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ABSTRACT: The unique family of coordination polymers
[Ln,(OH),(piv),o(H,0),]s of 11 lanthanides (Ln = La—Er) has
been prepared by a simple solution method based on controlled
hydrolysis. The ribbon-like polymeric structure consisting of connected
tetranuclear clusters and supported by pivalate ligands and a framework
of H-bonds has been revealed by single-crystal X-ray diffraction. While
the compounds demonstrate similar PXRD patterns and unit cell ~@[Ln«OHepPV)ioHO)l  {Lns(OH)Piv)io}=  B-[Lne(OH)2(piv}1o(Hz0)z]
parameters, the joint single-crystal XRD and pair distribution function ) 2 2

data suggest the significant local structure change along the lanthanide P e R Va2

series. The compounds exist as two packing polymorphs (a and f3) with ' M G

similar ribbon geometry, but different supramolecular arrangement of S S

the ribbons. Dehydration of either polymorph does not disturb the Ln = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er
tetranuclear core but leads to a translational symmetry loss along the

ribbon and a transformation of the 3D-ordered crystal into a 2D-ordered mesostructure. Rehydration of the mesostructure leads to
the  polymorph (except La and Ce), allowing the deliberate switching between the polymorphs via dehydration—rehydration
evidenced by means of powder X-ray diffraction, pair distribution function analysis, and density functional theory calculations. Ab
initio calculations reveal significant magnetic anisotropy of Ln*" ions with ferro- and antiferromagnetic interactions within
tetranuclear [Ln,(OH),(piv),o(H,0O),] species. Magnetic susceptibility measurements demonstrated antiferromagnetic coupling,
slow magnetic relaxation for Dy, Ho, and Er complexes, and field-induced single-chain magnetism for the Dy compound.

1. INTRODUCTION lanthanide salt in the presence of an organic ligand acting as a
shield for the emerging polynuclear core and preventing it

Polynuclear coordination compounds of lanthanides have
from further condensation into lanthanide hydroxide. This

drawn significant attention due to their potential applications

as magnetic,l’z luminescent, > bioactive,” and catalytic approach was found to be extremely versatile due to the variety
materials”” and fascinating crystal structures. The similarity of organic ligands available to control the hydrolysis: amino
of chemical and structural properties of lanthanides allows one acids,” Schiff bases,”*** and diketones.”*~*" Recently, a novel
to finely control physical properties of the synthesized two-step approach based on controlled hydrolysis and
compounds by choice of a certain rare earth element. In reconstruction of a hexanuclear {Lng(u3-OH)g} core for the
particular, Gd-, Dy-, Ho-, and Er-based cluster compounds synthesis of the lanthanide hydroxo pivalate molecular clusters
attract attention as molecular magnets with a large spin ground has been reported.29

state and large magnetic anisotropy with potential applications In recent years, attempts have been made to use discrete
in quantum computing,” high-density memory devices,” and molecular clusters of lanthanides as secondary building units to

magnetocaloric materials.'~'> One of the most attractive
architectures for these applications is a planar tetranuclear
“butterfly” core.” >~

Although a variety of architectures from simple di- and
trinuclear complexes to extremely complex ones containing up
to 76 metal atoms per molecule”® were reported to date, only
two different synthetic approaches prevail to obtain a cluster
compound. The first one is based on the careful hydrolysis of
lanthanide nitrates, yielding {Lng(u3-OH)g}-based molecular
clusters.”"** The second one is the controlled hydrolysis of a

be joined into coordination polymers of different dimension-
alities.”””" Those compounds attract a great deal of attention
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Scheme 1. Different Methods Applied for Synthesis and Respective Products for Each Ln“
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The colored bars represent products with a particular composition. Note the overlapping regions in the case of non-aqueous solutions indicating a
mixture of products. [Ln(piv);L], is the general representation of mixed-ligand lanthanide pivalate complexes with monoethanolamine which were

reported elsewhere.*

due to the variety of their possible applications as porous
materials for gas sorption and separation,’””’ selective
catalysis,” sensing,”* "> or drug delivery.”” As the deliberate
design and construction of coordination polymers from
discrete preorganized polynuclear clusters of lower nuclearity,
such as Lng and Ln,, is still a challenge, focusing on the
chemistry of those clusters is the key to establishing new
synthetic approaches and revealing the peculiarities of
lanthanide interactions within a cluster.

A variety of tetranuclear lanthanide compounds have been
characterized to date, defining the two most common
architectures. The first one is a “cubane” {Ln,(u;-OH),}
core with a tetrahedral arrangement of metal atoms, frequently
found both as a base of tetranuclear molecular compounds®**”
and as a building block of more complex polynuclear structures
made of several joint cubanes,’”*' but also observed as
building units of coordination polymers.””~** The second
common tetranuclear cluster architecture is a {Ln,(u;-OH),}
or {Ln,(3-O),} butterfly core with a planar arrangement of
four metal atoms. It has been often reported in different
molecular complexes”*~"” as well as in coordination
polymers.*>~™* Among them, the study of 1D coordination
polymers with only a few inter-cluster connections may help to
reveal how the linking of clusters would influence the intra-
cluster interactions, e.g, magnetic exchange. As reported
earlier, the shielding effect of bulky pivalate ligands (Hpiv,
pivalic acid, C(CH;);COOH) allows stabilizing both 1D
coordination polymers*® and polynuclear lanthanide clusters.”
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Here, we report on the new family of 1D lanthanide hydroxo
pivalates with a tetranuclear butterfly core for 11 lanthanides,
the controlled transformation of their supramolecular organ-
ization, and their magnetic properties.

2. RESULTS AND DISCUSSION

Synthesis. Preparation of lanthanide hydroxo pivalates
[Ln,(OH),(piv),o(H,0),] (Ln,, Ln = La, n = 4; Ln = Ce—Er,
n = 2) was performed by self-regulated hydrolysis via the
reaction between lanthanide nitrates as a metal source and
several aqueous (method 1) and nonaqueous (methods 2a and
2b) buffer media (Scheme 1). According to powder XRD data,
as-obtained Ln, compounds belong to the triclinic a-Ln,
structural type with a minor admixture of monoclinic f-Ln,
phase in some cases. Among the tested procedures, the
equimolar aqueous solution of Na(piv) and Hpiv (pK, (Hpiv)
= 5.03) demonstrated higher reproducibility and yields. See
Table S1 for the characterization data of the compounds.

During the adjustment of the method 1, we have obtained a
trinuclear complex [La;(piv)s(NO;)(H,0)q](H,0), as a
minor byproduct (Scheme 1). We managed to isolate several
single crystals of the compound and to determine its crystal
structure (Figure S1; Tables S2, S3).

In general, two other reaction products—tris-pivalates
[Ln(piv);], and mixed-ligand complexes [Ln(piv);L],—can
be formed in this system. For the beginning of the series, the
preference toward higher coordination numbers often leads to
a formation of mixed-ligand complexes with a saturated
coordination environment.” Lanthanide contraction results
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in the decrease of coordination number, manifested, for
instance, in the similar system of lanthanide tris-acetates.’’”>*
At the same time, a smaller ionic radius makes the heavier
lanthanides prone to hydrolysis, yielding hydroxo pivalates. For
the smallest lanthanides (Tm, Yb, Lu), the shielding effect of
bulky pivalate anions defines the formation of tris-pivalates
without hydrolysis.**

Remarkably, both methods 1 and 2 lead to the products with
an equal degree of hydrolysis, giving the evidence of high
stability of the Ln, architecture. At the same time, water as a
solvent promotes hydrolysis, making the formation of hydroxo
pivalates favorable for the widest range of lanthanides.
Additionally, the hydrophobic nature of the pivalate ligand
obstructs further condensation by shielding the polar
lanthanide-oxygen cores, thus preventing deeper hydrolysis.
The stability of the polynuclear architecture is confirmed by
the results of MALDI MS (Figure S2).

Several synthetic procedures for the tetranuclear compounds
containing a planar {Ln,(y;-OH),} core supported by pivalate
anions have been reported to date. The majority of them use
triethylamine as a noncoordinating base to induce hydrolysis,
and bulky capping agents (Schiff bases,*** diketones,>*~**
triazole derivatives,*> and phenol derivatives®>*°) to prevent
further hydrolysis. Abbas and co-workers” used N-methyl-
diethanolamine as a bifunctional ligand which acts as a base to
support the hydrolysis and is at the same time coordinated to
the metal cluster, preventing the process from proceeding
deeper.

Method 1 here presented, in contrast to those mentioned
above, does not require any additional base, since the
hydrolysis is induced by the Hpiv/Na(piv) mixture itself.
The intrinsic buffer properties of the mixture ensure a
controlled hydrolysis by pH retaining. This feature of the
method allows obtaining, in a reproducible way, pre-hydro-
lyzed Ln, species to be used as precursors for other families of
polynuclear compounds.*”

The Ln, compounds (either a or /) release water upon
heating up to 200 °C in air and in argon, and up to 130 °C
under vacuum (Figure S3), yielding dehydrated lanthanide
species (hereafter referred to as Ln,") with few Bragg peaks on
PXRD patterns. Deliberately soaking in water or long exposure
of Ln,” in air leads to their rehydration to Ln, with the same
water content measured for the as-obtained Ln, according to
IR, TG-DTA as well as PXRD data. The obtained polymorph
after rehydration depends on the lanthanide: a-Ln, for Ln =
La, Ce and f-Ln, for Ln = Pr—Er (Figure S4). The structures
of the crystalline Ln, species and the details of structural
transformations during dehydration and rehydration are
discussed further below, with the support of XRD, pair
distribution function (PDF), and DFT data.

X-ray Crystal Structures. The Ln, crystal structures
appeared in two polymorphic forms—a triclinic one (referred
to as a-Ln,) and a monoclinic one ($-Ln,). Both polymorphs
contain 1D [Ln,(OH),(piv),o(H,0),]s ribbons of similar
geometry, noticeably differing in the packing motif of the
ribbons within the structure.

Crystal Structure of @-Ln,. The triclinic a-Ln, polymorph
has been observed for Ln = La—Er at both low and room
temperature (Table S4). Three subtypes of this polymorph
exist: [La,(OH),(piv),0(H,0),] (a-La,, Figure SS);
[Ln,(OH),(piv);o(H,0),], Ln Ce—Dy (a-Ce,);
[Ln,(OH),(piv),9(H,0),], Ln = Ho, Er (a-Er,, Figure S6).
As the second one is the most common subtype, the structure
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of a-Ce, is described here in detail. The difference between the
subtypes will be discussed further below. The refinement data
can be found in Table SS.

The triclinic unit cell of a-Ce, contains centrosymmetric
tetranuclear species {Ln,(OH),(piv),,(H,0),} with a “butter-
fly” {Ln,(u5-OH),} core considered as a building unit of the
1D ribbon (Figure 1). Two crystallographically independent
Ln*" ions, labeled as Lnl and Ln2 both with coordination
numbers of 8, exhibit different coordination environments.

Figure 1. Tetranuclear fragment [Ce,(OH),(piv),o(H,0),] in the a-
Ce, structure. Symmetry codes: (i) 1 —x, 1 —y,2 — z; (ii)) 2 —x, 1 —
y, 2 — z; (iii) 1 — , y, z. Dashed lines connecting Ce atoms highlight
the planar tetranuclear {Ln,(y;-OH),} core.

Lnl is coordinated by O1 and O2 atoms of a k*-carboxylate
group, O3 and O4 atoms of a y,-k':k*-carboxylate group, O7
atom of a second y,-k":k*-carboxylate group, OS atom of a yi,-
k':k'-carboxylate group, and O11, O11" atoms of two u;-OH
groups. Ln2 is coordinated by O6 atom of a p,-k'ik'-
carboxylate group, O7 and O8 atoms of a y,-k":k*-carboxylate
group, one O11 atom of a y3-OH group, O12 atom of a water
molecule, and 09, 010" atoms of two u,-k':k'-carboxylate
groups which bridge the tetranuclear core to the neighboring
one. Each metal is thus coordinated by five pivalate anions
exhibiting different coordination modes. Coordination poly-
hedra of the Ln atoms were determined using the continuous
shape measures (CShM) approach implemented in SHAPE2.1
software’” (Tables S6—S9, Figure S7). The full list of Ln--O
interatomic distances and H-bond parameters can be found in
Tables S10 and S11, respectively.

The distances between the three closest Ln atoms within a
tetranuclear core of any Ln, are ranging from 3.7 to 4.2 A
(Figure 2, Table S12), with the smallest Ln-Ln distance
between neighboring cores being ca. 5.0 A. Along the
lanthanide series, the Lnl---Ln2 and Lnl--Lnl' distances
gradually decrease together with ionic radius, whereas the
Lnl--Ln2' distance has a minimum. A steep increase of the
distance for smaller lanthanides (Tb—Er) indicates the
significant steric hindrances. Those are the reasons why the
hydroxo pivalates have not been detected for the smallest
lanthanides (Tm, Yb, Lu).

Despite the stability of the tetranuclear {Ln,(u;-OH),} core
for lanthanides from La to Er, lanthanide contraction leads to
the evolution of the structure along the lanthanide series,
resulting in formation of three distinct subtypes of the a-Ln,
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Figure 2. Ln--Ln distances in the {Ln,(y5-OH),} core. Symmetry
code: (i) 1 — x, 1 — y, 2 — z. The markers connected with the black
line indicate the ionic radius of a particular lanthanide.

crystal structure. The crystal structure of a-La, (Figures SS,
3a) differs from the one of a-Ce, in the extra water molecule
(O13) coordinating Lal, which acquires the coordination
number of 9, while structural functions of the pivalate ligands
are the same as in @-Ce, with similar Ln—O distances (Table
$10). In the crystal structure of a-Er,, (Figures S6, 3a), one of
the pivalate ligands (O3, O4) has a y,-k":x" coordination mode
instead of u,-k":k* in @-Ce,, resulting in the coordination
number of 7 for the Erl atom.

Noticeably, the difference between the three a-Ln, subtypes
with significant variation of the local structure is not
manifested in the PXRD patterns of the compounds (Figure
3b). Therefore, the technique sensitive to the local structure is
required to support the findings of single-crystal XRD analysis.
The PDF data were collected for a-La,, a-Ce,, and @-Er, and
refined using the structural models obtained from the single-

crystal XRD analysis (Figure 3c). The experimental data are
well described by the models, including the noticeable change
in the region of 3—S A originating from the transformation of
the lanthanide-oxygen core local structure (Figure 3a).
Additional PDF refinements performed for the a-La,, a-Ce,,
and a-Er, experimental data with only the a-La, model
produced significantly poorer results (Figure S8), also
supporting the initial findings.

The shielding effect of hydrophobic pivalate anions and
slight transformations of the local structure stabilize the 1D
polymeric structure of Ln, for almost the whole row of
lanthanides. Additional stabilization arises from the H-bond
network formed by the coordinated water molecules and
pivalate anions (Table S11). The y;-OH anion seems not to be
involved into formation of H-bonds, as the shortest distance of
2.684 A between O11--O10" atoms corresponds to an
unreliable O—H--O angle of ca. 104° for a-Ce,.

Within the crystal structure, Ln, ribbons are packed along
the crystallographic direction 4, and their lanthanide atoms are
projected onto an oblate rhombus in the bc plane (Figure
4a,b). The Lnl and Ln2 jons with their symmetry-related
equivalents from neighboring tetranuclear clusters define two
distinct planes (green and purple, respectively, Figures 4, S9)
with 78° of mutual inclination. In this view, for the «
polymorph, the ribbons are packed in the one-layered manner
with the projections of those planes being parallel to each
other (Figure 4c, S10) with a clearly visible 2D pseudo-
hexagonal motif. The respective 2D lattice parameters u and v
are almost equal to each other, and the ¢ angle between them
is close to 120° (Table S4).

Crystal Structure of f-Ln,. The monoclinic unit cell of
the f-Ln, polymorph contains centrosymmetric tetranuclear
species {Ln,(OH),(piv),o(H,0),} with a “butterfly” {Ln,(u5-
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Figure 3. (a) Lanthanide-oxygen cores of the three subtypes of a-Ln,, according to the single-crystal X-ray analysis. (b) PXRD patterns of as-
obtained Ln, (Ln = La, Ce, Er) compounds belonging to three a-Ln, subtypes, 1 = 1.5406 A. Q is the modulus of a scattering vector transfer, Q =
47 sin /. (c) PDF fits (red solid line) of measured data (circles) with the corresponding a-Ln, hydroxo pivalate models from the single-crystal X-
ray analysis for the distance range 1—12 A. Difference curves are offset for clarity.
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a) Ln,ribbon

Figure 4. (a) Arrangement of {Ln,(u3-OH),} cores into 1D [Ln,(OH),(piv),o(H,0),] polymeric ribbon in the crystal structure of a-Ce,. The
dashed lines represent O—H:-O bonds between water molecules and pivalate anions. Lnl and Ln2 planes are highlighted. (b) View of the
[Ln,(OH),(piv),o(H,0),], ribbon along the direction a. (c) Triclinic & packing polymorph of [Ln,(OH),(piv),o(H,0),]s. (d) Monoclinic
packing polymorph of [Ln,(OH),(piv),o(H,0),] H atoms are omitted for clarity. Black lines show unit cell edges. Difference in packing is
highlighted by pale green lines. Dashed blue lines show pseudo-hexagonal 2D lattice based on u and v basis vectors.
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Figure 5. PXRD patterns of as-obtained Ln,, dehydrated Ln,’, and rehydrated Ln, compounds for Ln = Er. Calculated PXRD patterns for a-Nd,
and B-Nd, are given for reference. Vertical dashed lines show calculated peak position and 2D Bravais hexagonal lattice indices with lattice
parameters u = v = 12.95 A. 1 = 0.8266 A.
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OH),} core. Two crystallographically independent eight-fold
coordinated Lnl and Ln2 ions show coordination environ-
ments similar to those of the a-Ln, structure, and differences
between corresponding Nd—O distances in a-Nd, and $-Nd,
do not exceed 0.03 A (Table S10). In contrast to a-Ln,,
ribbons in f-Ln, form two-layered packing in the bc plane with
the bc projections of neighboring layers twisted by $8° (Figure
4d).

Although the tetranuclear “butterfly” building unit is
frequently present in lanthanide compounds as a core of
isolated molecular entities,”'*™"” to the best of our knowledge,
only few coordination polymers constituted of connected
butterfly clusters have been reported to date.”>* Abbas and
co-workers” have reported the family of [Ln,(OH),(mdeaH),-
(piv)g] (Ln = Tb—Tm) molecular compounds isolated from a
system of lanthanide nitrate, pivalic acid, and N-methyldietha-
nolamine (mdeaH,). The latter acted both as a base
(promoting lanthanide hydrolysis) and as a capping ligand
providing the molecular structure of the obtained cluster
compounds. According to continuous shape measures (CShM)
analysis (Tables S6—S9), the arrangement of ligands within the
coordination sphere of [Ln,(OH),(mdeaH),(piv);] is close to
that of [Ln,(OH),(piv);o(H,0),]. Both families include
magnetically active lanthanides Dy, Ho, and Er which allows
specifying the effect of the “butterfly” cluster joining on
magnetic properties of the compounds.

Switching of Supramolecular Arrangement by Dehy-
dration—Rehydration. According to powder XRD data, as-
obtained Ln, compounds (Ln = La—Er) belong to the triclinic
a-Ln, structural type with a minor admixture of the
monoclinic f-Ln, phase in some cases. The intense Bragg
peaks at small angles (3.5—4.5° for 1 = 0.8266 A) in the XRD
patterns (Figure S) correspond to (001), (0—11), and (010)
planes (Figure S10). All of these planes with slightly different
interplanar distances originate from a pseudo-hexagonal close
packing of 1D ribbons (Figure 4) with u = 12.5 A, v = 13.5 A,
@ = 118° for a-Nd,.

Heat treatment of @-Ln, powder, under either air or vacuum
conditions, leads to elimination of coordinated water
molecules and to a solid-state transformation to an anhydrous
Ln," compound ([Ln,(OH),(piv);0]e) showing a reduced-
order mesostructure. The XRD pattern of Ln,” contains only a
few Bragg peaks which are perfectly indexed as a hexagonal 2D
Bravais lattice with lattice parameters for Nd," u = v = 13.074
A, ¢ = 120°, corresponding to a hexagonal supramolecular
arrangement of cylindrical ribbons, while there are no Bragg
peaks that would indicate translation symmetry along the
ribbon.

It is worth noting that rehydration results in 2D lattice
parameters u, v, ¢ in the -Ln, phase, which deviate less from
the ideal hexagonal values than in the a-Ln, phase (Table S4).
In this view, although the transition of Ln,’ to f-Ln, (and not
to a-Ln,) should be preferable, the DFT calculations do not
report any remarkable difference in total lattice energies of the
two packing polymorphs (see Quantum chemical calculations
in the Supporting Information (SI)).

Although PXRD can elucidate the switching between
different packing of the Ln, ribbons, no information on
intra-ribbon transformations can be extracted from Bragg
scattering data. In order to gain information on the local
structure, total X-ray scattering experiments with PDF analysis
supported by DFT modeling have been performed.
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PDF Study of Local Structure Evolution. As described
above, the intense low-angle Bragg peaks (at Q = 0.55 A™) in
PXRD patterns of as-obtained @-Ln,, dehydrated Ln,’, and
rehydrated f-Ln, correspond to pseudo-hexagonal packing of
1D ribbons in the bc plane (Figure S10). In order to extract the
information on the intra-ribbon structure and its evolution,
these peaks have been omitted for PDF calculation and
refinement as they only contain information on this packing
mesostructure (Figure S11), using an approach already
employed for the study of metal—organic frameworks and
metal oxide nanoparticles.”®*” Its validity for the Ln, system is
further reasoned in the SL

The PDF data were collected, and the refinements were
performed for triclinic a-Sm,, 2D-mesostructured Sm,’, and
monoclinic f-Sm,. Local structures of as-obtained a-Sm,
(Figure 6a) and rehydrated f-Sm, (Figure 6¢) proved to be

a-Sm,, R, =0.275

r, A

Figure 6. PDF fits (red solid line) of measured data (circles) with the
Sm hydroxo pivalate models for the distance range 1—-12 A: (a)
triclinic a-Sm, phase (as obtained) fitted with 1D ribbon model
(Figure S12a); (b) 2D-mesostrucured Sm,’ phase (dehydrated) fitted
with Sm,(OH),(piv);, OD cluster model (Figure S12c); (c)
monoclinic f-Sm, phase (rehydrated) fitted with 1D ribbon model.
Difference curves are offset for clarity. See Figure S13 for a PDF on a
distance range up to 40 A.

similar to each other and in agreement with results of SC XRD
of Ln, In particular, the most intense peaks in the
experimental PDFs fit well with Sm-+O (2.5 A) and Sm--Sm
(40 A, 8.1 A, 11.3 A) interatomic distances.

For the PDF refinements of both crystalline Sm, samples, a-
Sm, and $-Smy, a single isolated 1D ribbon-like supramolecule
(of ca. 80 A length) has been set up from the room
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Figure 7. Magnetic properties of as obtained Dy,, Ho,, Er,, and dehydrated Dy,’ compounds: (a) Temperature dependence of y,,T product at
1000 Oe; (b) magnetization versus applied field at 2 K. Symbols show measured data; solid lines are the theoretical fits using the POLY_ANISO

routine.

temperature DFT relaxed crystal structure of f-Sm, and
applied as a structural model (Figure S12, Table S13).

The experimental data are well described by this model,
without further refinement of its structural parameters (atomic
coordinates and atomic displacement parameters).

The PDF of the dehydrated 2D-mesostructured Sm,’
(Figure 6b) reveals that the local structures in the dehydrated
and crystalline compounds are similar in terms of the closest
Sm--O (2.5 A) and Sm--Sm (4.0 A) distances. For a longer
range, the structures (and hence PDFs) differ. In the
dehydrated Sm,’, the peaks at 8.1 and 11.3 A are absent,
corresponding to Sm---Sm distances from atoms in neighboring
tetranuclear clusters in the hydrated phases. The 11.3 A peak is
a translation vector along the ribbon (which is aligned with
crystallographic axis a). The experimental data are well
described by the DFT-optimized model of the molecular
Sm,(OH),(piv),o cluster (Figure S12) which has the same
local structure as Sm, (confirming the integrity of the cluster),
but no translational symmetry, supporting the thesis of
reversible disordering—ordering of tetranuclear clusters along
the ribbon upon dehydration—rehydration.

Magnetic Study. The Ln, clusters with a butterfly core
have been actively studied for the past decade, and Ln, single
molecule magnet (SMM) compounds with record blocking
temperature have been reported.”” The previous data highlight
the pivotal role of the ligand field in the appearance of
magnetic anisotropy for lanthanide ions. Although Shiff bases,
beta-diketonates, pirazolates, and carboxylates (pivalates) were
reported to be appropriate choices for the construction of Ln,
clusters with slow magnetic relaxation, ' #1°>6176* o sig-
nificant attention has been paid to date to the intermolecular
arrangement of tetranuclear clusters, supposing magnetic
behavior to be more strongly affected by the local coordination
environment. The reported Ln, compounds give the unique
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opportunity to reveal the effect of clusters connection and
modification of the magnetic properties.

In order to unveil the influence of 1D ribbon topology and
supramolecular arrangement on magnetic behavior in contrast
to isolated molecular Ln, butterfly clusters, the polycrystalline
powders of as-obtained Dy,, Ho,, and Er, (a polymorphs) as
well as a powder of dehydrated Dy,” have been studied by
direct-current and alternating-current magnetic measurements
in the temperature range of 2—300 K.

The direct current (dc) magnetic data are summarized in
Table S14. The room-temperature values of y,,T (Figure 7a)
are generally close to the expected values of four non-
interacting Ln*" ions (Table S14).

The temperature dependence of magnetic susceptibilities of
Dy,, Ho,, Er,, and Dy,’ compounds shows a similar behavior
in terms of y,T product, which results to be almost
temperature-independent in the range of 300—50 K and
gradually decreases upon further cooling. This behavior is
normally observed for other lanthanide clusters and can be
attributed to thermal depopulation of Stark sublevels of Ln*"
ions, as well as to antiferromagnetic coupling.

Therefore, for purely qualitative comparison of magnetic
behavior within the series, we have performed Curie—Weiss
fits of higher temperature y,,T data (Figures S14—S17) which
showed the antiferromagnetic behavior of all compounds, but
more pronounced for Ho, and Er,. It is worth noting that the
XmT product of Dy, shows a tangible kink in the lower
temperature region with a maximum at 4.6 K, while Dy,’
demonstrates a faster decrease of y,T than Dy, (the
corresponding values of Weiss constant (0) are equal to
—1.63(8) and —0.72(11) K, respectively) without any
anomalies. Thus, despite the almost identical local structure
of Dy, and Dy,” compounds, the dehydration procedure
affects the magnetic behavior. This effect can be ascribed to
structural changes and relative shortening of the inter-cluster

https://doi.org/10.1021/acs.inorgchem.1c00581
Inorg. Chem. 2021, 60, 8049—8061


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00581/suppl_file/ic1c00581_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00581/suppl_file/ic1c00581_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00581/suppl_file/ic1c00581_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00581/suppl_file/ic1c00581_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00581/suppl_file/ic1c00581_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00581/suppl_file/ic1c00581_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00581?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00581?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00581?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00581?fig=fig7&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c00581?rel=cite-as&ref=PDF&jav=VoR

Inorganic Chemistry

pubs.acs.org/IC

Figure 8. Schematic representation of the g tensor of each Ln center in {Dy,(OH),(piv),o(H,0),} (a), {Ho4(O_H)2(piv)10(H20)2} (b), and
{Er,(OH),(piv),0(H,0),} (c). Exchange parameters within the tetranuclear core (d). Blue lines are for Lnl and Ln1’; brown lines are for Ln2 and

Ln2". tert-Butyl groups of pivalate ligands are omitted for clarity.

distances and rearrangement of Dy ions’ magnetic anisotropy
axes.””

The isothermal magnetization of Dy,, Ho,, Er,, and Dy,’
examined at 2 K gradually increases along with the applied dc
field without saturation, even at 7 T (Figures 7b, S18, S19).
The highest values of magnetization (Table S14) are
considerably smaller than the values expected for four isolated
Ln* ions. This behavior could indicate the existence of
magnetic anisotropy and/or the presence of low-lying excited
states.”® Plots of magnetization—magnetic field response for all
reported compounds at 2 K reveal the presence of a hysteresis
effect with a very small coercive field (about 12 Oe) similarly
to isolated Dy, clusters at 1.8 K.”

To gain a deeper insight into the magnetic behavior of Ln,
polymers, the high-level ab initio CASSCF/RASSI-SO/
SINGLE ANISO calculations have been performed. The
Lnl and Ln2 ions within the Ln, cluster have noncollinear
magnetic anisotropy axes (Figure 8). Table S16 shows
calculated low-lying energy states as well as the g tensor of
the ground doublet states on individual lanthanide states in the
investigated compounds. The orientation of magnetic axes
varies for a specific Ln; thus, for Dy,, magnetic axes lie almost
in the mean plane of the Ln, core, whereas Ho, and Er, are
inclined to the plane by 21-56° and 11—14°, respectively
(Table S15). The energy separation between the ground state
and the first excited state is larger for Lnl sites compared to
Ln2 sites, for all investigated compounds (Figure 9 and Table

Figure 9. Local magnetic axes (g, dashed lines) and of the local
magnetic moments (blue arrows) in the two lowest exchange states in
{Dy,(OH),(piv),o(H,0),} (marked bold in Table S17).

$16). This is in line with stronger magnetic anisotropy in the
ground state of sites Lnl compared to sites Ln2. The DFT-
optimized Dy, structure follows in large the above trends.
The magnetic interactions between Ln®" ions include
contributions from magnetic dipole—dipole and exchange
interactions. The exchange coupling was simulated within the
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Lines model as described elsewhere.*>®’ Magnetic behavior of
four interacting Ln*" ions was described using the Lines
exchange Hamiltonian (eq 1), with three coupling constants
(Figure 8d)

Hen = —J1 68y + 818) — LG8, + 818) — L3Sy (1)
where s; are projection operators of the effective spin of the Ln
ion on the corresponding anisotropy axis (Figure 8d). J; are the
parameters of the inter-site magnetic exchange interaction and
represent the only fitting parameters of the employed model.
The inter-site magnetic dipole—dipole interaction is computed
using eq 2 and added to the exchange Hamiltonian

HdiP(i’j) = 'uBZohr x } r3 ] ( )
ij 2

where fi; and fi; are the magnetic moments on the sites i and j,
respectively, as obtained from the SINGLE_ANISO single-site
calculations, n; is the normalized vector connecting sites i and j
(of length = 15 , 1y is the distance between magnetic sites i and
j, and pgp, is the square Bohr magneton constant, with an
approximate value of 0.4329702 cm™'/Tesla. The total
Hamiltonian of magnetic interaction is a sum of the two

operators:

Htotal = Hexch + Hdip (3)

The low-lying energy spectra data obtained by diagonaliza-
tion of the H,y, and of individual H, and Hg, are given in
Table S17. The energy splitting gives a rough estimation of the
importance of exchange and dipolar couplings on the total
interaction. As such, for Dy,, the dipole—dipole interaction
induces a stronger energy splitting compared to exchange
interaction, whereas, in the case of Ho, and Er,, the exchange
and dipolar interactions are of comparable strengths.

The eigenstates of Hy,, are further used for the description
of magnetic susceptibility and molar magnetization of the
entire tetranuclear compounds. The parameters J; were found
by minimization of the standard deviation function between
measured and calculated magnetic susceptibility. Given that
the exchange interaction is rather weak and induces weak
splitting, only the low-temperature experimental data points,
below 70 K, were considered in the fitting. This task was
achieved within the POLY ANISO code.”’

Observed values of coupling parameters are close to those
reported for the related molecular Ln compounds with a
butterfly core. Moreover, the simulated y,,T curve reproduces
well the low temperature anomaly on the experimental data of
the Dy, compound, despite that the theoretical model included
only a single Ln, cluster. This proves that the anomaly indeed
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originates from the interplay between antiferro and ferro-intra-
cluster magnetic interactions (see Table 1).

Table 1. Fitted Values of the Magnetic Exchange
Interactions between Ln** Ions in Ln, (in cm™')“

N1 (Cm_l) L (Cm_l) I3 (Cm_l)
Dy, —-0.0747 —0.078S 0.0900
Ho, —0.144 —0.168 0.442
Er, —0.460 —-1.072 —-0.703

“The dipole—dipole contribution was computed using the Hamil-
tonian in eq 2 and added to the exchange Hamiltonian. The relative
energy splitting corresponding to various contributions to the
magnetic interaction is given in Table S17.

Further experimental study of the magnetic behavior of Dy,,
Ho,, Er,, and Dy,’ has been performed by alternating current
(ac) magnetic measurements in zero dc field within the
temperature range of 2—10 K. Temperature dependence of
out-of-phase (") signals for Dy,, Dy,’, Ho,, and Er, shows a
remarkable frequency dependence below 6 K which indicates
the appearance of a slow magnetization relaxation phenomena.
Assuming the relaxation of magnetization to be a Debye
process, the energy barrier Uy and relaxation time 7, were

estimated using the approach described elsewhere (Figures
$26-529).%° However, no expected maxima in out-of-phase ac
susceptibility have been registered in a temperature range of
2—10 K even for Dy compounds without applying the external
magnetic field (Figure 10). This behavior is common for
lanthanide-based molecular magnets and presumably originates
from the existence of a fast quantum tunneling relaxation of the
magnetization (QTM) promoted by inter-cluster dipolar
interactions.’” In this view, the connection of isolated Dy,
hydroxo pivalate clusters (which had demonstrated a
maximum on y” at 2—3 K for 50—1000 Hz)” into the 1D
coordination polymer leads to the enhancement of QTM effect
and results in a shift of the possible maximum of y” toward
temperatures below the examined range.

Noticeably, if an external magnetic field of 3000 Oe is
applied to Dy,, the QTM is suppressed and the maximum in
x" appears at 3 K at frequencies higher than 3000 Hz,

indicating a field-induced single-chain magnetism (Figure 11).

3. CONCLUSIONS

A new synthetic route based on controlled hydrolysis for a new
family of polynuclear lanthanide hydroxo pivalate complexes
has been developed. The complexes have been assembled via
the connection of tetranuclear butterfly cores into a 1D
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" (b) ac susceptibilities plots at different frequencies for Dy, under
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coordination polymer. The stability of the resulting ribbon
structure, which is provided by H-bonds and the hydrophobic
nature of the pivalate anions, allows one to obtain isostructural
complexes for the majority of the lanthanide series both by
aqueous and nonaqueous methods. This opens a prospect of
creating mixed-metal complexes based on the Ln, architecture
for a fine-tuning of their properties. Ln, hydroxo pivalates exist
in two polymorphic forms (triclinic a-Ln, and monoclinic /-
Ln,) with a substantially different supramolecular arrangement
of flattened ribbons and almost identical lattice energies.
Dehydration of the as-obtained a-Ln, polymorph leads to the
loss of the translational symmetry along the ribbon and the
formation of a hexagonal 2D-ordered Ln,’ mesostructure.
Rehydration of Ln,” surprisingly results in the restoration of
3D crystallinity, yielding the -Ln, phase. Despite the dramatic
change in the ribbon arrangement, the local structure of the
tetranuclear cluster remains intact through the two-step
procedure. Although tetranuclear lanthanide compounds with
a butterfly core are actively studied as potential single-molecule
magnets, the Ln, family is the first demonstration of a ribbon
structure with tetranuclear units, which makes it possible to
compare the single-molecule and single-chain magnetism in
the lanthanide-pivalate system. Magnetic measurements reveal
a weak antiferromagnetic coupling and slow magnetic
relaxation in Dy,, Dy,’, Ho,, and Er,. Ab initio calculations

reveal significant magnetic anisotropy of Ln®" ions with an
interplay between ferro- and antiferromagnetic interactions
within tetranuclear [Ln,(OH),(piv),o(H,0),] species. At the
same time, the data show that additional Ln---Ln interactions
in the described Ln, compounds compared to isolated
tetranuclear clusters lead to enhancement of QTM which is
suppressed under an external magnetic field, promoting the
field-induced single-chain magnetic behavior of Dy,.
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