2-pyridyl ketone, (py),CO, as a ligand has been
pioneered, among others, by Spyros P. Perlepes and his
research group.”'® Most of this work pertains to compounds
that possess 3d- or 3d/4f-based magnetic clusters.”'® The
interesting phenomenon of the (py),CO ligand is that the
coordination binding modes can be fine-tuned depending on
the reaction medium (i.e. neutral or germinal diol systems)
(vide supra) (Chart 1).>'° The multi-dentate nature of (py),CO
provides the potential for assembling tetranuclear lanthanide
magnetic ensembles. In addition, the NaPiv ligand plays a
cluster-expanding role for the formation of the tetranuclear
lanthanide complexes. Therefore, in the reaction of lanthanide
salts with (py),CO and NaPiv in the presence of NEt; as a base,
a series of tetranuclear homometallic lanthanide complexes
1-6, with  general formula  [Ln(us-OH){py,C(OH)
0O},(0,CCMe3)g] (Scheme 1), are afforded. Compounds 1-6
have been characterized by various physicochemical methods,
such as IR, X-ray single-crystal, magnetic, and luminescence
studies. The IR spectra of compounds 1-6 exhibit a medium
intensity band at 2961 cm™', which is assigned to the v(OH)
stretching vibration of the [(py),C(OH)O]™ ligand. The spectra
also show bands at 1577 cm™" due to the formation of the
metal complex via the in situ generated germinal diol of the
(py)>CO ligand®® [free carbonyl stretching vibration band of
(py)2CO is 1(C=0), at 1684 cm™'].*° The bands at 1037 cm™",

Dalton Trans., 2025, 54,13879-13893 | 13881
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Ln = Nd, Eu, Tb, Dy, Er, Yb

Scheme 1 Synthesis of tetranuclear Ln}) complexes 1-6.

758 em ™', and 594 cm™" are attributed to out-of-plane bending

and stretching vibrations of pyridyl C-H bonds, and in-plane
pyridyl ring deformation vibration, respectively.>’

Molecular structures of 1-6

The molecular structures of all the complexes 1-6 were deter-
mined by single-crystal X-ray diffraction. The crystallographic
parameters of 1-6 are given in Tables S1 and S2. X-ray crystallo-
graphic analysis has revealed that complexes 1-6 are iso-
morphic. All the isostructural complexes crystallize in the
monoclinic system with the C2/c (Z = 4) space group. The asym-
metric unit of all the compounds contains half of the total
molecule, [Ln,(p3-OH){py,C(OH)O}(O,CCMe;),], and a represen-
tative example is shown in Chart 2 and Fig. 1. In view of their
structural similarity, only compound 4 will be described in the
main manuscript, while details of the parameters of the remain-
ing structures are given in the SI (Fig. S1-S5).

The molecular structure of 4 is given in Scheme 1 and
Fig. 2. The tetranuclear homometallic lanthanide complex is
built through the multiple coordination action of two [{py.C
(OH)O}], two p3-OH, and eight bridging pivalate ligands. The
coordination modes observed for all the ligands are displayed
in Chart 3. Each [{py,C(OH)O}]” ligand holds two Dy(m) ions
via chelating and bridging coordination modes of the mono-
anionic gem-diol (n': nz n":p2), and the Dy-O bond distances are
Dy(1)-0(1), 2.289(2) A and Dy(2)-0(1), 2.275(2) A (Fig. 2 and
Scheme 1). The two nitrogen centers of the [{py,C(OH)O}|~
ligand exclusively bind in a n":n" fashion to the Dyl center.

=N NN
t-Bu—<6 \0——>/L"<Qﬁ/t.3u

HO

Chart 2 Asymmetric unit of complexes 1-6.
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\\

Ln = Nd, Eu, Tb, Dy, Er, Yb

Fig. 1 The asymmetric unit of complex 4. All hydrogen atoms have
been omitted for clarity.

Fig. 2 Molecular structure of complex 4. All hydrogen atoms have been
omitted for clarity. Symmetry codes: Dy2* (1 — x,1 -y, 1 - z), O3* (1 — x,
1-y1-2).

The Dy-N bond distances are Dy(1)-N(2), 2.537(2) A and Dy(1)-
N(1), 2.584(3) A, and the corresponding bite angle <N(2)-
Dy(1)-N(1) is 69.58(8)°. In addition, there are three types of
binding coordination modes of pivalate ligands (Chart 3),
where two of them act in a chelate fashion while the remaining
six are bridged between the two Dy(in) centers. Finally, the four
Dy(m) ions are held together by p;-OH bridging ligands, and
the corresponding Dy-O bond distances are Dy1-03, 2.335(2)

This journal is © The Royal Society of Chemistry 2025
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Ln/ \Ln }"/ < \L“/

Chart 3 The coordination modes of all of the ligands as observed in
the present study.

A; Dy1*-03, 2.413(2) A; and Dy2-031, 2.360(2) A. The core
structure consists of two incomplete cubic sub-units that can
be designated as O-capped clusters (two Dy;O, units) (Fig. 3).
Similar types of structural motifs have been observed in main-
group, 3d, 3d/4f, and 4f chemistry.>"

There are two types of Dy(m) centers present and both are
octa-coordinated. The coordination environment of Dy(1) and
Dy(1)* centers are OgN, while the Dy(2) and Dy(2)* centers are
Og. Systematic shape analysis of compound 4, using SHAPE
2.1,%% indicates that the Dy(1) possesses a distorted elongated
trigonal bipyramidal geometry (Fig. 4a), while the Dy(2)
centers hold a distorted Johnson elongated triangular bipyra-
midal geometry (Fig. 4b), respectively. The full shape analysis
results can be found in the SI (Table S3). A mean plane ana-
lysis of the core of complex 4 reveals that all four Dy() centers
are co-planar and present in the same plane (Fig. 5).
Interestingly, out of two bridging p;-OH ligands, one lies above
the plane while the other one lies below the plane and caps
the three Dy(um) centers (Fig. 5). The distance between Dy(1)
and Dy(2) is 3.696(7) A, and that between Dy(2) and Dy(1)* is
3.838(9) A, respectively. Additionally, all the compounds
possess a non-coordinated free OH group from the gem-diol
form of the (py),CO ligand, which generates strong intra-
molecular hydrogen bonding with the coordinated pivalate
ligand chelated to the Dy2 center (H-bond between O2-
H2----O8 atoms) (Fig. 6 and Table S4). The H-bond distances

Fig. 3 The O-capped core structure of complex 4. Symmetry codes:
Dy2*(1-x,1-y,1-2),03*(1-x,1-y,1-2).

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 The coordination geometry around the dysprosium centers of
complex 4 is (a) distorted elongated trigonal bipyramidal and (b) dis-
torted Johnson elongated triangular bipyramidal.

H3*

Fig. 5 The mean plane through all four Dy(i) ions in complex 4.

02-H2----08 are 1.981(7) A for 1, 1.933(4) A for 2, 1.925(5) A for
3, 1.917(3) A for 4, 1.894(5) A for 5 and 1.923(3) A for 6
(Fig. S6), respectively. The H-bond distances decrease from
compound 1 to 6 due to lanthanide contraction (Fig. S6 and
Table S4). As the size of the lanthanide ions decreases, the
corresponding H-bond distance values reduce.

Luminescence properties

The UV-vis spectrum of compound 4 was recorded in a metha-
nol solution (Fig. S7). The absorption peak at 270 nm is
assigned to the n-n* transitions of the (py),CO ligand.

Fig. 6 Intramolecular hydrogen bonding of complex 4.
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The photoluminescence studies of complexes 1-5 were con-
ducted at room temperature in the solid state. When excited at
270 nm in the solid state at room temperature, all the com-
plexes show a bright intense emission peak at ~306 nm
(Fig. 7a), which originates from ligand-centred transitions.
Indeed, for 3, an additional intense sharp band at 490 nm is
observed, due to the f-f microstate transition °D, — “F, of the
Tb*" ion (Fig. 7b).>*

Exciting complex 1 at 380 nm, in the solid state at room
temperature, causes emission signals at 517, 624, and 724 nm.
The peaks at 517, 624, and 724 nm are ascribed to the *Io;, —
1Gy2y Moz = *Hyypp and Iy, — *Fyy, + 1S5, transitions, respect-
ively (Fig. S8).**

For 2, emission peaks at 394, 562, 592, 613, and 630 nm are
observed, when excited at 330 nm. As mentioned above, the
intense emission peak at 394 nm stems from the O-Eu tran-
sition and reveals that the fluorescence of the (py),CO ligand
is more dominant than that of the Eu*" ion.>® Other emission
peaks are assigned to the *Dy — "Fy, °Dy — “Fy, °Dy — 'F,, and
°D, — ’F; transitions (Fig. $9).%° The very weak band formally

Compound 2
Compound 4
Compound 5
Compound 1

Intensity (a.u.)

T g T ¥ T L T z T g T y T 5=t
300 330 360 390 420 450 480 510
Wavelength (nm)
(@)
5D4 —>7Fe
—— Compound 3
3
&
2
2]
c
2
=

L > T % T d T ¥ T » T ¥ 1 L 1
300 330 360 390 420 450 480 510
wavelength (nm)
(b)
Fig. 7 The luminescence emission spectra of the complexes: (a) for 1

and 2 and 4 and 5, and (b) for 3, all in the solid state at room tempera-
ture upon excitation at 270 nm.
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denotes the Laporte forbidden °D, — F, transition. On the
other hand, signal intensity was enhanced for the magnetic
dipole Dy, — “F, and forced electric dipole °Dy — ’F, tran-
sitions, which suggested reduced symmetry of the europium
coordination environment, where both are eight-fold co-
ordinated and consistent with the results of crystallography
and shape studies.”®

Complex 3, when excited at 360 nm, shows a blue emission
peak at 493 nm caused by the *D; — ’F, transition. An intense
green emission at 548 nm, yellow emission at 586 nm, and red
emission at 622 nm are ascribed to the D, — “Fs, Dy — "Fy,
and D, — “F; transitions, respectively (Fig. 8).>> The assigned
peaks are in good agreement with luminescent Tb**complexes
reported previously.”?

Exciting complex 4 at 310 nm in the solid state at room
temperature leads to luminescence peaks at 560 nm and
591 nm. The peaks at 560 nm and 591 nm are assigned
respectively to the *Fo/, = ®Hy3/, and *Fo;, — ®Hyy), transitions
responsible for the Dy** center emission (Fig. $10).>*%’

It is important to compare existing lanthanide complexes
based on the neutral (py),CO or deprotonated form of the gem-
diol [{(py).(OH)CO}~ or {(py).CO,}7] ligand or its hemiacetal
form [{(py).(OR)CO}~; R = Me, Et] that have been reported with
the current work. The literature survey revealed that few
lanthanide complexes based on (py),CO and its different
ligand forms (vide supra) are known. It was observed that all
reported lanthanide complexes are either mono- or di-nuclear
derivatives (see Table S5) and assembled via the formation of
monoanionic gem-diol [{(py),(OH)CO}™] or hemiacetal
[{(py)2(OR)CO}"; R = Me, Et] ligands. To the best of our knowl-
edge, no such lanthanide complexes utilizing neutral (py),CO
or di-deprotonated [{(py).CO,}"] ligands have been reported.
The first luminescent, mono- and di-nuclear Er(m) complexes,
[Ex(NCS)3{(py).C(OR)(OH)};] ~ and  [Ery(NCS)s{(py)-C(OMe)
0};(MeOH)], were reported in 2006.>® These complexes are
derived from the hemiacetal forms {(py).(OEt)COH} and

5 7
D4 - F5
m — Compound 3

3
s ) —>7Fs 5. 7
> D4 ? F3
£ :
c '
2 !
£ H

%0y 7Fy |

. T ) T v T ¥ T ¥ T v 1
400 450 500 550 600 650 700

Wavelength (nm)

Fig. 8 Room-temperature solid-state emission spectrum for complex 3
excited at 360 nm.
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{(py).(OMe)COH} of the (py),CO ligand. The analogous di-
nuclear derivatives, [Ln,(NO3):{(py).C(OMe)O}.{(py).C(OH)O}]
[Ln = Tb and Er], were synthesized from the reaction of
(py)2CO with the Er(NO3);-6H,O salt. The di-nuclear complexes
were formed through the coordination action of multiple brid-
ging of the gem-diol {(py),(OH)CO}~ and hemiacetal form
[{(py)»(OMe)CO} ] of the (py),CO ligand.*® Two types of Er(m)
centers were observed: one Er(m) center is nine-coordinated
with a distorted tricapped trigonal-prismatic geometry, and
the other is eight-coordinated with a distorted dodecahedral
geometry. Solid-state luminescence studies at room tempera-
ture of the analogous di-nuclear Eu™ and Tb™ complexes
revealed red and green emissions, respectively.”® Similar types
of acetal formation have been reported using single-crystal
X-ray crystallography for [Ln(NCS)s{(py).C(OEt)(OH)}3] [Pr(m),
Sm(m) and Gd(m)] complexes.’® One tetrahedrally shaped
tetranuclear complex, [Dy,(NO;)(HL),{(py).C(OH)O},]-(OH)-
6CH;CN-0.5H,0, has been reported that utilized the Schiff
base 2-((2-hydroxybenzylidene)amino) propane-1,3-diol ligand
(H;L) and the mono-deprotonated form of the gem-diol,
[(py)2(OH)CO]™, derived from the (py),CO ligand.>* Here
{(py)2(OH)CO}™ acts as an auxiliary coordinating ligand. This
complex showed slow magnetic relaxation at low temperatures.
The non-nuclear derivative [Dyo(p3-OH)g(j4-OH),(N3)s{(py)2C
(OCH;)O}5](OH)-(4H,0) has been synthesized by the reaction
of (py),CO, NaN; and Dy(NO;);-5H,0. This complex is formed
by the hemiacetal {(py),(OMe)CO}~ and showed slow relax-
ation of magnetization.>?

Theoretical studies and magnetic properties

Herein, we carried out ab initio calculations to shed light on
the magnetic anisotropy and magnetic relaxation pathways in
complexes 1-6. All calculations were carried out using the
OpenMOLCAS code.*® Complete active space self-consistent
field (CASSCF) calculations were performed using an active
space of CAS(n,7) (where n = 3 (Nd(w)), 6 (Eu(m)), 9 (Dy(m)), 8
(Tb(ur)), 11 (Er(m)) and 13 (Yb(m)) ions) to compute the spin-
free and spin-orbit states. Next, we mixed these spin-free
states using the restricted active space state interaction-spin
orbit (RASSI-SO) module and computed the spin-orbit states.
Subsequently, we used the SINGLE_ANISO module to extract
the relevant spin-Hamiltonian parameters for complexes 1-6.
This methodology has been used widely to compute the elec-
tronic and magnetic properties of mononuclear and poly-
nuclear lanthanide complexes.?*** To compute the single-ion
anisotropy in the complexes, we substituted three Ln(m) ions
with a diamagnetic Lu(m) ion and performed CASSCF calcu-
lations on the paramagnetic Ln(m) ions. Complexes 1-6 are tet-
ranuclear complexes, where two dimeric [Ln,(p;-OH){py,C(OH)
O}0,CCMej3),] [where Ln = Nd (1), Eu (2), Tb (3), Dy (4), Er (5)
and Yb (6)] units are bridged through the p;-OH and {py,C
(OH)O}™ ligands. In complexes 1-6, there are two types of
eight-coordinated Ln(u) centres: one with an [{LnOg}] coordi-
nation environment and the other with an [{LnOgN,}] environ-
ment. These adopt distorted elongated trigonal bipyramidal
and distorted Johnson elongated triangular bipyramidal geo-
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metries, respectively. Here, for clarity, we denoted individual
centres as Ln@X (where Ln = Nd, Eu, Tb, Dy, Er, or Yb, and X
= 1-4 refers to the centre position within complexes 1-6).
Owing to the presence of inversion symmetry, centres Ln@1
and Ln@3 exhibit the [{LnOg}] core, while centres Ln@2 and
Ln@4 feature the [{LnOgN,}] core across all complexes 1-6.

In the case of complex 1, the ground state of Nd(u) pos-
sesses a “I,, term, and here, using an active space of CAS(3,7),
we computed all 35 quartets. For the Nd@1/3 and Nd@2/4
centres, the energies of five low-lying Kramers doublets (KDs)
span over an energy range of ~363 and ~357 cm™ ", with the
first excited state at ~82 and ~72 cm™', respectively. The
ground state g-tensors for Nd@1 and Nd@2 centres are gy, =
0.955, gy, = 1.818, g,, = 3.854 and gy, = 3.422, g}, = 2.457, g,, =
0.646, respectively (see Table S12). The wavefunction analysis
shows an m; = |7/2) ground state for Nd@1 and an m; = |3/2)
ground state for Nd@2, along with a strong mixing from other
excited states. The g-tensors for the first excited state are gy, =
0.553, g, = 1.165, g, = 2.772 for Nd@1 and g, = 0.645, g, =
1.245, g,, = 3.316 for Nd@2. Moreover, we observed a large
kqrm of 0.46up for Nd@1 and 0.98up for Nd@2 within the
ground state KDs, which sets the U, to be ~82 and ~72 cm™!
for Nd@1 and Nd@2, respectively. The Kramers ion with sub-
stantial kqrv at ground state KDs speeds up the magnetic
relaxation and reduces the SMM behaviour in complex 1. Next,
we computed the crystal field (CF) using the following

q=+k

equation, Horp = Y. > B}O!, where, Of represents the
k=2,4,6 g=—k

extended Stevens operator and B is the crystal field parameter.
The crystal field parameters (B]) for all four individual Nd(m)
centers of complex 1 are reported in Table S13. In all four
cases, we observed computed axial BY (k = 0, ¢ = 0) and nonax-
ial B (k # 0, ¢ = 2, 4) parameters are competing with each
other, which indicates that the crystal field generated by
ligands is not completely axial in nature. This is also reflected
in the computed transverse components of g-values, which are
very large, leading to the large kqrm value. Our spin-
Hamiltonian (SH) analysis indicates a very fast QTM within the
ground state, which reduces any slow relaxation at the single-
ion level.

Complex 2 possesses Eu(m) ions with the [Xe] 4f® electronic
configuration, while the spin-orbit coupling stabilizes an iso-
tropic “F, term as the ground state. Using an active space of
CAS(6,7), we computed 7 septets and 140 quintets, and the
computed spin-free septet states span an energy window of
~636.0 (642.9) cm™", for Eu@1/3 (Eu@2/4), respectively, while
the quintet states span an energy range of 90620.2 (90709.3)
em™' for Eu@1/3 (Eu@2/4), respectively. Using RASSI-SO, we
computed the first excited KDs emerging from the F; term
located at 274.7 cm™* and 258.2 cm™! for the Eu@1/3 and
Eu@2/4, respectively, with m; = 0 as the ground state for Eu(ur)
(Table S14). The computed yT reveals weak temperature-inde-
pendent paramagnetic behaviour (see Fig. 11).

In complex 4, the eight low-lying Kramers doublets (KDs)
derived from the °Hys,, state span an energy range of 481.3
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and 383.1 cm ™, with the first excited KDs located at ~133 and
36 cm™' for the Dy@1/3 and Dy@2/4, respectively. For the
Dy@1/3 centres, the computed g-values are gy, = 0.087, g, =
0.201, g,, = 19.477 whereas, for Dy@2/4, the g-values are g, =
0.090, g, = 0.474, g, = 17.333. While both centres exhibit axial
anisotropy, the Dy@2/4 centres lack the Ising-type feature (g,
~ 20), as observed in Dy@1/3 (see Table S15). Wavefunction
decomposition analysis shows stabilization of pure my;|+15/2)
for Dy@1/3, while a mixed ground state composition of 64%
|+15/2) and 28% |+11/2) was observed for the Dy@2/4 centres.
The first excited KDs, mainly |+11/2), located at ~36 cm™’,
strongly mixes with the ground state KDs, resulting in the
mixed ground state configuration and decreased axiality in the
ground state g-values for the Dy@2/4 centres. The computed
central magnetic axis (g) for the Dy@1/3 centres is aligned
towards the O atom of the ligand (~5.2°) and perpendicular to
the plane formed for the five O donor atoms (see Fig. 9a, 10a).
On the other hand, the ground state g,, axis is aligned towards
the p;-OH ligand, possessing the largest negative Loprop
charges (~23°) (see Fig. 9b). Due to the non-superposition of
the orientation of the ground and first excited KDs, it suggests
that the magnetic relaxation is likely to occur via the first
excited KDs, resulting in U, values of ~133 and 36 cm™* for
the Dy@1/3 and Dy@2/4 centres, respectively (see Fig. S13). In
addition, due to the sizable transverse magnetic moment (7.2
x 10 %up for Dy@1/3 and 9.4 x 10 %uy for Dy@2/4) within the
ground state KDs, the quantum tunnelling of magnetization
(QTM) is likely to be a competing mechanism for magnetic
relaxation. This discrepancy in the g-values and computed Uy
values for both centres is attributed to the differences in the
local structural environment, and is reflected in the computed
crystal field parameters. For both the centers, we observed that
the non-axial B terms (g # 0 and k = 2, 4) are dominant and
compete with the axial (¢ = 0 and k = 2, 4) terms (see
Table S16), which clearly reflects that the ligand field around

-0.86

-
G = 0.087
g,,=0.201
9= 19.477
m, = 1+15/2)
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both the Ln(u) centres is not completely axially anisotropic in
nature. Second, the computed axial crystal field parameters are
—-1.58 for Dy@1/3 centres and —7.06 x 10™' for Dy@2/4
centres. Thus, Dy@2/4 centres are ~10x weaker, highlighting
why the first excited KDs are much lower in energy for the
Dy@2/4 centres.

For complex 3, the low-lying pseudo-doublets derived from
the ground “F multiplets span ~499 (352) cm ™" with the first
excited state at 118.7 (63.9) cm ™" for Tb@1/3 (Tb@2/4) centres.
Due to the similarity in the local structural parameters, the
splitting pattern for Tb(ur) centres are two distinct Dy centers
in complex 4. Wavefunction decomposition analysis predicts a
pure 98% |+6) for Tb@1/3 centres and a mixed m; state 84%
|[£6) + 12% |+4) as the ground state for Tb@2/4 centres. The
computed ground state g-values are highly axial, with g,, ~
17.797 (17.049) and with substantial ground state tunnel split-
ting of 0.2 (0.7) cm™ for Tb@1/3 (Tb@2/4) centres (see
Table S17). Based on CASSCF computations, the main mag-
netic axes of the ground state are oriented towards the -O
atom (30°) of the ligand for Tb@1/3 and the N atom (33°) of
the ligand for Tb@2/4 (see Fig. 9, 10b), which is similar to
what was observed for the Dy(umr) centres in complex 4. The
computed U, values are ~118.7 (63.9) cm™' for Th@1/3
(Tb@2/4) with large ground state tunnel splitting. Due to large
tunnel splitting in non-Kramer ions, the QTM is likely to be
the dominant mechanism of magnetic relaxation in complex
3. The computed CF parameters show significant non-axial
terms, indicating that the local ligand field around the Tb@1/
3 and Tb@2/4 centres is non-axial, resulting in the giant QTM
within the ground state pseudo-KDs (see Table S18).

In complex 5, we computed all 35 quartets using an active
space of CAS(11,7). The calculated spectrum of the spin-free
quartet states spanned an energy window of ~46977.7
(46961.0) cm™' for Er@1/3 (Er@2/4), respectively. RASSI-SO
computations revealed that the energy spectrum of eight low-

g
m, = 64% |+15/2) + 28% |+11/2)

Fig. 9 CASSCF-computed LoProp charges on the Dy@1 (a) and Dy@2 (b) first coordination sphere ligated atoms, along with the orientation of the

main magnetic axis g,, in complex 4.
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Fig. 10 SINGLE_ANISO-computed orientation of the ground state main magnetic axis (g.,) of the individual centres in (a) complex 4, and (b)
complex 3. POLY_ANISO-computed ab initio blockade barrier for (c) complex 4 and (d) complex 3. [Color code: teal (Dy), green (Tb), red (O), blue

(N), grey (C), white (H)].
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(Left) Thermal dependence of the molecular magnetic susceptibility for Lny complexes. The simulated results are scaled up by 3% in order

to make it compatible with experimental data. (Right) Magnetization (M) versus magnetic field (H) plot for all the complexes at 2 K. The circles indi-
cate the experimental values, while the lines represent the POLY_ANISO-simulated data.
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lying Kramers doublets (KDs) derived from the *I;5,, state
spans an energy range of 304 and 318 cm™, with the first
excited KDs located at ~29 and 22 cm™ for the Er@®1/3 and
Er@2/4 centres, respectively. For the Er@1/3 centres, the com-
puted g-values are gy, = 2.348, g, = 2.782, g;; = 12.600 whereas,
for the Er@2/4 centres, g-values are gy, = 0.951, g, = 2.035, g,
= 14.646 (see Table S23) (Table S23). While both centres
exhibit axial anisotropy, they lack the Ising-type feature (g, ~
20), as they possess a significant transverse component.
Wavefunction decomposition analysis shows stabilisation of
pure m; |£15/2) as the ground state for both Er(ur) centres. The
first excited KDs have g-values of gy, = 7.267, g, = 5.607, g, =
2.324, and g, = 0.183, g, = 2.639, g, = 12.654 for Er@1 and
Er@2, respectively. Similar to complex 1, a large kqrw (0.8645
for Er@1 and 0.50up for Er@2) is observed for Er(m) centres,
which suggests dominance of the QTM in the ground state.
This is further supported by the computed CF parameters (see
Table S24), where non-axial terms are significantly larger than
the axial terms. In complex 6, the ground state of Yb(u) pos-
sesses a ’F,,, term, and here, using an active space of CAS
(13,7), we computed all 7 septets. The four Kramers doublets
generated from the F,;, state span up to 376.9 cm ' and
460.7 cm™" for Yb@1/3 and Yb@2/4, respectively. For the
Yb@1/3 centres, the computed g-values are g, = 1.434, g, =
1.908, g,, = 6.308, whereas, for Yb@2/4, the g-values are gy, =
0.615, gy, = 1.122, g, = 7.323 with large korm of 0.56up for
Yb@1 and 0.29up for Yb@2 for the ground state KDs (see
Table S25). The strong transverse anisotropy results in the
large koryv value within the ground-state-connecting doublet,
which indicates the presence of strong ground-state QTM. The
computed CF parameters show large and sizable non-axial
terms, which compete with the axial term, highlighting that a
mixed crystal field significantly enables the ground state QTM
(see Table S26).

Next, we extracted the magnetic exchange interaction
between the Ln(m) centres in all complexes by fitting the
experimental static DC magnetic susceptibility and magnetiza-
tion data (Fig. 11). Here, we used the H = —f (S;-S,) formalism
using the POLY_ANISO code, where J is the magnetic exchange
interaction that contains both the exchange (f..) and dipolar
coupling (faipo), While S; and S, represent the projections of
the pseudo-spin S = 1 of the ground state. The simulation
nicely reproduces the experimental magnetic susceptibility
data for complexes 1-6 (see Fig. 11). All the complexes possess
butterfly cores where two Ln(m) centres are in the body posi-
tion while the other two Ln(i) centres are in the wing position,
leading to three distinct magnetic exchange couplings (J;-/3)
(see Fig. S14 in the SI). The best fits of experimental magnetic
susceptibility (Jiora1) along with magnetic exchange values (Jex)
for complexes 1-6 are reported in Table 1.

The best fits of experimental magnetic susceptibility yield
Jwotar values of —0.10 (J;), —0.14 (J,), —0.06 (J;) cm™* for
complex 4 while Ji, values of —0.12 (J;), —0.14 (J,), —0.07 (J3)
cm™" were obtained for complex 3 with a small intermolecular
interaction z; of —0.002 cm™" for both complexes (see Tables
$19 and $21).%*¢ Additionally, we determined the contributions
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—0.04
—0.03
—0.01

Js

—0.08
—0.06
—0.02

Ja

—0.09
—0.07
—0.02

Js
-0.09
-0.10
0.01

-0.14
-0.11
—0.03

J

-0.15
-0.12
-0.03

-0.07
—0.06
-0.01

Js

-0.14
—0.09
—0.05

Ja

—0.12
-0.07
—0.05

—0.06
—0.05
-0.01

Js

-0.14
-0.12
—0.02

Ja

—0.10
—0.09
—0.01

—0.03
—0.02
-0.01

Js

-0.07
—0.06
-0.01

J

—0.09
—0.08
—0.01

—0.04
—0.03
—0.01

Js

—0.09
-0.07
—0.02

Ja

—0.06
—0.04
—0.02

Table 1 Exchange and dipolar interactions were obtained from the POLY_ANISO simulations from the best fit using the Lines model for complexes 1-6 with z; = —0.002

]tot
Jex
]dipo
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of Jex/Jaipo to the Jio values by turning off the dipolar inter-
actions, and the best-fits yield Jex//aipo values of —0.09/-0.01,
—-0.12/-0.02, —0.05/—0.01 for complex 4 and -0.07/-0.05,
—0.09/-0.05, —0.06/—0.01 cm™" for complex 3. It is evident
from the fitting that both the exchange and dipolar inter-
actions are antiferromagnetic in nature for both the com-
plexes. Moreover, the exchange contributions (arising through
bonds and space) are dominated significantly by dipolar inter-
actions. Next, we constructed the exchange spectrum of com-
plexes 4 and 3, where a non-Kramers-type exchange-coupled
ground state is observed for both complexes (Fig. 10c and d).
In both complexes, the exchange-coupled ground state shows
g2, values of ~2.6654 (4) and 0.0021 (3), resulting from the anti-
ferromagnetic interaction between the Ln(m) centers (see
Tables S20 and S22). For both complexes 4 and 3, we observed
a sizable tunnel splitting of 1.9 x 107 em™" and 1.5 x 10~°
em™’, indicating that QTM is still a dominant mechanism for
magnetic relaxation in the exchange-coupled systems, resulting
in diminishing SMM behaviour. Despite having a strong anti-
ferromagnetic coupling between the Ln(m) centres, a distorted
local geometry around the Ln(m) centre fails to isolate a large
m; as the ground state, which in turn diminishes the SMM
behaviour for both complexes 3 and 4.

In order to check experimentally whether these complexes
exhibit slow spin-lattice relaxation processes, AC susceptibility
was measured at 2 K from 50 Hz to 10 kHz, as shown in
Fig. S15 in the SI. To suppress quantum tunnelling as a poten-
tial relaxation process of magnetic reversal, the AC suscepti-
bility was not only measured at zero DC magnetic field, but
also at various DC fields (up to about 2500 Oe for selected
complexes). None of the complexes 1 (Nd), 3 (Tb), 4 (Dy), 5
(Er), and 6 (Yb) exhibited AC susceptibility data that would
clearly indicate the existence of slow magnetic relaxation with
a clear maximum of the imaginary y” signal within the avail-
able experimental parameter space. Only complex 3 (Tb) shows
an increase of the y” signal close to the maximum frequency of
10 kHz that might indicate the presence of slow relaxation at
even higher frequencies. For complex 2 (Eu), AC susceptibility
could not be measured due to its weak magnetic signal at low
temperature.

Conclusion

We utilized the di-2-pyridyl ketone ligand for the first time
to assemble homometallic tetranuclear Ln}" ensembles. The
core structure of this family consists of two O-capped sub-
units. The four Ln(m) ions are coplanar and lie in the same
plane. Each complex contains two types of eight-coordinated
lanthanide centers viz. the Ln1 center that possesses a dis-
torted elongated trigonal bipyramidal geometry and the Ln2
center that has a distorted Johnson elongated triangular
bipyramidal geometry. All the complexes show strong intra-
molecular hydrogen bonding within their molecular integ-
rity and the H-bond distances decrease according to the
lanthanide contraction of the complex. Photoluminescence
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studies of these complexes show that the di-2-pyridyl ketone
ligand sensitizes compound 3, but for all other complexes,
intense ligand center emission peaks are observed. For com-
pound 3, intense emission peaks at 493, 548, 586, and
622 nm are observed upon excitation at 360 nm in the solid
state at room temperature. CASSCF calculations were per-
formed on complexes 1-6 for magnetic anisotropy, magnetic
relaxation pathways and crystal field (CF) splitting. We used
the SINGLE_ANISO module to extract the relevant spin-
Hamiltonian parameters for all the complexes. The Kramers
ion with substantial kory at ground state KDs speeds up the
magnetic relaxation, and diminishes the SMM behaviour in
complex 1. We computed the crystal field and observed that
the axial parameters compete with each other, which indi-
cates that the crystal field generated by the ligands is not
completely axial in nature. Complexes 3 and 4 show that the
distorted geometry around the Ln(wm) centres fails to stabil-
ize the largest m; as the ground state, which in turn
diminishes the SMM behaviour, despite sizable antiferro-
magnetic interactions between the Ln(m) centres. For
complex 4, due to the non-superposition of the orientation
of the ground and first excited KDs, it is suggested that
magnetic relaxation is likely to occur via the first excited
KDs. We have calculated that magnetic exchange inter-
actions indicate three distinct magnetic couplings (/;-/3). AC
susceptibility measurements of the complexes at 2 K did not
exhibit any local maximum of the imaginary y" component
that would have been characteristic for the realization of
slow spin-lattice relaxation, neither at zero DC field nor at
various DC fields. However, complex 3 (Tb) shows an
increase of the y” signal close to the maximum frequency of
10 kHz that might indicate the presence of slow relaxation
at even higher frequencies. We are currently exploring di-2-
pyridyl ketone ligand-based lanthanide complexes by chan-
ging the reaction conditions to afford lanthanide clusters
featuring different coordination numbers and geometries.
These manuscripts are in preparation.
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