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A new family of low-coordinate mononuclear Dy"' single-molecule magnets [(Trapen™)Dy(L®)] (Trapen
= tris(2-aminobenzyl)amine; TMS = SiMes; LB = THF 1, pyridine 2, ONMez 3) has been synthesized and

" ions exhibit distorted

structurally characterized by single crystal X-ray diffraction. The five-coordinate Dy
triangular bipyramidal geometries, among the different neutral ligands L® on the apex and the same
Trapen™S ligand, making the pyramid base of the trigonal bipyramid. Magnetic data analysis reveals that
1-3 are characteristic of SMM behaviors without a dc field, accompanying an unambiguous quantum tun-
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neling of magnetization. Under an extra dc field of 500 Oe, field-induced slow magnetic relaxation beha-
viors occur with Raman and/or QTM processes. Ab initio calculations were also performed to rationalize

the observed discrepancy in the magnetic behaviors, and the result illustrates that the SMM behavior

rsc.li/dalton motifs.
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Introduction

Single-molecule magnets (SMMs), a kind of molecular material
capable of retaining unquenched spin information, have
attracted much attention in the fields of molecular spintro-
nics, high-density data storage, and quantum information
processing." Since the first discovery of the superpara-
magnetic behavior in {TbPc,} (Pc = phthalocyanine) below a
blocking temperature,™® there have been many remarkable
developments in the synthesis and study of monometallic
lanthanide SMMs, also named single-ion magnets (SIMs).

It is worth noting that dysprosium-based SIMs become an
ideal candidate in the construction of SMMs owing to their
large unquenched orbital momentum as well as high magnetic
anisotropy and the strong spin-orbital coupling effect of the
Dy"™ ions.®™® Theoretical and experimental studies have
shown that the magnetic dynamics of dysprosium SIMs can be

“Laboratory of Nuclear Energy Chemistry, Institute of High Energy Physics, Chinese
Academy of Sciences, Beijing 100049, China. E-mail: yujipan@ihep.ac.cn,
shiwq@ihep.ac.cn

bState Key Laboratory of High-efficiency Utilization of Coal and Green Chemical
Engineering, College of Chemistry and Chemical Engineering, Ningxia University,
Yinchuan 750021, China. E-mail: xiangyuliu432@126.com

tElectronic supplementary information (ESI) available: Experimental details,
additional figures, tables, etc. Fig. S1-S13, Tables S1-S9. CCDC 2210770 (1),
2210771 (2) and 2210772 (3). For ESI and crystallographic data in CIF or other
electronic format see DOI: https:/doi.org/10.1039/d3dt00095h

{These authors contributed equally to this work.

This journal is © The Royal Society of Chemistry 2023

could be effectively manipulated by the axial symmetry of the triangular bipyramidal Dy

tailored by the coordination geometries and ligand fields
around the Dy™ centers and have provided perspectives that
might be of assistance in the design of superior Dy-SIMs."'™*?
The strong axial ligand field, short Dy-L,y, bond length and
weak equatorial donors favor stabilizing the oblate-shaped
|+15/2) Kramers doublet, thereby yielding strong anisotropy.
In past studies, some high symmetry and high coordination
number (CN > 6) Dy™ complexes have been dominating the
molecular magnetism field.">"*"'® However, as a new bench-
mark in molecule-based magnets, a mononuclear dysprosium
SMMs with nearly linear geometry, [(Cp™*)Dy(Cp*)]*, has been
reported to boost the Ueg record to 1541 cm™" and the block-
ing temperature (Tg) to 80 K.>° This groundbreaking work
opens up a new direction for the development of single-mole-
cule magnets. Meanwhile, theoretical investigations showed
that Dy-base SIMs, with a low coordination number, can
induce the building of large crystal field (CF) splitting.>! Even
so, from the perspective of synthetic chemistry, the construc-
tion of a low-coordinated (CN < 6) Dy™ complex is a highly
challenging task, owing to a particular preference for large
coordination numbers and flexible geometric configuration.
This requires appropriate steric hindrance ligands and strict
experimental conditions. To date, previous work shows that
five-coordinate triangular bipyramidal Dy™ SIMs with local
Ds;, symmetry are extremely rare.”””>* Thus, the study of this
system can not only expand the family of Dy""-based SMMs,
but also contribute to an in-depth understanding of the
magneto-structural correlation and detailed theoretical
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Scheme 1 Synthesis of the five-coordinate mononuclear Dy
1-3.
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elucidations of the dynamic magnetic behaviors in five-coordi-
nate Dy SIMs.

In this context, we decided to construct a family of five-
coordinate triangular bipyramidal mononuclear Dy com-
plexes with local D;, symmetry, designed in such a way that
the Dy"™ coordination sphere can be selectively varied at a
single position to deeply explore the relationships among the
coordination geometry, steric effect, electronic effect and mag-
netic properties. Herein, we used the sterically demanding tris
(2-aminobenzyl)amine (Trapen) as a ligand to limit the coordi-
nation number at the Dy centre. Fortunately, three monome-
tallic dysprosium complexes, [(Trapen™*)Dy(L®)] (L® = THF 1,
Pyridine 2, ONMe; 3), have been successfully isolated by alter-
nating the coordination units at the axial position of one side
of the Dy™ centre (Scheme 1). As a result, subtle structural
modulations around the Dy™ ions caused by ligand field
effects contribute to noticeable changes in the magnetic
dynamics for three complexes that could be elucidated by the
investigation of magnetism and ab initio calculations.

Experimental
Materials and physical measurements

All experimental manipulations were carried out under an
inert atmosphere of dry argon using a standard Schlenk line
and glovebox (<1 ppm of O,, <1 ppm of H,0). All solvents were
dried using sodium and degassed before use, distilled, and
stored in Young ampule sodium mirrors. [(Trapen™%)(Li);]
and DyCl;(THF), ; were prepared according to the literature
procedure.”>?*® Other reagents were purchased from Energy
Chemical, J&K, and other companies. Elemental analysis (C,
H, and N) was performed with a Vario EL III elemental analy-
zer at Peking University. The phase purity of complexes 1-3
was confirmed by powder X-ray diffraction (PXRD) measure-
ments on the same portions of microcrystalline samples at
room temperature, equipped with a Rigaku RU200 diffract-
ometer at Cu-Ka radiation (A = 1.5406 A) with a step size of
0.02° in 20 and a scan speed of 5° min~'. The crystalline
sample was ground into fine powder in the glove box, and
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then packaged in a special sealed container for measurement.
The theoretical simulation of PXRD was performed on
Mercury 2020.3.0, and the single crystal data of 1-3 were used
as the simulation basis. Magnetic measurements on the poly-
crystalline samples were accomplished using a Quantum
Design MPMS-XL7 SQUID magnetometer (restrained in eico-
sane to prevent torquing at high fields). The measured mag-
netic data were corrected for the diamagnetic susceptibility by
means of Pascal’s constants and sample-holder calibration.

Synthesis of [(Trapen™"%)Dy(THF)] (1)

Inside an argon glovebox, 10 mL of THF was added to the
mixture of [(Trapen™®)(Li);] (283 mg, 0.5 mmol) and
DyCl;(THF), ; (25 mg, 0.55 mmol) at —30 °C. The materials
were gradually dissolved, and the color of the solution
changed from colorless to light yellow. The reaction mixture
was warmed up to room temperature and stirred for 12 h. The
solvent was removed under reduced pressure, and the residue
was extracted with toluene (15 mL) and filtered to obtain a
colorless solution. The solution was concentrated to about
1 mL, and then stored at —30 °C for several days, to obtain
colorless crystals of 1. The crystals were washed with cold
hexane (2 mL) and then dried to get a clean, colorless solid
(252 mg, 0.323 mmol, 65%). Anal. caled for C34H53N,0SizDy:
C, 52.32; H, 6.84; N, 7.18. Found: C, 52.20; H, 6.51; N, 7.03.

Synthesis of [(Trapen™"®)Dy(Pyridine)] (2)

Complex 1 (78 mg, 0.1 mmol) was dissolved in 5 mL of pyri-
dine. Then the solution was slowly volatilized for more than 5
days at room temperature. A few colorless crystals were precipi-
tated from the solution. The mixtures were stored at —30 °C to
obtain more colorless crystals of 2, which were suitable for the
single-crystal X-ray diffraction analysis. The crystals were
washed with cold hexane (1 mL) and then dried to obtain a
colorless solid (47 mg, 0.060 mmol, 61%). Anal. caled for
C34H53N,08i;Dy: C, 53.45; H, 6.28; N, 8.90. Found: C, 53.12; H,
6.14; N, 8.78.

Synthesis of [(Trapen™5)Dy(ONMe,)] (3)

At —30 °C, the pre-cooled THF (10 mL) was added to complex 1
(156 mg, 0.2 mmol) and ONMe; (15 mg, 0.2 mmol) under vig-
orous stirring. The solution was warmed to room temperature
and then stirred for 12 h. The solvent was removed under
reduced pressure, and the residue was extracted with toluene
(10 mL). The toluene solution was filtered and then concen-
trated to 0.5 mL and stored at —30 °C by slow evaporation,
yielding 3 as colorless crystals (94 mg, 0.120 mmol, 60%). The
molecular structures of the crystals were confirmed by single-
crystal X-ray diffraction analysis. Anal. caled for
C34H;5;N,08i;Dy: C, 50.58; H, 6.95; N, 8.94. Found: C, 50.37; H,
6.51; N, 8.74.

X-ray crystallography

Suitable crystals of all complexes were selected for X-ray
measurements. Crystal structure data were collected with a
Bruker D8 VENTURE X-ray CMOS diffractometer using graph-
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ite monochromated Mo-K,, radiation (4 = 0.71073 A) at 150 K
for 1 and 170 K for 3, and the Cu-K, Xray source (A =
1.54178 A) at 170 K for 2. Using Olex2, the structure was solved
with the XT structural solution program using Intrinsic
Phasing and refined with the XL*” refinement package using
least squares minimization. All non-hydrogen atoms were refined
with anisotropic thermal parameters. All hydrogen atoms were
placed in calculated positions and refined isotropically.
Crystallographic data for all complexes are provided in Table S1.}
Selected bond lengths and angles are listed in Table S2.f

Theoretical methods

Complete-active-space self-consistent field (CASSCF) calcu-
lations on mononuclear five-coordinate complexes 1a, 1b, 2,
and 3 (Fig. S101) on the basis of single-crystal X-ray deter-
mined geometries were carried out with the OpenMolcas®®
program package. The basis sets for all atoms are atomic
natural orbitals from the OpenMolcas ANO-RCC library:
ANO-RCC-VTZP for Dy"™; VTZ for close N and O; and VDZ for
distant atoms. The calculations employed the second-order
Douglas-Kroll-Hess Hamiltonian, where scalar relativistic con-
tractions were taken into account in the basis set and the
spin-orbit couplings were handled separately in the restricted
active space state interaction (RASSI-SO) procedure.**° For
complexes 1-3, active electrons in 7 active orbitals include all f
electrons (CAS(9, 7)) for Dy in the CASSCF calculations. To
exclude all the doubts, we calculated all the roots in the active
space and mixed the maximum number of a spin-free state,
which was possible with our hardware (all from 21 sextets, 128
from 224 quadruplets, 130 from 490 doublets) for them. The
SINGLE_ANISO* " program was used to obtain the energy
levels, g tensors, magnetic axes, etc. based on the above
CASSCF/RASSI-SO calculations.

Results and discussion
Crystal structures

The molecular structures of 1, 2, and 3 were confirmed using
X-ray single-crystal diffraction analysis. The crystal data and
structure refinement for three complexes are depicted in
Table S1 in the ESL.{ Complex 1 crystallized in the monoclinic
P2, space group, whilst 2 and 3 pertain to the monoclinic P2,/c
space group. The PXRD patterns correspond with those simu-
lated from single-crystal X-ray diffraction data, confirming that
the bulk polycrystalline samples for these complexes are pure
(Fig. S4-S61).

As shown in Fig. 1, complexes 1-3 [(Trapen™®)Dy(L")] (L® =
THF 1, pyridine 2, ONMe; 3) have similar coordination geo-
metrical configurations, containing a mononuclear Dy™ ion in
a rare penta-coordinate distorted trigonal bipyramidal geome-
try, having a neutral molecule L® at the apex of the trigonal
bipyramid and a Trapen™® ligand making the pyramid base.
It is worth noting that the unit cell of 1 contains two crystallo-
graphically independent Dy™ atoms (Dy1 and Dy2, Fig. 1a).
For 1, 2, and 3, three N atoms of the Trapen™ ligand coordi-

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Coordination environment of the Dy"' center and polyhedra

around the Dy"' ions for 1-3 (a—d). Hydrogen atoms and free solvent
molecules are omitted for clarity.

nate to the central Dy™ ions at the equatorial sites; the other

nitrogen atom of the ligand further occupies an axial position
of the Dy center. The coordination units L® at another axial
position of Dy central to these three complexes are different
(L® = THF 1, pyridine 2, ONMe; 3). A comparison of the struc-
tural data for the above three complexes is shown in Table 1.
The Dy-Nequatorial distances (1a: 2.249(5), 2.263(5), 2.249(4) A;
1b: 2.265(5), 2.247(5), 2.242(5) A; 2: 2.258(3), 2.242(3), 2.253(3)
A) of the equatorial plane and the Dy-Ngy. bond lengths (1a:
2.499(5) A; 1b: 2.527(5) A; 2: 2.500(2) A) of the axial position
for 1 and 2 are almost equal, respectively. Compared to 1 and
2, the Dy-Nequatorial and the Dy-N,a bond lengths become
longer in 3, but the Dy-O,a distance of 3 is significantly
shorter than that of the corresponding Dy-O bond length in 1.
This may be due to the strong bonding ability of ONMe; with
the metal atom. Overall, the lengths of two Dy-N bonds on the
equatorial plane in 1 and 3 are nearly equal, but slightly
shorter than the other Dy-N bond length, respectively. But the
two roughly equal Dy-N bond lengths in 2 are slightly longer
than the third Dy-N bond. Meanwhile, based on the structural
parameters of these complexes, the geometrical configuration
of the Dy center in 1-3 was investigated using the SHAPE 2.1
software. As listed in Table S9,T the calculated Dy™ centers of
1-3 are best described as having a trigonal bipyramidal (Ds},)
geometry with different distortions from the ideal geometry
(CShMs parameters: 0.835 (1a), 0.890 (1b), 0.737 (2), and 0.531
(3))- The average N-Dy-N angles of 1-3 are all nearly 118°, indi-
cating that the three N atoms of the Trapen™ ligand with the
Dy atom are approximately coplanar. The shortest inter-
molecular Dy---Dy distances in the crystal lattice of 1-3 are
10.0282 A, 9.9063 A, and 10.050 A (Fig. S1-S31), respectively,
implying spatial isolation of the mononuclear motifs.

Table 1 Comparison of partial structural data for 1-3

Bond length/angle la 1b 2 3
Dy-Nequatorial [A] 2.249(5)  2.247(5)  2.258(3)  2.2684(17)
2.263(5)  2.265(5)  2.242(3)  2.2904(18)
2.249(4)  2.242(5)  2.253(3)  2.2720(17)
Dy-Nayial [A] 2.499(5)  2.527(5)  2.500(2)  2.5884(17)
Dy—O,yiat [A] 2.425(4)  2.409(5) — 2.1686(14)
Dy-Np,y [A] — — 2.532(3) —
Average N-Dy-N [°]  118.81 118.55 118.95 117.55
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Static (dc) magnetic properties

The direct-current (dc) magnetic susceptibility was measured
as a function of temperature (2-300 K) in a field of 1 kOe on
the polycrystalline samples of 1, 2, and 3 (Fig. 2). At 300 K, the
xmT values for 1, 2 and 3 are, respectively, 13.72, 13.57 and
13.87 cm® K mol ™", lower than that expected for a free Dy"" ion
(14.17 em® K mol™), due to the splitting of the °H;5,, ground
state.>" Upon cooling, the yT plots gradually drop to 11.66,
10.58, and 11.76 for 1-3 at 2 K, respectively. Such a tendency is
mainly attributed to the progressive depopulation of the
Kramers doublets (KDs) of the Dy™ ion or weak antiferro-
magnetic dipolar coupling between the mononuclear groups.**
The field-dependent magnetization (M) exhibits a sharp
increase in the low fields and then slowly increases to 4.40Ng
for 1, 4.24Np for 2, and 4.57Ng for 3 at 2 K and 5T (Fig. 2,
inset), which prominently deviates from the saturated value of
10NpA. The unsaturation of M at 5 T supports the onset of
strong magnetic anisotropy and/or low-lying excited states
(Fig. 871).%°

Furthermore, the dc magnetic data of the Dy
complexes were analyzed with crystal field theory using the
PHI program,*® for qualitative comparison with the experi-
mental data. The crystal field Hamiltonian is expressed in the
following equation:

I jon for three

k
Z aikBZiOkékﬂ (1)

where 6;* is the orbital reduction parameters, B,/ is the crystal
field parameters (CFPs) in Steven’s notation, 6, is the operator
equivalent factors, and O? is the operator equivalents. To fit
the magnetic susceptibility and magnetization data, the CFPs
were employed for all complexes. It is gratifying that the theor-
etically simulated data on the isolated mononuclear molecules
correspond reasonably well with the experimental results
(Fig. 2), which suggests significant magnetic anisotropy of the
Dy™ ion and very weak dipole-dipole interactions. With the
obtained fitting parameters (CFPs) (Table S107), the magnetic
data of the three complexes were simulated to obtain the
energy levels and g-tensors. From the simulation of the ground
state multiplet °H, 5/, (energy levels are listed in Table S117),
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the energy gaps between the ground state Kramers doublets
and the first excited states are 128 cm™, 91 cm™!, and
107 em™' for 1-3, respectively. The local g-tensors on the
ground doublets of the Dy sites show large g, values, g, =
19.7734, g, = 18.8536, and g, = 19.0064, for 1-3 (ideally g, = g, =
0, g, = 20), respectively, indicating the distinct easy axial mag-

netic anisotropies of 1-3.

Dynamic (ac) magnetic properties

For alternating-current (ac) measurements without an external
dc field, although no maximum appears from 2.0 to 6.0 K for 1
and 2 as well as from 2.0 to 5.0 K for 3, both the in-phase (r')
and out-of-phase (y”) signals are observed in all complexes
(Fig. S8 and S97), suggesting the SMM behavior exists in all
complexes at zero dc field. It is expected that the quantum tun-
neling magnetization (QTM) effect plays an important role. For
the purpose of selecting a proper dc field, the ac data for all
complexes were recorded under various static fields, giving an
optimum dc field of 500 Oe. Therefore, temperature-depen-
dent ac data for all complexes were performed under 500 Oe
(Fig. S10t). Both the real and imaginary susceptibilities indi-
cate clear temperature dependence, pointing out the slow mag-
netic relaxation in all complexes. At 1000 Hz, the peaks of
temperature-dependent y” appear at about 5 K for 1, 3 K for 2,
and 3.5 K for 3.

In addition, the frequency dependencies of the ac suscepti-
bility were measured under an applied dc field of 500 Oe
(Fig. 3-5). Both the y’ and y” signals of all complexes appear to
be frequency-dependent, indicative of slow magnetic relax-
ation. As the temperature increases, the peaks of " in 1 and 3
gradually shift from low frequencies to high frequencies at ac
frequencies up to 1000 Hz. However, for complex 2, the
evident y” peaks are only observed at the lowest temperature.
Obviously, the QTM is still through the spin-reversal barrier
despite being under an applied dc field. Cole-Cole plots of the
in-phase versus out-of-phase signals appear as broad asym-
metric semicircles, suggesting the overlap of more than one
relaxation process. The severity of this overlap precluded the
extraction of precise relaxation time data for distinct processes.
Instead, the Cole-Cole plot data for all complexes were
approximately fitted using a single modified Debye model,*”°

141
1248
g10
¥ g4 3
“ Z 2K
561 gz 3K
= 5K
54 1
< . i
0 10 20 30 40 %0 0 10 20 30 40 % 21 0 10 20 30 40 5
04 : . _HIKOe . y ol . i _HIkOe i ‘ ol ' ' Hikoe” ‘ '
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Fig. 2 Plots of ymT vs. T for 1 (a), 2 (b), and 3 (c). Inset: plots of M vs. H at indicated temperatures.
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Fig. 3 Frequency dependence of the in-phase (a) and out-of-phase (b)
ac susceptibility for complexes 1 under a 500 Oe dc field. (c) Cole—Cole
plots at a dc field of 500 Oe for 1; the solid lines fit the generalized
Debye equation. (d) Magnetization relaxation time, Inz vs. T~* plot under
a 500 Oe dc field. The red line represents the Raman fit relaxation
process.

a0l T 26 KM 6K 0.60 26KEm6K

— QTM+Raman

15 2.0 3 25 " 3.0
a1 em® mor

0.24
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Fig. 4 Frequency dependence of the in-phase (a) and out-of-phase (b)
ac susceptibility for complexes 2 under a 500 Oe dc field. (c) Cole—Cole
plots at a dc field of 500 Oe for 2; the solid lines fit to the generalized
Debye equation. (d) Magnetization relaxation time, Inz vs. T~* plot under
a 500 Oe dc field. The red line represents the Raman and QTM fit relax-
ation processes.

yielding values for the relaxation time, 7, at each temperature.
The resulting fitted parameter is the a value, which provides a
measure of the uniformity of relaxation and ranges from 0 to
1, with smaller values corresponding to relaxation dominated
by a single process. The resulting a values are in the ranges of
0.014-0.266 for 1, 0.074-0.437 for 2, and 0.258-0.372 for 3
(Tables S3-S57), suggesting a narrow distribution of the times
for 1 and 3. A wide distribution of the relaxation times for 2
and values of « as high as 0.4-0.5 at the lowest temperature for
2 confirm the presence of multiple relaxation processes. To
evaluate the occurrence of possible magnetization dynamic

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

. P 2K 6K
35] N 2KIM 6K AR

;“lxu 0.0 .uu-al.uuiig%
1 10 100 1000 1 10, 100 1000
(c)
< 08
5
£
“e
504
o~
& — Raman
0.0 -
L ,/gms mor13 4 0.2 03, 04 0.5
“ TIK

Fig. 5 Frequency dependence of the in-phase (a) and out-of-phase (b)
ac susceptibility for complexes 3 under a 500 Oe dc field. (c) Cole—Cole
plots at a dc field of 500 Oe for 3; the solid lines fit to the generalized
Debye equation. (d) Magnetization relaxation time, Inz vs. T-* plot under
a 500 Oe dc field. The red line represents the Raman fit relaxation
process.

pathways, t vs. T" plots on a log-log scale were plotted
(Fig. S11t). The logio-log:o representation is employed
because temperature dependence is linear and thus n can
simply be determined from the slope. The fitting slopes of
5.61(2) and 5.85(1) for 1, as well as 6.00(2) and 5.78(2) for 3,
indicate that only the Raman process is dominant. The slopes
of 0.96(8) and 6.48(3) for 2 suggest that the magnetic relax-
ation goes through QTM and Raman processes.’”*" It is
necessary to add that, at the lowest temperature of a few
Kelvin, the dominant relaxation mechanism is usually QTM
(quantum tunnelling of the magnetisation), which is governed
by environmental factors, such as the presence of nuclear
spins and dipolar coupling. QTM between magnetic ground
states is naturally temperature-independent, hence the relax-
ation rate is often well described by zqmy ' = By/(1 + B,H?),*
where B; and B, are the empirical parameters and H represents
the applied dc field. The Raman relaxation process is a non-
resonant scattering process involving the simultaneous
absorption and emission of two phonons. In this process, the
microscopic particles absorb a phonon energy to the virtual
state, and then emit a phonon energy to gradually decay. They
cannot achieve a true relaxation transition, so there is no con-
tribution of the energy barrier. The studies suggest that the
process is temperature dependent and determined by the para-
meter C and the exponential 7, Traman + = CT" (Where T is the
temperature), which appears linear when plotted on a log;o—
log,o plot. For a two-phonon Raman process, an exponent n =
9 was predicted for Kramers ions. Additionally, R. Orbach
found that n = 7 was also in the Raman region and n = 5 was
in the low-temperature part of the Raman region.
Experimentally the 7" power law was indeed found with an
exponent deviating from ideal values.*>** Thus, the QTM (n <
1) and Raman (4 < n < 9)*° spin reversal processes are pre-
sumed reasonable, while the Orbach relaxation process is

Dalton Trans., 2023, 52, 2703-2711 | 2707
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similar to the Raman relaxation process, in that it is also an
absorption and emission process of two phonons, but it
experiences a real intermediate energy state. This relaxation
process is a real relaxation transition process, which reflects
the relaxation kinetic behavior of a single molecule magnet.
Meanwhile, the relaxation time and temperature of the Orbach
relaxation process conform to the Arrhenius relationship,
which is a relaxation process showing an effective energy
barrier, tomach = 7o exp(—Acr/ksT), where Agp is an inter-
mediate crystal-field parameter. Hence, the Orbach relaxation
process is related to temperature, but not to an external mag-
netic field. It is the intrinsic relaxation behavior of the mono-
molecular magnet. The direct relaxation process is a mono-
tonic process, and the values are related to the energy level
difference between —M; and +M;. This process depends on the
temperature, but is more closely related to magnetic fields. Its
strength is determined by the parameter A and the exponential
N, Taireet - = AH"T, where n is 2 for non-Kramers ions and 4 for
Kramers ions.*®*’

According to the above analysis results, the best fittings of
the temperature-dependent relaxation times according to eqn
(2) give C = 0.50(12), n = 6.41(18) for 1, 7y = 4.03(46) x 107" s,
C = 0.02(0.1), n = 9.3 (fixed) for 2, close to n = 9 for the Raman
relaxation of Kramers ions, and C = 1.73(37), n = 5.52(16) for 3,
indicating that at least one Raman relaxation mechanism, a
spin-lattice relaxation process that occurs through virtual mag-
netic excited states, likely dominates in the examined tempera-
ture and frequency range for 1 and 3, and the QTM is still
existent for 2.

7.'71 = CT” + TQTMil. (2)

Theoretical calculations

To gain further insight into the magneto-structural effect of all
complexes, ab initio calculations were carried out. Complete-
active-space self-consistent field (CASSCF) calculations on the
four mononuclear five-coordinate 1a, 1b, 2, and 3 (Fig. S127)
on the basis of X-ray determined geometries were carried out
with OpenMoclcas*® and SINGLE_ANISO*' ™ programs (see
the ESIf for details). The energy levels (cm™), g (gx & £2)
tensors, and the predominant m; values of the lowest eight
Kramers doublets (KDs) of complexes 1-3 are shown in
Table S6,7 where the predominant m; is equal to +15/2 in their
ground KDs. For 1a, 1b, and 3, the ground g, is close to 20.00,
showing nearly perfect axial anisotropies for them. But the
ground g, for 2 = 16.514, illustrating a poor axial anisotropy.
The mixed m; components for the lowest eight KDs for them
are all composed of m; = +15/2 (92.9%|+15/2) for 1a, 94.0%
|£15/2) for 1b, 70.8%|+15/2) for 2 and 88.1%]|+15/2) for 3) and
the first excited KDs are a mixture of several m; states, leading
to the large transversal magnetic moments shown in Fig. 6.
The transversal magnetic moments in the ground KDs for 1a
and 2 are 0.10 and 0.80ug, respectively, allowing a fast
quantum tunneling of magnetization (QTM) at low tempera-
tures. However, for 1b and 3, their ground transversal mag-
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Fig. 6 Magnetization blocking barriers for complexes 1a (a), 1b (b), 2
(c), and 3 (d). The thick black lines represent the KDs as a function of
their magnetic moment along the magnetic axis. The blue lines corres-
pond to the diagonal matrix elements of the transversal magnetic
moment; the green lines represent the Orbach relaxation processes. The
path shown by the red arrows represents the most probable path for
magnetic relaxation in the corresponding compounds. The numbers at
each arrow stand for the mean absolute value of the corresponding
matrix element of the transition magnetic moment.

netic moments are 0.67 x 10" and 0.74 x 10 'ug, respectively.
Therefore, the QTM in their ground KDs may be suppressed at
low temperatures if applying an external field, while the trans-
versal magnetic moments in their first excited states are 1.20
and 0.48ug, respectively, leading to a fast thermal-assisted
QTM. Therefore, the calculated energy barriers of 1b and 3 are
equal to 160.7 and 83.8 cm™", respectively (Table S6t). Due to
the unfavourable effects, such as harmonic phonons, Raman
magnetic relaxation, QTM, etc., on the energy barrier, the
experimental effective energy barriers (Ue) are usually smaller
than the calculated ones.*** In order to further confirm the
relaxation, fitting the high-temperature data using the
Arrhenius law 7 = 7, exp(Ues)/ksT affords the following values
of Ue and pro-factor 7y: Uegr = 36.45(25) K and 7, = 4.00(54) x
107% s for 1; and U.g = 18.37(53) K and 7, = 2.18(16) x 10™° s
for 3 (Fig. S137). These values are much lower than the calcu-
lated energy barriers of 1 and 3, suggesting that the Orbach
process could not be considered as the dominant relaxation
pathway in the considered temperature range. As shown in
Table S8, the weights of the axial crystal-field (CF) parameter
B (2, 0) for 2 and 3 are 9.96% and 10.86%, respectively, which
are lower than those of the non-axial B (2, 2) of 2 (16.07%) and
B (4, 4) of 3 (14.58%), indicating a poor axial symmetry for all
of them. Meanwhile for 1a and 1b, the weights of the axial CF
parameters B (2, 0) are 13.89% and 16.23%, respectively, which
are larger than the non-axial ones. Thus, the axial symmetry
for complex 1 is higher than those of the others. The main
magnetic axes on the Dy"" ions of 1-3 in their ground KDs are
indicated in Fig. 7.

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Calculated orientations of the local main magnetic axes on Dy"

ions of complexes 1a (a), 1b (b), 2 (c), and 3 (d) in their ground KDs.

Magneto-structural correlation

To understand the nature of the magneto-structure correlation
of complexes 1-3, it is necessary to provide a structural com-
parison of the coordination spheres for the three mononuclear
complexes. Geometrically, complexes 1 and 3 present DyN,O
chromophore, 2 exhibits a DyNs chromophore, with obvious
distortion (CShMs parameters: 0.835 (1a), 0.890 (1b), 0.737 (2),
and 0.531 (3)) from the corresponding ideal geometry.
However, the magnetic properties for 1-3 are different (1 > 3 >
2), although 2 has a similar distortion to 1 and 3 in its geome-
try. Therefore, the geometric distortion and magnetic pro-
perties are not really interrelated. First, for 1-3, the discrepan-
cies in the magnetic anisotropy depend critically on the
different coordination groups on one side. Second, they are
closely related to the bond lengths of Dy-N/Dy-O in the axis
(1a: Dy-Nyyia1 2.499(5), Dy-Ogyiar 2.425(4) A; 1b: Dy-Nyyia1 2.527
(5), Dy-Oaxiar 2-409(5) A; 2: Dy-Noyial 2.500(2), Dy-Np, 2.532(3)
A; 3: 2.5884(17), Dy-O,yia1 2.1686(14) A). In contrast, 2 has a
longer axial distance in these three complexes, a shorter axial
distance and a higher symmetry for 1. The weights of the axial
crystal-field (CF) parameters B (2, 0) of 1-3 (1: 16.23%; 2:
9.96%; 3: 10.86%) can also confirm that the axial symmetry of
1 is higher than those of the two others. In addition, the
ground g, is close to 20.00 showing nearly perfect axial aniso-
tropies for 1 and 3. But the ground g, of 2 deviates from the
ideal value 20.00, illustrating a poor axial anisotropy.
Obviously, the influence of the ligand effect on the single-ion
magnetic behaviour is very important, and the coordination of
oxygen-containing ligands is conducive to promoting the Dy
single-ion anisotropy and the slow relaxation of the magnetiza-
tion, thus achieving enhanced magnetism. Theoretical calcu-
lation in-depth elucidates the intrinsic differences in magnetic
anisotropy of complexes 1-3, which are in good agreement
with the experimental results.

This journal is © The Royal Society of Chemistry 2023
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Conclusions

In summary, we have successfully constructed and character-
ized a series of five-coordinate triangular bipyramidal mono-
nuclear Dy™ SMMs with local D3, symmetry, [(Trapen™"®)Dy
(THF)] (1), [(Trapen™®Dy(py)] (2) and [(Trapen™)Dy
(ONMes)] (3), and systematically investigated the effect of the
coordination unit alterations on the magnetism of the Dy™
center in the same direction as the trigonal-bipyramidal geo-
metry. Architecturally, the coordination spheres of 1-3 are
similar in the equatorial plane, whereas the significant differ-
ence lies in the bond lengths of Dy-N/Dy-O at the axial posi-
tion (in the sequence 1 > 3 > 2). Under a zero dc field, 1a and 2
exhibit a fast QTM at low temperatures. In contrast, for 1b and
3, due to smaller ground transversal magnetic moments, the
QTM in their ground KDs may be suppressed at low tempera-
tures if applying an external field. Further magnetic results
demonstrate that three complexes present field-induced slow
magnetic relaxation with the obvious Raman relaxation pro-
cesses. Therefore, this work suggests that the magneto-struc-
tural relationship, such as non-Orbach processes and geo-
metrical symmetry, would be vital for observing field-induced
SMM behaviors. This contributes to a better understanding of
environment-mediated magnetic relaxation mechanisms.
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