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A series of lanthanide(lll) metal-organic frameworks derived from
pyridyl-dicarboxylate ligand: single-molecule magnet behaviour
and luminescent properties

Chengcheng Zhang,®* Xiufang Ma,** Peipei Cen,® Xiaoyong Jin,? Jinhui Yang,? Yi-Quan Zhang,®" Jesus
Ferrando-Soria,® Emilio Pardo® and Xiangyu Liu®®"

The reactions of Ln" ions with a versatile pyridyl-decorated dicarboxylic acid ligand lead to a series of novel three-
dimensional (3D) Ln-MOFs, [Lns(pta)s(Hpta)(H20)]-xH20 (Ln = Dy (1), Eu (2), Gd (3), Tb (4), Hzpta = 2-(4-pyridyl)-terephthalic
acid, x = 6 for 1, 2.5 for 2, 1.5 for 3 and 2 for 4). The Ln® ions act as the nine-coordinated Muffin spheres, linking to each
other to generate trinuclear {Lns(O0C)sN2} SBUs, which are further extended to be interesting 3D topology architectures. To
the best of our knowledge, the Dy-MOF exhibits a zero-field single-molecule magnet (SMM) behaviour with the largest
effective energy barrier among the previously reported 3D MOF-based Dy-SMMs. The combined analyses of a dilution
sample (1@Y) and ab initio calculation demonstrate that the thermally assisted slow relaxation is mainly attributed to the
single-ion magnetism. Furthermore, fluorescence measurements reveal that Hzpta can sensitize Eu" and Th" characteristic

luminescence.

Introduction

Single-molecule magnets (SMMs) have attracted considerable
attention in recent years across many fields, including chemistry,
physics, and materials science.! Among the SMM family, lanthanide
ions are widely used as excellent magnetic building blocks owing to
their intrinsic large spin state and large magnetic anisotropy derived
from spin-orbit coupling and the crystal field effect, which are not
easily satisfied in transition-metal compounds.? In this regard, large
magnetic moments and remarkable magnetic anisotropy of
lanthanide ions, particularly the Dy3* ion, have rendered them very
useful for applications in the single-molecule magnet (SMM) field,3
as both a large magnetic moment and an obvious magnetic
anisotropy are necessary for a SMM, which may show magnetic
bistability and quantum-tunnelling effects, and find applications in
areas ranging from high-density information storage to quantum
computer and spintronics.* Especially, a breakthrough has been
made by Layfield and co-workers in Dy-SIMs, exhibiting magnetic
hysteresis at temperatures up to 80 K and a high effective energy
barrier of 1541 cm™.> However, most lanthanide-based SMMs are
isolated polynuclear or mononuclear complexes, and most cases
could be sensitive to air (moisture and oxygen) and highly unstable,
hence very hard to handle in real applications.6 From the viewpoint
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of this sign, the high dimensional lanthanide molecular system,
namely, lanthanide metal-organic frameworks (Ln-MOFs), behaving
as synchronously intriguing topology and SMMs behaviour have
been underexplored.”

A limited number of researches stated and emphasized that Dy-
based frameworks exhibit magnetization relaxation that is probably
from the symmetry-related single-ion behaviour or magnetic
interaction between metal ions.”: To better understand the related
mechanism causing slow magnetic relaxation, new magnetic Ln-MOF
systems merit further exploration. According to hard-soft acid-base
(HSAB) principle, lanthanide ion has a high affinity for oxygen atom,
and carboxylate can generally cater for the oxophilic nature of
lanthanide ions.? Additionally, the ability of carboxylate to take
different binding modes fits well with the flexible coordination
geometries of lanthanide ions, which is proven to be another
advantage to build lanthanide-organic frameworks (LnOFs).10
However, carboxylate-based LnMOFs with interesting magnetic
behaviours are relatively rare, that is, few of them show clear
thermal relaxation processes, which is probably due to the strong
quantum tunneling magnetization.! Up until now, the energy barrier
of documented carboxylate-based molecular nanomagnets has
remained low, which is mainly attributed to the weak coordination
field of carboxylate-based ligands.8212 Although the construction of
carboxylate-based lanthanide molecular nanomagnets with a high
energy barrier remains a challenging task, continuous study based on
the “framework” approach toward high-performant MOF-based
magnetic materials would be a wise strategy.

Furthermore, because 4f transitions of lanthanide ions belong to
inner-shell transitions and the emission spectra display narrow
bandwidth (AA < 10 nm), they have been extensively explored for
applications in lighting, display, sensing, and optical devices.3 It is
well-known that Eu(lll) and Tb(lll) ions emit dominant red and green
luminescence, respectively. These intrinsic luminescent features of
lanthanides together with the unique advantages of MOFs offer
hopeful prospects for designing novel luminescent materials with
enhanced desired functionalities and high added values for specific
applications. However, the f-f transitions of lanthanide ions are



forbidden, and thus their direct excitation is unfavored.132 Existing
studies demonstrate that the most common strategy to trigger
lanthanide(lll) luminescence is through excitation of a ligand
chromophore that behaves as an antenna.’*

Owing to rich coordination modes and oxygen atoms’ high affinity
to the Ln(lll) ions, a novel asymmetric pyridyl-carboxylate organic
spacer, 2-(4-pyridyl)-terephthalic acid (H,pta), could be included in
our perspective. As a result, four 3D Ln-MOFs have been successfully
isolated, namely, [Dys(pta)s(Hpta)(H,0)]-6H,0 (1),
[Eus(pta)s(Hpta)(H20)]-2.5H0 (2), [Gds(pta)s(Hpta)(H20)]-1.5H20 (3)
and [Tbs(pta)s(Hpta)(H20)]-2H,0 (4), which possess rigid 3D
skeletons consisting of trinuclear Ln(lll) units. Remarkably, magnetic
analysis reveals that as-prepared Dy-MOF presents slow magnetic
relaxation of the SMM behaviour under zero dc field. Moreover,
theoretical calculations and the magnetically diluted sample Dy/Y
(1@Y) are crucial to elucidate the dynamic magnetic properties of 1.
Furthermore, the luminescent properties of 2 and 4 are investigated,
showing characteristic emissions for Eu(lll) and Tb(lll) at room
temperature, respectively.

Experimental

Materials and Physical Measurements

All reagents used for the synthesis were purchased from
commercial sources and used without further purification.
Elemental analyses of C, H and N were performed on a Vario EL
Il analyzer. Infrared (IR) spectra were recorded on a Bruker
FTTR instrument with KBr pellets (4000-400cm1).
Thermogravimetric analysis (TGA) was performed on a CDR-4P
thermal analyzer of Shanghai Balance Instrument factory using
dry oxygen-free nitrogen as the atmosphere with a flowing rate
of 10 mL-min-t. Powder X-ray diffraction (PXRD) experiments
were recorded with a Rigaku RU200 diffractometer at 60 kV,
300 mA, and Cu Ka radiation (A = 1.5406 A), with a scan speed
of 5° min~! and a step size of 0.02° in 28. An accurate
yttrium/dysprosium ratio was measured using the inductively
coupled plasma (ICP) atomic emission spectra analyzed by a TJA
IRIS(HR) spectrometry. All magnetization data were recorded
with a Quantum Design SQUID magnetometer. The magnetic
susceptibility data were corrected for the diamagnetic
susceptibility by means of Pascal’s constants and sample-holder
calibration. The fluorescence spectra were obtained using a
Hitachi F-7000 fluorescence spectrophotometer at room
temperature. The fluorescence lifetime and the quantum yield
were measured on a Bruker a300 Spectrofluorometer under
excitation at 320 nm and 290nm.

Preparation of 1-4

Synthesis of [Dys(pta)s(Hpta)(H.0)]-6H,0 (1) DyCl3-6H,0
(0.0094 g, 0.025 mmol), Hypta (0.006 g, 0.025 mmol) were

sequentially added into the mixture of H,O (8 mL) and
transferred to 25 mL Teflon-lined stainless steel autoclave. After
being stirred in air for 30 min, the mixture was sealed 160 °C for
2 days, and then cooled to room temperature at a rate of 5 °C-h-
1. Colorless block crystals of 1 was collected by filtration. (yield:
0.059 g, 45%, based on Dy3*). Anal. calcd for CesHsoDysN5027
(1820.63): C,42.88; H, 2.77; N, 3.85%. Found: C, 43.51; H, 2.98;
N, 3.52%. Main IR features (KBr pellet, cm1): 3434 (w), 3028 (w),
2851 (w), 2498 (w), 1603 (s), 1594 (s), 1459 (w), 1441 (w), 1379
(m),1368 (m), 1352 (m), 1323 (m), 1025 (w), 893 (w), 794 (m),
619 (w), 537 (w).

Complexes 2-4 were prepared by means of the same
methods that used for 1, except DyClz-6H,O was replaced by
EuCl3-6H,0, GdCl3-6H,0 and TbCl3-6H,0, respectively.

Synthesis of [Eus(pta)s(Hpta)(H20)]-2.5H,0 (2) Yield: 60%.
Anal. calcd for CesHa1EusNsO235 (M =1736.93). 2: C45.29, H 2.40,
N 4.02%. Found: C 45.82, H 2.93, N 3.79%. IR data (KBr, cm-1):
3413 (m), 2920 (w), 2850 (w), 2360 (w), 1639 (s), 1559 (s), 1522
(m), 1473 (m), 1371 (m), 1004 (w), 848 (m), 785 (m), 627 (w),
564 (w).

Synthesis of [Gds(pta)s(Hpta)(H20)]-1.5H,0 (3) Yield: 58%.
Anal. calcd for C55H39Gd3N5022‘5 (M = 172363) 3: C 4534, H
2.28, N 4.07%. Found: C 45.76, H 2.63, N 3.71%. IR data (KBr,
cm1): 3414 (m), 3076 (w), 2852 (w), 2398 (w), 1636 (s), 1559 (s),
1457 (m), 1420 (w), 1384 (m),1317 (m), 1270 (m), 1072 (m),
1024 (w), 851 (w), 786 (m), 627 (w), 519 (w).

Synthesis of [Tbs(pta)s(Hpta)(H20)]-2H,0 (4) Yield: 55%. Anal.
calcd for CesHaoTbsNsO23 (M = 1738.80). 4: C 44.98, H 2.32, N
4.04%. Found: C44.40,H 2.61, N 3.64%. IR data (KBr, cm1): 3447
(m), 3073 (w), 2920 (w), 2651 (w), 1653 (s), 1558 (s), 1428 (s),
1388 (s), 1316 (m),1078 (w), 851 (m), 787 (m), 668 (w), 491 (w).

Synthesis of dysprosium-doped yttrium samples 1@Y. The
magnetically dilute sample 1@Y was obtained by combining
accurately measured amounts of DyCl3-6H,0 and YCl3-6H,0 in a
1:10 molar ratio, following the procedure described for complex
1. The final ratios of Dy/Y in diluted samples were analyzed by
ICP to be 1:1091 for 1. Elem anal. caled for
CesHsoDYo0.24Y276Ns07 (1617.51): C, 48.27; H, 3.12; N, 4.33%.
Found: C, 48.69; H, 3.43; N, 4.65%.

X-ray crystallography

Crystallographic data were collected with a Bruker SMART
APEX-CCD-based diffractometer using graphite
monochromated Mo-Ke radiation (A = 0.71073 A) at 296(2) K.
Data processing and absorption corrections were accomplished
using SAINT and SADABS?5. The structures were determined by
direct methods and refined against F2 by full-matrix least-
squares with SHELXTL-201816, All nonhydrogen atoms were
refined with anisotropic thermal parameters. The hydrogen
atoms were set in calculated positions and refined with
isotropic temperature factors. The diffraction contribution of

Table 1. Selected crystallographic data and structure refinement for 1-4.

1 2 3 4
Empirical formula CesH36Dy3NsO21 CesH36EU3N5023 CesH3sGd3NsO21 C55H35Tb3N5021
Formula weight 1710.60 1736.93 1723.63 1738.80
Temperature 100.01K 298K 298.0K 296K
Space group P21/m P21/m P21/m P21/m



a(A) 11.4564(8) 11.520(2) 11.513(3) 11.477(5)
b (A) 27.544(2) 27.700(5) 27.717(6) 27.659(13)
c(A) 11.5369(7) 11.600(2) 11.592(3) 11.556(5)
a(°) 90 90 90 90
8(°) 101.261(6) 102.121(6) 102.164(7) 101.930(1)
v (°) 90 90 90 90
v (A3) 3570.4(4) 3619.2(12) 3616.0(14) 3589.3(3)
V4 2 2 2 2
D (g/cm3) 1.591 1.585 1.583 1.609
Mu (mm1) 3.179 2.643 2.793 2.999
F(000) 1654.2 1692.0 1676.0 1694.0
Unique reflections 6688 8452 8437 8383
Observed reflections 5630 7966 7061 7564
Rint 0.0713 0.0386 0.0645 0.0464
Final R indices R1=0.1091 R1=0.0292 R1=0.0429 R1=0.0266
[1>20(1)] wR; =0.2514 wR; =0.0757 wR; =0.1031 wR; =0.0667
R indices (all data) R1=0.1244 R1=0.0316 R1=0.0532 R1=0.0266
wWR; =0.2596 wR, =0.0769 wR, =0.1086 wR, =0.0692
Goodness-of-fit on F2 1.208 1.137 1.050 1.079

the highly disordered solvent molecules located in the structure
was eliminated by applying the program SQUEEZE implemented
in PLATON. The final formula of 1-4 were ascertained by
combining the crystallographic data, elemental microanalyses,
and TGA data. The selected structural refinement results for
complexes 1-4 were summarized in Table 1. Selected bond
lengths and angles are listed in Tables S2-S8, respectively.
Computational details

For the three-dimensional structure of 1, we extracted a three-
core unit including three types of individual Dy'"' fragments
indicated as Dyl, Dy2 and Dy2A. Complete-active-space self-
consistent field (CASSCF) calculations on individual Dy"
fragments for 1 on the basis of single-crystal X-ray determined
geometry have been carried out with MOLCAS 8.417 program
package. Each individual Dy" fragment in 1 was calculated
keeping the experimentally determined structure of the
corresponding compound while replacing the neighboring Dy"
ions by diamagnetic Lu"".

The basis sets for all atoms are atomic natural orbitals from
the MOLCAS ANO-RCC library: ANO-RCC-VTZP for Dy''; VTZ for
close N and O; VDZ for distant atoms. The calculations employed
the second order Douglas-Kroll-Hess Hamiltonian, where scalar
relativistic contractions 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.
Active electrons in 7 active spaces include all f electrons (CAS (9
in 7 for Dy")) in the CASSCF calculation. To exclude all the
doubts, we calculated all the roots in the active space. We have
mixed the maximum number of spin-free state which was
possible with our hardware (all from 21 sextets, 128 from 224
quadruplets, 130 from 490 doublets). SINGLE_ANISO*8 program
was used to obtain energy levels, g tensors, magnetic axes, et
al., based on the above CASSCF/RASSI-SO calculations.

Results and discussion

Structure description

Single-crystal X-ray crystallography studies reveal that
complexes 1-4 are isostructural trinuclear structures that
crystallize in the monoclinic space group P2;/m (Table 1). In
order to show their structure in detail, complex 1 is described
as an example. The asymmetric unit of 1 bears two Dy"' atoms
(Dy1 with a half and Dy2 with a complete occupancy), two ptaZ
ligands, a half of Hpta~ ligand, a half of coordinated H,O
molecule and three free H,0 molecules. The Dy1/Dy2 atoms are
nine-coordinate in the {DyOs} and {DyOsN} environments,
correspondingly (Figure 1a). The Dyl ion is bounded by two
oxygen atoms (01 and O1A) donors coming from two us-ptaz
ligands, four carboxylate oxygen atoms (05, O5A, 06 and O7)
from two us-Hpta- ligands, two carboxylate oxygen atoms (011
and 011A) from two us-pta? ligands and one water molecule
(O12W). The Dy2 centre is surrounded by three carboxylate
oxygen atoms (02, O3 and 04) from two us-pta? ligands, one
oxygen atom (0O5) from another us-Hpta- ligand, four
carboxylate oxygen atoms (08, 09, 010 and O11) from two us-
ptaZ ligands and one nitrogen (N1) donor from one uy-ptaZ
ligand. All the Dy-O and Dy-N bond lengths fall within the range
for other dodecahedra complexes of Dy'! (Tables S1 and S2).72-
7¢ The calculation of the distorted degree of the {DyOg} and
{DyOsN} polyhedrons for Dy1/Dy2, with respect to the ideal
nine-vertex sphere, by using SHAPE program,?® reveals that the
DyOs/DyOgN combinations in 1 are intermediate between
diverse coordination geometries (Table S9). The nine-
coordinated Dyl and Dy2 ions in 1 represent the uniform Muffin
architecture with the same C; symmetry, and the continuous
shape measures (CShMs) values are determined to be 1.380 and
1.798, respectively (Figure 1b). In contrast, the relatively small
CShM for the Dyl ion corresponds to more ideal geometry. The
ligand in the MOF performs three coordination modes, in which
the carboxyl groups of H,pta spacers adopts nt:nt-ui, nt:n?-u,,
nt:nt-u; and nZn2?-us3 modes to link with metal centers,
respectively (Figure 2).



(b) Coordination polyhedral around Dy3*. (c) Topological graph of 1. (d) 3D tiling

featured net of 1. (Hydrogen atoms are omitted for clarity).
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Figure 2. (a)-(c) are the coordination modes of the Hapta ligands in 1.

Each Dy(1) centre connects to two Dy(2) atoms via u-
carboxylate groups to form a trinuclear {Dy3(OOC)sN>} unit with
Dy1--Dy2 distance of 4.070 A, and the carboxylate groups of
ptaZ ligands in the syn-syn bridging mode connect adjacent
trinuclear Dy"' units to produce a one dimensional double-chain
pattern along the c direction with a nearest intrachain Dy---Dy
distance of 4.069 A (Figure S2a). The adjacent 1D chains are
combined by the pyridyl groups of us-ptaZ ligands, resulting in
a 2D layer parallel to the bc plane with the shortest interchain
Dy---Dy distance of 8.012 A. The adjacent layers are further
linked by carboxylate oxygen atoms of Hpta- ligands, producing
an interesting 3D framework (Figure S2b). Notably, TGA data
shows that its main framework could remain unchanged until
450 °C (Figure 2b), indicating the outstanding thermostability of
1. After simplified by using the software of TOPQOS, 1 can be
donated to be an unprecedented (3,8)-connected tfz-d topology
with a point Schlafli symbol of {423}2{476.6718.8"4}, where the
ptaZ ligands are regarded as 3-connected nodes, the Hpta-
ligands as linkers, and the trinuclear {Dy3(OOC)sN,} SBUs are
considered as 8-connected nodes, respectively (Figure 1c).
Further analysis of the tiling was also deal with the 3dt software
to reflect the module building blocks, with the given tiling of
4[4.672]+2[673]+[472.672] = 2[4b.6d.6e]+2[4c.6g.6h]+
2[6c.6e.6h]+[4a”2.6c”2] (transitivity: 2484) (Figure 1d).

PXRD and thermal gravimetric analysis (TGA)

The peak positions of the experimental PXRD patterns for 1-4
remain identical with their corresponding simulations based on
single-crystal diffraction data at room temperature, indicating
the good phase purity of the as-synthesized products (Figure 3a
and S1). As can be seen in Figure 3a, pure crystalline phase of
dilution sample (1@Y) was confirmed by Powder X-Ray
diffraction. Also, the PXRD data of the activated samples at
200 °C are consistent with that of as-synthesized samples,
indicating that the crystallinity of 1 is maintained after a loss of

water molecules. Thermal analyses of Ln-MOFs 1-4 have been
carried out in the temperature range of 25-700 °C under an inert
atmosphere (maintained by a N3 gas flow) at a heating rate of
10 °C min~1, as shown in Figure 3b. The Ln-MOFs 1-4 being
isostructural follow similar thermal decomposition patterns
except for differences in the dehydration and decomposition
temperatures. We have chosen 1 as a representative example
for explaining the thermal stability and decomposition
behaviour of assembled MOFs. The TGA curve of 1 suggests a
typical two-step thermal decomposition pattern. For complex 1,
a total weight loss of 6.38% at 25-208 °C corresponds to the loss
of 6H,0 guest molecules per formula unit (calc. 5.94%) and the
further releases of coordinated H,O molecules. Above 450 °C,
the framework begins to collapse with the loss of other organic
molecules.

— 1@y
Activaled al 200 °C

— 1
—— Simulated

Weight /%

T T ; T 3 T T T T T
10 20 30 40 50 100 200 300 400 500 600 700
2deg) Temperature/C
(a) (b)

Figure 3. (a) Powder XRD pattern of 1, 1@Y and activated sample; (b) TGA
plots of 1-4 under N2 environment.

Magnetic studies

Direct current (dc) magnetic susceptibilities of 1-4 are measured in a
1000 Oe field in the range of 1.8-300 K (Figure 4 and S3). The room-
temperature ymT products of 40.75 cm3 K mol for 1 and 35.31 cm3
K mol? 4 are slightly lower than those for three isolated Ln'" ions,
42.51 cm3 K mol? (Dy", H;s/,, g = 4/3) and 35.43 cm3 K mol? (Tb",
7Fs, g = 3/2), while the ymT value for 3 (26.25 cm3 K mol?) is mildly
larger than the value of 23.64 cm3 K mol! for three uncoupled Gd"
ions (®S7/2, g = 2). Up cooling, the yuT products gradually drop to
29.99, 19.01and 27.02 cm3 K mol for 1, 3 and 4, respectively. This
behaviour should be ascribed to depopulation of the excited
sublevels from the crystal-field splitting of lanthanide(lll) ions and/or
antiferromagnetic interactions in complexes 1, 3 and 4.2 The
observed ymT value (8.00 cm3 K mol?) for 2 (Eu) at room temperature,
is attributed to the presence of thermally populated excited states.
At low temperature (1.8 K) the nonmagnetic ground state is observed
with ymT = 0.09 cm3 K mol?, the diamagnetic ground state of the Eu'"!
centers is thermally populated, resulting in a magnetization that is
close to zero, as expected. In an attempt to quantify the magnetic
interactions of Gd(lll) case, we fitted the ymT versus T data, using a
one J coupling scheme, with only the nearest-neighbor interactions
considered. Using the spin Hamiltonian H = —2](§;8, + §,83) +
gugB(8; + 8,) within PHI program,?! we determined the exchange
coupling constant to be J = -0.043 cm, with a g value of 2.07. The
exchange is thus confirmed to be antiferromagnetic and extremely
weak, as observed in the majority of trinuclear Gd(lll) complexes.?2
Magnetization data were obtained at varying field and temperature,
as shown in Figure S4. The nonsuperposition of the M vs H/T plots
(Figure 4 inset) also indicates the presence of magnetic anisotropy



and/or thermally accessible low-lying excited states. Moreover, the
magnetization value at 2.0 K and 50 kOe reaches 18.1 N8, lower than
the anticipated value of 30.0 N8 for three Dy"' ions, suggesting
significant anisotropy in the system (Figure S4).
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Figure 4. Plot of ymT vs T for 1. Solid line represents the simulation from ab initio

calculation. Inset: Plot of M vs H/T at different temperatures.
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Figure 5. Frequency dependence of x” susceptibilities for 1 without dc field. Inset:
Plot of In T vs T for 1 without dc field. The red line and blue line represent the

Arrhenius fit and multiple relaxation processes, respectively.

The anisotropic Dy" ions in 1 could lead to single-ion-based
molecular magnetic relaxation and even SMM behaviour. Therefore,
alternating current (ac) magnetic susceptibility experiment for
complex 1 was carried out under a zero dc field. The y” versus T plots
were performed in the range 1.8-15 K with the frequencies of 1, 10,
33, 100, 333, and 1000 Hz, both the in-phase (x’) and out-of-phase
(x”) signals of dynamic susceptibility present strong frequency and
temperature dependence. As shown in Figure S5, the in-phase and
out-of-phase susceptibilities in 1 reveal significant temperature
dependent peaks below 10 K. The character definitely symbolizes the
slow relaxation of magnetization. Upon cooling, x” and x” raise again
at lower temperatures, such a situation could be due to quantum
tunneling of the magnetization (QTM) which often occurs in
lanthanide SMMs.23 Then, the frequency dependencies of the ac
susceptibility for complex 1 were characterized under zero dc field at
various temperatures (Figures 5 and S6), the peaks of the x” ac
susceptibility gradually move from low frequency to high frequency,
explicating that the x” of 1 always manifests frequency dependence
in selected temperature range. A simultaneous fit to a generalized

Debye model for the y’ and x” data was used to extract magnetic
relaxation times. The inset of Figure 5 shows the plot of In(t) vs T
for 1. The anisotropy barrier is extracted by fitting the plots with
Arrhenius analysis [t = To exp(Uesi/ksT)] in the high temperature. The
effective energy barrier (Ues) and extrapolated relaxation times (to)
are extracted to be 126.0 K and 9.0 x 107195 for 1, which are within
the range expected for a SMM?* (106-10-11). Noteworthily, the In(1)
vs T1 product for 1 appears to display a certain extent of curvature
and temperature-independence at low temperature range, pointing
out the effect of other possible relaxation pathways.?> The data could
be fitted considering temperature independent quantum tunnelling,
thermally activated Orbach and Raman processes, using the
following equation eq (1):
T = 1oyt 4 CT™ + 70 exp(—Uege/kT) (1)

To avoid the overparameterization problem, the Ues value (126.0 K)
is fixed in the fitting process. The best fitting gives 1o = 1.04 x 1011 s,
C=0.87,n=3.92 and tqrm = 1.18 x 103 s (R2=0.999) (Figure 5 inset).
The Cole-Cole plots based on frequency-dependent ac susceptibility
data for 1 could be modelled by the Debye model (Figure 6).26 The
parameter « is below 0.24 from 2.0 to 7 K, consistent with values
observed for Dy-based SMMs, which suggested a relatively narrow
distribution of relaxation times for a single relaxation process (Table
S11). Thus, complex 1 presents typical of slow magnetic relaxation in
the absence of dc field. Such a phenomenon is rarely observed for
the reported Dy-based MOFs possessing high-dimensional structural
framework. More notably, the present case gives rise to an
unexpected SMM property with highest effective energy barrier that
exceed those described for all previous Dy'"-MOF SMMs (Table 2). On
measuring the diluted sample 1@Y, under zero dc field, the
temperature-dependent ac susceptibilities show slightly differences
with the looming peaks of the y” plots at low frequencies (Figure S7),
supporting the single-ion anisotropy rather than the long-range
ordering or dipolar interactions responsible for the dynamic
magnetic behaviours.
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Figure 6. Cole-Cole plots for 1 at 0 Oe. The solid lines represent the best fit to
the measured results.

Table 2. Dysprosium(lll)-based single-molecule magnets with 3D MOFs.

Configuration

(coordination

Molecular formula Unit Uest/K DC field/Oe Ref
geometry)

[Dys(pta)a(Hpta)(H20)]-6H.0 trinuclear Muffin (Cs) 126.0 0 this work

{[Dy(DMTDC)1.5(H20)2]-0.5DMF-0.5H.0}, mononuclear bicapped trigonal prism 48.29 2000 27a



[DyL(H20)3]-3H,0-0.75DMF
[Dy(STP)(1,2-bdc)]n
{[Dy(C204)1.5phen]-0.5H20}x
[Dy(3,4’-oba)(phen)z2(0x)o:s]n
[DyCd,(PIDC)(HPIDC)(H20)sCl2]-3H20
[DyCu(BPDC);(H20):Cl]-1.75H,0
[Dy2Cu(BPDC)3(H20)4](NOs3)2:12H,0
[Dy2Zn(BPDC)3(H20)4](Cl0O4)2-10H20
Dy(TDA)15(H.0),
{[Dy2(FDA)3(DMF)2]-1.5DMF},

[Dy2(FDA)3(DMF)2(CH30H)]a

mononuclear

mononuclear

mononuclear
mononuclear
trinuclear
binuclear
trinuclear
trinuclear
mononuclear
binuclear

binuclear

trigonal dodecahedron (D2q) 57 1200 27b
triangular dodecahedron (D2d) 55.76 0 27c
square antiprism (Dad) 35.5 1200 27d
trigonal dodecahedron (D2q) 28 2000 27e
square antiprismatic (Dad) 53 1400 27f
bicapped trigonal prism (Ca) 42.4 2000 27g
tricapped trigonal prism (Dsn) 95.3 5000 27g
tricapped trigonal prism (Dsn) 90.91 5000 27h
bicapped trigonal prism (Ca) 44.2 - 27i
biaugmented trigonal prismatic (Cav) 41.8 2000 27j
biaugmented trigonal prismatic (Ca) 67.5 2000 27j

H.DMTDC = 3,4-dimethylthieno[2,3-b]thiophene-2,5-dicarboxylic acid; HsL! = biphenyl-3'-nitro-3,4’,5-tricarboxylic acid; NaSTP = sodium 2-(2,2":6',2"-
terpyridin-4'-yl)benzenesulfonate, Hz(1,2-bdc) = benzene-1,2-dicarboxylic acid; phen = 1,10-phenanthroline; 3,4’-oba=3,4"- oxybis(benzoate), ox=oxalate;
H3PIDC=2-(Pyridin-4-yl)-1H-imidazole-4,5-dicarboxylic acid; BPDC = 4,4'-dicarboxylate-2,2"-dipyridine anion; TDA=thiophene-2,5-dicarboxylic acid anion;

H2FDA=furan-2,5-dicarboxylic acid

In order to select a proper static field, capable to suppress the
QTM, the x” data for 1 at 2.0 K was recorded under different dc
fields. The signal with significant maximum at 1200 Oe for 1
indicates the field-induced magnetic relaxation and the slowest
relaxation. Therefore, the ac magnetic data for 1 were further
performed under a 1200 Oe static field. The frequency-
dependent ac experiments for 1 were characterized (Figure S8).
Both x’ and x” components occur as frequency dependencies,
which explicitly declares the slow magnetic relaxation, and the
probable relaxation behaviour through the QTM process is
substantially depressed under the extra magnetic field.
Obviously, the peak values of the y” curves in 1 move from lower
frequency to higher frequency with increasing temperature. It
is worth noting that the nonlinear dependence of In(t) the
presence of multiple relaxation pathways (Figure S9). Thereby a
model including two possible relaxation processes, i.e. Raman
and Orbach mechanisms, is employed to analyse the
contribution to the relaxation in 1 by using eq (2):

71 = CT™ + 7y texp(—Uer/kT) (2)

The fitting reproduces the experimental data very well,
obtaining the parameters Uesf = 127.8 K, 1o = 3.93 x 10115, C =
2.85 x103, n = 6.91 for 1. It is observed that the two relaxation
processes are synchronously responsible for the entire dynamic
magnetic behaviour under an applied dc field. In addition, the
ac susceptibilities for 3 and 4 are also collected (Figure S10).
Unfortunately, no x” signals are found even at 2 K.

Theoretical investigation
To gain further insight into the structure and magnetism of 1,
complete-active-space self-consistent field (CASSCF) calculations on

individual Dy" fragments of Dy1, Dy2 and Dy2A for complex 1 on the
basis of X-ray determined geometries have been carried out with
MOLCAS 8.417 and SINGLE_ANISO*® programs (see Supporting
Information for details). The energy levels (cm), g (gx, gy, g2) tensors
and the predominant m;values of the lowest eight Kramers doublets
(KDs) of individual Dy" fragments for 1 are shown in Table S12. The
m; components for the lowest two KDs of individual Dy" fragments
for 1 are shown in Table S13, where the ground KD of Dy2A is mostly
composed by m; = £15/2, and its first excited KD is mostly composed
by m; = £13/2. But the ground KDs of Dyl and Dy2 are both mostly
composed by m; =+15/2, and their first excited KDs are all composed
by several m; states severely. The corresponding magnetization
blocking barriers of individual Dy" fragments for 1 are shown in
Figure 7, where the transversal magnetic moment in the ground KD
of Dy2A is 0.67x1072 g, and thus the quantum tunneling of
magnetization (QTM) in its ground KD could be suppressed at low
temperature. But the transversal magnetic moment in the ground
KDs of Dyl and Dy2 are 0.53x107! and 0.17x10-1 pg, respectively,
therefore allowing a fast QTM in their ground KDs, which is well
consistent with the results from the magnetic measurements. The
energy differences between the lowest two KDs for three Dy
fragments are 84.3, 125.6 and 214.3 cm, respectively. Which Dy
fragment is the energy barrier decided by? What’s the contribution
to the energy barrier of two Dy fragments? Until now, we have not
understood them. It is a complex problem to deduce which
compound has the higher energy barrier for such multinuclear motif.
Although their magnetic anisotropies dominantly come from
individual Dy"'ions, the Dy"!-Dy" interactions might have more or less
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Figure 7. Magnetization blocking barriers for individual Dy" fragments in 1. The thick black lines represent the KDs as a function of their magnetic moment along the

magnetic axis. The green lines correspond to diagonal quantum tunneling of magnetization (QTM); the blue line represent off-diagonal relaxation process. The path

shown by the red arrows represents the most probable path for magnetic relaxation in the corresponding cites. The numbers at each arrow stand for the mean absolute

value of the corresponding matrix element of transition magnetic moment.

influence on its slow magnetic relaxation process. The calculated
ground g, values of individual Dy" fragments in complex 1 are close
to 20, which shows that the case presents significantly axial
anisotropy for Dy(lll) fragments and the Dy"-Dy" exchange
interactions can be approximately regarded as the Ising type. The
program POLY_ANISO28 was used to obtain the parameters in Table
S14 fitted through comparison of the computed and measured
magnetic susceptibilities (Figure 8).

The parameters from Table S14 were calculated with respect to
the pseudospin Soy = 1/2 of Py" ions. For complex 1, the dipolar
magnetic coupling constants 9 were calculated exactly, while the
exchange coupling constants “exh were fitted through comparison
of the computed and measured magnetic susceptibilities using the
POLY_ANISO program. The calculated and experimental ymT versus T
plot of complex 1 was shown in Figure 4, where the fit has some
deviation from the experiment.?®° From Table S14, the J; and J;in 1
within Lines model?® are both negative indicating the Dy1-Dy2 and
Dy1-Dy2A interactions are antiferromagnetic, and the Dy2-Dy2A
interaction of J; is weak ferromagnetic. We gave the exchange
energies, the energy differences between each exchange doublet A;
and the main values of the g, for the lowest two exchange doublets
of 1 in Table S15. The main magnetic axes of three Dy" ions in 1 are
indicated in Figure 9, where the included angle between the
magnetic axes on Dy2 and Dy2A is 92.9 °, and that between the axes
on Dyl and Dy2A is 140.4 °. Such relatively large angles suggest that
the transversal components of the dipolar field caused by the Dy"
ions on each other are considerable, generating an important
influence on the tunneling gap of individual Dy" ion. The
transformation of the nature or orientation of the magnetic axes
seems to be corresponding to the subtle change of the coordination
geometries around metal ions. Although we cannot give a clear
relationship between magnetic interactions and structure details,
such a special arrangement of anisotropy axes most likely
contributes to a suitable overlap between lanthanide orbitals and
valency orbitals of the bridging atoms to enhance the superexchange
interactions between lanthanide ions in this Dy-MOF. As previous
reports, the magnetic interactions between anisotropic lanthanide
ions are proven to be extremely anisotropic and very sensitive to the
arrangement of anisotropy axes.3?

Figure 9. Calculated orientations of the local main magnetic axes on Dy"'ions
of 1in the ground KDs.

Magneto-structural correlations

It is well known that the coordination geometries of the crystal
fields (coordination symmetry and crystal-field strength)
around the paramagnetic centre play a key role in determining
the magnetization dynamics. That is, the perfect axial
anisotropy, which can be achieved in particular crystal field
symmetries, could enormously promote the dynamic magnetic
behaviour of molecular lanthanide nanomagnets. To explore
the relationship between configuration and magnetic relaxation
behaviours, the comparison of geometries and magnetic
parameters of dysprosium(lll)-based SMMs with 3D MOFs are
summarized in Table 2. It can be seen that the configurations of
most cases are Daq, D2g or GCa, exhibiting slow magnetic
relaxation under a zero/non-zero dc field. The energy barrier of
126 K for 1 exceeds those described for all previous Dy"'-MOF
SMMs, which is most likely due to the unique C; environment at
the Dy"' centre. From the view of the coordination spheres for
Dyl and Dy2 ions, both metal centres exhibit the nine-



coordinated Muffin chromophore with different distortions
from the ideal coordination geometry, on account of the minor
distinction in the kinds of coordination microenvironments. The
relatively small CshMs value for Dyl ions corresponds to lesser
deviation from ideal Muffin sphere (Table S9). On the basis of
the results reported previously, in highly symmetric crystal
fields, such as Cey, Deoh, Dad, Dsh, and Dgg, quantum tunneling is
always well suppressed, leading to higher effective energy
barrier. Existing researches also demonstrated that building the
pseudo Dysg cage around Dy core is an elegant strategy to obtain
higher effective energy barrier.31 In present work, with the
exception of the O6 atom, Dyl exhibited the square antiprism
geometry (Dasq) and the estimated deviation parameters is
2.222. By contrast, with the exception of the O8 atom, Dy2 is
closer to the biaugmented trigonal-prismatic geometry (Cay,
2.413), but it is worth noting that the calculated deviation
parameter from Dyq is 2.542 (Figure S11 and Table S16). The
difference between the parameters of C,y and Diy can be
negligible, suggesting that the coordination geometry of Dy2
can be considered as an intermediate between Cyy and D4q.27-32
Overall, the dysprosium(lll) ions in 1 were enormously affected
by the square antiprism geometry (Daq) Which is conducive to
govern high energy barrier On the other hand, the exchange
interaction between the lanthanide ions is also expected to
contribute to the relaxation, as observed in most previous Dy''-
MOF SMMs (Table 2). These interaction differences might
generate dissimilar anisotropy of lowest exchange multiplets,
therefore affecting the uniaxial magnetic anisotropy and
thermal barrier. In this work, the use of large aromatic groups
has successfully weakened the interaction between adjacent
trinuclear units. And the Dy"-Dy"' interactions in the metal
cluster have less influence on the slow magnetic relaxation
process, which is clearly ascertained by doping operation and
theoretical calculations. In spite of this, the simultaneous
optimization of uniaxial anisotropy of individual Dy"' ions (to
generate high anisotropy barriers) and magnetic interactions
between the Dy ions (to suppress quantum tunnelling) are
significant to achieve high-performant Dy-SMMs.

Luminescent Property

The solid-state luminescence spectra of 1-4 and the free H;pta
ligand were recorded at ambient temperature. Unfortunately,
no emissions for 1 and 3 were observed. The ligand emissions
are attributed to the rt*-mr or ;t*-n transition, with centred bands
at 425 nm for Hypta (Aex = 366 nm) (Figure S12). The solid-state
emission spectra of 2 and 4 show the characteristic emission
bands for corresponding Ln(lll) ions, and all of them exhibit
excellent luminescent properties with intense and narrow
emission bands.

Complex 2 displays intense red luminescence and shows the
characteristic emission bands for f-f transitions of europium(lil)
ion when excited at 320 nm (Figure 10a). The strong intensity of
emission at 613 nm in the red region is derived from >Dg — 7F;
transition and the medium strong emission at 593 nm is related
to the °Do — 7F; transition. The weak emission bands at 580 and
653 nm arise from the Do — 7Fg and °Dg — 7F3 transitions,
respectively. The spectrum is dominated by the intense band of

the >Do — 7F; electron dipole transition, which is the so-called
hypersensitive transition and is responsible for the brilliant red
emission of these complexes.
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Figure 10. Solid-state photoluminescence spectra of complexes 2 (a) and 4

(b).

As can be seen in Figure 10b, under excitation of 290 nm,
complex 4 governs characteristic terbium(lll) emission bands,
resulting from the D4 — 7F, (J = 6, 5, 4 and 3) transitions. The
emission band at 496 nm refers to the Ds — 7Fg transition, the
strong band at 550 nm is attributed to the D4 — 7Fs transition,
the band at 582 nm corresponds to the >D4 — 7F4 transition and
the band at 625 nm represents the D; — 7F3 transition. The
fluorescence lifetime (t) and quantum vyields (®) are measured
to be 648 ps and 7.87% for 2, and 863 us and 21.74% for 4,
respectively (Figure S13). Complex 4 exhibits higher quantum
yields as well as luminescence lifetimes than that of complex 2
because the f-f transitions from 5D, to 7F; are parity- and spin-
forbidden transitions.33 It is worth noting that the emission
bands of the ligands in the emission spectra of 2 and 4 are
almost absent, implying that the organic ligand Hjpta is
sensitized to Eu3* or Th3* ions via the “antenna effect”.

Conclusions

In summary, four new 3D Ln-MOFs assembled from a pyridyl
dicarboxylate ligand have been synthesized. Among them, Dy-MOF
is characteristic of slow relaxation of the magnetization at zero dc
field with an energy barrier of 126.0 K. The magnetic behaviour of
Dy-MOF is studied by a magnetic dilution method and theoretical
calculations, which indicate that the thermally activated dynamic
relaxation dominantly originates from the single ion anisotropy.
Noteworthily, the energy barrier of Dy-MOF is superior to those of
known 3D MOF-based Dy"' complexes. The fluorescent investigation
of Eu" and Tb" cases demonstrates that lanthanide(lll) characteristic
luminescence can be generated by energy transferred to the
lanthanide ions from the Hjpta ligands. This work exemplifies that
the integration of lanthanide(lll) cluster and multidentate pyridyl-
carboxylate ligand is useful for not only yielding fascinating
architectures but also enriching the potential properties.
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