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Abstract

Three dinuclear coordination compounds, [Lny(Hhms),(NO3)4]-MeCN (Ln = Dy (1) and Er (2))
and [Dy,(Hhms),(NO3)2(H20)3]-(NO3),-MeCN-(H,0), (3), were isolated with asymmetric schiff
base ligand 1-(2-hydroxy-3-methoxybenzylidene)-semicarbazide (H,hms). The potentially
tetradentate ONOO donor of the ligand has revealed considerable metal ion selective phenoxo
bridging in 1-3. Compounds 1 and 2 display the hula-hoop-like coordination geometry, whereas
such geometry is broken by an additional wu,-OH; bridge in compound 3. The structural
discrepancies induced by the different bridge manners in 1 and 3 affect the magnetism. Compound
1 exhibits slow relaxation of the magnetization, suggesting single-molecule magnet (SMM)
behavior, while no out-of-phase alternating-current signal can be observed in 3. Meanwhile,
compared with a reported Dy, compound, 1 occupies the same coordination group but shows
different magnetic properties attributing to the different ligand backbone. Fine-tuning of ligand
field is dominated by conjugated degree of ligand backbone that cause the SMM/non-SMM

behavior.

Introduction

With 4f-electrons featuring inherently large unquenched orbital angular momentum,
lanthanide-based single molecule magnets (SMMs) have been a promising candidate for
realizing the potential applications in high density information storage, quantum computing and
molecular spintronics devices.'! SMMs display slow relaxation of the magnetization of purely
molecular origin, while increased SMMs performance with greater relaxation energy barriers (Uef)
and blocking temperature (Tg) are long-term aspirations for researchers in the field of SMMs.!?)
Under the unswerving efforts, mononuclear systems have rapidly developed and many decisive
influencing factors contributing to the magnetic properties have been confirmed through
theoretical and experimental studies. Recently, a series of mononuclear dysprosium coordination

compounds with high performance magnetic relaxation behavior were reported by the M. Tong, S.
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Gao and J. Tang groups, respectively.®! The results indicate that the local symmetry or charge
distributional symmetry around the dysprosium ion can efficiently suppress the quantum
tunnelling of magnetization and stabilize the largest +m; state. Furthermore, a strong axial and
weak equatorial ligand field bring about a high axiality in the low-lying Kramers doublets
facilitating magnetic relaxation climbing up to a higher excited state energy levels. The significant
relaxation mechanism investigation offers a practical way to design highly efficient mononuclear
SMMs. However, a comprehensive research has been rarely explored in polynuclear lanthanide
(Ln"") SMMs due to increasing Ln"' centers bring much more non-negligible complexity of the
structure.™! Thus, it is necessary to acquire a deeper understanding for the mechanism and source

of SMMs in multinuclear Ln™" coordination compounds so that provide better guidance for the

design of new SMMs.®! Therein, dinuclear Ln"

SMMs systems are supposed as representative to
have a better understanding on the magneto-structural correlation. © Indeed, some research based
on dinuclear SMM behavior have been reported. Muralee et al. investigated a series of dinuclear
Ln" coordination compounds whose energy barrier have been improved due to highly
electron-withdrawing substitutes on the terminal ligands.” Additionally, Long et al. successfully
constructed strong magnetically coupled Th"' coordination compound featuring a N,*~ radical
bridge, giving rise to a high Tg of 14 K.®! These outstanding contributions suggest that either a
small alteration in ligand systems or magnetic interaction between metal sites can produce
changes in magnetic behavior.

It is noted that organic ligands play a vital role in the synthesis of discrete SMMs as well as
modulation of SMMs properties.! Schiff base ligand possessing rich O, N-based multi-chelating
sites have been widely used in the synthesis of many lanthanide-based coordination compounds.™®!
Therein, the ligand systems formed by reaction between the o-vanillin and acylhydrazine
derivatives is a particularly good choice due to the phenoxo atoms of the o-vanillin can be
deprotonated to act as a bridge between metal ions, producing a super-exchange pathway.™™"
Besides, the modification of acylhydrazine derivatives terminal group offers a series of slightly

" coordination

varied ligand systems to study the ligand filed effects on SMMs properties of Ln
compounds.
Therefore, in order to have a better understanding for SMM behavior of dinuclear systems,

potentially tetradentate phenoxo-bridged schiff base ligand
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(2-hydroxy-3-methoxybenzylidene)-semicarbazide (H,hms) was chosen to assemble Ln,
coordination compounds. As a result, three salen-type coordination compounds,
[Lna(Hhms)(NO3)4]-MeCN (Ln = Dy (D) and Er (2)), and
[Dy2(Hhms)>(NO3)2(H20)3]- (NOs),-MeCN-(H,0), (3), have been isolated. Crystal structures,
magnetic properties and luminescence of three coordination compounds have been investigated.
Besides, we contrastively discussed the SMM/non-SMM behavior of two groups of Dy,
compounds: 1 and 3; 1 and a reported coordination  compound
[Dy,(Hhmc),(NOs),]- THF-MeCN by Lin group.*? Therein, reported
[Dy2(Hhmc),(NOs),]- THF-MeCN occupies the same coordination group but differs on ligand
backbone with 1. The occurrence of SMM behavior was realized via changing conjugated degree
of ligands. Electronic modifications in the ligand backbone while maintaining the coordination
group of the metal centers provides an elegant model to explore the influence of ligand filed
effects on SMM properties.”” ¥ To the best of our knowledge, most of reported dinuclear
coordination compounds studies were based on the replacement of the terminal B-diketonate

ligands,'® " *! put fine-tuning ligand field through schiff base ligand are relatively rare.**

Results and discussion

Synthetic Aspects

The hydrazone ligand, (2-hydroxy-3-methoxybenzylidene)-semicarbazide (H,hms) possesses
multiple coordination sites (namely, a methoxy group, a phenolic oxygen, an imine nitrogen, and
carbonyl oxygen) which are suitable for binding to lanthanide metal ions. In addition, hydrated
lanthanum nitrates were treated with different bases (sodium azide or triethylamine) in the
presence of the ligand to generate two types of lanthanide compounds with different bridge
manners (Scheme 1). The different structure of compounds indicate that the reaction is sensitive to
the selection of base, and changing bridge manner between metal ions is crucial to magnetic
properties. Similar works have been mentioned that Tang and co-workers have prepared
base-assisted lanthanide compounds with different bridging-modes.™® Therefore, through tuning
bases, understanding and elucidating the self-assembly mechanism in solution systems for

construction of Dy '-based SMMs is necessary.
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Scheme 1. Synthesis scheme of dinuclear lanthanide compounds 1-3.

Structural description
[Lno(Hhms),(NO3)4]-MeCN (Ln = Dy (1) and Er (2))

Single-crystal X-ray analysis reveals that coordination compounds 1 and 2 are isomorphic

dinuclear coordination compounds in the space group PI. As a representative, only the structure of

compound 1 is discussed in detail. Compound 1 is centrosymmetric and each Dy"' ion is
nine-coordinated with a monocapped square antiprism geometry (Figure S1(a)). The geometry of
1 was calculated with the SHAPE 2.1 software (Table S1)." The coordination spheres of Dy"" are
completed by the pentagonal plane which is composed of O1, 02, O2A, O3A and N1A from two
antiparallel Hhms ligands and interpenetrating tetrahedral arrangement which is composed of 05,
07, 08 and 09 from two nitrate anions (bidentate) (Figure 1). The dimeric Dyl and DylA are
bridged by two deprotonated phenoxyl oxygen atoms (O2 and O2A) of the ligands, giving rise to a
four-membered Dy,(u,-0), core with Dy-O bond lengths of 2.290(2) and 2.364(2) A, the
Dy1---Dy1A distance being 3.6685(3) A and two the Dy1-O-Dy1A angles of 103.877(15)°. The

nine-coordinate Dy"

center exhibits what has been described as a hula-hoop-like geometry, where
the cyclic ring (hula hoop) is defined by the atoms O1, 02, O2A, O3A and N1A.

The packing arrangement of coordination compound 1 shows weak intermolecular N-H---O

This article is protected by copyright. All rights reserved
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interactions involving nitrogen atoms of the primary amine and secondary amine part of Hhms
and two opposite coordinated nitrato oxygen atoms. The smallest Dy,---Dy, separation is longer
than 7.5 A. The packing of adjacent Dy, molecules generate 2D layers, extending along the ab

plane (Figure S2).

Figure 1. Molecular structures of coordination compound 1 (left) and core structural representation of 1 (right).

Hydrogen atoms and lattice solvent molecules are omitted for clarity. (A: -x +1, -y +1, -z + 1).

[Dy2(Hhms)2(NOs)2(H20)3]-(NO3),-MeCN-(H,0); (3)
The single-crystal X-ray structure of the coordination compound 3 is depicted in Figure 2.

Compared with compound 1, each Dy " centers are also coordinated with pentagonal plane (O1,

02, 05, 06 and N4 for Dy1, 02-05 and N1 for Dy2) from two antiparallel Hhms™ ligands, but the

remaining sites of each Dy"

ions are completed with one nitrate molecule (bidentate) (013, 014
for Dyl, 010, O11 for Dy2), one water molecule (O8 for Dyl, 09 for Dy2) and an additional
12-OH, (O7) bridge. Dyl and Dy2 are bridged by a Dy,(u-O); core, which is created by two
phenoxides of the Hhms ligands (02 and O5) and one water oxygen bridge (O7) with a
Dy1---Dy?2 distance of 3.6685(3) A and three Dy-O-Dy bond angles of 101.074(16)°, 89.823(13)°
and 100.681(15)°. As for 1, the geometry was determined by the SHAPE 2.1 software for 2. The
deviation from ideal C4, symmetry was recorded by a CSM of 1.151 for Dyl and 1.102 for Dy2,

indicating much smaller deviations from the capped square antiprismatic polyhedron than

compound 1 (Table S2). The coordination polyhedron of Dy ions for 2 is revealed in Figure
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S1(b)).

Figure 2. Molecular structures of coordination compound 3. Hydrogen atoms and lattice solvent molecules are

omitted for clarity.

Magnetic properties

In order to confirm the phase purity, the powder X-ray diffraction (PXRD) measurements for the
bulk samples of coordination compounds 1-3 have been examined (Figure S3). These results were
in good agreement with XRD patterns calculated from the single-crystal data, indicating high
purity of the obtained samples. The differences in reflection intensity are due to the preferred
orientations of the powder samples during the collection of the experimental data.

Direct-current (dc) magnetic susceptibilities of 1-3 have been collected in an applied magnetic
field of 1000 Oe in the temperature range of 300-1.8 K (Figure 3). For all coordination compounds,
the room temperature ymT values are 27.4, 22.8 and 27.6 for 1-3, respectively, these are in
reasonable agreement with two uncoupled Ln"" ions: two Dy" ions *Hysjo, S = 5/2, L =5, g = 4/3)
give 28.34 cm® K mol™ for 1 and 3, two Er"' (*ly5, S = 3/2, L = 6, g = 6/5) give 22.96 cm® K mol™
for 2. Upon cooling, the temperature dependence of the magnetic susceptibilities of three cases
exhibit similar thermal evolution. As the temperature is lowered, ;T values steadily decrease
from 300 to 50 K and then the curves rapidly decrease to a minimum of 5.08 cm® K mol™ for 1,
5.16 cm® K mol™® for 2 and 20.22 cm® K mol™ for 3. This behavior could arise from the

progressive depopulation of the Ln~ ions excited mj sublevels and potential weak

antiferromagnetic interactions between the Ln"" ions.
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Figure 3. Temperature dependence of the T values for coordination compounds 1-3 in1000 Oe.
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The magnetization data of 1-3 were carried out at the 0-70 kOe field range below 5 K. The M

vs. HT? data at 2.0-5.0 K show non-superimposed magnetization curves for coordination

compound 1, which suggests the presence of a significant anisotropy and/or low-lying excited

states (Figure 4). Furthermore, the isothermal magnetizations of 2 and 3 show a rapid increase

under low fields and then slowly increase in high fields without clear saturation through increasing

dc field (Figure S4). The magnetization values of 1(17.1 Ng), 2 (11.2 NS) and 3 (14.4 Np) at 2K

and 70 kOe are lower than the expected saturation value, which suggests there might be the

ligand-field-induced splitting of the Stark level as well as significant magnetic anisotropy within

the molecule.[*®
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Figure 4. Field dependence of magnetizations of 1 at different temperatures below 5 K.
Alternating-current (ac) magnetic measurements were carried out under zero dc fields for 1-3.
No out-of-phase (y"wm) signals were observed for 2 and 3 (Figure S5-S6), but well defined
temperature-dependent y"\; maximum at low temperatures was observed for 1 (Figure 5a),
indicating the presence of slow magnetic relaxation at lower temperature, typical of SMM
behavior. The clear peaks can be detected at frequencies higher than 100 Hz in y” vs. T plots,
indicating that blocking is not complete and thermally activated spin reversal is gradually replaced
by a quantum tunneling mechanism at zero dc field.'! The magnetization relaxation time (z) has
been estimated from the y” peaks using the Arrhenius law, 7 = 7oexp(Uen/ksT) (Figure S7). The
fitting results gave an anisotropic energy barrier Ug = 26.7K and the pre-exponential factors 7o =
1.68x10°® s for 1, the 7, value is notably larger than the expected values of around 10°-10™ for a
SMMm. P
For further understanding the magnetic behavior of 1, variable-frequency ac susceptibility
measurements have been conducted under zero dc field. Compound 1 revealed a y” component
signal in 3K and 5K, but the maxima of the signals lie outside the accessible frequency range of
the instrument (Figure S8). To observe maxima on the »” vs. v plot for 1, the ac measurements
were conducted under an applied dc field of 1200 Oe. The frequency-dependent y’ and y" signals
and maximum values in out-of-phase ac susceptibility are observed in the temperature range
2.0-5.0 K, which also reveals the presence of slow relaxation of magnetization in 1 (Figure 5b).
The Cole—Cole diagrams (Figure 6) in the form of y” vs. ' from 2.0 to 5.0 K for 1 show an ideal
semi-circular shape and are fitted by the generalized Debye model,?"! with « values below 0.18,

which indicates a relatively narrow distribution of the relaxation processes.
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Figure 5. (a) Temperature-dependent in-phase ' (top) and out-of-phase " (bottom) ac susceptibility signals for 1
at the indicated frequencies under zero dc field; (b) frequency dependence of the in-phase y’ (top) and out-of phase

x" (bottom) ac susceptibility signals for 1 under 1200 Oe dc field.

= 20K
1.2-
e 22K
< A 24K
1.0 e v 2.6K
(¥ 4 28K
o8- v, 0 > 30K
), 5%
g {fg: > e 32K
Tz 0.6- % % e 34K
< ek e 3.6K
— y
N ) * 4.0K
= 044 " 45K
e 50K
0.2
0.0

Figure 6. The Cole—Cole plots at 2.0-5.0 K of 1 under 1200 Oe. The solid lines correspond to the best fit obtained

with the Debye functions.
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Figure 7. The plots of In(z) vs. T at the 1200 Oe dc field for 1. The blue and red solid lines represent the fitting by

the Arrhenius law for the high temperature region and for all the data, respectively.

The plots of In(z) vs. T* in Figure 7 exhibit strong linear dependence of In(z) at high
temperatures which indicative of a dominant Orbach relaxation mechanism, while at lower
temperatures In(z) values progressively deviate from linear behavior blow 4.0K, suggesting that
thermally activated spin reversal is gradually replaced by multiple relaxation processes. As a
temperature independent regime is not reached as well as an applied dc field of 1200 Oe, the
quantum tunneling and direct processes are weak and can be neglected.”? Thereby the relaxation
times (z) is fitted by considering possible Raman and Orbach processes. The equation can be set
by using:

L = cT" + w" exp(-Ue/ksT)
1)

It is evident from the equation (1) that Orbach process would take the main place at higher
temperature when the temperature is much lower than the energy barrier. In case of 1, at high
temperature, if only use the Orbach process, the relaxation times (zr) extracted from the
frequency-dependent data follow the Arrhenius law with the pre-exponential factor zo= 4.15 x 107
s and the effective barrier U= 28.77 cm™ (41.4 K). Futhermore, considering the Raman process,

the points will be fitted with equation (1) in the whole temperature range. Fitting results give C =
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12.8 s K37 n = 3.7, Uy = 50.12cm™ (72.1 K), 7o= 1.15 x 10°® s for 1. The results indicate that

the magnetic relaxation occurs from the contributions of both Orbach and Raman processes for 1.

Magneto-structural correlation

Magnetic analysis exhibits single-molecule magnet behavior of compound 1. Actually, Lin group
reported an extremely similar compound [Dy,(Hhmc),(NO3)4]-THF-MeCN (4) (H;hmc =
1,5-bis(2-hydroxy-3-methoxybenzylidene)-carbonohydrazide) which shows non-SMM behavior,
synthesized by symmetric double o-vanillin Schiff base ligand (Figure 8). Both 1 and 4 have

the [Dy,(L)2(NO3).] molecular structures wherein the Dy""

ions have the same coordination sphere,
mainly differing on the size of ligand. The ligand used by compound 1 is only the effective
coordination part of the ligand used by compound 4. The geometry of 4 was also determined with
the SHAPE 2.1 software, which reveal similar deviation from the capped square antiprismatic
polyhedron with 1 (Table S3)*".. Meanwhile, it isundeniable that existing the difference of lattice
solvent for 1 and 4 may affect the behavior of SMMs, but the weak intermolecular forces

"jons

produced by solvent molecules not clearly affect the coordination configuration around Dy
(Figure 8c), and the crystal system and space group of two compounds remain unchanged.
Therefore, we think the difference of lattice solvent molecules in 1 and 4 is not the main factor of
affecting the behavior of SMMs. In comparison with coordination environment of 1 and 4, the
bond distances of Dy-O/N in equatorial pentagonal plane in 1 uniformly shorter than those
observed in 4 (Table 1), indicating that a relative strong transverse ligand field possibly exist in

" sites of 1.1*! The phenomenon of the coordination bond length consistent change

the local Dy
for pentagonal plane mainly caused by the difference of conjugated degree of two ligands. Single
o-vanillin Hhms ligand shrinks the conjugate part 2-(hydrazonomethyl)-6-methoxyphenol (the
part of blue dotted line in Figure 6b), which may in favor of weakening the electron-donating
effect. Namely, strategically tailoring electron-donating part of ligand probably leads to transverse

""jons which in favor of the occurrence of SMM

lower negative charge distributions around Dy
behavior. Furthermore, the steric hindrance and electronic modifications in two ligand backbone
provoke a slightly disparity of coordinated NOz™ angles for 1 and 4. The O5-Dy-07 and O8-Dy-
09 angles for 4 are 50.77 (91)° and 52.72 (96)°, while for 1 both angles are almost equal values

51.58 (11)° and 51.00 (10)°, probably produce a relatively high axial symmetry for 1, which is
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likely to improve the relaxation performance of SMMs. Besides, the slight differences of Dy---Dy
distances and Dy—O-Dy angles for coordination compounds 1 and 4 possibly have an influence on

"ions (Table 1). In sum, it can be

the magnetic exchange coupling between the two local Dy
commented that the different magnetic properties of 1 and 4 mainly result from the electronic
modifications of two schiff base ligand backbone and rationally tailoring the electron-donating

part on the ligand backbone probably in favor of the SMM behavior.

|
i
i
i
OH OH HO !
i
OCH; OCHj3 OCH;

complex 1 complex 4

Figure 8. (a) Similar coordination environment of compound 1 and reported 4 in ref. 12; (b) The ligands used in
compound 1 and reported 4 in ref. 12; (c) Coordination configuration around Dy centers observed in compound 1

and reported 4 in ref. 12.

Table 1. Some Selected Distances (A) and Angles (deg) for Coordination Compound 1 and Reported 4 in Ref. 12.

1 4
Dy1-O1A 2.405(3) 2.420(3)
Dy1-02A 2.357(3) 2.367(3)
Dy1-02 2.303(3) 2.313(3)
Dy1-03 2.325(3) 2.343(3)
Dy1-N1 2.460(4) 2.465(3)
Dy1---Dy1A 3.6685(3) 3.7078(4)
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Dy1-02-Dyl1A 103.885(11) 104.821(89)

In addition, the comparison of out-of-phase ac signal in compounds 1 and 3 reveals large
discrepancy. Different from 1, compound 3 does not show magnetic relaxation behavior.

Though the coordination number of Dy centers not changed, the presence of one additional

12-OH,, bridge in 3 greatly influenced the Dy-O-Dy angles. The Dy"

ions in 1 are bridged by two
1-O bridge with the Dy—O-Dy angle of 103.87°, while in compound 3 with three x-O bridge
whose Dy-O-Dy angles vary from 89.83 to 101.68°, which are smaller than those observed in 1.
The change of the 1-O bridges seems adverse to persistent axiality of Dy ions.” Compound 1 has
a local hula-hoop-like geometry, while additional u,-OH, bridge induce the larger bent of

geometrical configuration around Dy"

centers in 3. Such destruction of hula-hoop-like geometry
may have a great influence on the local tensor of anisotropy and their relative orientations on each

Dy  site. Actually, in previously reported a coordination compound
Na[Dy,(Hovph),(u,-OH)(OH)(H,0)s]3s:Cl-3H,0 also exhibits a Dy,(u-O)s core, similar not exhibit

any out-of-phase ac signal to that of 3.1 Therefore, significant change of the -O bridge between
the mental centers will modify the overlap between the magnetic orbitals of the Dy ions thus
influence magnetic interactions for 1 and 3.%*! On the other hand, isomorphic compound 2 no
characteristic slow magnetic relaxation was observed. This phenomenon has been illustrated by a
recent review.*® ?! The charge distribution of the ligand play an important role to control the

magnetic anisotropy. Because of Ln"

ions in terms of “oblate” and “prolate” electron density
distributions, a strong anisotropy can be achieved by using different direction ligand fields for the
Dy"-based and Er''-based SMMs. Therefore, the H,hms ligand failed to provide appropriate

ligand field around Er'"" ions for compound 2.

Luminescence properties

The UV-vis absorption spectra of the free ligand H,hms and compounds 1-3 were recorded in
CH3OH solution (10° mol L™) at room temperature (Figure 9). The main absorption peaks of the
ligand have been observed at 238 nm, 300 nm and 369 nm, which could be attributed to the n —
n* and 1 — 7* electronic transitions of the ligand. The absorption profiles of 1-3 reveal analogous

sets of absorption bands with slightly red shift (peak maxima around 255 nm, 306 nm and 378 nm)
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compared to the free ligand. In the wavelength range of 338-450 nm, the broad low-energy
absorption of compounds 1-3 indicate the influence of coordination effect between the ligand and

the Ln'" cations.[?®

Absorbance

1 A
250 300 350 400 450

Wavelength(nm)

Figure 9. UV-vis absorption spectra of compounds 1-3 and the ligand (H;hms) in CH3OH solution at room

temperature.

The luminescence spectra of coordination compounds 1-3 in the solid-state were measured.
Efficient emission from the Dy** failed to be observed for compounds 1 and 3, but the spectra
show a ligand-centered emission (Figure $9).2"! Optical excitation of compound 2 at 380 nm
results in a typical emission signal in NIR region. The emission spectrum of 2 (Figure 10b) shows
a single band at 1555 nm, which originates from the 4f-4f electronic transition of the first excited
state (“1135,) to the ground state (*I15) of the Er** ion.[®! The excitation spectrum for compound 2
collected at an emission wavelength of 1555 nm, closely matched with the absorption of the ligand
(Figure 10a). The phenomenon indicates ligand-to-metal energy-transfer process between the

ligands and Er** ions.[*!
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Figure 10. (a) The excitation spectrum of coordination compound 2 (A= 1555 nm, black); (b) the

room-temperature NIR emission spectra of coordination compound 2 (4= 380 nm) in the solid-state.

Conclusions

In summary, the structures, luminescent properties and magnetic properties of three dinuclear Ln""
coordination compounds based on tetradentate donor Schiff base ligand have been researched. The
SMM/non-SMM behavior are further discussed based on two groups of Dy, compounds.
Alternating-current magnetic  susceptibility studies show that compound 1 exhibit
frequency-dependent out-of-phase signals, while compound 3 and the Dy, compound in ref. 12 no
ac signals are noticed. An additional u,-OH, bridge in compound 3 broke the hula-hoop-like
coordination geometry and induce smaller Dy-O-Dy angles, which may adverse to the SMM
behavior. Compared with the Dy, compound in ref. 12, compound 1 exhibits extremely similar
coordination environment. Maintaining the coordination configuration of the metal centers while
changing conjugated degree of ligand backbone give rise to different magnetic properties.
Fine-tuning of ligand field through changes of schiff base ligand backbone and u-O bridges

provides an elegant model to explore the influence of ligand filed effects on SMM properties in

Dy, systems.

Experimental Section
Materials and methods
Commercially available reagents were used without further purification except for Hhms was

prepared according to the procedures reported previously. Elemental analysis for C, H and N were
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carried out on a Elementar Vario EL 111 analyzer. The *H NMR spectra data were recorded using
an AVANCE 111 Bruker 400 MHz instrument in a dimethyl sulfoxide (DMSO)-ds solution at room
temperature. The FT-IR spectra were performed on KBr pellets on an EQUINOX 55 FT/IR
spectrophotometer in the 400-4000 cm™ region. The purity of the bulk samples was verified by
powder X-ray diffraction (PXRD) measurements performed on a Bruker D8 ADVANCE X-ray
powder diffractometer (Cu Ko, 1.5418 A), with a scan speed of 5° min™ and a step size of 0.04° in
26. UV-vis absorption studies were carried out with a Shimadzu UV-2450 spectrophotometer.
Near-IR photophysical data were obtained onan Edinburgh FLSP920 fluorescence spectrometer.
Magnetic susceptibility measurements were performed in the temperature range 2-300 K, using a
Quantum Design MPMS XL-7 SQUID magnetometer equipped with a 7 T magnet. The
experimental magnetic susceptibility data were corrected for the diamagnetism estimated from
Pascal’s tables and sample holder calibration. Alternating current (AC) susceptibility experiments
were performed using an oscillating AC field of 3.5 Oe. The magnetization was measured in the
field range 0-7 T.

Synthesis of (2-hydroxy-3-methoxybenzylidene)-semicarbazide (H,hms)

The ligand was synthesized through a condensation reaction, following previously reported
procedure.”! Semicarbazide hydrochloride and solid hydroxide were dissolved in distilled water
and stirred for 30 min, a solution of o-vanillin in ethanol was added in a 1:1 ratio. After being
refluxed and stirred at 80°C for 1h, the resulting yellow (or colorless) powder was collected
through suction filtration and washed with a small amount of ethanol. IR (KBr pellet, cm™): 3425
(m), 3071 (m), 2653 (m), 2537 (m), 1930 (w), 1687 (s), 1593 (s), 1509 (m), 1421 (m), 1318 (s),
1278 (s), 1174 (s), 1113 (m), 1012 (w), 944 (w), 851 (m), 775 (m), 704 (w), 657 (w), 529 (w). ' H
NMR (DMSO-d6): 510.22 (s, 1H), 9.29 (s, 1H), 8.17 (s, 1H), 7.39 (d, 1H), 6.92 (d, 1H), 6.77 (t,
1H), 6.42 (s, 2H), 3.81 (s, 3H) (Figure S10).

Preparation of the coordination compounds 1-3

Synthesis of [Dy,(Hhms),(NOz)4]-MeCN (1). To a solution of Dy(NO3)s-6H,0 (0.4 mmol) and
H,hms (0.1 mmol) in methanol (10 mL) was dropwise added sodium azide (0.2 mmol). After
stirring for 3 h, the resultant solution was filtered and allowed to stand undisturbed at room
temperature. Block crystals suitable for single-crystal X-ray diffraction were obtained by slow

evaporation of the filtrate after 1 month. Yield 48% based on Dy. Anal. Elemental analysis (%):
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Calcd for CyHpsDyoN1,01g: H, 2.446; C, 24.661; N, 15.686. Found: H, 2.517; C, 25.310; N,
15.713. IR (KBr, cm™): 3347 (s), 3192 (s), 2418 (w), 1628 (s), 1511 (s), 1427 (s), 1280 (s), 1176
(m), 1083 (m), 968 (m), 891 (w), 783 (m), 739 (s), 583 (m), 438 (m), 406 (w).

Synthesis of [Er,(Hhms),(NOs),]-MeCN (2). Single crystals of 2 were obtained by a similar
method as 1. To a solution of Er(NO3z)3-6H,0 (0.4 mmol) and H,hms (0.1 mmol) in methanol (10
mL) was dropwise added sodium azide (0.2 mmol). After stirring for 3 h, the resultant solution
was filtered and allowed to stand undisturbed at room temperature. Block crystals suitable for
single-crystal X-ray diffraction were obtained by slow evaporation of the filtrate after 1 month.
Yield 52% based on Er. Anal. Elemental analysis (%): Calcd for C,Ho6Er,N1,01g: H, 2.424; C,
24.444; N, 15.548. Found: H, 2.221; C, 23.462; N, 15.637. IR (KBr, cm™): 3340 (s), 2955 (m),
2426 (w), 1829 (w), 1627 (s), 1570 (s), 1423 (s), 1384 (s), 1280 (s), 1174 (m), 1100 (m), 964 (m),
826 (m), 759 (s), 568 (m), 426 (m), 408 (s).

Synthesis of [Dy,(Hhms),(NO3)2(H,0)3]-(NO3),-MeCN-(H,0), (3). To a solution of
Dy(NO3)3-6H,0 (0.4 mmol) and H,hms (0.1 mmol) in methanol (10 mL) was dropwise added
triethylamine (0.2 mmol). After stirring for 3 h, the resultant solution was filtered and allowed to
stand undisturbed at room temperature. Block crystals suitable for single-crystal X-ray diffraction
were obtained by slow evaporation of the filtrate after 1 month. Yield 42% based on Dy. Anal.
Elemental analysis (%): Calcd for C,oH33Dy,N110,3: H, 2.968; C, 21.438; N, 13.750. Found: H,
2.87; C, 21.010; N, 14.283. IR (KBr, cm™): 3408 (s), 2483 (w), 2343 (w), 1627 (s), 1589 (s), 1467
(s), 1328 (s), 1279 (s), 1173 (m), 1101 (m), 951 (m), 839 (m), 768 (m), 635 (M), 431 (m), 411 (w).
X-ray crystallography.

The single crystal X-ray experiment was performed on a Bruker Smart Apex Il CCD
diffractometer equipped with graphite monochromatized Mo Ka radiation (2 = 0.71073 A) using @
and ¢ scan modes at room temperature. The data integration and reduction were processed with
SAINT software. Absorption corrections were applied using the SADABS program.B®Y The
single-crystal structures were solved by direct methods using SHELXTL and refined by means of
full-matrix least-squares procedures on F? using SHELXS-97 programs.*2 All non-hydrogen
atoms were located using subsequent Fourier-difference methods and refined anisotropically. The
hydrogen atoms were placed in geometrically calculated positions. The crystal data and structure

refinement details are summarized in Table 2. The selected bond lengths and angles are listed in
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Table S4.

Table 2 Crystal data and structure refinement summary for coordination compounds 1-3.

1 2 3
Empirical formula CyH2sDy,N1,01g CooHy6ErN1,01g CyoH33Dy>N11053
Formula weight 1071.55 1081.07 1120.57
Crystal system triclinic triclinic monoclinic
Space group P1 P1 P2./c
a(A) 8.4653(8) 8.4989(15) 19.964(3)
b (A) 10.0206(10) 9.9725(18) 7.8100(13)
c(A) 10.7369(10) 10.724(2) 23.896(4)
a(®) 99.2780(10) 99.082(2) 90
BCO 103.2150(10) 103.384(2) 97.894(3)
7(°) 98.5190(10) 98.547(3) 90
Vv (A% 858.69(14) 856.8(3) 3690.5(11)
Z 1 1 4
D (g m®) 2.072 2.095 2.017
w (mm™) 4.412 4.959 4.120
F (000) 518.0 522.0 2184.0
Reflns 4284 4212 19655
" Rp 0.0138 0.0150 0.0552
Independent reflns 2976 2962 7819
GOF on F? 1.016 1.046 0.985
R* 1> 26(1)] 0.0209 0.0265 0.0473
WR,° (all data) 0.0777 0.0953 0.1243

"Ry= (| Fo || Fe /5] Fo |. "R, = [EW(F,? - FAYDW(F A,
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