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Abstract

Six dinuclear lanthanide(IIT) complexes [Ln,(L)s(phen),] (Ln = Eu™ (1), Tb™ (2), Dy™ (3), Ho™ (4), Er'™ (5), Sm™ (6),
L = 2-(thiophen-2-ylselanyl)acetic acid, phen = 1,10-phenanthroline) have been synthesized and characterized by powder
X-ray diffraction and single-crystal X-ray diffraction analysis. Single crystal X-ray diffraction analysis showed that
complexes 1-6 are isostructural and crystallize in the triclinic space group P-1. The luminescent properties and lifetimes of
complexes 1-3 have been studied, which show the characteristic emissions of Eu™ Dy - "Fy.4), TO™ (°D, — "Fg 3) and
Dy (*Fop — °H, s;. 13/2. 1172, 92), and the corresponding luminescent lifetimes are 1.24 ms, 6.25 ps and 4.26 ps,
respectively. The magnetic properties of the complexes 3 and 4 were also measured and exhibited weak anti-ferromagnetic
interactions between Ln"™ centers. Moreover, the complex 3 showed the properties of the potential single-molecule

magnets with the energy barrier (U/kB) 47.50 K and the 7 9.73 x 107% 5. In view of this, the Dy

behavior of the luminescent single-molecule magnets.

I complex 3 displayed the

Keywords Lanthanide(III) coordination complexes - 2-(Thiophen-2-ylselanyl)acetic acid - Crystal structures -

Magnetic properties - Photoluminescence properties

Introduction

In the past few decades, the lanthanide complexes have
attracted worldwide interests due to their potential appli-
cations in the fields of sorption, catalysis, magnetism and
photochemistry [1-3]. Since the milestone discovery of a
terbium(III) bis(phthalocyaninato) complex displaying the
phenomenon of single-molecule magnets (SMMs), which
are molecular complexes exhibiting slow relaxation of the
magnetization and magnetic hysteresis at low temperature,
the designs and syntheses of lanthanide-based SMMs have
experienced impressive development, and a large number
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of lanthanide-based SMMs have been reported, and some
of them exhibited slow relaxation of the magnetization
with high anisotropy barrier [4-7]. In the last decade, the
rational designs of the multifunctional SMMs with other
properties, in which the targeted compounds may exhibit
different physical features when subjected to various
external stimuli, have attracted the attention of many
researchers [8—10]. Most lanthanide ions possess strong
unquenched orbital angular momentum and large spin orbit
coupling of the 4f electrons, they not only may contribute
to the acquisition of single-molecule magnets but also
contribute to the improvement of luminescence perfor-
mance, so that lanthanide ions are a great choice for con-
structing the multifunctional SMMs [11-14]. The
luminescent single-molecule magnets are a type of dual
functional materials with magnetic and luminescent prop-
erties. The incorporation of two properties into one
molecular entity is an effective way to obtain dual func-
tional molecule-based materials [15-18].

The designs and synthesis of the luminescent SMMs
requires consideration of many factors, such as metal ions
and ligands. Lanthanide(IIl) ions, especially the Dy(III)
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ion, have not only a large spin ground state but also
magnetic anisotropy, which can meet the two prerequisites
for the appearance of the luminescent SMMs [19-23]. On
the other hand choosing a suitable ligand can effectively
produce an ‘‘antenna effect’ to promote the regulation of
its luminescent properties [24, 25]. Among various types of
ligands, 2-thiophene carboxylate acid substituents con-
taining unsaturated bonds and isolated electrons functional
groups can transfer efficiently the energy of the m, w*
excited state to lanthanide ions to increase their lumines-
cence properties [26-30]. In addition, it is noteworthy that
the 1,10-phenanthroline possessing multiple functional
groups as chelating ligand can not only helps to stability of
constructed complexes but also improve the fluorescence
emissions [31, 32].

Given the aforementioned consideration, we chose
2-(thiophen-2-ylselanyl)acetic acid as the main ligand and
1,10-phenanthroline as the auxiliary ligand to synthesize
six isostructural lanthanide complexes [Lny(L)¢(phen),]
(Ln = Eu"™ (1), Tb™ (2), Dy™ (3), Ho™" (4), Er™ (5), Sm™!
(6) L = 2-(thiophen-2-ylselanyl)acetic acid, phen = 1,10-
phenanthroline). The structures of complexes 1-6 display
dinuclear structures. The photoluminescence properties of
complex 1-3 and the magnetic properties of complexes 3—4
have been investigated in the solid state. Furthermore, the
Dy™ complex 3 displayed the phenomenon of the potential
multifunctional SMMs with fluorescent properties.

Experimental Section
Materials and Physical Measurements

Lanthanide(III) chloride hexahydrate and 1,10-phenan-
throline were commercially available and were all used

SeCH,COOH

7 s + LnCLeH,0 + ( \

Ln = Eu(1), Tb(2), Dy(3), Ho (4), Er (5), Sm (6)

Fig. 1 The syntheses of complexes 1-6

@ Springer

without further purification. 2-(thiophen-2-ylselanyl)acetic
acid was prepared by the method reported in the literatures
[33, 34]. The contents of C, H and N were depicted in
Vario-EL II elemental analyzer. IR spectra were recorded
using the conventional KBr pellets technique by a Nicolet-
5700 spectrometer (4000400 cm™"). The powder X-ray
diffraction (PXRD) data of the samples were collected on a
Rigaku Dmax 2000 X-ray diffractometer with graphite
mono chromatized Cu Ko radiation (4 = 0.1542 nm) and
20 ranging from 5° to 50°. The fluorescence spectra were
collected on Edinburgh FLS 1000 fluorescence spectrom-
eter. Magnetic properties were measured using a Quantum
Design SQUID VSM magnetometer on polycrystalline
samples. All magnetic data were corrected for the dia-
magnetism of the sample holder and constituent atoms
according to Pascal’s constants.

Syntheses of Complexes 1-6

Six dinuclear lanthanide(IIl) complexes were prepared
with a molar ratio of 3:1:1. The syntheses methods of
complexes 1-6 are similar, so complex 1 is taken as an
example to describe the synthesis steps (Fig. 1).

A mixture of 2-(thiophen-2-ylselanyl)acetic acid
(0.30 mmol), 1,10-phenanthroline (0.10 mmol) were dis-
solved in methanol, adjusting the pH of the solution to
5.8-6.2 with a KOH solution (0.2 mol/L). Then, the
resulting solution was added dropwise into the turbid
aqueous solution of EuCl;-6H,0 (0.10 mmol) under stir-
ring. After stirring at room temperature for 4 h, the filtered
solution was left to stand for 10 days, and finally the block
single crystals suitable for X-ray analysis were obtained.

[Eu,[(C4H3S)SeCH,COO]g(phen),] (1): Yield: 49.37%.
Elemental analysis (%), calculated for CgoHyugEu,N4O15.
SeSeq: C, 36.34, H, 2.35, N, 2.79. Found: C, 36.52, H, 2.51,

KOH
CH;0H/H,0
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Fig. 2 a Molecular structure of
complex 2 (H atoms were
omitted for clarity); b View of
the environment of the nine-
coordinated Tb™ ion with a
tricapped triangular prism

Symmetry codes: A, — x, 1—y,

2—z

Fig. 3 The infinite 1D chain
structure of complex 2. (H
atoms were omitted for clarity)

Fig. 4 The 2D layer
supramolecular structure of the
complex 2. (H atoms were
omitted for clarity)
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Fig. 5 The coordination modes of the ligands in complexes 1-6

N, 2.92. IR data (KBr, cm™'): 3426(w), 3081(w), 1602(s),
1589(m), 1545(m), 1516(s), 1436(s), 1386(s), 1348(w),
1215(w), 1188(w), 1140(w), 1102(w), 1047(w), 961(w),
864(s), 844(s), 773(w), 729(m), 697(m), 687(s), 670(w),
417(w).

[Tb,[(C4H3S)SeCH,COO]¢(phen);] (2): Yield: 48.95%.
Elemental analysis (%), calculated for CgoHyTboN4Oys.
SeSeq: C, 36.05, H, 2.32, N, 2.80. Found: C, 36.22, H, 2.46,
N, 2.99. IR data (KBr, cm_l): 3424(w), 3082(w), 1603(s),
1590(m), 1547(m), 1517(s), 1439(s), 1387(s), 1348(w),
1215(w), 1189(w), 1139(w), 1102(w), 1047(w), 963(w),
864(m), 844(s), 773(w), 729(m), 698(m), 688(s), 418(w).

[Dy,[(C4H3S)SeCH,COO]g(phen),] (3): Yield: 54.37%.
Elemental analysis (%), calculated for CgyHyDy,N4Oqs.
SeSeq: C, 35.92, H, 2.31, N, 2.79. Found: C, 35.78, H, 2.19,
N, 2.63. IR data (KBr, cm_l): 3422(w), 3083(w), 1603(s),
1590(m), 1548(m), 1517(s), 1440(s), 1387(s), 1348(w),
1218(w), 1189(w), 1139(w), 1102(w), 1047(w), 964(w),
864(s), 843(s), 773(w), 729(m), 698(m), 688(s), 671(w),
418(w).

[Ho,[(C4H3S)SeCH,COO]g(phen),] (4): Yield: 51.67%.
Elemental analysis (%), calculated for CgyHygH0,N4O15.
Se¢Seg: C, 35.83, H, 2.31, N, 2.79. Found: C, 36.07, H, 2.44,
N, 2.95. IR data (KBr, cm™'): 3416(w), 3084(w), 1604(s),
1590(m), 1550(m), 1517(s), 1441(s), 1388(s), 1348(w),
1215(w), 1189(w), 1139(w), 1103(w), 1047(w), 964(w),

304 “.,,.nnnnnnn oL 10
>

X L8
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—— Curie-Weiss Fit

0 50 100 150 200 250 300

T/IK
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XM-1 / em™>mol

864(s), 843(s), 773(w), 729(m), 698(m), 689(s), 672(w),
418(w).

[Er,[(C4H3S)SeCH,COO]g(phen),] (5): Yield: 32.46%.
Elemental analysis (%), calculated for CgyHygEr,N4Oqs.
SeSeg: C 35.75, H 2.30, N 2.78. Found: C, 35.55, H, 2.15,
N, 2.60. IR data (KBr, cm_l): 3439(w), 3085(w), 1604(s),
1590(m), 1551(m), 1517(s), 1443(s), 1388(s), 1347(w),
1215(w), 1190(w), 1139(w), 1103(w), 1048(w), 965(w),
864(s), 843(s), 773(w), 729(m), 698(m), 689(s), 673(w),
418(w).

[Sm,[(C4H3S)SeCH,COO]4(phen),] (6): Yield: 48.95%.
Elemental analysis (%), calculated for CgoH4eSmyN4O15S6:
C, 36.36, H, 2.34, N, 2.83. Found: C, 36.21, H, 2.22, N,
2.69. IR data (KBr, cm™"): 3422(w), 3082(w), 1598(s),
1588(m), 1542(m), 1516(s), 1430(s), 1385(s), 1215(w),
1187(w), 1139(w), 1101(w), 960(w), 863(s), 843(s),
773(w), 729(m), 696(m), 685(s), 668(w), 417(w).

X-ray Crystallography

Single-crystal X-ray diffraction data for the complexes 1-6
were collected on a Bruker SMART-1000 CCD diffrac-
tometer with graphite-monochromated Mo K, radiation
(2 =0.71073 A) radiation at room temperature. The data
were integrated and corrected for Lorentz and polarization
effects using SAINT [35]. Absorption corrections were
applied with SADABS [36]. The structures were solved by
direct methods and refined by the full-matrix least-squares
method on F? using the SHELXTL crystallographic soft-
ware package [37]. During the final cycles, the atoms were
refined anisotropically. Hydrogen atoms were placed in
calculated positions and refined as riding atoms. Some
constraints (SIMU, DELU and ISOR instructions in
SHELXIL.2014) on the anisotropic displacement parameters
were applied in the refinement procedures to restrain the

)').')l)')”'.ll'
e »
204 »»

)))”

1

IMT/ cm mol K

3

84

—— Curie-Weiss Fit

0 50 100 150 200 250 300
T/IK

b

Fig. 6 a Temperature dependence of the y,,T vs. T and y,,~ ' vs. T curve for complex 3; b Temperature dependence of the y,,T vs. T and y,,”" vs.

T curve for complex 4. The red line represents Curie-Weiss fit
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Fig. 7 Field-dependent magnetizations for complexes 3 and 4

thermal ellipsoid [37, 38]. Crystallographic data and
structural refinement details of complexes 1-6 are sum-
marized in Table 1. Selected bond lengths and bond angles
of complex 1-6 are listed in Tables S2 to S7.

Results and Discussion
Crystal Structure Descriptions

X-ray crystallographic study reveals that complexes 1-6
are isostructural except for the distinction of the lanthanide
ion. Each of them is a dinuclear structure and crystallizes in
the Triclinic space group P-1 with Z = 1, thus complex 2 is
selected as a representative of the six complexes to discuss
their structures in detail. As is shown in Fig. 2, complex 2

0.40
0.35- —e— 999 HZ
\ *— 666 HZ
444 HZ
0.30' _ 296 HZ
- - 197 HZ
025 . ., ——z
“E 0.20- “..
(8] .
"~ 0.15- i S
0.104. e = SOy
0.05-
2 4 6 8 10
TIK
a

is composed of two Tb™ ions, six deprotonated 2-(thio-
phen-2-ylselanyl)acetic acid ligand, one 1,10-phenanthro-
line molecule. Every Tb™ centre is surrounded by nine
atoms, exhibiting a tricapped triangular prism geometry
with seven oxygen atoms and two nitrogen atoms, two
oxygen atoms (O1, O2) from one chelating deprotonated
2-(thiophen-2-ylselanyl)acetic acid ligand, three oxygen
atoms (O3A, 04, u,-O5A) from three bridging deproto-
nated ligands, two oxygen atoms (u»-O5, O6) from one
bridging deprotonated ligand, and two nitrogen atoms (N1,
N2) from one chelating 1,10-phenanthroline molecule.
Using the program SHAPE 2.1 [39], the continuous shape
measures (CShMs) of the Tb™ centers relative to the ideal
C, symmetry is calculated to be 5.631. The Tb-O bond
distances range from 2.299(5) to 2.481(5) A, and the Tb-N
bond distances range from 2.496(7) to 2.625(6) A, which
are within the bond distances of Tb-O and Tb-N of the
previous terbium complexes [40, 41]. The intramolecular
Tb™...Tb™ distances of 3.828 A, which are within the of
Tb™...Tb™ distances reported for lanthanide clusters [42].

The adjacent dinuclear complexes extend along a axis
direction to form a one-dimensional (1D) chain through the
C-H---O (C5-H5---04, 2.287 A) intermolecular hydrogen
bond interaction (Fig. 3). Furthermore, such 1D chains
assemble into 2D layers supramolecular architecture via
the C-H--O (C7-H7--O1, 2.439 A) hydrogen bonding
interactions in the a ¢ plane (Fig. 4).

In complex 2, the deprotonated 2-(thiophen-2-ylse-
lanyl)acetic acid adopt multiple coordination modes with
k(0,0') chelating mode, and pu-1 k(O);2 k(Q') or pu-
1 k(0,0');2 k(O bridge modes to connect Tb atoms into
dinuclear coordination complex (Fig. 5) [43].

0.16
0.14] s
0.124 oot
- 0.10 . 197 HZ
F 045 132 HZ
[*] - *— 64 HZ
E po0s]N "
€ 0.06]
3. 0.044
0.02-
0.00-
-0.02 v y .
2 4 6 8 10
TIK
b

Fig. 8 Temperature dependence of the ¥ and y” ac susceptibilities under zero dc field for complex 3
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Fig. 9 Temperature dependence of the y’ and y” ac susceptibilities under 1 kOe dc field for complex 3
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Fig. 10 Frequency dependence of the ' and 7" ac susceptibilities under 1 kOe dc field for complex 3

Powder X-ray Diffraction and Thermogravimetric
Analyses of Complexes 1-6

In order to evaluate the phase purity of complexes 1-6,
powder X-ray diffraction patterns experiments have been
performed at the room temperature. The PXRD patterns of
complexes 1-6 are shown in Figs. S7 to S12, respectively.
Their high purity solid state phases were confirmed by the
good matching the measured and simulated PXRD
patterns.

The thermogravimetric analyses (TGA) of complexes 1-
6 are measured in the temperature range from 25 to 800 °C
under nitrogen atmosphere with a heating rate of
20 K min~! (Fig. S13). The weight loss behaviours of
complexes 1-6 are similar and there is only one step of

weight loss in the temperature region of 250-310 °C. The
TGA results of complexes 1-6 indicate good thermal
stability.

Magnetic Properties
Static Magnetic Properties

The variable-temperature magnetic susceptibility mea-
surements for 3 and 4 were carried out over the temperature
range of 2 to 300 K in alternating current field of 1 kOe.
The plots of 7,,T and y,; ' versus T are shown in Fig. 6a
for 3 and Fig. 6b for 4. The experimental y,,T values at
300 K are 29.96 cm’ mol™' K for 3 and 21.94 cm’ -
mol ' K for 4, respectively, which are approached to the

@ Springer
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expected values of Ln™ jons (DyIH: 28.34 cm® mol™!' K,
S=5/2,L=5,g=4/3; Ho"™: 28.14 cm® mol ™' K, § = 2,
L =6, g =5/4). With decreasing temperature, the y,,T
values exhibit very slow decrease down to 50 K and then
sharply decrease in the lower temperature regions, at 2 K
reach a minimum of 9.30 cm® mol™! K for 3 and 2.91
cm® mol™! K for 4. This behavior should be ascribed to
depopulation of the excited Stark sublevels from the
crystal-field splitting of Ln"" jons and/or antiferromagnetic
interactions. This similar features was found in the reported
Ln™ complexes [Dy,(HMBA),(MBA),(DMF),(H,0),]#6-
H,O and {[Ho,(Hpimda),(p4-C,04)] 2H,O 4H,0},
[44, 45]. By analyzing of y,, ' versus T, the magnetic
susceptibility obeys the Curie—-Weiss law, y,, = C/(T-0),
between 50 and 300 K with Curie constant C are 30.39

1.6

1.4- 40K

1.24
) 7.0 K
1.04
0.84

0.6 -

2" 1 cm® mol”

0.4+
0.2

0.0

2.0 2.5 3.0 35 40 45 50 55 6.0
7'/ cm3 mol-1

Fig. 11 Cole—Cole curves of complex 3 Solid lines represent the best
fit with Debye model

-5.6
/l
-6.4-
,.,
—~ .
w .’
® -7.24
=
-8.0-
-8.8
0.14 0.16 0.18 020 022 024 026
T-1/K-1
a

cm’® mol ™' K for 3 and 22.93 c¢m® mol™! K for 4, the
Weiss constant 0 are — 3.83 K for 3 and — 12.80 K for 4,
and then the negative Weiss constant values further exhi-
bits weak antiferromagnetic indicated anti-ferromagnetic
interactions between Ln™ ions [46].

The field dependencies of the magnetization were per-
formed in the magnetic field range 0-70 kOe at 2 K for 3
and 4. As shown in Fig. 7, the magnetization values first
increase rapidly and then increase slowly with increased
field and reach the values of 6.0 Nf for 3 and 4.5 Nf3 for 4
at 70 kOe. The observed saturation values for 3 and 4 are
lower than the calculated values, which may be ascribed to
the crystal field effects, low-lying excited states and/or
significant magnetic anisotropy. The similar phenomenon
was found in the other reported Dy™ and Ho™ clusters
complexes [47, 48].

Dynamic Magnetic Properties

In order to explore the potential slow magnetic relaxation
of Dy™ complex 3, which may originate from SMMs
behavior, alternating current (ac) magnetic susceptibility
measurements were performed at various temperatures and
frequencies. As shown in Fig. 8, under zero dc fields, both
in-phase (¥') and out-of-phase (x”) signals clearly were
observed in the temperature range of 2.0-10 K, but no
peaks maxima were observed even at a low temperature
and high frequency. The upturning and tailing of the curve
in the low temperature area indicates that there is a sig-
nificant QTM effect in the system. In order to study the
relaxation behavior more clearly, an external magnetic
field of 1000 Oe was applied. The QTM in the system was
effectively suppressed. As shown in Fig. 9, the out-of-
phase (") signals exhibit well-shaped peaks, which shift
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Fig. 12 a Int vs. T~' plot for complex 3, the solid line represents the best fits using the Arrhenius law. b 1= vs. T plot for complex 3, the red

curve represents the best fits using the Orbach plus Raman law
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Fig. 13 The solid-state excitation and emission spectra of complexes 1 (a), 2 (b), 3 (¢) at room temperature

gradually to lower frequencies with the decrease of tem-
perature. In other words, as shown in Fig. 10, the imagi-
nary part (") can clearly display strong frequency
dependence in the frequency range of 2.5-999 Hz, sug-
gesting characteristic magnet relaxation of the SMMs
[49, 50]. Furthermore, the relaxation times (7) are obtained
by applying the generalized Debye law in a range from 4.0
to 7.0K (Fig. 11), giving the parameters o of
3.607 x 107-1.795 x 107" listed in Table S9. The similar
parameter values were observed for other Dy™ SMMs
[51, 52]. At high temperature range, satisfactory results can
be achieved by analyzing In(t) versus T~' using the
Arrhenius law t = 1oexp(U/kgT). As shown in Fig. 12a, the
resulting best-fit parameters are an energy barrier U/kg of
475 K and Tty of 9.73 x 108 s, and U/kg parameters
agrees well with some examples of reported lanthanide
clusters (Table S10) [53-56]. Nevertheless, T becomes
weakly dependent on T with decreasing temperature, which

is possibly due to the mixture of the Orbach process and
other relaxation processes. Moreover, the suitable fit was
obtained by considering contributions from a Raman and
an Orbach processes, l=CcT + rg_l exp(— U/kgT),
the resulting best-fit parameters are an energy barrier U/
ks = 53.28 K, C=029s"'K™*% n = 4.86,
To =648 x 1078 s. The n value of 4.86 is reasonable value
(1 <n < 6), and the 1y value falls within the normal range
(19 = 10_6—10_”), which is consistent with the properties
of the reported single-molecule magnets [57-59]. Based on
the above research, the Dy™ complex 3 exhibited the
behavior of single molecule magnets.

Photoluminescence Properties
The trivalent lanthanide ions are wide researched for their

photoluminescence properties in the visible and near-in-
frared regions, which endows Ln * luminescent materials
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Fig. 14 The luminescence decay curve of complexes 1 (a), 2 (b), 3 (c¢) with the double exponential behavior

with wide applications in photonic devices. Based on this,
the solid-state luminescent properties of the complexes 1-3
have been investigated at room temperature. Their excita-
tion and emission spectra and lifetime decay behaviors are
shown in Figs. 13 and 14, corresponding colour coordi-
nates are shown in Fig. S14.

The excitation spectra of complexes 1-3 all show broad
band, which are attributed to the m—m* transition of the
ligands. Excitation of complex 1 (Fig. 13a), Eu"™ displays
weak characteristic f-f transitions at 396 nm, which can be
reasonably assigned to the 'Fy — °Lg transitions of Eu'".
The f—f transitions are weaker than the ligand-bands, which
suggest the better sensitization of Eu"" ions luminescence
through ligand excitation. Such the properties of complex 1
has been also found in other Eu-selenoacetic complex,
[Eu,Le(phen),] (L = 4-fluorophenylselenoacetate) [60].
Eu™ complex displays five characteristic sharp emission

@ Springer

bands at 580, 592, 615, 652, and 698 nm under the exci-
tation of 348 nm (Fig. 13a), which can be assigned to the
Dy — "Fy_4 transitions, respectively. The intensity of the
SDO — 7F2 transition, which is extremely sensitive to site
symmetry, is stronger than the D, — 'F; transition.
Therefore, the Eu™ ion in complex 1 should occupy sites
with a low symmetry and no inversion center should be
present for these sites. The similar result is also found in
{[Eu(L,)(DMF)(H,0)]-DMF} (5-(2'-carboxylphe-
noxy)isophthalic acid) [61]. As shown in Fig. S14a, the
CIE chromaticity coordinate values of complex 1 are
(0.6629, 0.3367) and ‘‘red’’ emission is emitted. The
emission spectra of complex 2 (Fig. 13b), Tb™" complex
displays four characteristic sharp emission bands at 489,
545, 584, 621 nm under the excitation of 335 nm, which
can be assigned to the 5D4 - 7F6_3 transitions, respec-
tively. The most intense peak at 545 nm represents the
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D, — 'Fs transition, which shows the green light emis-
sion for Tb™ jons with a CIE chromaticity coordinate of
(0.3425, 0.5639) (Fig. S14b). The emission spectra of
complex 3 (Fig. 13c), Dy™ complex displays four char-
acteristic sharp emission bands at 482, 572, 658, 750 nm
under the excitation of 348 nm, which can be assigned to
the “Fop — °Hy (15/2, 13/2, 11/2, 9/2) transitions,
respectively. Notably, the Dy™ complex emits a yellow
light with a CIE coordinate of (0.3873, 0.4317) (Fig. S14c).
In addition, it is found that there is no apparent residual
ligand-based luminescence emission in complexes 1-3,
indicating that Eu™ and Tb™ and Dy"™ centres can be
efficiently sensitized by the ligands [62, 63].

The luminescence decay curve can be well fitted to the
double-exponential function as I = A; exp(— t/t;) + A,
exp(— t/1,) (where t; and 7, are the fast and slow com-
ponents of the luminescence lifetimes, A; and A, are the
pre-exponential factors). And then, based on 7 = (At 12’
+ A2T22)/(A1‘C ; + As1,) and 1 is the luminescent lifetime
[64, 65], yielding the average lifetimes values of around
1.24 ms for 1, 6.25 ps for 2, 4.26 us for 3, which are
moderate compared to previous reports [66—68]. Further-
more, photoluminescence quantum yields of complexes 1
and 3 are also determined by the integration sphere
method, which are 23.10% and 1.30%, respectively. The
value for complex 2 is too small (< 1%) to be measured
accurately. These preliminary results indicate that the
energy transfer from the ligands to Ln™ ions is efficient
[68-70].

Conclusions

In summary, new six lanthanide(III) complexes were suc-
cessfully synthesized and characterized. The single X-ray
crystallography study reveal that the lanthanide(IIl) ions
adopt a nine-coordinated tricapped triangular prism
geometry and adjacent molecules are connected by
hydrogen bonding interactions to form infinite 1D chain
structures and 2D layers. The solid-state luminescent
spectra demonstrated that complexes 1-3 respectively
exhibited strong characteristic emissions. Magnetic studies
revealed that the anti-ferromagnetic interactions existed
between the adjacent Ln®" ions complexes 3 and 4.
Moreover, the complex 3 showed the phenomenon of the
single-molecule magnets with the energy barrier (U/kB)
47.50 K and the 13 9.73 x 107® s. In view of this, the Dy™
complex 3 displayed the phenomenon of the luminescent
SMMs, which offers valuable information for the designs
and syntheses of the lanthanide-based multifunctional sin-
gle-molecule magnets.
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022-02266-x.
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