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ABSTRACT: Optimization of the reaction of [Ln(hfac),]-
2H,0 and pyridine-N-oxide (PyNO), which is known to
afford double-bridged dimers, leads to triple-bridged dimers of
formula [(Ln(hfac),),(PyNO);] (Ln = Gd (1), Dy (2)) from
which the Dy derivative (2) behaves as a single-molecule
magnet (SMM). The pseudo threefold axis symmetry of this
zero-dimensional building block makes possible its extension
into a tridimensional network. By changing PyNO for 4,4'-

bipyridine N,N’-dioxide (4,4'BipyNO) a tridimensional

Rational extension 3D organization of Ln-SMM
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compound of formula {[Ln(hfac);],(4,4'BipyNO),]} (Ln = Eu (3), Gd (4), and Dy (5)) is then rationally obtained. This
covalent three-dimensional (3D) network has a remarkably high cell volume (V = 24419 A®) and is an arrangement of
interpenetrated 3D subnetworks whose triple-bridged dimers still behave as SMMs.

B INTRODUCTION

Rational organization of pre-existing molecular building blocks
is a fundamental tool in coordination chemistry."” This strategy
allows obtaining either original compounds of fundamental
interest or high-performance materials for targeted applica-
tions.> ™ Molecular magnetism is a research area in which this
technique has been widely used especially as soon as high-
10,11 :
temperature molecular magnets were targeted. This
technique also permitted the association of different magnetic
centers into extended structure through step-by-step synthesis
and to a better control of the overall magnetic behavior."””~'* It
is also at the origin of the design of one-dimensional
1521 .
compounds such as molecular chains. In all these previous
cases the linkers and the ways they are connected to the
magnetic node are fundamental as they had to transmit as much
o . . L 22
magnetic interaction as possible between the magnetic ions.

On another hand, magnetism of discrete molecules has
developed %uickly as new original physical properties
emerged.”> "> Organization of magnetic ions into discrete
entities (zero-dimensional) has allowed the observation of
magnetic properties at the molecular level and opened the field
of single-molecule magnets (SMMs).>”*® These molecules have
shown remarkable magnetic properties but also significant
phenomena such as quantum tunneling of the magnet-
ization®*° or Berry phase interference effect.’’ They are also
expected to be good candidates for spintronics applica-
L 3235 L 36
tions or surface-based devices.

It is then exciting to organize SMM into wider molecular
edifices® ™ to combine their local magnetic properties with
those of extended molecular architectures such as coordination

: 40,41 o
polymers or metal—organic frameworks. Such coordination
networks with magnetic properties based on SMM behavior
have been reviewed recently,11 but few of them are actually
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purely three-dimensional®* (3D) and even fewer with
lanthanide-based SMMs.**** Lanthanide ions have boosted
the design of SMMs during the past decade® as their magnetic
e\nisotropy46’47 offer new perspectives on magnetic relaxation
properties.**">* However, their sensibility to their chemical
environment***>~% is a drawback. In fact, if lanthanide ions
with poorly rigid first coordination sphere are considered, their
SMM properties may vanish upon 3D organization as
deformation toward low-symmetry environment occurs. A
possibility is to work with hydrogen-rich ligands and rely on
hydrogen bonding to create a 3D network,®" but this is a highly
serendipitous strategy.

In this work we choose to use rigid lanthanide SMM dimers
and to modify them to allow their organization into 3D
network. We recently reported a detailed investigation on
lanthanide-based dimers of formula [Ln(hfac);PyNO], (hfac =
hexafluoro-acetylacetonate, PyNO = 4-pyridine-N-oxide).%*
These dimers show very good SMM behavior (A = 167 K
for Dy derivative) together with nice evaporability and
luminescence properties. However, organization of these
dimers into an extended network is difficult because the two
bridging ligands that could allow further connection are at 180°
one from the other, and only two-dimensional networks can be
rationally targeted.

We overcome this drawback by designing three-bridged
dimers of formula [Ln(hfac);],(PyNO);] (Ln = Gd (1), Dy
(2)) that also behave as SMMs. The bridging ligands point at
120° from the center of the dimers and allow the rational
design of 3D network of SMM of formula {[Ln(hfac);],-
(4,4'BipyNO);},, (Ln = Eu (3), Gd (4), Dy (5), and
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4,4'BipyNO = 4,4'-bipyridine N,N’-dioxide). To the best of our
knowledge this is the first rationally designed covalent 3D
network made of Ln-based SMMs.

B EXPERIMENTAL SECTION

Starting Materials. All reagents were of analytical grade and used
as received. [Ln(hfac);]-2H,O precursors were synthesized accord-
ingly to previously reported methods.”” PyNO and 4,4'BipyNO were
purchased from TCI chemicals.

Synthesis of the Crystal and Powders of [Ln(hfac);],(PyNO);
1 (Ln = Gd (1), Dy (2)). Ln(hfac);(H,0), (0.2 mmol) is dissolved in
1S mL of boiling n-heptane. Then a 10 mL dry CHCI; solution of
PyNO (0.4 mmol) is added. The resulting boiling mixture is stirred for
5 min, then cooled to room temperature. After some days of slow
evaporation, big colorless prisms are obtained. Powders are obtained
by grinding the crystals. Anal. Calcd (%) for powder of 1: Cus Hy, Fg
0,5 N3 Gd, C 29,30, H 1,14, N 2,28; found: C 29.12, H 1.18, N 2.20.

Synthesis of the Crystal of Compound {[Eu(hfac);],-
(4,4'BipyNO)s},, (3). Eu(hfac);(H,0), (0.05 mmol) is added to S
mL of CHCl;. This solution is then covered by a 3 mL 4,4'BiPyNO
(0.05 mmol) CH;OH solution. The resulting two-layered solution is
sealed and kept at room temperature. The crystals suited for single-
crystal X-ray diffraction are obtained after several days.

Synthesis of the Powders of Compound {[Ln(hfac);l,-
(4,4'BipyNO);},, (Ln = Gd (4), Dy (5)). Ln(hfac);(H,0), (0.1
mmol) is added to 15 mL of CHCl,. Then a 20 mL dry cool CHCl,
solution of 4,4'BipyNO (0.2 mmol) is added. A precipitate appears
and is filtered. Anal. Calcd (%) for powders of 4 and 5: C,5 Hg Fyg
0,5 N, Gd, C 29.35, H 0.98, N 2.28; found C 29.01, H 1.25, N 2.10.
Cys Hyg Fyg Oy5 N, Dy, C 29.16, H 0.98, N 2.27; found C 2897, H
1.28, N 2.18.

B RESULTS AND DISCUSSION

Structure Description. Compound 2 of formula [Dy-
(hfac);],(PyNO),] crystallizes in the P2,/c space group (No.
14). The main structural data are reported in Table 1, and the
molecular structure is shown in Figure 1. The molecule is made
of two Dy(hfac); moieties connected by three PyNO
molecules. Two crystallographically independent Dy™ ions
are found. The oxygen atoms (O1, O2, and O3) of three PyNO

Table 1. Table of Main Crystallographic Parameters of 2 and

complex 2 S

formula CysH,1F36015N3Dy, CysHigF36015N3Eu,
M [g mol™] 1852.62 1828.57
crystal system monoclinic orthorhombic
space group P2,/c (No. 14) F2dd (No. 43)
a [A] 19.573(3) 23.59(5)

b [A] 14.570(5) 28.12(5)

c [A] 21.236(5) 36.80(5)

a [deg] 90.00 90

P [deg] 92.948 90

7 [deg] 90.00 90

V [A%] 6048(3) 24419

V4 4 16

T [K] 150(2) 150(2)

26 range 2.03-27.45 2.03-27.4S
reflns collected 13765 32925
independent reflns 10 584 13453
observed reflns 5010 10909
parameters 910 913

R1/wR? 0.051/0.051/0.1707 0.057/0.1706
GOF 0.988 1.073
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ligands link these two Dy ions in y, mode. Both Dy ions are
nine-coordinated by six oxygen atoms from hfac™ ligands and
three oxygen atoms from PyNO. The Dy—Oy;,. bond lengths
are in the range of 2.34(1)—2.42(8) A. The Dy—Op,yo bonds
are longer with a bond length range of 2.42(8)—2.44(9) A.
Selected bonds distance and angles are listed in Supporting
Information, Table S1. According to the calculation results of
SHAPE software,”>® both Dy ions are in a distorted capped
square antiprism coordination environment of C,, symmetry
(Supporting Information, Figure S1 and Table S2). The square
planes of the antiprism for Dyl are formed by O1, O3, 04, O5
and 02, 06, O7 O8, for Dy2, by 02, O1, O13, O12 and O14
015, 010, O3, respectively. The capped square antiprism
geometry of Dyl is more distorted than the one of Dy2 (C,,
SHAPE factor for Dyl is 0.927 and SHAPE factor for Dy2 is
0.605). The intramolecular Dy—Dy distance is 3.86(1) A. Each
dimer is well-isolated, and the shortest interdimer Dy—Dy
distance is 9.912(4) A (Figure 1). Isostructurality of 1 with 2 is
confirmed on the basis of comparison of X-ray diffraction
powder patterns (Supporting Information, Figure S2).

In compounds 1 and 2 the three bridging PyNO ligands
point at 120° from the middle of the dimer (Figure 2).
Consequently the substitution of PyNO ligand for the bis-
monodentate 4,4'BipyNO can make possible the organization
of the dimers into an extended network. Two phases slow
diftusion of Eu-based precursor and 4,4'BipyNO affords single
crystals of {[Eu(hfac),],(4,4'BipyNO);},, (3). Despite great
synthetic efforts the Eu™ derivative is the only one that has
been obtained as single crystal, but the isostructurality of the
other derivatives that contain Gd (4) or Dy(5) are evidenced
on the basis of comparison of X-ray powder patterns
(Supporting Information, Figure S4).

Compound 3 crystallizes in the F2dd space group (No. 43)
with an asymmetric unit composed of two Eu(hfac); motifs and
two 4,4'BipyNO ligands. Each Eu(hfac); motif is connected to
three 4,4BipyNO ligands that point at 120° from the middle of
the dimer and form a 3D coordination framework that
crystallize with a quite high cell volume (24420 A’; Figure
2). This validates the rational design approach previously
described.

Main structural parameters are listed in Table 1. Two
crystallographically independent Eu'™ centers are found in the
asymmetric unit (Figure 2). Both Eu ions are nine-coordinated
and surrounded by six oxygen atoms from hfac™ ligands and
three oxygen atoms from 4,4'BipyNO N-oxide groups. The
bond lengths around Eul and Eu2 are similar. (Eul—Oyg,. =
2.34(7)=2.44(7) A, Bul=O,yppno = 2.16(0)-2.51(8) A,
Eu2—Oyp. = 2.37(9)—2.43(7), and Eu2—Oy ogae = 2.44(8)—
2.54(7) A). Selected bond data are listed in Supporting
Information, Table S3. Both Eu ions are in a distorted capped
square antiprism coordination environments (C,,)**”% (Sup-
porting Information, Figure S3). Intradimer distances are
3.94(1) and 3.93(2) A for Eul—Eul and Eu2—Eu2,
respectively. Each dimer is well-isolated, with the shortest
interdimer Eu—FEu distance of 12.04(7) A.

The topological analysis of 3 by TOPOS software®® reveals
that the obtained 3D network belongs to the ThSi, network
family (Figure 3). If the Eu™ dimers are considered as three-
connected nodes and 4'4BipyNO as linkers, then each node has
three angles, and each of the angles is part of a 10-membered
shortest circuit. Consequently the 3D network has the Wells
point symbol (10,3)-b. Each single 3D network consists of large
windows (40 X 12.55 A) that are filled via mutual
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Figure 1. (left) Representation of the [(Dy(hfac);),(PyNO);] (2) dimer with labeling scheme. (right) Projection view of the crystal packing of
[(Dy(hfac);),(PyNO);] (2) along the b axis. Hydrogen atoms omitted for clarity.
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Figure 2. (left) Representation of the [(Dy(hfac);),(PyNO),] (2) dimer core with the three PyNO ligands pointing at 120° from each other. (right)
Representation of {[Eu(hfac);],(BipyNO);},, (3) with the three-connected [Eu(hfac);], dimers. Hydrogen atoms omitted for clarity.

Figure 3. Topological representation of the threefold network of 3.
(left) Simplified single ThSi, network, red three-connected point are
Eu-based dimers, blue stick are 4,4'BipyNO ligands. (right) Overall
representation of the interpenetrated networks.

interpenetration of three independent equivalent networks,
generating a threefold interpenetrated 3D network (Figure 3).

Magnetic Properties. To have some insight into the Ln"'—
Ln™ interaction in the dimers y,,T versus T curves of the Gd
derivatives of the dimer (1) and the 3D network (4) were
measured (Supporting Information, Figures SS and S6). On
both compounds weak antiferromagnetic coupling is observed
(see Supporting Information). The direct current (dc)
magnetic properties of the corresponding Dy"-based com-
pounds 2 and 5§ were investigated under a 1000 Oe field in the
temperature range of 1.8—300 K (Figure 4). At room
temperature, the yT values of both compounds are 27.17
and 27.72 emu K mol ™!, respectively. These values are in good
agreement with the expected theoretical values (28.34 emu K
mol™") for two noninteracting Dy ions (*Hys, S =5/2, L =S, g
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Figure 4. Temperature dependence of yT for 2 (O) and $ (@®).

= 4/3). When the compounds cooled, the T values of both
compounds decrease because of a progressive depopulation of
the levels of the J = 15/2 multiplet of the Dy ions.

This phenomenon hampers the direct determination of the
nature of the magnetic exchange interaction in the dimer.
Common estimation of Dy—Dy interaction can be provided by
considering Stevens crystal-field parameters of a given geometry
around the lanthanide to reproduce yT versus T curves. In our
case this procedure was not possible for two main reasons: (i)
strong distortion from ideal symmetry of the coordination
polyhedra are observed and (ii) two crystallographically
independent Ln™ must be considered, which leads to system
overparametrizaton.

To characterize the SMM properties of compounds 2 and §,
the in-phase y," and the out-of-phase y," components of the
alternating current (ac) susceptibility were measured at various
frequencies with a 3 Oe oscillating field. Compound 2 exhibits
out-of-phase signal in zero dc field that is found temperature-
independent possibly because of the occurrence of a fast
relaxation of the magnetization (~800 Hz) through a quantum
tunneling mechanism. At that stage in-field ac measurements
can be performed to suppress this fast relaxation mechanism.
For compound 2, the dc field that induces the slowest
relaxation is Hy. = 1900 Oe (Figure S). Clear frequency
dependence of the in-phase and out-of-phase components of

v and vy (Figure 6 and Supporting Information, Figure S7)
is then observed. However, a double relaxation process is visible
at low temperature®” (2—4 K region), probably because each
Dy contributes to yy” in a different temperature range. On §,
this overall picture is shifted toward high frequency so as the
zero field relaxation is not visible anymore and Hy. = 1900 Oe
induces a magnetic relaxation that is 30 times faster (Figures S,
6, and Supporting Information, Figure S8).

The y\" versus frequency curves of both compounds were
fitted by an extended Debye model, and the extracted relaxation
times are reported in Figure 7 and Supporting Information,
Tables SS and S6. For compound 2, the shoulder observed in
the yy" versus T plot induces a bumpy Arrhenius plot at low
temperature. However, at high temperature, the relaxation is
governed by a thermally activated mechanism. The fitting of the
Arrhenius plot gives an effective energy barrier of 24.4 K and a
7o = 3.18 X 107 5. For compound §, the fitting of the Arrhenius
plot gives a lower effective energy barrier of 10.3 K and a 7, =
1.25 X 107° s. These 7, values are likely to highlight additional
relaxation processes in the compounds.®’

It is worth noticing that two other examples of 3D arrays of
Ln-based SMMs have been reported.*>** They both rely on
association of carboxylate-based ligand and lanthanides under
hydrothermal conditions. Depending on the arrays, the
magnetic properties are very signiﬁcant43 or rather poor,44
illustrating the serendipity of this approach. Moreover this one-
step synthesis does not allow for independent study of the
magnetic building blocks of the compounds.

Our group has previously reported a dimer that is similar to 1
and 2 but where the two Dy(hfac); moieties are bridged by two
and not three pyridine-N-oxide ligands.®> The Dy ion is then
eight-coordinated in a D,; site symmetry (square antiprism),
and the compound shows remarkable SMM properties (A =
167 K). Obviously, the O9 coordination of the Dy™ in 2 and §
is less favorable to an equatorial stabilization of the 4f electron
density (“oblate” ion)* and to enhance a SMM behavior.
However, this O9 geometry is an asset as soon as one wants to
organize the dimers into tridimensional molecular architectures.
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B CONCLUSION

In this paper, we present a three-bridged dimer [(Ln(hfac);),-
(PyNO),] (Ln = Gd (1), Dy (2)) generated by the reaction of
Ln(hfac);(H,0), and PyNO. Compound 2 is an in-field SMM.
The structural peculiarity of this zero-dimensional dimer allows
its extension into an infinite coordination network by changing
its bridging ligand for a bis-bridging one. The 3D compound
{[Ln(hfac) ], (44'BipyNO), ., (Ln = Eu (3), Gd (4), Dy (5))
is a triple-interpenetrated open framework with TiSh2 topology
with triply interconnected lanthanide dimers. In §, SMM
behavior of the dimers is still visible validating this rational
approach. This is a step forward in the search for 3D
frameworks based on SMMs. Further optimization of this
network may be achieved by using more rigid and/or bulkier
ligands than 4,4'BipyNO to avoid distortion of the lanthanide
environment and interpenetration of the network. This may
optimize the SMM properties and provide porosity to the
compound. Such metal organic framework based on Dy-SMMs

5217

would offer nice perspective as soon as interplay between MOF
properties®®® and SMMs are targeted”® as, for example, guest-
tuning of SMMs and/or of luminescent properties.

B ASSOCIATED CONTENT
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Selected bond angles and distances, illustrated coordination
environments, SHAPE factor data, X-ray powder diffraction
patterns, plots indicating temperature dependence of y,,T and
frequency dependence of in-phase and out-of-phase compo-
nents of magnetization, data extracted from plots, explanation
of fitting procedure, crystallographic data in CIF files. The
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