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Near-infrared luminescence and SMM behaviors of a family of

dinuclear lanthanide 8-quinolinolate complexes

Hai-Yun Shen, Wen-Min Wang, Hong-Ling Gao, Jian-Zhong Cui *

Abstract

A new family of lanthanide complexes, [Lna(dbm)4(OQ)»(CH30H),] (Ln = Nd (1), Tb (2),
Dy ((3), Ho (4); dbm = dibenzoylmethanate, OQ = 8-quinolinolate), and
[Ery(dbm)4(OQ)»(CH30H)]-CH;COCH;3 (5) were synthesized and characterized using
single-crystal X-ray diffraction, elemental analysis (EA), thermal gravimetric analysis (TGA),
powder X-ray diffraction (PXRD) and UV-vis spectra. X-ray crystallographic analyses reveal
that 1-5 are u-phenol bridged dinuclear complexes. For complexes 1-4, each Ln™ ion is
eight-coordinated with two bidentate dbm and two u-phenol bridging OQ ligands and one
methanol molecule. Complex 1 in the solid-state displays typical emissions of the Nd™ ions
in the NIR region. Magnetic measurements were carried out on complexes 1-5. Dynamic
magnetic studies reveal single-molecule magnet (SMM) behavior for complex 3. Fitting the
dynamic magnetic data to the Arrhenius law gives an energy barrier AE/kg= 109.5 K and
pre-exponential factor 7y = 4.23x10” s under 30000e dc field.
Introduction

Single-molecule magnets (SMMs) continue to receive much interest due to their huge
potential applications in many fields such as high-density information storage,' quantum
computing,” molecule-based spintronics devices.” As is now reasonably well understood,

SMM behavior is of molecular origin and can be observed in molecules which possess
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a large-spin ground state along with an intrinsic magnetic anisotropy.” The general approach
to creating new SMMs is to enhance negative Ising (or easy-axis) types of magneto
anisotropy (D) and large ground spin states in the system.” Since Ishikawa and co-workers
reported the first Ln-ion-based SMMs (BuyN)[Tb(Pc),] (H,Pc = phthalocyanine),’
more and more attentions have been paid to lanthanide complexes in the pursuit of SMMs
with higher anisotropic barriers, because of their highly anisotropic nature arising from large

I jon has

unquenched orbital angular momentum.” Constructing Ln-based SMMs, the Dy
long occupied a vital position to obtaining higher effective energy barriers because of its large
magnetic anisotropy originating from the °H;s; state.® Uptonow, a large quantity of
Dy"'-containing SMMs varying from mononuclear to dodecanuclear, and even up to
tetracosanuclear, have been discovered.” However, the study and control of the magnetic
properties in such strongly anisotropic systems still poses a challenge because of the
complicated electronic structures of lanthanide ions and the great complexity of anisotropy
properties for a cluster.'® With this in mind, lower-nuclearity lanthanide clusters seem to be of
great interest because of the relative simplification in the modulation of the relaxation
dynamics. Dinuclear dysprosium (Dy,) systems have long occupied a vital position in
displaying large thermal energy barrier and investigating the magnetic relaxation behavior.

Among organic ligands, 8-hydroxyquinoline (HOQ) and its derivatives attract notable
attention for constructing luminescent complexes;'' for example, tris-8-(hydroxyquinoline)
aluminum has been developed as an efficient electroluminescence material in organic light
emitting diode (OLED) fabrication.'> Moreover, thanks to its low energy triplet state (17100
cm™, 585nm), 8-hydroxyquinoline is suitable for sensitizing the NIR emission of lanthanide
ions."?

Recently our group have previously synthesized a series of typical phenoxo-O-bridged

lanthanide(III) dinuclear complexes by using 8-hydroxyquinoline derivatives and different
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p-diketonate coligands.'® Tt demonstrates that the replacement of S-diketonate ligand can
influence the SMM behaviors. In order to make further investigation on how the ligand field

" complexes and their magnetic relaxation behaviors

perturbation affects the structures of Ln
in dinuclear dysprosium (Dy;) clusters. Herein, five dinuclear lanthanide complexes
[Lny(dbm)4(OQ),(CH;0H),] (Ln = Nd (1), Tb (2), Dy (3), Ho (4)) and
[Ery(dbm)4(OQ)»(CH30H)]-CH;COCH;  (5)  were  successfully  synthesized by
8-hydroxyquinoline and dibenzoylmethanate (dbm) ligands. Magnetic measurements on
complexes 1-5 were carried out. Magnetic studies reveal single-molecule magnet (SMM)
behavior for complex 3; meanwhile, complex 2 displays no SMM behavior.

Experimental section

Materials and general methods.

All chemicals and solvents were commercially available and used without further
purification. Elemental analyses for C, H and N were performed on a PerkinElmer 240 CHN
elemental analyzer. IR spectra were recorded in the range of 400-4000 cm ™' with a Bruker
TENOR 27 spectrophotometer using a KBr pellet. UV-vis spectra were recorded on a
UV-3600 UV-VIS-NIR spectrophotometer at room temperature. Thermogravimetric analysis
(TGA) experiments were obtained using a NETZSCHTG 209 thermal analyzer in a static
atmosphere with a sample size and a heating rate of 10 °C min~'. Powder X-ray diffraction
(PXRD) measurements were collected on a Rigaku D/max 2500/pc/X-ray powder
diffractometer with Cu-Ka radiation (1 = 1.540598 A). NIR spectra were measured on a
Horiba Jobin Yvon Fluorolog-3-tau fluorescence spectrophotometer, equipped with a 450 W
Xe lamp as the excitation source and a liquid-nitrogen-cooled InGaAs as detector. Magnetic
measurements were performed using an MPMS XL-7 SQUID magnetometer.

Preparation of complexes [Ln,(dbm)4(0Q),(CH30H);] (Ln = Nd (1), Tb (2), Dy (3), Ho

(4)) and [Er,(dbm)4(0Q),(CH3;0H)]-CH3;COCH;(5). All five of the complexes were
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synthesized by the same method. Ln(dbm),"2H,0 (0.025 mmol) was dissolved in 10 mL of
acetone. A 10 mL CH30H solution of HOQ (0.025 mmol) was added. The resulting solution
was stirred for 4 h at room temperature. After being filtered, the filtrate was concentrated by
slow evaporation at 4 °C. After a few days, yellow crystals suitable for single-crystal X-ray
analysis were obtained.

[Nd2(dbm)4(0Q)2(CH30H),;] (1). Yield: 60% based on Nd. Anal. Calced (%) for
[Nd2(dbm)4(OQ)2(CH30H),] (fw = 1533.81): C, 62.65; H, 4.21; N, 1.83; Found: C, 62.60; H,
4.19; N, 1.80%. IR (cm™): 3058w, 1597s, 1550s, 1518s, 1478s, 1397s, 1312m, 1221w,
1102m, 1024w, 786w, 725w, 689w, 609w.

[Th(dbm)4(0Q)(CH30H),;] (2). Yield: 55% based on Tb. Anal. Calcd (%) for
[Tba(dbm)4(0OQ)2(CH30H),] (fw = 1563.17): C, 61.46; H, 4.13; N, 1.79; Found: C, 61.40; H,
4.10; N, 1.74%. IR (cm™'): 3058w, 1597s, 1551s, 1519s, 1478s, 1401s, 1313m, 1222w,
1103m, 1024w, 786w, 725w, 689w, 610w.

[Dy2(dbm)4(0Q)>(CH30H);] (3). Yield: 58% based on Dy. Anal. Calcd (%) for
[Dy,(dbm)4(0OQ)2(CH30H),] (fw = 1570.34): C, 61.19; H, 4.11; N, 1.78; Found: C, 61.11; H,
4.07; N, 1.72%. IR (cm™"): 3058w, 1597s, 1552s, 1519s, 1478s, 1402s, 1314m, 1222w,
1103m, 1024w, 785w, 727w, 689w, 610w.

[Hox(dbm)4(0Q)(CH30H),] (4). Yield: 55% based on Ho. Anal. Caled (%) for
[Ho,(dbm)4(OQ)>(CH30H),] (fw = 1575.2): C, 60.99; H, 4.10; N, 1.78; Found: C, 60.92; H,
4.05; N, 1.72%. IR (cm™): 3058w, 1597s, 1552s, 1518s, 1478s, 1400s, 1312m, 1222w,
1103m, 1024w, 786w, 725w, 689w, 609w.

[Erz(dbm)4(0Q)(CH30H)]-CH3COCH; (5). Yield: 58% based on Er. Anal. Caled (%)
for [Er>(dbm)4(0Q)(CH3;0H)]-CH3COCH; (fw = 1605.89): C, 61.33; H, 4.14; N, 1.74; (fresh
sample) Found: C, 61.29; H, 4.10; N, 1.71%. IR (cm’l): 3058w, 1596s, 1551s, 1520s, 1478s,

1403s, 1313m, 1222w, 1104m, 1024w, 786w, 729w, 689w, 609w.
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Single-crystal X-raystructure determination.
The single-crystal X-ray diffraction data for complexes 1-5 were collected using a
BRUKER SMART-1000 CCD diffractometer equipped with graphite-monochromatized
Mo-K & radiation with a radiation wavelength of 0.071073 nm using the @-¢ scan technique.
The structures were solved by direct methods using the program SHELXS-97," and refined
anisotropically using the full-matrix least-squares technique based on F’ using
SHELXL-97." Anisotropic thermal parameters were assigned to all non-hydrogen atoms.
The hydrogen atoms were generated geometrically. Crystal data collection and refinement
details for complexes 1-5 are summarized in Table 1.
Table 1 Crystal data and structure refinement for complexes 1-5
Complex 1 2 3 4 5
Formula CsoHesN,Nd, 015 CgoHe4N,01,Th, CsoHe4Dy2N, 01, CgoHssHoN, O CgoHgeErN, O,
Formula weight 1533.81 1563.17 1570.34 1575.2 1605.89
Temperature (K) 113(2) 113(2) 113(2) 113(2) 113(2)
Wavelength (A) 0.71073 0.71073 0.71073 0.71073 0.71073
Crystal system Triclinic Triclinic Triclinic Triclinic Triclinic
Space group Pl Pl Pl Pl Pl
a(A) 10.398(2) 10.371(2) 10.353(2) 10.345(2) 11.064(2)
b(A) 15.380(3) 11.930(2) 11.927(2) 11.963(2) 18.015(4)
c (&) 21.470(4) 15.273(3) 15.210(3) 15.200(3) 18.101(4)
a (deg) 100.71(3) 96.82(3) 97.05(3) 96.96(3) 87.10(3)
B (deg) 91.193) 98.56(3) 98.50(3) 98.56(3) 76.30(3)
7 (deg) 98.85(3) 115.13(3) 115.22(3) 115.21(3) 78.86(3)
Volume (A%) 3329.4(12) 1656.4(5) 1643.9(6) 1646.8(6) 3439.3(12)
Z 2 1 1 1 2
Calculated density (Mg m™) 1.530 1.567 1.586 1.588 1.551
Absorption coefficient (mm™)  1.609 2.185 2.323 2.453 2.490
F (000) 1548 784 786 788 1608
@range for data collection (deg) 1.82 to 25.02 1.93 to 25.02 1.93 t0 25.00 2.13 t0 25.00 1.15 t0 25.02
Reflections collected 34727 13912 13619 13902 34518
Independent reflection 11762 [R(int) = 0.0387] 5824 [R(int) = 0.0325] 5737 [R(int) = 0.0323] 5785 [R(int) = 0.0402] 12097[R(int)=0.0580]
Completeness 99.9 % 99.4% 98.9 % 99.6 % 99.6 %
Max. and min. transmission 0.9096 and 0.8303 0.7795 and 0.6691 0.7679 and 0.6537 0.7573 and 0.6145 0.7543 and 0.6358
Data / restraints / parameters 11762 /0 / 867 5824 /236 / 455 5737/ 150/ 488 5785 /150 / 488 12097 /0 / 885
Goodness-of-fit on F 1.025 1.074 1.225 1.134 1.076
Final R indices [/>26(1)] R, =0.0341, R, = 0.0294, R, = 0.0275, R, = 0.0296, R, = 0.0400,
wR, =0.0770 wR, =0.0673 wR, = 0.0759 wR, =0.0703 wR, = 0.0954
R indices (all data) R, = 0.0445, R, =0.0324, R, = 0.0308, R;=0.0345, R, =0.0491,
WR, = 0.0830 WR, = 0.0689 WR, = 0.0879 WR, = 0.0872 WR,=0.1077

Largest diff. peak and hole(e A™)

0.874 and -1.179

0.871 and -1.012

1.286 and -1.179

1.522 and -1.303

2.225 and -1.840

Results and discussion
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Crystal structure descriptions.
Crystal structure of complex 1

Single-crystal X-ray diffraction analysis reveals that complex 1 crystallizes in the triclinic
Plspace group. A perspective view of the molecular structure of 1 is represented in Fig. 1.
The two Nd" ions are all eight-coordinated by four oxygen atoms from two dbm anions, two
oxygen atoms from the bridging OQ ligands, another oxygen atom from coordinated
methanol molecule and one nitrogen atom from the quinoline ring. The bond lengths of the
Nd-O are in the range of 2.382(2)-2.537(3) A and the Nd-N bond lengths are 2.593(3) and
2.580(3) A for complex 1. Two Nd" ions are bridged by the u-phenol atoms (O1 and 02)
from OQ ligands, with four Nd—O bond lengths of Nd1-01 2.449(2) A, Nd2—01 2.430(2) A,
Nd1-02 2.461(2) A, and Nd2—02 2.449(2) A, and Nd---Nd distance of 4.0192(16) A. The
bridging angles of Nd1-O1-Nd2 and NdI-02-Nd2 are 110.91(9) and 109.88(9)°,
respectively. The evaluation of the polyhedral shapes of the two Nd™ centers were
ascertained by continuous shape measurement analysis that was carried out with SHAPE 2.'¢
Here, the eight-coordinated Nd1 and Nd2 centers were found to close to the triangular square
antiprism (SAPR-8) with values of 0.920 and 1.586 respectively. The larger value exhibits a
distorted coordination polyhedron that deviates from ideal geometries. The selected bond

lengths and angles for complex 1 are summarized in Tables S1 in the ESI.

Fig. 1. (a) Molecular structure of complex 1. Hydrogen atoms have been omitted for clarity. (b) The
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coordination geometries of Nd1 and Nd2 atoms in complex 1.

Crystal structures of complexes 2—4

X-ray crystallographic analysis reveals that 2—4 are isomorphic dinuclear complexes and

crystallize in the triclinic P1 space group. Therefore, as a representative, only the structure
of complex 3 is discussed in detail. As shown in Fig. 2, the asymmetric unit is composed of
two crystallographically independent [Dy,(dbm)4(OQ).(CH30H),] moieties. Each moiety
contains two eight-coordinated Dy™ cations, four dbm and two 8-quinolinolate ligands and

11

two methanol molecules. The coordination and bridging models of centre Dy ions are

similar as Nd™ ions in complex 1. The slight difference of 1 and 3 is that one of the two Dy™"

ions was generated by symmetric operation in the asymmetric unit, while one of the two Nd"

ions cannot generate by symmetric operation.

Fig. 2. (a) Molecular structure of complex 3. Hydrogen atoms have been omitted for clarity. (b) The
coordination geometries for the Dyl and Dyla atoms in complex 3.

Crystal structure of complex 5

Single-crystal X-ray diffraction analysis reveals that complex S crystallizes in the triclinic
P1 space group and consists of a discrete neutral [Ery(dbm)4(OQ)2(CH;OH)] entity and an
acetone molecule as cocrystallizing solvent. A perspective view of the molecular structure of
5 without the solvent molecules is represented in Fig. 3. The Erl ion is eight-coordinated by

two N atoms and two u-phenol oxygen atoms from the bridging OQ ligands and four oxygen
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atoms from two dbm anions, while the Er2 ion is seven-coordinated by four oxygen atoms
from two dbm anions, two oxygen atoms from the bridging OQ ligands, another oxygen atom
from coordinated methanol molecule. Erl and Er2 are bridged by two p-phenol oxygen atoms
(O1 and O2) of two ligands, leading to a four-membered Er,O, core. In the bridging path
ways, the Er-O lengths are 2.309(3) A for Er1-Ol, 2.344(3) A for Er2-O1, 2.282(3) A for
Er1-02, 2.350(3) A for Er2-02, respectively. The Er—O-Er angles are 109.03(12)° for
Er1-O1-Er2, and 109.74(13)° for Erl-O2-Er2. Systematic analysis of the coordination
geometries around the metals using the program SHAPE 2 reveals that Erl ion adopts a

distorted capped octahedron with a (3, point group, while Er2 ion has geometry close to

triangular dodecahedron (TDD-8) with a D,, point group.

Fig. 3. (a) Molecular structure of complex 5. Hydrogen atoms have been omitted for clarity. (b) The

coordination geometries for the Erl and Er2 atoms in complex 5.

Thermal gravimetric analysis and powder X-ray diffraction
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Fig. 4. TGA curves for complexes 1-5.

To identify the thermal stabilities of these complexes, thermal gravimetric analyses of
complexes 1-5 were carried out under air atmosphere with a heating rate of 10 °C min” in
the temperature range of 30 to 800 °C. TGA curves of 1-5 (Fig. 4) have similar profiles,
exhibiting two main weight loss steps until the decomposition of the framework. Therefore,
as a representative, only the TGA curve of 1 is discussed in detail. In the TGA curve of 1, the
first weight loss of 3.35% in the range of 90-180 °C corresponds to the departure of two
coordinated methanol molecules (calcd: 4.05%). Then, the skeleton of 1 can be stable up to
about 250 °C. As the temperature continues to rise, the framework decomposes gradually.
Finally, the residue of 21.54% (calcd. 21.94%) is expected to be the corresponding lanthanide
oxide Nd,Os. For 5, one lattice acetone molecule is uncoordinated and the crystalline samples
were kept for a period of time at ambient conditions resulting in the acetone molecules losing
spontaneously, so there are no solvent loss occurs in the 30-100 °C range.

The crystalline products of 1-5 were characterized using X-ray powder diffraction
(PXRD) at room temperature (Fig. S1-S3). These results are in good agreement with the
XRD patterns simulated from the single-crystal data, indicating high purity of the obtained
samples. The differences in intensity may be due to the preferred orientations of the
crystalline powder samples.

UV-vis spectra.

The UV-vis absorption spectra of Dy(dbm);2H,0, the ligand and complexes 1-5,
recorded in CH;OH solution of 10 mol-L™" at room temperature, are depicted in Fig. 5. The
absorption spectrum of the HOQ ligand features three main bands located around 240, 256,
310 nm respectively with absorption extending up to 350 nm. They are assigned to n—>n" and
n—m’ transitions. Dy(dbm);*(H,0), has two absorption bands centered ca. 250 nm and 350

nm. Upon deprotonation and the formation of complex, the absorption bands are slightly
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red-shifted. In the UV-vis spectra of 1-5, there are two sets of absorption bands. The
high-energy band at ca. 256 nm results from the intraligand n—>n" transition of HOQ and

dbm ligands. The other absorption band at ca. 355 nm arises probably from the n—mx" of dbm

ligands.
140
120
— 1 (Nd)
100+ 2 (Th)
K —3(Dy)
:Ea 4 (Ho)
—'E 5(Er)
= —_— Dy(dbm)3
: ——$HOQ ligand
W
0 T T T T T T T T T
250 300 350 400 450 500

Wavelength (nm)
Fig. 5. UV-vis absorption spectra of complexes 1-5 in CH30H solution at room temperature.
Room-temperature UV-Vis absorption spectra of the complexes were also determined in
the solid state (Fig. S4). The HOQ ligand and Dy(dbm);*(H,0O), show wide absorption bands
between 200-400 nm and 200-420 nm, respectively. The spectra of the complexes all exhibit
broad absorption bands in the range from 200 to 410 nm, which could correspond to the
intraligand n-n* transition of the organic ligands. In the region above 420 nm in these curves,
1, 4 and S also show characteristic absorption bands of corresponding lanthanide ions. The

absorption spectra of 1, in the visible region, contain six transitions originating from the *Io),
ground state to the excited states. These are assigned to “lon — *Gop (515 nm), *lop—"G7p,
*Kisn (526 nm), *lop =~ >G72(582 nm), *lon — *Hiip (628 nm), *lon — *Fopn (680 nm)
and 419/2 — 4F7/2 (745 nm). The spectra of the 4 show four transitions originating from the 518

1T

ground state to various excited states of Ho . These f—f transitions correspond to 5Ig — 5G6

+°F; (451 nm), ’Is—"F; (483 nm), *Ig—"F4 (538 nm) and °Ig—"Fs (641 nm). Similarly, the f—f

transitions observed in the case of erbium complex correspond to 4115/2 —>4F7/2 (486 nm), 4115/2

10
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—2Hy12 (520 nm), *I;s» —"*S32 (544 nm) and I —*Fop2 (652 nm)."”
Near-infrared luminescent properties.

The NIR luminescent properties of complex 1 in the solid state were investigated at room
temperature. The excitation spectra were obtained by monitoring the strongest emission of
the Nd" ion at 1060 nm (Fig. S5). The broad band ranging from 300 to 600 nm and several
weak intra configurational f—f transitions of the excitation spectra can be observed. The broad
band is attributed to intraligand charge transfer (ILCT) and weak intraconfigurational f—f
transitions originating from the ground states of Nd"' ion. The f—f transitions could be
assigned to 419/2—>4G7/2 (528 nm) and 419/2—>4G5/2, 2G7/2 (586 nm).18 The excitation spectra are
dominated by the broad band as compared to weak intraconfigurational f—f transitions, which
indicates that luminescence sensitization is efficient via excitation of the ligands.

For Nd" complex, the emission spectrum displays three bands in the 850~1400 nm range,
the main band occurring between 1020 and 1120 nm (4F3/2 —>411 112), with a maximum at 1060
nm; two other bands are visible between 850-928 (*Fs;, — “Io;2) and 1300-1400 nm (*F3, —
T132).""” Among the three emission bands, the band centered at 1060nm shows the strongest
intensity, which is potentially applicable for the laser system.”” The commonly accepted
energy transfer pathway for the sensitization of Ln'™ ion luminescence is that the
ligand-to-metal energy transfer from the lowest triplet level of ligand to an excited state of
lanthanide ion through a nonradiative transition.”’ To make energy transfer effective, the
triplet states of the ligand and the accepting lanthanide energy level should be matched. In
this paper, the triplet energy levels of the SHOQ and dbm ligands are 17100 cm ™" and 20520
cmfl, which all lie above the emitting level (4F3/2) of Nd'™. Therefore, both ligands can
effectively transfer energy to the *Fs, emitting level of the Nd™ ion. The NIR emission
dynamics of complex 1 excited at 355nm is reported in Fig. S6. The luminescence decay is a

single exponential function, indicating the presence of only one emitting neodymium center

11
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in the solid state. The observed luminescence lifetimes is 0.142 ps.
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Fig. 6. The NIR emission spectrum of complex 1 in the solid-state at room-temperature under 355 nm

excitation.
Magnetic properties

Static magnetic susceptibility. Variable-temperature dc magnetic susceptibility studies
were performed on polycrystalline samples of complexes 1-5 under an applied magnetic field
of 1000 Oe over the temperature range 300-2 K, as shown in Fig. 7. The ym7T values at room
temperature for 1-5 are found to be 2.75, 23.21, 27.65, 27.29, and 22.22 em® K mol ™!,
respectively. In each case, this value is close to the theoretical values for two isolated Ln™
cations follow: two Nd™ (419/2) are 3.28 ¢cm® K mol™ for 1, two Tb! (7F6, g= 3/2) are 23.64
cm’ K mol™ for 2; two DyHI (6H15/2, g= 4/3) are 28.34 cm’ K mol™" for 3; two Ho™ (518, g=
5/4) are 28.14 cm® K mol™! for 4; and two Er! (4115/2, g= 6/5) are 22.96 cm®> K mol™" for 5_22
These values indicate that the magnetic exchange is weak as expected because of the shielded
nature of the 4f orbitals.

When the temperature is lowered, ym7 values of 1 decrease to 1.35 cm® K mol ™' at 2.0 K,
the thermal variations of y7 are almost constant over the whole temperature range, being
similar to those of previous reports. For complex 2, as the temperature decreases, the ym7T
value decreases slowly and almost remains constant until ca. 40 K. On further cooling, an

upturn in g7 observed below 18 K, reaching a value of 24.11 cm® K mol ' at 2 K. The small

12
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low temperature increase suggests that the existence of weak ferromagnetic interactions
between the Tb'™ ions. For 3—5, during the cooling process, the yu7 values experience almost
no change over the temperature range of 300—100 K, which indicates competitive balance
between ferromagnetic interactions and thermal depopulation of the Stark sublevels,” and

then further decrease to reach minima of 23.63 (3), 20.52 (4), 9.11 (5) cm’ K mol ™' at 2 K.
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Fig. 7. Temperature dependence of the y\7 products in 1000 Oe for complexes 1-5.

Dynamic magnetic properties. To investigate the dynamics of the magnetization which
may originate from a single-molecule magnet, alternating current (ac) susceptibility
measurements at different temperatures under a zero dc field in an oscillating ac field of 3 Oe
with frequencies ranging between 111 and 2311 Hz were performed. The ac magnetic
susceptibilities (Fig. 8) showed that complex 3 exhibits no obvious frequency dependence
in-phase (') signals but present frequency-dependent signals of out—of—phase observed at
zero dc field. Furthermore, a slight shoulder structure around 10 K which can be more visible
in the out-of-phase component y"”. These data are indicative of the slow magnetization
relaxation process and suggest possible SMM behavior with a small energy barrier for
magnetization reversal. However, there is no maxima in the out-of-phase ac susceptibility
data observed. This behavior reveals that the slow relaxation of the magnetization is highly
influenced by a fast quantum tunneling relaxation of the magnetization (QTM) through the

spin reversal barrier.”* These phenomena were commonly observed in lanthanide SMMs.* To
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partially or fully suppress the quantum tunneling process, ac susceptibility measurements
were carried out with the application of a 3000 Oe dc field on a polycrystalline sample of 3,
where the in-phase and out-of-phase curves show clear frequency-dependent signals and give
good peak shapes below 12 K as shown in Fig.9, clearly suggesting a slow relaxation of

magnetization. This confirms the presence of significant QTM, and thus, complex 3 can be

considered as a field-induced SMM.
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Fig. 8. Temperature dependence of the in-phase (') and out-of phase (") ac susceptibility of 3 under zero
dc field.
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Fig. 9. Temperature dependence of the in-phase (') and out-of phase (") ac susceptibility of 3 with a 3000
Oe dc field.

To further probe the dynamics of 3, frequency dependencies of the alternating-current (ac)
susceptibility under a 3000 Oe dc field in an oscillating ac field of 3 Oe are carried out (Fig.

10). Using the frequency dependencies of the ac susceptibility, the magnetization relaxation
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times (7) were estimated between 5.5 and 12.5 K (Fig. 11). The relaxation energy barrier can
be obtained by fitting 7 values based on the Arrhenius equation 7 = tyexp(—AE/kgT), giving
the energy barrier AE/kg = 109.5 K with the pre-exponential factor 79 = 4.23x10™ s. The
result of 7yis consistent with the expected value of 10°~107"% s and comparable to those of
reported SMMs.”® Below 10.0 K, the deviation from the linear relation of relaxation times
indicating a gradual crossover from a thermally activated Orbach mechanism that is

predominant at higher temperatures, to a QTM in the doublet ground state.*’

(a) +° (b)

144

40

! ./cm3 mﬂl'l
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Fig. 10. Frequency dependence of ac susceptibilities for complex 3 under 3000 Oe dc field (H,. = 30e).
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Fig. 11. Magnetization relaxation time, In(z) vs 7' plot under Hy= 3000 Oe; the red line is fitted with the

Arrhenius equation.

Using the frequency dependences of the ac susceptibility measurements, the Cole-Cole

plots of y" vs ' for 3 (Fig. 12) were obtained and fitted to the generalized Debye model to
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obtain the o values in the range of 0.12-0.49. This suggests a relatively wide distribution of
the relaxation time and the presence of more than one relaxation process in the dysprosium

complex. The change of the circle from unsymmetric to symmetric is similar to those of some

11T

reported dysprosium SMMs with different coordination geometries around the Dy centers.™®
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Fig. 12. Cole-Cole plots for 3. The solid lines are the best fits to the experimental data obtained using the

generalized Debye model.

The indicative parameter of the spin disorder ¢ of 0.26 can be extracted based on the
Mydosh formula ¢ = (AT,/T,)/A(logw) %% and falls into the normal range (0.1 <p< 0.3)29'30
expected for a super-paramagnet, which suggested the magnetic behavior of complex 3 could

not originate spin glass behavior.

For lanthanide-based complexes, slow magnetic relaxation is often attributed to single-ion
factors rather than magnetic exchange and proceeds through thermal relaxation of the lowest
excited states. Dy'" is a Kramer ion and possess a usually large ground Kramers doublet with
My = 15/2 and the complexity of the relaxation phenomena is related to the number of
relaxation paths available (reversal mechanism via quantum tunnelling of magnetization
within the lowest energy doublet, thermal mechanism via an excited state, thermally activated
quantum tunnelling of magnetization occurring within an excited doublet).”’ In this paper,

upon application of higher static fields, the quantum tunnelling of magnetization (QTM)
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process can be reduced, and the paths, such as the Orbach process, mainly govern the
dynamics of the two-level systems.

To investigate magnetization dynamics of the Tb", complex 2 was also studied in the
temperature (2 —20 K) and frequency dependence (111-2311 Hz) modes by measuring the ac
magnetic susceptibilities in the absence of an applied dc magnetic field (Fig. S5). Complex 2
displayed no observable out-of-phase signal revealing its non SMM behavior. The difference
in the magnetic behavior of the Dy and Tb™ complexes in the present study may be related
to the electronic structure of these ions due to ligand-field splitting.** Dy is a Kramer ion
and therefore always has a bistable ground state, as is necessary contribution to SMM
behavior, irrespective of the symmetry of the coordination environment.*> Comparing with
Dy™ ion, the Tb™ ion is a non-Kramer ion, so its complex will possess a bistable ground state
only if it is present in a highly axial symmetry ligand field.

Conclusions

In summary, five new lanthanide complexes were synthesized using 8-hydroxyquinoline
and dibenzoylmethanate as ligands. These compounds are u-phenol bridged dinuclear
complexes. Complex 1 shows the characteristic peaks of Nd"" ions in the NIR region, which
indicates that efficiency of the energy transfer from the ligands to the ions is ideal. Dynamic
magnetic studies reveal that complex 3 exhibits the slow relaxation of the magnetization and
this behavor is highly influenced by a fast quantum tunneling relaxation of the magnetization
(QTM). In comparison with complex 3, complex 2 exhibits weak ferromagnetic interactions
and does not show slow relaxation of magnetization. The difference in the magnetic behavior
of the Dy"" and Tb"" complexes in the present study may be related to the electronic structure

of these ions due to ligand-field splitting.
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