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ABSTRACT: Chemical modulation on the structures and physical properties of the coordination complexes is of great interest for
the preparation of new functional materials. By changing the acidity or basicity of the reaction medium, the deprotonation degree of
a multidentate ligand with multiple active protons, H4daps (H4daps = N′,N′″-((1E,1′E)-pyridine-2,6-diylbis(ethan-1-yl-1-
ylidene))bis(2-hydroxybenzohydrazide)), can be regulated on purpose. With this ligand of different deprotonation and charges,
three new DyIII complexes ([Dy(H3daps)(CH3COO)2(EtOH)]·CH3COOH (1Dy), [Dy2(H2daps)2(EtOH)2(H2O)2(MeOH)2]-
(CF3SO3)2·(H2O)2 (2Dy), and [Dy3(H1daps)2(H2daps)(μ3−OH)(EtOH)(H2O)] (3Dy)) of different nuclearities (mono-, di-, and
trinuclear for 1Dy to 3Dy, respectively) have been synthesized and characterized structurally and magnetically. Analyses on the
related bond lengths and resulting hydrogen bond modes in the complexes provide the details of the deprotonation position and the
charge of the ligands, which can be in the form of H3daps

−, H2daps
2−, and H1daps

3−. Interestingly, the more deprotonated ligand can
act as a bridging ligand between the DyIII centers using the phenol and/or carbonyl oxygen atoms, which leads to the multinuclear
structures. Magnetic studies on these complexes revealed that complex 1Dy is a field-induced single-molecule magnet (SMM), while
complexes 2Dy and 3Dy show SMM behavior under a zero dc field.

■ INTRODUCTION

Since the first report of the single-molecule magnet (SMM)
behavior in the landmark compound [Mn12], research in this
area has been at the forefront of functional materials science,
focusing on the rational design of SMMs and potential
applications of SMMs on various areas such as spintronics,
quantum information processing, and high density information
storage.1,2 After numerous studies on the transition metal ion
based SMMs, lanthanide-based SMMs have emerged in this
field since 2003, when Ishikawa et al. reported the first example
of the rare-earth SMMs, [Ln(Pc)2]

− (Ln = Tb, Dy).3 Inspired
by this achievement and following some general strategies
toward high magnetic anisotropy,4 chemists have synthesized
and characterized a great number of outstanding rare-earth
SMMs,5 pushing the energy barriers (Ueff) and blocking

temperatures (TB) to some very high values. In general, strong
metal ligand bonds along some specific directions and certain
symmetry of the coordination geometry can induce strong
magnetic anisotropy and also effectively suppress the quantum
tunneling of magnetization (QTM), which is usually against
the high performance of the SMMs. For example, a series of
D4d

6 and D5h
7 rare-earth compounds have been synthesized
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from the design of the metal−ligand coordination bond
strength and the symmetry of the coordination environment.
For now, the most exciting results in the rare-earth SMMs are
the Dy(III) metallocenium complexes (for example, [(Cpipr5)-
Dy(Cp*)][B(C6F5)4] and [(Cpipr5)Dy(Cpipr4Me)][B-
(C6F5)4]).

8 The very strong metal−ligand interaction, suitable
coordination geometry, and the lattice vibrations have raised
their Ueff’s to above 1500 cm−1 and the TB’s up to 80 K. These
excellent examples make the practical application of SMMs
seem to be within reach, while the design and synthesis of air-
stable high performance SMMs appear to be the next stage of
research.
As mentioned above, the properties of SMMs are closely

related to the coordination environment in which the rare-
earth ions are located. In practice, the factors affecting the
structure of a compound include a number of physical (light,
pressure, temperature, etc.) and chemical factors (solvent,
counterions, acid−base conditions, etc.).9 By modulating these
factors, one can regulate the structures of the complexes and
thus tune their SMM properties. Generally, the external
physical factors either cause direct changes in the coordination
sphere (thus the magnetic properties) of the metal ions
themselves or indirectly change the structure of the ligands,
which leads to the alternation of the coordination sphere and
magnetic property of the metal centers.10 For example, light-
induced SMM behavior was achieved in a FeII complex where
the LIESST effect leads to the high-spin FeII with considerable
magnetic anisotropy.11 As for the change of the ligands, typical
examples include the lanthanide compounds with the photo-
chromic dithiophene (DTE) ligand12 and aromatic anthracene
ligand.13 In these complexes, UV or visible light irradiation
causes reversible isomerization of the DTE ligand between
ring-opened and ring-closed isomers or the [4 + 4]
photodimerization of the aromatic anthracene ligand. These
changes significantly modify the ligand structures, the
coordination geometries of the Ln(III) centers, and their
SMM properties. On the other hand, chemical factors usually
induce the change of the compositions of the materials. For
example, changing the crystallized solvents14 and/or charge-
balancing ions15 via different synthetic conditions can
significantly affect the coordination environments, and these
changes can dramatically alter the magnetic properties of
SMMs.
Among all the reported examples of the chemical

modulations, the effect of acid−base regulation on the SMM
properties is rather limited. In fact, the pH dependent or
proton-induced magnetic change has been reported for a
number of spin crossover compounds,16 where the ligands bear
multiple active protons. For SMMs, representative examples
include a series of double-decker and triple-decker TbIII SMMs
(for example: [TbIIIH(TPP)2] and {[TbIII(TPP)2](H-
DBU)};17 [Tb(α-obPc)2H] and {[Tb(α-obPc)2][HDBU]};

18

[LnL2H] (L = indolenine meso-substituted dibenzotetraa-
za[14]-annulene)19), where a proton gain or loss on the
porphyrin, phthalocyaninato, and indolenine-substituted annu-
lene ligands has dramatic effects on their SMM properties.
Besides the protonation and deprotonation, the dynamic acid−
base regulation of SMM behavior was also demonstrated by
two DyIII compounds, [{Dy(H2O)2(CH3COCH3)}2(γ-
SiW10O36)2]

10− and [Dy2(μ2−OH)2(γ-SiW10O36)2]
12−,20

where the increasing basicity leads to the formation of the
OH− bridged Dy2 SMMs.

Clearly, for the successful construction of an acid/base
sensitive SMM system, organic ligands with multiple active
protons with different acid dissociation constants (Ka) are
desired. In this regard, multidentate ligand H4daps (H4daps =
N′,N′′′-((1E,1′E)-pyridine-2,6-diylbis(ethan-1-yl-1-ylidene))-
bis(2-hydroxybenzohydrazide)) is of special interest. Appa-
rently, there are four hydrogen atoms in the neutral ligand
(two phenolic hydroxyl groups and two H atoms from the N−
H groups) that can be deprotonated under proper conditions.
For the N−H protons, the deprotonation is usually
accompanied by the keto−enol tautomerism involving the
carbonyl groups. As a matter of fact, a number of magnetic
coordination complexes based on this ligand, including several
compounds showing SMM behaviors, have been reported in
the literature.21 The central metal ions can be 3d (MnII, FeII

and CoII),22 4f (DyIII and TbIII),23 and 3d-4f (ZnII−DyIII)
ions24 (Tables S1 and S2). In these complexes, the charge of
the ligand, which is according to the number of the dissociated
protons, exhibits a large variation from 0 (no deprotonation,
H4daps) to −4 (all H atoms are deprotonated, daps4−). Even
more interestingly, the structures and SMM properties of
several DyIII compounds can be finely tuned by the acid−base
conditions during the synthesis (Table S1). For example, two
DyIII compounds, [Dy(H4daps)(H2O)3(NO3)](NO3)2(H2O)
and [Dy(H3daps)(H2O)2(NO3)](NO3)(MeOH),23a were pre-
pared in a controllable manner with or without adding the
triethylamine, while a slightly different reaction condition with
lanthanide chloride leads to (Et3NH)[(H2daps)LnCl2 (Ln =
Tb, Dy).23b Fondo et al. also reported that using (CH3)4N-
(OH) as the deprotonation base or Na4daps as the starting
material, a series of Dy2 and Tb2 compounds containing the
doubly deprotonated H2daps

2− ligand and a Zn2Dy4
compound containing both daps4− and Hdaps3− were
constructed.24 Some of these lanthanide compounds show
SMM behaviors. From these results, we can see that the
chemistry of the lanthanide ions with H4daps is very rich and
versatile, and further efforts along this line should lead to more
interesting results.
In this work, we further extended the investigation of the

lanthanide-H4daps complexes by changing the acidity or
basicity of the system, hoping to prepare more lanthanide
complexes with tunable magnetic properties. This leads to the
preparation of a series of mono-, di-, and trinuclear Dy
complexes ([Dy(H3daps)(CH3COO)2(EtOH)]·CH3COOH
(1Dy), [Dy2(H2daps)2(EtOH)2(H2O)2(MeOH)2](CF3SO3)2·
(H2O)2 (2Dy), and [Dy3(H1daps)2(H2daps)(μ3−OH)-
(EtOH)(H2O)] (3Dy)), where the ligand exhibits a different
deprotonation status. Magnetic studies on these complexes
showed that the three complexes exhibit slow magnetic
relaxation behavior under a zero or applied dc field, and the
dinuclear compound 2Dy has the energy barrier of about 120
K at a zero dc field.

■ EXPERIMENTAL SECTION
Materials and Methods. All reagents and solvents used for the

syntheses were used as-received from commercial sources. The NMR
spectra were performed on a Bruker 400 MHz spectrometer. The
chemical shifts (δ) in 1H NMR were reported in ppm relative to
proton resonance resulting from incomplete deuteration of NMR
solvent: DMSO-d6 (2.50 ppm). IR data were measured and recorded
in the attenuated total reflection (ATR) mode on a Bruker Vector 27
FT-IR spectrometer in the 4000−400 cm−1 range. Elemental analyses
of C, H, and N were performed at an Elementar Vario MICRO
analyzer. Powder X-ray diffraction data (PXRD) were recorded at 298
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K on a Bruker D8 Advance diffractometer with a Cu Kα X-ray source
(λ = 1.5405 Å) operated at 40 kV and 40 mA.
Synthesis of the Ligand. Ligand H4daps was obtained using a

previously described method with a small variation (methanol instead
of benzene was used as the solvent).22c The ligand was characterized
by 1H NMR (400 MHz, DMSO-d6): δ = 11.82 (s, 2H), 11.50 (s, 2H),
8.21−7.92 (m, 5H), 7.48−7.40 (m, 2H), 7.09−6.96 (m, 4H), 2.51 (s,
6H).
Synthesis of the Complexes. The single crystals of these

complexes were synthesized in a similar way, by slow diffusion of
ether into the mother solution containing the reactants. Under a N2
atmosphere, an ethanol solution (5 mL) of H4daps (43 mg, 0.1
mmol) was added into a solution of Dy(CF3SO3)3·6H2O (60 mg, 0.1
mmol) in ethanol (5 mL) under stirring. The whole reaction mixture
was refluxed for 3 h followed by cooling down to room temperature.
This bright yellow solution was used as the mother liquor for the
synthesis of different complexes by adding different reagents (acetic
acid, methanol, and trimethylamine for 1Dy, 2Dy, and 3Dy,
respectively).
[Dy(H3daps)(CH3COO)2(EtOH)]·CH3COOH (1Dy). An excess of

acetic acid (29 μL, 5 equiv) was added into the mother liquor, and
the reaction mixture was stirred further at room temperature for 10
min before it was filtered off. Ether vapor was allowed to diffuse into
the solution under a N2 atmosphere. Light yellow rod-like single
crystals suitable for X-ray crystallographic analysis were obtained in a
week. Yield: 37 mg, ca. 50%. Elemental analysis (%) calculated for
C31H36DyN5O11: C, 45.57; H, 4.44; N, 8.57. Found: C, 45.53; H,
4.44; N, 8.56. Selected FT-IR data (ATR, cm−1): 1489 (amide II),
1592 (amide I), 3376, 3450 (NH + OH) (spectrum shown in Figure
S1).
[Dy2(H2daps)2(EtOH)2(H2O)2(MeOH)2](CF3SO3)2·(H2O)2 (2Dy). Yel-

low lamellar single crystals of 2Dy were obtained by the procedure
similar to that used for 1Dy, using methanol (2 mL) instead of acetic
acid as additive. Yield: 55 mg, ca. 70%. Elemental analysis (%)
calculated for C54H66Dy2F6N10O22S2: C, 37.92; H, 3.89; N, 8.19.
Found: C, 37.97; H, 3.87; N, 8.21. Selected FT-IR data (ATR, cm−1):
628 (δ SO3), 1024, 1268 (SO3), 1159, 1233 (CF3), 1497 (amide II),
1590 (amide I), 3280, 3379 (NH + OH) (spectrum shown in Figure
S2).
[Dy3(H1daps)2(H2daps)(μ3−OH)(EtOH)(H2O)] (3Dy). Orange la-

mellar single crystals of 3Dy were obtained by the procedure similar
to that used for 1Dy, using triethylamine (68 μL, 5 equiv) instead of
acetic acid as additive. Yield: 21 mg, ca. 30%. Elemental analysis (%)
calculated for C71H64Dy3N15O15: C, 45.97; H, 3.48; N, 11.33. Found:
C, 45.88; H, 3.47; N, 11.34. Selected FT-IR data (ATR, cm−1): 1490
(amide II), 1592 (amide I), 3362, 3418 (OH) (spectrum shown in
Figure S3).

X-ray Crystallography. Single-crystal X-ray diffraction data were
collected on a Bruker D8 Venture diffractometer with a CCD area
detector (Mo−Kα radiation, λ = 0.71073 Å) at 193 K. The Bruker
APEX II program was used to determine the unit cell parameters and
for data collection. The data were integrated and corrected for
Lorentz and polarization effects using SAINT.25 The structures were
solved by direct methods and refined by the full-matrix least-squares
method on F2 using the SHELXTL crystallographic software
package26 and Olex2.27 All non-hydrogen atoms were refined with
anisotropic thermal parameters, whereas all hydrogen atoms were
placed at calculated positions and refined using a riding model. Details
on the crystallographic data, selected bond lengths, and bond angles
are listed in Table S3−S7. The CCDC numbers are as follows:
2120515−2120517.

Magnetic Measurements. Magnetic data were collected using a
Quantum Design SQUID VSM magnetometer on samples of crushed
crystals. Direct current (dc) magnetic susceptibility measurements
were performed in the temperature range of 2−300 K under an
applied field of 1000 Oe. Alternative current (ac) susceptibility
measurements were performed with a 2 Oe ac oscillating field in an
operating frequency range of 1−1000 Hz under a dc field of 0 or 1000
Oe. Magnetization data were collected in the 0 to 70 kOe field range.
Experimental data were corrected for diamagnetism of the sample
holders and that of the compounds according to Pascal’s constants.28

■ RESULTS AND DISCUSSION

Synthesis. As stated above, the ligand H4daps was chosen
to explore the possibility of preparing acid-modified rare-earth
SMMs. This multidentate ligand has four possible protons that
can be deprotonated at proper conditions. In addition, the
deprotonation of the N−H proton usually accompanies the
keto−enol tautomerism. Although we cannot find in the
literature the exact acid dissociation constants (Ka’s) of these
two types of protons in H4daps, namely the phenolic hydroxyl
O−H group and the hydrazide N−H group, theoretical pKa
values have been reported for the very close groups. For the
hydrazide N−H group, the pKa value (reported in DMSO) is
18.9 for Ph(CO)-NHNH2 and 19.7 for Ph(CO)-
NH2NMe2, while for the phenolic hydroxyl group, the pKa
(also in DMSO) for the very close o-hydroxyacetophenone is
14.8.29 Therefore, the pKa values for the N−H and O−H
groups in H4daps might be around 19 and 15, respectively. It
can be seen that in DMSO, the phenolic OH group has a
stronger acidity than the hydrazine NH group, which should

Scheme 1. Reaction Scheme for the Complexes
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lead to progressive deprotonation under the increasing basicity
of the system. Of course, due to the different solvent effects
and, more importantly we think, the formation of the possible
intra- and/or intermolecular hydrogen bonds in the solution
and solid state, the actual deprotonation order might be greatly
complicated, which will affect the structures and magnetic
properties of the resulting complexes. In the previous reports
based on this ligand,21−24 we noticed that the protons in
H4daps can leave even without the addition of alkaline
reagents. Therefore, in our experiment, we intentionally added
the acetic acid and triethylamine to the reaction solution,
hoping to prepare more compounds with different deprotona-
tion statuses.
Three Dy(III) complexes with different nuclearities, namely

the mono-, di-, and trinuclear species, were successfully
prepared by the vapor diffusion method under different
acid−base conditions (Scheme 1). While the dinuclear
complex 2Dy was prepared without adding any acid or base
to the solution, crystals of mononuclear 1Dy or trinuclear 3Dy
can be obtained by adding an excess of acetic acid or
triethylamine, respectively. Based on the crystal structure data
of these complexes (vide post), the form of the ligands is
H3daps

−, H2daps
2−, and H2daps

2−/H1daps
3− in 1Dy, 2Dy, and

3Dy, respectively, consistent with the increasing basicity of the
synthetic condition. Attempts toward the preparation of the
Dy(III) complexes of fully protonated H4daps using other
strong acids such as HCl, HNO3, and H2SO4 and fully
deprotonated daps4− ligands were unsuccessful for now.
However, we do believe that under certain conditions, these
species with different structures and properties could be
obtained.
Crystal Structures. Single-crystal X-ray diffraction data of

complexes 1Dy−3Dy were collected, and the crystallographic
data were shown in Table S3. In general, these three
compounds are mono-, di-, and trinuclear structures for
1Dy−3Dy, respectively. In all of them, the ratio of the Dy(III)
ion to the ligand is 1:1, where the ligand provides a N3O2
coordination pocket for the Dy(III) ions, all forming the so-
called hula-hoop-like coordination conformation. Compound
1Dy crystallizes in the monoclinic crystal system, P21/c space
group. The asymmetric unit contains one monodeprotonated
H3daps

− ligand, one Dy(III) ion, two coordinated acetates,
one coordinated ethanol molecule, and one uncoordinated
acetic acid molecule (Figure 1a). Due to the addition of excess
acetic acid, the ligand loses only one proton. As a matter of
fact, the assignment of the −1 negative charge of the ligand
H3daps

− is not straightforward and can be judged from the
charge balancing condition. From the structure data, the C−O
bond lengths of the uncoordinated CH3COOH molecule are
of considerable difference (1.293 and 1.210 Å for C30−O10
and C30−O11), which is characteristic for an acetic acid. On
the other hand, for the two coordinated acetate ions, the C−O
bonds are of rather similar lengths (1.256 and 1.277 Å for
C24−O5 and C24−O6 and 1.261 and1.258 Å for C28−O8
and C28−O9, respectively), reflecting their deprotonated
states. The presence of the CH3COOH is also consistent
with the formation of the strong hydrogen bond between
CH3COOH and the coordinated acetate (O10−H10···O6,
Table S7).
As for deprotonation position of the H3daps

− ligand, it can
be deduced from the following two facts. The first one is the
formation of the intramolecular hydrogen bonds (O1−H1···
N1 and N5−H5···O4, Figure 1a). This hydrogen bond pattern

suggests the deprotonation occurs in the N1 position. The
second one is that the deprotonation leads to the conjugation
of the O−C−N parts in the ligand. The deprotonation of the
N−H proton is usually accompanied by the keto−enol
tautomerism involving the carbonyl groups. Therefore, the
more averaged C−O and C−N bonds of the O2−C7−N1 part
(C−O = 1.277 Å and C−N = 1.326 Å) compared with the
O3−C17−N5 part (C−O = 1.244 Å and C−N = 1.357 Å)
confirmed the more conjugated structure of the O2−C7−N1
part and thus the deprotonation of the proton originally linked
to N1. As for the phenolic O−H groups, the C−O bond
lengths (C23−O4 = 1.363 Å and C12−O1 = 1.357 Å) are
consistent with the ideal value of 1.36 Å for the H4daps
ligand.22c From these data, we can safely come to the
conclusion that the ligand is in the H3daps

− form with one
of the N−H groups deprotonated. In this part, we want to
mention that in the reported complex [Dy(H4daps)-
(H2O)3(NO3)](NO3)2(H2O), the ligand is in the H4daps
form.23b We think the possible reason for this is the stronger
acidity of the HNO3 compared to the acetic acid, which
prevents the protonation of the NO3

− ions.
For the Dy(III) ion in 1Dy, it is in a nine-coordinated N3O6

environment, with the ligand’s N3O2 coordination pocket as
the equatorial plane and two coordinated acetate ions and one
EtOH on the upper and lower sides of the plane, respectively.
For the two coordinated acetate ions, one of them acts as a
monodentate ligand, while the other uses both oxygen atoms
as a bidentate chelating ligand. The Dy−O coordination bond
lengths are in the range of 2.281−2.486 Å, while the Dy−N
bond lengths are slightly longer in the range of 2.505−2.570 Å.

Figure 1. Molecular structures of complexes 1Dy (a) and 2Dy (b).
Some hydrogen atoms were omitted for clarity.
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The shortest Dy−O bond (2.281 Å) is between the Dy(III)
ion and the monodentate acetate (Dy1−O8). Due to the steric
effect of the bidentate acetate and the EtOH molecule, the
plane of the H3daps

− ligand bends slightly and leads to the
umbrella-like distortion with the Dy(III) ion deviating from
the N3O2 plane and protrudes toward the chelating acetate.
The nine-coordinated polyhedron of the Dy(III) center is
close to the Muffin conformation with Cs symmetry with a
CShM value of 2.882 calculated using the SHAPE code30

(Table S9). Finally, in the packing diagram (Figure S4),
intermolecular hydrogen bonds help to connect the mono-
nuclear unit to a 3D structure, with the shortest intermolecular
Dy···Dy distance being 8.525 Å.
Compound 2Dy crystallizes in a triclinic crystal system with

space group P1. Although it has a dinuclear Dy2 structure
(Figure 1b), its structure is centrosymmetric, and the
asymmetric unit contains only one [Dy(H2daps)(EtOH)-
(MeOH)(H2O)]+ unit, one disordered charge balancing
trifluoromethanesulfonic anion, and one disordered water
molecule. From the similar analysis as done for 1Dy, the ligand
was determined to be in the −2 negative charge (H2daps

2−),
and the deprotonation should occur in one of the OH groups
(O7) and one of the NH groups (N5). For the phenolic O−H
groups, the deprotonated one has the shorter C−O bond
(C1−O7 = 1.327 Å) than the nondeprotonated one (C23−
O10 = 1.341 Å). In addition, the more averaged C−O and C−
N bonds of the O9−C17−N5 part (C−O = 1.279 Å and C−N
= 1.339 Å) compared with the O8−C7−N1 part (C−O =
1.248 Å and C−N = 1.353 Å) indicates the deprotonation of
the proton originally linked to N5. Intramolecular hydrogen
bonds (O10−H10···N5 and N1−H1···O7) were found in the
structure. As for the Dy(III) center, it is also in a nine-
coordinated hula-hoop-like N3O6 environment. The penta-
dentate N3O2 pocket of the ligand forms the equatorial
coordination plane with the umbrella-like distortion. For the
other four coordination oxygen atoms, three are from the
solvent molecules, and one is from the phenolic oxygen from
the symmetry related ligand. The coordination polyhedron is
close to a spherical capped square antiprism with a calculated
CShM value of 2.025 (Table S9). The Dy−N bond lengths are
in the range of 2.497−2.554 Å, and the Dy−O bond lengths
range from 2.319 to 2.519 Å. The shortest Dy−O bond is with
the enol oxygen O9 (Dy1−O9 = 2.319 Å), while the bond
between the phenolic oxygen is also quite short (Dy1−O7 =
2.329 Å). These short Dy−O bonds should be of importance
to the magnetic anisotropy and SMM behavior of 2Dy (vide
post). Bridged by the phenolic hydroxyl groups on the ligand,
the complex 2Dy has a dinuclear structure with an intradimer
Dy···Dy distance of 7.098 Å. Notably, besides the intra-
molecular hydrogen bonds as stated above, rich hydrogen
bonds were noticed between the coordinated solvent
molecules (EtOH, MeOH, and H2O molecules), the
CF3SO3

− anion, and the lattice H2O molecule (Figure S5,
Table S7). These hydrogen bonds help to stabilize the
dinuclear structure.
Compound 3Dy is a trinuclear compound crystallized in a

monoclinic crystal system with a space group of P21/c. In the
asymmetric unit, it contains three Dy(III) ions chelated by
three deprotonated ligands, one μ3−OH− connecting the three
Dy(III) ions, one H2O molecule coordinated to the Dy1
center, and one EtOH molecule coordinated to the Dy3 center
(Figure 2). Similar to 1Dy and 2Dy, the Dy(III) ions in 3Dy
are all in the N3O2 pocket of the ligand, and the total valence

of the three ligands is −8, indicating that the three ligands do
not lose the same number of protons. As shown in Figure 2a,
this trinuclear complex can be described as a three-layer
structure, with Dy1-H1daps

3− as the top layer, Dy2-H1daps
3−

as the middle, and Dy3−H2daps
2− as the bottom layer. The

charge of the ligands coordinated to Dy1 and Dy2 are both −3,
which can also be deduced as above from the bond lengths and
conjugation state of the O−C−N parts in the ligands (Table
S6). Based on these analyses, we suggested that the N5−H5
and O8−H8 groups are protonated, while the other protons
are deprotonated. As for the ligand coordinated to Dy3, the
deprotonation happens in the two NH groups, while the
phenolic OH group remains protonated. The three Dy(III)
ions are in the eight-coordinated N3O5 configuration for Dy1
and a nine-coordinated N3O6 configuration for Dy2 and Dy3,
respectively. The coordination polyhedrons are Johnson
gyrobifastigium J26, hula-hoop, and Muffin with the CShM
values of 5.67, 4.029, and 2.77 for Dy1, Dy2, and Dy3 centers,
respectively (Table S9). The Dy−O and Dy−N bond lengths
were listed in Table S6. For Dy1, the Dy−O and Dy−N bond
lengths are in the range of 2.293−2.443 and 2.485−2.557 Å
with the shortest Dy−O bond between Dy1 and the μ3−OH−

(Dy1−O15). For Dy2, the Dy−O and Dy−N bond lengths are

Figure 2. (a) Molecular structures of complexes 3Dy. The three
ligands coordinated to Dy1−Dy3 were depicted in different colors for
clarity. (b) Metal centers in the trinuclear core of 3Dy bridged by the
μ3−OH group (O15).
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in the range of 2.204−2.537 and 2.583−2.697 Å. The shortest
Dy−O is now between Dy2 and the phenolic OH from
another ligand (Dy2−O1). As for Dy3, the Dy−O and Dy−N
bond lengths are in the range of 2.325−2.504 and 2.546−2.565
Å, with the shortest length being also between Dy3 and the
μ3−OH− (Dy3−O15). Besides the μ3−OH− bridging ion
between the three Dy(III) centers, three carbonyl oxygen
atoms (one from each ligand, namely O2, O6, and O10) and
one phenolic oxygen atom (O5) also act as μ2-bridges between
the Dy(III) centers. From these bridges, the three Dy(III)
centers form a triangular unit (Figure 2b) with the Dy···Dy
distances being 3.957, 3.835, and 3.688 Å for Dy1−Dy2, Dy1−
Dy3, and Dy2−Dy3, respectively.
From the crystal structures of all these three complexes, we

noticed, as expected, that the deprotonation degree of the
ligand increases with the increasing of the basicity. Because of
their different pKa values of the NH and OH groups, we think
that in solution, the OH groups deprotonate first. However, in
crystals, the effect of coordination to the rare-earth centers, the
steric effect, and/or hydrogen bonds might change the
situation, and different deprotonation states of the ligand are
possible, as have been observed here. Under acidic conditions,
only one NH hydrogen atom is deprotonated, and the phenolic
OH groups stay protonated, which hinders the coordination
ability of these OH groups and leads to the formation of a
mononuclear complex 1Dy. Upon increasing the basicity of the
reaction, more hydrogen atoms of the ligands were
deprotonated, leading to the negatively charged carbonyl and
phenolate atoms that act as bridging atoms. Dinuclear and
trinuclear clusters such as 2Dy and 3Dy were thus formed,
together with the inclusion of the OH− ions present in the
basic solution. In fact, under basic conditions, Fondo et al. also
reported two Tb2 and Dy2 complexes and a Zn2Dy4 cluster.

24

As depicted in Fondo’s work, several different coordination
modes of the ligand have already been reported.24 These rich
coordination modes reflect the rich chemistry of this ligand.
Using the same terminology used by Fondo et al., the
coordination modes of the ligand in our three complexes are
depicted in Figure S6. For compound 1Dy, the H3daps

− ligand
adopts the N3O2 chelating mode. For 2Dy, a μ2-κ

5:κ1 mode is
found for the H2daps

2− ligand. For 3Dy, there are three
different bridging modes of the ligand, namely a μ2-κ

5:κ2 mode,
a μ3-κ

5:κ2:κ1 mode, and a μ2-κ
5:κ1 mode. These different

coordination modes again highlight the importance of the
acid−base conditions on the final charge of the ligand and the
structures of the complexes.
Magnetic Properties. Before the magnetic measurements

on these complexes, X-ray powder diffraction experiments were
performed to check their phase purity. As shown in Figures
S7−S9, the experimental diffraction patterns fit well with the
simulated peaks obtained from single-crystal structure data,
confirming their phase purity. The temperature dependent
magnetic susceptibility data of the ground crystal samples of
1Dy−3Dy were then measured in the temperature interval of
2−300 K under an applied dc field of 1000 Oe. As shown in
Figure 3, the room temperature χmT values of the three
compounds are 14.31, 27.97, and 41.87 cm3 K mol−1,
respectively. These values are very close to the theoretical
χmT values for one, two, and three independent Dy ions
(6H15/2, g = 4/3, C = 14.17 cm3 K mol−1). Upon decreasing
from 300 K, the χmT curves of 1Dy and 2Dy decrease slowly at
high temperatures and more rapidly at low temperatures below
10 K, especially for compound 2Dy, reaching the lowest value

of 11.30 and 18.47 cm3 K mol−1 at 2 K for 1Dy and 2Dy,
respectively. As for 3Dy, the χmT curve decreases slowly from
the room temperature value to a minimum of 38.08 cm3 K
mol−1 at around 10 K and increases again to the highest value
of 41.03 cm3 K mol−1 at 2 K. The decrease of the χmT values
for all complexes at high temperatures should be mainly due to
the depopulation of the excited mJ sublevels of the Dy(III) ions
and/or possible weak antiferromagnetic interactions. While for
complex 3Dy, the final increase of the χmT below 10 K might
be attributed to the ferromagnetic interactions between the
Dy(III) centers. The field dependent magnetization from 0 to
70 kOe of the three compounds was also measured at 2 K
(Figure S10). The M-H curves show similar trends: M
increases rapidly with the increase of the magnetic field in
the low field interval while slowly increasing at higher fields,
approaching the largest value of 6.85, 11.81, and 16.16 Nβ at
70 kOe at 2 K. These numbers are much smaller than the
theoretical saturation values (For one Dy(III) ion, the
theoretical value should be 10 Nβ.). This lack of saturation
indicates the presence of significant magnetic anisotropy and/
or possible low-lying excited states.
To investigate their dynamic magnetic properties, we

measured their ac magnetic susceptibilities at different
temperatures and frequencies with and without a dc field.
For compound 1Dy, no significant frequency dependent signal
can be observed under a zero dc field, which might be due to
the existence of other fast magnetic relaxation processes, such
as the QTM effect. To suppress the QTM effect, a dc field of
1000 Oe was applied during the ac measurement. Significant
frequency dependent in-phase χ′ and out-of-phase χ′′ ac
signals were observed (Figure 4). For compounds 2Dy and
3Dy, obvious frequency dependent peak signals were observed
even under a zero dc field and at a 1 kOe dc field (Figure 5 and
Figure S13). The peaks gradually move to higher temperature
with increasing ac frequency. This indicates that both 2Dy and
3Dy are typical SMMs.
From the frequency dependent ac data measured at different

temperatures, semicircle Cole−Cole plots were constructed
and fitted by the generalized Debye model to give the
relaxation time τ and its distribution parameter α (Figures S11,
S14, and S15 and Tables S10−S14). Then, the Arrhenius plot
(ln τ vs T−1) was plotted. A linear fit of the data in the high-
temperature region according to the Arrhenius formula τ = τ0
exp(Ueff/kBT) gives the energy barriers and the pre-exponential
factors (Table S15). Under a 1000 Oe dc field, Ueff is found to

Figure 3. Temperature dependent magnetic susceptibility data for
1Dy−3Dy measured at a 1 kOe dc field.
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be 18.4 and 3.7 cm−1 for 1Dy and 3Dy, while it is found to be
2.1 cm−1 for 3Dy under a zero dc field.

For compound 2Dy, a simple linear fit of the high
temperature data gives Ueff = 119.2 K (82.9 cm−1) (Figure
6). However, we noticed that the Arrhenius plot gradually

deviates from the linear relationship in the low-temperature
region, which suggests the existence of other relaxation
processes besides the Orbach process. In fact, besides the
magnetization reversal through the Orbach process, magnetic
relaxation can proceed through other shortcuts. Generally, the
relaxation time (τ) can be described as31

Figure 4. Frequency dependence of the in-phase (a) and out-of-phase
(b) parts of the ac magnetic susceptibilities for 1Dy collected under a
1000 Oe dc field at 1.8 to 5.0 K.

Figure 5. Temperature dependence of the in-phase (χ′) and out-of-phase (χ′) parts of the ac magnetic susceptibilities for 2Dy collected under a
zero (a) or 1000 Oe (b) dc field.

Figure 6. Arrhenius plot with the ln(τ) vs T−1 for 2Dy. Red lines
show fits of the data to the Arrhenius law τ = τ0·exp(Ueff/kBT),
assuming the Orbach relaxation process. Blue lines represent fits to all
the data considering other possible processes as indicated.
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where these terms in the equation correspond to QTM, direct,
Raman and Orbach processes, respectively.32 Considering
QTM, Raman, and Orbach processes (For the relaxation under
0 Oe, the direct process was ignored.), the curve from 3 to 13
K of 2Dy was further fitted (Figure 6). The whole curve can be
fitted very well, giving the following parameters: Ueff = 120.3 K
(83.6 cm−1), τ0 = 3.74 × 10−8 s, C = 8.7 × 10−3 s−1 K−n, n =
5.6, and τQTM = 8.1 × 10−2 s. In addition, a dc field of 1000 Oe
was also applied to suppress the QTM effect of 2Dy. The
resulting frequency dependent ac data and the Cole−Cole
plots are plotted in Figure S14. Analysis of these data gives the
energy barrier of 124.7 K (86.7 cm−1) (Table S16). In
addition, the fit of the relaxation data of 1Dy using both
Orbach and Raman processes was also performed, and the
obtained Ueff value (19.8 cm−1) is very close to the one (18.4
cm−1) considering only the Orbach process (Figure S11d and
Table S16). For complex 3Dy, no such treatment was
performed as the Arrhenius plots show a linear relationship
over the selected temperature interval as shown in Figure S15.
To further understand the magneto-structural relationship of

the three complexes, we calculated the magnetic anisotropy
axes of the Dy(III) ions using MAGELLAN software.33 For the
mononuclear compound 1Dy, the calculated magnetic axis
crosses the ligand plane and is roughly along the Dy−O8
direction (Figure 7a). The angle between Dy−O8 and the
magnetic axis is 11.86°. In addition, we noticed that the
magnetic axis points close to the two acetate molecules, rather
than to the coordinated ethanol molecule, consistent with the
more negative charges of the acetate ions. For the dinuclear
compound 2Dy, the magnetic axes of the two Dy atoms are
parallel to each other because the two Dy atoms are symmetry
related by an inversion center (Figure 7b). The calculated
magnetic axis is close to the bond formed between the
phenolic oxygen (O7) and Dy, and the angle between Dy−O7
and the magnetic axis is 7.60°, indicating that the phenolic
oxygen makes a major contribution to the magnetic anisotropy
of the Dy(III) ion. As a matter of fact, we believe that the short
coordination bond between the phenol oxygen and DyIII ions
might also be responsible for the higher energy barrier of
compound 2Dy. A survey of the literature indeed gives many
examples of such short Dy−O bonds between the phenolic
oxygen to Dy(III) ions with considerable energy barriers
(Table S17).
As for the trinuclear compound 3Dy containing three

crystallographically unique Dy atoms, the directions of the
magnetic axis are more complicated (Figure 7c). For the Dy1
atom with a coordination water molecule, the calculated
magnetic anisotropy axis is also close to the coordination bond
between the phenol oxygen atom and Dy (Dy1−O5) with an
angle of 23.51°. For Dy2, the magnetic axis is close to the
direction of Dy2−O1 (phenol oxygen) and Dy2−O10
(carbonyl oxygen), with an angle of 24.23° with Dy2−O1
and 21.70° with Dy2−O10. For the Dy3 ion coordinated with
the ethanol molecule, the magnetic axis is approximately in the
direction of Dy3−N15 and is also close to the phenolic oxygen
O5 (the angle between Dy3−O5 and the magnetic axis is
31.82°). We noticed that, although the Dy−O bond is the
shortest between the μ3−OH− ion for Dy1 and Dy3 centers,
the calculated magnetic anisotropy axes do not point to the
μ3−OH− ion. This can be attributed to the low average

negative charge provided by the μ3−OH− ion, as the negative
charge was shared by three DyIII centers. With these three
magnetic axes, a single-molecule toroics34 with a toroidal
magnetic moment might be expected. However, due to the
generally small magnetic anisotropy, this was not further
studied.
From these examples, it is rather clear that phenolic hydroxyl

oxygen atoms in the direction of the symmetry axis can lead to
Dy SMMs of higher energy barriers, while those in other
positions do not bring significant enhancements. Although our
compound 2Dy has the highest energy barrier among all
reported SMMs based on the H4daps ligand, the energy
barriers of our compounds are much lower than those of the
reported high-performance SMMs. This might be mainly due

Figure 7. Calculated magnetic anisotropy axes of the Dy(III) ions
using MAGELLAN software for complexes 1Dy−3Dy.
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to the longer Dy−O bonds lengths, which results in weaker
magnetic anisotropy. Besides, the symmetry of the coordina-
tion geometry of the Dy(III) center, especially the negative
charge distribution, also plays a critical role as higher
symmetries, such as the geometries of the point group of D5h
and D4d, can effectively inhibit the QTM process and increase
the energy barriers and blocking temperatures. At first sight,
the N3O2 pocket of ligand H4daps might lead to complexes
with a symmetry close to the pentagonal bipyramid. However,
deprotonation of the ligand might also introduce the negatively
charged coordination atoms in the equatorial plane, which is
unfavorable for the construction of high magnetic anisotropy
because of the prolate shape of the electron density of the DyIII

and TbIII ions. This should be responsible for the poor SMM
behavior of the reported lanthanide compounds of this type of
ligand with a slightly distorted pentagonal bipyramid geo-
metry.23b,35 From this aspect, DyIII complexes of the neutral
ligand H4daps occupying the equatorial position might lead to
SMMs of high energy barriers, provided that the axial positions
were coordinated by some very strong coordination atoms,
such as the oxygen atom from the alkoxide ligand (such as tert-
butoxide tBuO−), trimethylsilanolate (Me3SiO

−), the phenolic
hydroxyl group with strong electron donating groups in the
phenyl ring, and so on. In fact, some of the DyIII SMMs of the
D5h symmetry with very high energy barriers are indeed
constructed from this strategy.7,36

■ CONCLUSIONS
In summary, by changing the acidity or basicity of the reaction
medium on purpose, we can largely tune the deprotonation
degree of a multidentate ligand (H4daps) with multiple active
protons, which in turn leads to the successful isolation of three
DyIII complexes of different nuclearities ranging from
mononuclear, to dinuclear, and to trinuclear. Their syntheses,
structures, and magnetic properties were carefully studied.
From the analysis of the related bond lengths and resulting
hydrogen bond modes, the charge and the deprotonation
position of the ligands were determined. In different
conditions, the ligand can be in the form of H3daps

−,
H2daps

2−, and H1daps
3−. Interestingly, the more deprotonated

ligand can act as a bridging ligand between the DyIII centers
using the phenol and/or carbonyl oxygen atoms, which leads
to the multinuclear structures. Magnetic measurements show
that all three compounds exhibit slow magnetic relaxation
behavior under a zero or an applied dc field, indicating their
SMM behaviors. Analyses of the magnetic anisotropy axes of
the Dy(III) ions indicate that the phenolic hydroxyl oxygen
plays a critical role in the determination of the magnetic
anisotropy and also the direction of the magnetic axis.
Although we were unsuccessful in preparing the lanthanide
complexes with the fully deprotonated daps4− ligands, attempts
toward more lanthanide compounds with new structures and
magnetic properties are currently being pursued in our lab.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03639.

IR spectra of compounds, main geometric data of all
complexes, H-bond parameters for complexes, crystal
packing for complex 1Dy, results of SHAPE calculations,
powder X-ray diffraction (PXRD), additional magnetic

date and figures, list of reported complexes based on
H4daps ligand, and examples of Dy SMMs with
coordinated phenolic oxygen atoms (PDF)

Accession Codes
CCDC 2120515−2120517 contain the supplementary crys-
tallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by
emailing data_request@ccdc.cam.ac.uk, or by contacting The
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

■ AUTHOR INFORMATION
Corresponding Author

Xin-Yi Wang − State Key Laboratory of Coordination
Chemistry, Collaborative Innovation Center of Advanced
Microstructures, School of Chemistry and Chemical
Engineering, Nanjing University, Nanjing 210023, China;
orcid.org/0000-0002-9256-1862; Email: wangxy66@

nju.edu.cn

Authors
Hong-Qing Li − State Key Laboratory of Coordination
Chemistry, Collaborative Innovation Center of Advanced
Microstructures, School of Chemistry and Chemical
Engineering, Nanjing University, Nanjing 210023, China

Yu-Chen Sun − State Key Laboratory of Coordination
Chemistry, Collaborative Innovation Center of Advanced
Microstructures, School of Chemistry and Chemical
Engineering, Nanjing University, Nanjing 210023, China

Le Shi − State Key Laboratory of Coordination Chemistry,
Collaborative Innovation Center of Advanced
Microstructures, School of Chemistry and Chemical
Engineering, Nanjing University, Nanjing 210023, China;
orcid.org/0000-0002-8830-883X

Feng-Li Chen − State Key Laboratory of Coordination
Chemistry, Collaborative Innovation Center of Advanced
Microstructures, School of Chemistry and Chemical
Engineering, Nanjing University, Nanjing 210023, China

Fu-Xing Shen − State Key Laboratory of Coordination
Chemistry, Collaborative Innovation Center of Advanced
Microstructures, School of Chemistry and Chemical
Engineering, Nanjing University, Nanjing 210023, China

Yue Zhao − State Key Laboratory of Coordination Chemistry,
Collaborative Innovation Center of Advanced
Microstructures, School of Chemistry and Chemical
Engineering, Nanjing University, Nanjing 210023, China;
orcid.org/0000-0001-6094-4087

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.inorgchem.1c03639

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the National Key R&D Program
of China (2018YFA0306002) and the National Natural
Science Foundation of China (21973039, 21522103).

■ REFERENCES
(1) (a) Sessoli, R.; Gatteschi, D.; Caneschi, A.; Novak, M. A.
Magnetic Bistability in a Metal-Ion Cluster. Nature 1993, 365, 141−
143. (b) Sessoli, R.; Tsai, H. L.; Schake, A. R.; Wang, S. Y.; Vincent, J.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.1c03639
Inorg. Chem. 2022, 61, 2272−2283

2280

https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03639?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c03639/suppl_file/ic1c03639_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2120515&id=doi:10.1021/acs.inorgchem.1c03639
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2120517&id=doi:10.1021/acs.inorgchem.1c03639
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xin-Yi+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9256-1862
https://orcid.org/0000-0002-9256-1862
mailto:wangxy66@nju.edu.cn
mailto:wangxy66@nju.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hong-Qing+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu-Chen+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Le+Shi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8830-883X
https://orcid.org/0000-0002-8830-883X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Feng-Li+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fu-Xing+Shen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yue+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6094-4087
https://orcid.org/0000-0001-6094-4087
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03639?ref=pdf
https://doi.org/10.1038/365141a0
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c03639?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


B.; Folting, K.; Gatteschi, D.; Christou, G.; Hendrickson, D. N. High-
Spin Molecules: [Mn12O12(O2CR)16(H2O)4]. J. Am. Chem. Soc. 1993,
115, 1804−1816.
(2) (a) Gatteschi, D.; Sessoli, R.; Villain, J. Molecular Nanomagnets;
Oxford University Press: Oxford, U.K., 2006; DOI: 10.1093/
acprof:oso/9780198567530.001.0001. (b) Coronado, E.; Epsetin, A.
J. Molecular spintronics and quantum computing. J. Mater. Chem.
2009, 19, 1670−1671. (c) Leuenberger, M. N.; Loss, D. Quantum
computing in molecular magnets. Nature 2001, 410, 789−793.
(d) Bogani, L.; Wernsdorfer, W. Molecular spintronics using
singlemolecule magnets. Nat. Mater. 2008, 7, 179−186. (e) Thiele,
S.; Balestro, F.; Ballou, R.; Klyatskaya, S.; Ruben, M.; Wernsdorfer, W.
Electrically driven nuclear spin resonance in single-molecule magnets.
Science 2014, 344, 1135−1138.
(3) Ishikawa, N.; Sugita, M.; Ishikawa, T.; Koshihara, S.; Kaizu, Y.
Lanthanide Double-Decker Complexes Functioning as Magnets at the
Single-Molecular Level. J. Am. Chem. Soc. 2003, 125, 8694−8695.
(4) (a) Rinehart, J. D.; Long, J. R. Exploiting single-ion anisotropy in
the design of f-element single-molecule magnets. Chem. Sci. 2011, 2,
2078−2085. (b) Chilton, N. F.; Collison, D.; McInnes, E. J.;
Winpenny, R. E.; Soncini, A. An electrostatic model for the
determination of magnetic anisotropy in dysprosium complexes.
Nat. Commun. 2013, 4, 2551−2557.
(5) (a) Zabala-Lekuona, A.; Seco, J. M.; Colacio, E. Single-Molecule
Magnets: From Mn12-ac to dysprosium metallocenes, a travel in time.
Coord. Chem. Rev. 2021, 441, 213984−214021. (b) Marin, R.; Brunet,
G.; Murugesu, M. Shining New Light on Multifunctional Lanthanide
Single-Molecule Magnets. Angew. Chem., Int. Ed. 2021, 60, 1728−
1746. (c) Shao, D.; Wang, X. Y. Development of Single-Molecule
Magnets. Chin. J. Chem. 2020, 38, 1005−1018. (d) Goodwin, C. A. P.
Blocking like it’s hot: a synthetic chemists’ path to high-temperature
lanthanide single molecule magnets. Dalton Trans. 2020, 49, 14320−
14337. (e) Zhu, Z.; Guo, M.; Li, X.-L.; Tang, J. Molecular magnetism
of lanthanide: Advances and perspectives. Coord. Chem. Rev. 2019,
378, 350−364. (f) Liu, J. L.; Chen, Y. C.; Tong, M. L. Symmetry
strategies for high performance lanthanide-based single-molecule
magnets. Chem. Soc. Rev. 2018, 47, 2431−2453.
(6) (a) Ganivet, C. R.; Ballesteros, B.; de la Torre, G.; Clemente-
Juan, J. M.; Coronado, E.; Torres, T. Influence of Peripheral
Substitution on the Magnetic Behavior of Single-Ion Magnets Based
on Homo- and Heteroleptic TbIII Bis(phthalocyaninate). Chem.Eur.
J. 2013, 19, 1457−1465. (b) Chen, Y.; Ma, F.; Chen, X.; Dong, B.;
Wang, K.; Jiang, S.; Wang, C.; Chen, X.; Qi, D.; Sun, H.; Wang, B.;
Gao, S.; Jiang, J. A New Bis(phthalocyaninato) Terbium Single-Ion
Magnet with an Overall Excellent Magnetic Performance. Inorg. Chem.
2017, 56, 13889−13896. (c) Wang, Y. L.; Ma, Y.; Yang, X.; Tang, J.;
Cheng, P.; Wang, Q. L.; Li, L. C.; Liao, D. Z. Syntheses, Structures,
and Magnetic and Luminescence Properties of a New DyIII-Based
Single-Ion Magnet. Inorg. Chem. 2013, 52, 7380−7386. (d) Wu, J.;
Jung, J.; Zhang, P.; Zhang, H.; Tang, J.; Le Guennic, B. Cis−trans
isomerism modulates the magnetic relaxation of dysprosium single-
molecule magnets. Chem. Sci. 2016, 7, 3632−3639.
(7) (a) Liu, J.-L.; Chen, Y.-C.; Zheng, Y.-Z.; Lin, W.-Q.; Ungur, L.;
Wernsdorfer, W.; Chibotaru, L. F.; Tong, M.-L. Switching the
anisotropy barrier of a single-ion magnet by symmetry change from
quasi-D5h to quasi-Oh. Chem. Sci. 2013, 4, 3310−3316. (b) Chen, Y.
C.; Liu, J. L.; Ungur, L.; Liu, J.; Li, Q. W.; Wang, L. F.; Ni, Z. P.;
Chibotaru, L. F.; Chen, X. M.; Tong, M. L. Symmetry-Supported
Magnetic Blocking at 20 K in Pentagonal Bipyramidal Dy(III) Single-
Ion Magnets. J. Am. Chem. Soc. 2016, 138, 2829−2837. (c) Liu, J.;
Chen, Y. C.; Liu, J. L.; Vieru, V.; Ungur, L.; Jia, J. H.; Chibotaru, L. F.;
Lan, Y.; Wernsdorfer, W.; Gao, S.; Chen, X. M.; Tong, M. L. A Stable
Pentagonal Bipyramidal Dy(III) Single-Ion Magnet with a Record
Magnetization Reversal Barrier over 1000 K. J. Am. Chem. Soc. 2016,
138, 5441−5450. (d) Kajiwara, T. A Holmium(III)-Based Single-
Molecule Magnet with Pentagonal-Bipyramidal Geometry. Angew.
Chem., Int. Ed. 2017, 56, 11306−11308. (e) Gupta, S. K.;
Rajeshkumar, T.; Rajaraman, G.; Murugavel, R. An air-stable Dy(III)
single-ion magnet with high anisotropy barrier and blocking

temperature. Chem. Sci. 2016, 7, 5181−5191. (f) Ding, Y. S.;
Chilton, N. F.; Winpenny, R. E.; Zheng, Y. Z. On Approaching the
Limit of Molecular Magnetic Anisotropy: A Near-Perfect Pentagonal
Bipyramidal Dysprosium(III) Single-Molecule Magnet. Angew. Chem.,
Int. Ed. 2016, 55, 16071−16074.
(8) (a) Guo, F. S.; Day, B. M.; Chen, Y. C.; Tong, M. L.;
Mansikkamaki, A.; Layfield, R. A. A Dysprosium Metallocene Single-
Molecule Magnet Functioning at the Axial Limit. Angew. Chem., Int.
Ed. 2017, 56, 11445−11449. (b) Goodwin, C. A. P.; Ortu, F.; Reta,
D.; Chilton, N. F.; Mills, D. P. Molecular magnetic hysteresis at 60 K
in dysprosocenium. Nature 2017, 548, 439−442. (c) Guo, F. S.; Day,
B. M.; Chen, Y. C.; Tong, M. L.; Mansikkamaki, A.; Layfield, R. A.
Magnetic hysteresis up to 80 K in a dysprosium metallocene single-
molecule magnet. Science 2018, 362, 1400−1403.
(9) (a) Zhu, Z.; Li, X.-L.; Liu, S.; Tang, J. External stimuli modulate
the magnetic relaxation of lanthanide single-molecule magnets. Inorg.
Chem. Front. 2020, 7, 3315−3326. (b) Cador, O.; Le Guennic, B.;
Pointillart, F. Electro-activity and magnetic switching in lanthanide-
based single-molecule magnets. Inorg. Chem. Front. 2019, 6, 3398−
3417.
(10) (a) Feng, M.; Ruan, Z.-Y.; Chen, Y.-C.; Tong, M.-L. Physical
stimulus and chemical modulations of bistable molecular magnetic
materials. Chem. Commun. 2020, 56, 13702−13718. (b) Goodwin, C.
A. P. Blocking like it’s hot: a synthetic chemists’ path to high-
temperature lanthanide single molecule magnets. Dalton Trans. 2020,
49, 14320−14337.
(11) (a) Meng, Y. S.; Sato, O.; Liu, T. Manipulating Metal-to-Metal
Charge Transfer for Materials with Switchable Functionality. Angew.
Chem., Int. Ed. 2018, 57, 12216−12226. (b) Feng, X.; Mathonier̀e, C.;
Jeon, I.-R.; Rouzier̀es, M.; Ozarowski, A.; Aubrey, M. L.; Gonzalez, M.
I.; Clérac, R.; Long, J. R. Tristability in a Light-Actuated Single-
Molecule Magnet. J. Am. Chem. Soc. 2013, 135, 15880−15884.
(12) (a) Cosquer, G.; Breedlove, B. K.; Yamashita, M. Remote
Control of SMM Behavior via DTE Ligands. Dalton Trans. 2015, 44,
2936−2942. (b) Hojorat, M.; Al Sabea, H.; Norel, L.; Bernot, K.;
Roisnel, T.; Gendron, F.; Guennic, B. L.; Trzop, E.; Collet, E.; Long,
J. R.; Rigaut, S. Hysteresis Photomodulation via Single-Crystal-to-
Single-Crystal Isomerization of a Photochromic Chain of Dysprosium
Single-Molecule Magnets. J. Am. Chem. Soc. 2020, 142, 931−936.
(c) Salinas-Uber, J.; Barrios, L. A.; Roubeau, O.; Aromi, G. Two [Ln4]
molecular rings folded as compact tetrahedra. Dalton Trans. 2020, 49,
7182−7188. (d) Kong, M.; Feng, X.; Li, J.; Wang, J.; Zhang, Y.-Q.;
Song, Y. Switchable slow relaxation of magnetization in photochromic
dysprosium(III) complexes manipulated by a dithienylethene ligand.
New J. Chem. 2020, 44, 20129−20136.
(13) (a) Huang, X. D.; Xu, Y.; Fan, K.; Bao, S. S.; Kurmoo, M.;
Zheng, L. M. Reversible SC-SC Transformation involving [4 + 4]
Cycloaddition of Anthracene: A Single-Ion to Single-Molecule
Magnet and Yellow-Green to Blue-White Emission. Angew. Chem.,
Int. Ed. 2018, 57, 8577−8581. (b) Huang, X. D.; Wen, G. H.; Bao, S.
S.; Jia, J. G.; Zheng, L. M. Thermo- and light-triggered reversible
interconversion of dysprosium-anthracene complexes and their
responsive optical, magnetic and dielectric properties. Chem. Sci.
2021, 12, 929−937. (c) Tian, H.; Su, J. B.; Bao, S. S.; Kurmoo, M.;
Huang, X. D.; Zhang, Y. Q.; Zheng, L. M. Reversible ON-OFF
switching of single-molecule-magnetism associated with single-crystal-
to-single-crystal structural transformation of a decanuclear dysprosium
phosphonate. Chem. Sci. 2018, 9, 6424−6433. (d) Wang, L.-F.; Qiu,
J.-Z.; Chen, Y.-C.; Liu, J.-L.; Li, Q.-W.; Jia, J.-H.; Tong, M.-L. [2 + 2]
Photochemical modulation of the Dy(III) single-molecule magnet:
opposite influence on the energy barrier and relaxation time. Inorg.
Chem. Front. 2017, 4, 1311−1318.
(14) (a) Zhou, Q.; Yang, F.; Xin, B.; Zeng, G.; Zhou, X.; Liu, K.; Ma,
D.; Li, G.; Shi, Z.; Feng, S. Reversible switching of slow magnetic
relaxation in a classic lanthanide metal-organic framework system.
Chem. Commun. 2013, 49, 8244−8246. (b) Mohapatra, S.;
Rajeswaran, B.; Chakraborty, A.; Sundaresan, A.; Maji, T. K. Bimodal
Magneto-Luminescent Dysprosium (DyIII)-Potassium (KI)-Oxalate
Framework: Magnetic Switchability with High Anisotropic Barrier

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.1c03639
Inorg. Chem. 2022, 61, 2272−2283

2281

https://doi.org/10.1021/ja00058a027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00058a027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/acprof:oso/9780198567530.001.0001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/acprof:oso/9780198567530.001.0001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b901955n
https://doi.org/10.1038/35071024
https://doi.org/10.1038/35071024
https://doi.org/10.1038/nmat2133
https://doi.org/10.1038/nmat2133
https://doi.org/10.1126/science.1249802
https://doi.org/10.1021/ja029629n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja029629n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c1sc00513h
https://doi.org/10.1039/c1sc00513h
https://doi.org/10.1038/ncomms3551
https://doi.org/10.1038/ncomms3551
https://doi.org/10.1016/j.ccr.2021.213984
https://doi.org/10.1016/j.ccr.2021.213984
https://doi.org/10.1002/anie.201910299
https://doi.org/10.1002/anie.201910299
https://doi.org/10.1002/cjoc.202000090
https://doi.org/10.1002/cjoc.202000090
https://doi.org/10.1039/D0DT01904F
https://doi.org/10.1039/D0DT01904F
https://doi.org/10.1016/j.ccr.2017.10.030
https://doi.org/10.1016/j.ccr.2017.10.030
https://doi.org/10.1039/C7CS00266A
https://doi.org/10.1039/C7CS00266A
https://doi.org/10.1039/C7CS00266A
https://doi.org/10.1002/chem.201202600
https://doi.org/10.1002/chem.201202600
https://doi.org/10.1002/chem.201202600
https://doi.org/10.1021/acs.inorgchem.7b02010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.7b02010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic400006n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic400006n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic400006n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5SC04510J
https://doi.org/10.1039/C5SC04510J
https://doi.org/10.1039/C5SC04510J
https://doi.org/10.1039/c3sc50843a
https://doi.org/10.1039/c3sc50843a
https://doi.org/10.1039/c3sc50843a
https://doi.org/10.1021/jacs.5b13584?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b13584?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b13584?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b02638?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b02638?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b02638?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201703022
https://doi.org/10.1002/anie.201703022
https://doi.org/10.1039/C6SC00279J
https://doi.org/10.1039/C6SC00279J
https://doi.org/10.1039/C6SC00279J
https://doi.org/10.1002/anie.201609685
https://doi.org/10.1002/anie.201609685
https://doi.org/10.1002/anie.201609685
https://doi.org/10.1002/anie.201705426
https://doi.org/10.1002/anie.201705426
https://doi.org/10.1038/nature23447
https://doi.org/10.1038/nature23447
https://doi.org/10.1126/science.aav0652
https://doi.org/10.1126/science.aav0652
https://doi.org/10.1039/D0QI00785D
https://doi.org/10.1039/D0QI00785D
https://doi.org/10.1039/C9QI00875F
https://doi.org/10.1039/C9QI00875F
https://doi.org/10.1039/D0CC04202A
https://doi.org/10.1039/D0CC04202A
https://doi.org/10.1039/D0CC04202A
https://doi.org/10.1039/D0DT01904F
https://doi.org/10.1039/D0DT01904F
https://doi.org/10.1002/anie.201804557
https://doi.org/10.1002/anie.201804557
https://doi.org/10.1021/ja407332y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja407332y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4DT02618G
https://doi.org/10.1039/C4DT02618G
https://doi.org/10.1021/jacs.9b10584?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b10584?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b10584?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0DT01259A
https://doi.org/10.1039/D0DT01259A
https://doi.org/10.1039/D0NJ04457A
https://doi.org/10.1039/D0NJ04457A
https://doi.org/10.1002/anie.201804102
https://doi.org/10.1002/anie.201804102
https://doi.org/10.1002/anie.201804102
https://doi.org/10.1039/D0SC04851H
https://doi.org/10.1039/D0SC04851H
https://doi.org/10.1039/D0SC04851H
https://doi.org/10.1039/C8SC01228H
https://doi.org/10.1039/C8SC01228H
https://doi.org/10.1039/C8SC01228H
https://doi.org/10.1039/C8SC01228H
https://doi.org/10.1039/C7QI00221A
https://doi.org/10.1039/C7QI00221A
https://doi.org/10.1039/C7QI00221A
https://doi.org/10.1039/c3cc43747g
https://doi.org/10.1039/c3cc43747g
https://doi.org/10.1021/cm400116h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm400116h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm400116h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c03639?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and Solvent Sensing. Chem. Mater. 2013, 25, 1673−1679. (c) Xin, Y.;
Wang, J.; Zychowicz, M.; Zakrzewski, J. J.; Nakabayashi, K.; Sieklucka,
B.; Chorazy, S.; Ohkoshi, S. I. Dehydration−Hydration Switching of
Single-Molecule Magnet Behavior and Visible Photoluminescence in a
Cyanido-Bridged DyIIICoIII Framework. J. Am. Chem. Soc. 2019, 141,
18211−18220.
(15) (a) Habib, F.; Brunet, G.; Vieru, V.; Korobkov, I.; Chibotaru, L.
F.; Murugesu, M. Significant enhancement of energy barriers in
dinuclear dysprosium single-molecule magnets through electron-
withdrawing effects. J. Am. Chem. Soc. 2013, 135, 13242−13245.
(b) Jiang, Z.; Sun, L.; Yang, Q.; Yin, B.; Ke, H.; Han, J.; Wei, Q.; Xie,
G.; Chen, S. Excess axial electrostatic repulsion as a criterion for
pentagonal bipyramidal DyIII single-ion magnets with high Ueff and
TB. J. Mater. Chem. C 2018, 6, 4273−4280.
(16) (a) Nakanishi, T.; Hori, Y.; Sato, H.; Wu, S. Q.; Okazawa, A.;
Kojima, N.; Yamamoto, T.; Einaga, Y.; Hayami, S.; Horie, Y.;
Okajima, H.; Sakamoto, A.; Shiota, Y.; Yoshizawa, K.; Sato, O.
Observation of Proton Transfer Coupled Spin Transition and
Trapping of Photoinduced Metastable Proton Transfer State in an
Fe(II) Complex. J. Am. Chem. Soc. 2019, 141, 14384−14393. (b) Luo,
Y. H.; Nihei, M.; Wen, G. J.; Sun, B. W.; Oshio, H. Ambient-
Temperature Spin-State Switching Achieved by Protonation of the
Amino Group in [Fe(H2Bpz2)2(bipy-NH2)]. Inorg. Chem. 2016, 55,
8147−8152. (c) Nowak, R.; Prasetyanto, E. A.; De Cola, L.; Bojer, B.;
Siegel, R.; Senker, J.; Rossler, E.; Weber, B. Proton-driven
coordination-induced spin state switch (PD-CISSS) of iron(II)
complexes. Chem. Commun. 2017, 53, 971−974. (d) Gebretsadik,
T.; Yang, Q.; Wu, J.; Tang, J. Hydrazone based spin crossover
complexes: Behind the extra flexibility of the hydrazone moiety to
switch the spin state. Coord. Chem. Rev. 2021, 431, 213666−213691.
(17) Horii, Y.; Horie, Y.; Katoh, K.; Breedlove, B. K.; Yamashita, M.
Changing Single-Molecule Magnet Properties of a Windmill-Like
Distorted Terbium(III) α-Butoxy-Substituted Phthalocyaninato Dou-
ble-Decker Complex by Protonation/Deprotonation. Inorg. Chem.
2018, 57, 565−574.
(18) Gao, Y.; Li, R.; Dong, S.; Bian, Y.; Jiang, J. Bis-
[1,4,8,11,15,18,22,25-octa(butyloxyl)phthalocyaninato] rare earth
double-decker complexes: synthesis, spectroscopy, and molecular
structure. Dalton Trans. 2010, 39, 1321−1327.
(19) Tanaka, D.; Sumitani, N.; Inose, T.; Tanaka, H.; Ishikawa, N.;
Ogawa, T. Effect of Protonation on the Single-molecule-magnet
Behavior of a Mixed (Phthalocyaninato)(porphyrinato)terbium
Double-decker Complex. Chem. Lett. 2015, 44, 668−670.
(20) Suzuki, K.; Sato, R.; Mizuno, N. Reversible switching of single-
molecule magnet behaviors by transformation of dinuclear dyspro-
sium cores in polyoxometalates. Chem. Sci. 2013, 4, 596−600.
(21) (a) Gatto, C. C.; Schulz Lang, E.; Kupfer, A.; Hagenbach, A.;
Wille, D.; Abram, U. Dioxouranium Complexes with Acetylpyridine
Benzoylhydrazones and Related Ligands. Z. Anorg. Allg. Chem. 2004,
630, 735−741. (b) Pedrido, R.; Romero, M. J.; Bermejo, M. R.;
Gonzalez-Noya, A. M.; Maneiro, M.; Rodriguez, M. J.; Zaragoza, G.
Influence of the metal size in the structure of the complexes derived
from a pentadentate [N3O2] hydrazone. Dalton Trans. 2006, 5304−
5314. (c) Pelizzi, C.; Pelizzi, G. Investigation into Aroylhydrazones as
Chelating Agents. Synthesis and Structural Characterization of a
Tin(IV) complex with 2,6-Diacetylpyridine Bis(salicyloylhydrazone).
J. Chem. Soc., Dalton Trans. 1980, 1970−1973.
(22) (a) Bonardi, A.; Carini, C.; Merlo, C.; Pelizzi, C.; Pelizzi, G.;
Tarasconi, P.; Vitali, F.; Cavatorta, F. Synthesis, Spectroscopic and
Structural Characterization of Mono- and Bi-nuclear Iron(II)
Complexes with 2,6-Diacetylpyridine bis(acylhydrazones). J. Chem.
Soc., Dalton Trans. 1990, 2771−2777. (b) Bonardi, A.; Merlo, C.;
Pelizzi, C.; Pelizzi, G.; Tarasconi, P.; Cavatorta, F. Synthesis,
Spectroscopic and Structural Characterization of Mono- and Bi-
nuclear Iron(III) Complexes with 2,6-Diacetylpyridine Bis-
(acylhydrazones). J. Chem. Soc., Dalton Trans. 1991, 1063−1069.
(c) Bermejo, M. R.; Pedrido, R.; González-Noya, A. M.; Romero, M.
J.; Vázquez, M.; Sorace, L. Conformational rearrangement of 2,6-
bis(1-salicyloylhydrazonoethyl)pyridine (H4daps) on complexation.

Synthesis and X-ray characterisation of H4daps and its copper helicate
complex [Cu(H2daps)(H2O)]2. 2CH3CN. New J. Chem. 2003, 27,
1753−1759. (d) Pelizzi, C.; Pelizzi, G.; Porretta, S.; Vitali, F.
Structure of a Seven-Coordinated Complex of Nickel, Diaqua[2,6-
diacetylpyridine Bis(2-hydroxybenzoylhydrazone)]nickel(II) Nitrate
Sesquihydrate. Acta Crystallogr., Sect. C: Cryst. Struct. Commun. 1986,
42, 1131−1133. (f) Bermejo, M. R.; Fondo, M.; González, A. M.;
Hoyos, O. L.; Sousa, A.; McAuliffe, C. A.; Hussain, W.; Pritchard, R.;
Novotorsev, V. M. Electrochemical synthesis and structural character-
isation of transition metal complexes with 2,6-bis(1-salicyloyl-
hydrazonoethyl)pyridine, H4daps. J. Chem. Soc., Dalton Trans. 1999,
2211−2218. (g) Pelizzi, C.; Pelizzi, G.; Vitali, F. Investigation into
Aroylhydrazones as Chelating Agents. Part 8.1 Synthesis and
Spectroscopic Characterization of Complexes of Co, Ni, Cu, Zn,
and Cd with 2,6-Diacetylpyridine Bis(salicyloylhydrazone); X-ray
Crystal Structure of Dichloro[2,6-diacetylpyridine bis-
(salicyloylhydrazone)]cadmium(II)−Chloroform−Methanol (1/1/
1). J. Chem. Soc., Dalton Trans. 1987, 177−181. (h) Fondo, M.;
Sousa, A.; Bermejo, M. R.; García-Deibe, A.; Sousa-Pedrares, A.;
Hoyos, O. L.; Helliwell, M. Electrochemical Synthesis and X-ray
Characterisation of Cadmium Complexes Containing 2,6-Bis(1-
salicyloylhydrazonoethyl)pyridine − the Influence of the Supporting
Electrolyte on the Nature of the Isolated Compounds. Eur. J. Inorg.
Chem. 2002, 2002, 703−710. (i) Mondal, A. K.; Mondal, A.; Dey, B.;
Konar, S. Influence of the Coordination Environment on Easy-Plane
Magnetic Anisotropy of Pentagonal Bipyramidal Cobalt(II). Inorg.
Chem. 2018, 57, 9999−10008. (j) Bermejo, M. R.; Sousa, A.; Fondo,
M.; González, A. M.; Hoyos, O. L.; Pedrido, R.; Maestro, M. A.;
Mahía, J. Crystallisation Solvent Influence on the Crystal Structures of
MnII and NiII Complexes with 2,6-bis(1-salicyloylhydrazonoethyl)-
pyridine, H4daps. Z. Anorg. Allg. Chem. 2000, 626, 506−513.
(k) Naskar, S.; Mishra, D.; Chattopadhyay, S. K.; Corbella, M.;
Blake, A. J. Versatility of 2,6-diacetylpyridine (dap) hydrazones in
stabilizing uncommon coordination geometries of Mn(II): synthesis,
spectroscopic, magnetic and structural characterization. Dalton Trans.
2005, 2428−2435.
(23) (a) Mondal, A. K.; Goswami, S.; Konar, S. Influence of the
coordination environment on slow magnetic relaxation and photo-
luminescence behavior in two mononuclear dysprosium(III) based
single molecule magnets. Dalton Trans. 2015, 44, 5086−5094.
(b) Bar, A. K.; Kalita, P.; Sutter, J. P.; Chandrasekhar, V.
Pentagonal-Bipyramid Ln(III) Complexes Exhibiting Single-Ion-
Magnet Behavior: A Rational Synthetic Approach for a Rigid
Equatorial Plane. Inorg. Chem. 2018, 57, 2398−2401.
(24) Fondo, M.; Corredoira-Vazquez, J.; Garcia-Deibe, A. M.;
Sanmartin-Matalobos, J.; Herrera, J. M.; Colacio, E. Tb2, Dy2, and
Zn2Dy4 Complexes Showing the Unusual Versatility of a Hydrazone
Ligand toward Lanthanoid Ions: a Structural and Magnetic Study.
Inorg. Chem. 2018, 57, 10100−10110.
(25) SAINT; Program for Data Extraction and Reduction, Siemens
Analytical X-ray Instruments: Madison, WI, 1994−1996.
(26) (a) Sheldrick, G. M. SHELXT-integrated space-group and
crystal-structure determination. Acta Crystallogr., Sect. C: Found. Adv.
2015, 71, 3−8. (b) Sheldrick, G. M. A short history of SHELX. Acta
Crystallogr., Sect. A: Found. Crystallogr. 2008, 64, 112−122.
(27) Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A.;
Puschmann, H. OLEX2: a complete structure solution, refinement
and analysis program. J. Appl. Crystallogr. 2009, 42, 339−341.
(28) Kahn, O. Molecular Magnetism; VCH Publishers, Inc.: New
York, 1993; p 3, Table 1.1.
(29) Hans Reich’s Collection. Bordwell pKa Table. https://
organicchemistrydata.org/hansreich/resources/pka (accessed 2022-
01-12).
(30) Llunell, M.; Casanova, D.; Cirera, J.; Alemany, P.; Alvarez, S.
SHAPE, version 2.1; Universitat de Barcelona: Barcelona, Spain, 2013.
(31) (a) Carlin, R. L.; van Duyneveldt, A. J. Magnetic Properties of
Transition Metal Compounds; Springer: New York, 1976. (b) Carlin,
R. L. Magneto-chemistry; Springer-Verlag: New York, 1986.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.1c03639
Inorg. Chem. 2022, 61, 2272−2283

2282

https://doi.org/10.1021/cm400116h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b09103?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b09103?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b09103?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja404846s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja404846s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja404846s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8TC00353J
https://doi.org/10.1039/C8TC00353J
https://doi.org/10.1039/C8TC00353J
https://doi.org/10.1021/jacs.9b07204?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b07204?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b07204?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.6b01193?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.6b01193?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.6b01193?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6CC08618G
https://doi.org/10.1039/C6CC08618G
https://doi.org/10.1039/C6CC08618G
https://doi.org/10.1016/j.ccr.2020.213666
https://doi.org/10.1016/j.ccr.2020.213666
https://doi.org/10.1016/j.ccr.2020.213666
https://doi.org/10.1021/acs.inorgchem.7b02124?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.7b02124?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.7b02124?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/B911178F
https://doi.org/10.1039/B911178F
https://doi.org/10.1039/B911178F
https://doi.org/10.1039/B911178F
https://doi.org/10.1246/cl.150034
https://doi.org/10.1246/cl.150034
https://doi.org/10.1246/cl.150034
https://doi.org/10.1039/C2SC21619A
https://doi.org/10.1039/C2SC21619A
https://doi.org/10.1039/C2SC21619A
https://doi.org/10.1002/zaac.200400024
https://doi.org/10.1002/zaac.200400024
https://doi.org/10.1039/B610010D
https://doi.org/10.1039/B610010D
https://doi.org/10.1039/dt9800001970
https://doi.org/10.1039/dt9800001970
https://doi.org/10.1039/dt9800001970
https://doi.org/10.1039/dt9900002771
https://doi.org/10.1039/dt9900002771
https://doi.org/10.1039/dt9900002771
https://doi.org/10.1039/dt9910001063
https://doi.org/10.1039/dt9910001063
https://doi.org/10.1039/dt9910001063
https://doi.org/10.1039/dt9910001063
https://doi.org/10.1039/B305354G
https://doi.org/10.1039/B305354G
https://doi.org/10.1039/B305354G
https://doi.org/10.1039/B305354G
https://doi.org/10.1107/S0108270186093149
https://doi.org/10.1107/S0108270186093149
https://doi.org/10.1107/S0108270186093149
https://doi.org/10.1039/a902018g
https://doi.org/10.1039/a902018g
https://doi.org/10.1039/a902018g
https://doi.org/10.1039/DT9870000177
https://doi.org/10.1039/DT9870000177
https://doi.org/10.1039/DT9870000177
https://doi.org/10.1039/DT9870000177
https://doi.org/10.1039/DT9870000177
https://doi.org/10.1039/DT9870000177
https://doi.org/10.1039/DT9870000177
https://doi.org/10.1002/1099-0682(200203)2002:3<703::AID-EJIC703>3.0.CO;2-A
https://doi.org/10.1002/1099-0682(200203)2002:3<703::AID-EJIC703>3.0.CO;2-A
https://doi.org/10.1002/1099-0682(200203)2002:3<703::AID-EJIC703>3.0.CO;2-A
https://doi.org/10.1002/1099-0682(200203)2002:3<703::AID-EJIC703>3.0.CO;2-A
https://doi.org/10.1021/acs.inorgchem.8b01162?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.8b01162?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/(SICI)1521-3749(200002)626:2<506::AID-ZAAC506>3.0.CO;2-E
https://doi.org/10.1002/(SICI)1521-3749(200002)626:2<506::AID-ZAAC506>3.0.CO;2-E
https://doi.org/10.1002/(SICI)1521-3749(200002)626:2<506::AID-ZAAC506>3.0.CO;2-E
https://doi.org/10.1039/b503891j
https://doi.org/10.1039/b503891j
https://doi.org/10.1039/b503891j
https://doi.org/10.1039/C4DT03620D
https://doi.org/10.1039/C4DT03620D
https://doi.org/10.1039/C4DT03620D
https://doi.org/10.1039/C4DT03620D
https://doi.org/10.1021/acs.inorgchem.8b00059?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.8b00059?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.8b00059?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.8b01251?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.8b01251?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.8b01251?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S0108767307043930
https://doi.org/10.1107/S0021889808042726
https://doi.org/10.1107/S0021889808042726
https://organicchemistrydata.org/hansreich/resources/pka
https://organicchemistrydata.org/hansreich/resources/pka
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c03639?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(32) Liddle, S. T.; van Slageren, J. Improving f-element single
molecule magnets. Chem. Soc. Rev. 2015, 44, 6655−6669.
(33) Chilton, N. F.; Collison, D.; McInnes, E. J. L.; Winpenny, R. E.
P.; Soncini, A. An electrostatic model for the determination of
magnetic anisotropy in dysprosium complexes. Nat. Commun. 2013,
4, 2551−2558.
(34) Ungur, L.; Lin, S.-Y.; Tang, J.; Chibotaru, L. F. Single-molecule
toroics in Ising-type lanthanide molecular clusters. Chem. Soc. Rev.
2014, 43, 6894−6905.
(35) (a) Huang, X.-C.; Zhang, M.; Wu, D.; Shao, D.; Zhao, X.-H.;
Huang, W.; Wang, X.-Y. Single molecule magnet behavior observed in
a 1-D dysprosium chain with quasi- D5h symmetry. Dalton Trans.
2015, 44, 20834−20838. (b) Wu, D.-Q.; Shao, D.; Wei, X.-Q.; Shen,
F.-X.; Shi, L.; Zhang, Y.-Q.; Wang, X.-Y. Single-ion magnetism in
seven-coordinate YbIII complexes with distorted D5h coordination
geometry. Dalton Trans. 2017, 46, 12884−12892.
(36) (a) Ding, X.-L.; Zhai, Y.-Q.; Han, T.; Chen, W.-P.; Ding, Y.-S.;
Zheng, Y.-Z. A local D4h symmetric dysprosium(III) single-molecule
magnet with an energy barrier exceeding 2000 K. Chem.Eur. J.
2021, 27, 2623−2627. (b) Yu, K.-X.; Kragskow, J. G. C.; Ding, Y.-S.;
Zhai, Y.-Q.; Reta, D.; Chilton, N.-F.; Zheng, Y.-Z. Enhancing
magnetic hysteresis in single-molecule magnets by ligand functional-
ization. Chem. 2020, 6, 1777−1793.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.1c03639
Inorg. Chem. 2022, 61, 2272−2283

2283

 Recommended by ACS

Solvent Modification of the Structures and Magnetic
Properties of a Series of Dysprosium(III) Single-Molecule
Magnets
Hong-Qing Li, Xin-Yi Wang, et al.
OCTOBER 26, 2022
INORGANIC CHEMISTRY READ 

Series of Benzoquinone-Bridged Dicobalt(II) Single-Molecule
Magnets
Binling Yao, Yuan-Zhu Zhang, et al.
SEPTEMBER 22, 2022
INORGANIC CHEMISTRY READ 

Heteroleptic Dysprosium(III) Single-Molecule Magnets with
Amidinate and Cyclopentadienyl Ligands
Yidian Wang, Yan-Zhen Zheng, et al.
OCTOBER 03, 2022
CRYSTAL GROWTH & DESIGN READ 

Low-Coordinate Erbium(III) Single-Molecule Magnets with
Photochromic Behavior
Katarzyna Rogacz, Dawid Pinkowicz, et al.
OCTOBER 05, 2022
INORGANIC CHEMISTRY READ 

Get More Suggestions >

https://doi.org/10.1039/C5CS00222B
https://doi.org/10.1039/C5CS00222B
https://doi.org/10.1038/ncomms3551
https://doi.org/10.1038/ncomms3551
https://doi.org/10.1039/C4CS00095A
https://doi.org/10.1039/C4CS00095A
https://doi.org/10.1039/C5DT04147C
https://doi.org/10.1039/C5DT04147C
https://doi.org/10.1039/C7DT02461D
https://doi.org/10.1039/C7DT02461D
https://doi.org/10.1039/C7DT02461D
https://doi.org/10.1002/chem.202003931
https://doi.org/10.1002/chem.202003931
https://doi.org/10.1016/j.chempr.2020.04.024
https://doi.org/10.1016/j.chempr.2020.04.024
https://doi.org/10.1016/j.chempr.2020.04.024
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c03639?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02513?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02513?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02513?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02513?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02513?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02513?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02513?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02513?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02513?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02513?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02513?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02513?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02513?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02513?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02513?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02513?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02513?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02513?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02513?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02513?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02513?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02513?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02513?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02513?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02513?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02513?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02513?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02513?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02513?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02513?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02513?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02513?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02513?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01851?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01851?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01851?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01851?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01851?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01851?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01851?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01851?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01851?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01851?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01851?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01851?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01851?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01851?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01851?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01851?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01851?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01851?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00892?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00892?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00892?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00892?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00892?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00892?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00892?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00892?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00892?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00892?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00892?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00892?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00892?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00892?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00892?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00892?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00892?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00892?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00892?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00892?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00892?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.cgd.2c00892?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01999?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01999?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01999?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01999?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01999?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01999?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01999?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01999?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01999?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01999?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01999?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01999?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01999?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01999?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01999?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01999?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01999?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01999?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01999?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01999?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1668694822&referrer_DOI=10.1021%2Facs.inorgchem.1c03639
https://preferences.acs.org/ai_alert?follow=1

