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A series of 12 new metal-organic frameworks based on lanthanide cations (Ln = Nd, Sm-Dy), octahedral
cluster anions [RegSs(CN)gl*™ or [RegSes(CN)gl*™ and adipamide (adp) were synthesized under mild
conditions in aqueous ethanol solutions. Compounds of the general composition Cs[Ln(adp),{Reg-
Qg(CN)e}l-3H,0 (Ln = Nd, Sm-Dy; Q = S or Se) crystallize in the hexagonal space group P6422. Despite the
presence of solvate H,O molecules in structure cavities, the crystal structures revealed that the
coordination environment of lanthanide cations in these 3D polymers did not contain H,O ligands. This
rare feature is attributed to the combination of a bulk cluster anion and flexible adp molecules, which
occupy the lanthanide coordination sphere to yield a stable lanthanide-based building block. This
assumption was confirmed by synthesis of a second crystalline modification of the compound
Cs[Nd(adp)»{RegSg(CN)e}-3H,O (orthorhombic space group Cccm). Luminescence studies evidence the
presence of the typical red luminescence of hexarhenium cluster complexes and the absence of
observable luminescence of lanthanide cations for all the compounds except the Nd derivatives. Magnetic
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Introduction

Synthesis of metal-organic frameworks (MOFs) based on
functional building blocks is an important goal of chemistry
and materials science, since MOFs often combine the
properties determined by the topology of the framework with
the properties of discrete building units.'™ In some cases, the
crystal structure of a MOF can be proposed based on the well-
defined coordination chemistry of metal centers (mostly d-
metals) in combination with the appropriate selection of rigid
organic linkers.”” This allows for rational design of structures
of multifunctional MOFs and their properties.°'® The
situation is different for MOFs based on 4f-element cations.
The coordination environment of lanthanide ions is very
flexible resulting in unpredictability of the crystal structures

“ Nikolaev Institute of Inorganic Chemistry SB RAS, 630090, 3, Acad. Lavrentiev
ave., Novosibirsk, Russian Federation. E-mail: gayfulin@niic.nsc.ru

b Novosibirsk State University, 630090, 2, Pirogova str., Novosibirsk, Russian
Federation

¢ Institute of Inorganic Chemistry, RWTH Aachen University, Landoltweg 1, 52074
Aachen, Germany

T Electronic supplementary information (ESI) available: Experimental section,
additional X-ray structural data, powder diffraction patterns, and TG data. CCDC
2011586 and 2011587. For ESI and crystallographic data in CIF or other
electronic format see DOI: 10.1039/d0ce01240h

This journal is © The Royal Society of Chemistry 2020

data indicate very weak antiferromagnetic exchange interactions between paramagnetic Ln®* centers.

of synthesized polymeric compounds."™** Additional
complexity is created by the tendency of lanthanide ions to
hydrolyse in aqueous solutions and the coordination of hard
O-donor ligands, leading to the presence of a variable number
of solvent molecules, such as H,O or DMF, or hydroxo ligands
in the coordination sphere."*™*® Because of this, predictable
synthesis of MOFs with a certain geometry based on
lanthanide cations is difficult. However, lanthanide-based
MOFs are very attractive because 4f-metal centers impart
unique properties to the polymeric materials, which can be
used in catalysis,"®"” bio-visualization,'®'® and magnetic>*>*
and sensing®* >’ applications. The search for ways to control
the coordination environment of lanthanide ions is therefore
important in order to obtain building blocks for construction
of MOFs in a controlled manner.

Over the past few years, the formation of coordination
polymers and metal-organic frameworks based on 4f-metal
cations and octahedral rhenium cyanide cluster complexes
with the general formula [ResQs(CN)s*’*” (Q = S, Se or Te)
has been studied.”®>° These cluster anions are based on six
covalently bonded Re atoms, which form a stable octahedral
Reg metallocluster.*** The metallocluster is supported by a
set of the inner p;-Q ligands coordinating the trigonal faces
of the octahedron and the apical CN ligands. Owing to the
presence of ambidentate CN ligands, cluster anions are able
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to coordinate the cations of d- and f-metals, forming
coordination polymers of various topologies.**** Clusters can
act as structural analogues of mononuclear cyanide
complexes of transition metals.”> However, due to their larger
volume and specific electronic structure, they often form
polymeric compounds with unique structures, possessing
interesting  functional = properties, such as red
photoluminescence and reversible redox transitions.>*™*° This
leads to sustained interest in the use of transition metal
octahedral cluster complexes as building blocks for the
preparation of functional coordination polymers.

Recently, we have shown that cyanoclusters [ResSg(CN)g]*”
and [RegSeg(CN)g]*™ can act as metallolinkers forming neutral
frameworks with cations of 4f-elements in aqueous solutions
in the presence of rigid polydentate organic ligands.’**" We
found that the cluster anions in the framework structures
displayed luminescence and redox properties similar to those
of discrete cluster complexes, which can be used for
detection of strong oxidants in solution.*" In contrast,
lanthanide cations in these compounds did not exhibit
luminescence. Moreover, the luminescence of lanthanide
cations was not reported previously for any of the obtained
polymeric compounds based on octahedral rhenium clusters.
The reason for that is supposed to be the presence of H,O
molecules in the coordination sphere of lanthanide cations
that effectively quench luminescence due to the excitation of
O-H vibrations.*>™**

Here we report on the synthesis and investigation of a
series of new metal-organic frameworks based on [Res-
Qs(CN)]*” (Q = S or Se) cluster anions, Ln*" cations and
flexible linker adipamide (C¢H;,N,, adp). An important
feature of the compounds with the general formula
Cs[Ln(adp),ResQg(CN)g]-3H,0 is the absence of H,0
molecules in the coordination sphere of Ln** cations, despite
the fact that the compounds were obtained in aqueous
solutions and contain solvate H,O molecules in the crystal
structures. The structure-forming role of cluster anions and
the luminescence and magnetochemical properties of the
new compounds are analyzed in this article.

Results and discussion

Synthesis and crystal structures

Compounds Cs[Ln(adp),ResSs(CN)]-3H,0 (1-6) and
Cs[Ln(adp),RecSes(CN)g|-3H,0  (7-12, Ln = Nd, Sm-Dy,
respectively) were synthesized as crystalline solids by slow
evaporation of water-ethanol solutions containing cluster anions
[ReeSs(CN)o]'™ or [RegSes(CN)o]*, cations Ln®* and adipamide
(adp). Optimization of the synthesis conditions allowed
obtaining compounds in preparative quantities. The preparation
of single crystals of compounds 1-12 for X-ray diffraction
analysis was complicated by the small crystal size and the
formation of polycrystalline aggregates. Nevertheless, high-
quality single crystals were obtained for compound 11, which
allowed us to study its structure and confirm the structures of
the phases 1-10 and 12 by powder X-ray diffraction.
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Compound 11 crystallizes in the non-centrosymmetric
hexagonal space group P6,22. It exhibits a framework
polymeric structure based on the covalent bonding of Tb**
cations with CN™ ligands of cluster anions and adp
molecules. The starting point and the most interesting
feature of the crystal structure is the coordination
environment of the Tb*" ions. It includes four N atoms of
cyano groups and four O atoms of adp (Fig. 1). The O and N
atoms form a distorted square antiprism with ONON faces
(Fig. 2a). The Tb-O and Tb-N distances are 2.33(2) and
2.49(2) A, respectively. The coordination environment of Tb**
cations does not contain H,O molecules. This is a rare case,
although not unique,*™*” for Ln*'-based coordination
polymers obtained in aqueous solutions. As shown in Fig. 2,
adp molecules lie in the ab plane of crystal packing and form
the cationic layers {Tb(adp),},*"* by coordination with Tb**
cations. The monodentate coordination of adp molecules is
additional confirmation that amide groups did not hydrolyse
during the reaction. The closest Tb---Tb distance in the
cationic sub-lattice is 10.71 A, while the closest Tb---Tb
distance within the {Tb(adp),},*"" layer is 10.83 A. Most of
the interlayer space is occupied by voluminous cluster anions
[ReeSes(CN)]*™ that bind Tb** cations of adjacent layers
forming the negatively charged framework [Tb(adp),Res-
Seg(CN)g] as shown in Fig. 2c and d. Adjacent layers
{Tb(adp),},*"" rotate relative to each other by 120° by the 6,
axis lying the along ¢ direction. Only four equatorial CN
ligands of the cluster anion participate in the binding, while
two CN ligands in the ¢rans-position form weak interactions
with Cs" cations and -NH, groups of adipamide.
Visualization of the environment of Ln*" ions, taking into
account the van der Waals radii, shows that cluster anions
occupy a large volume, forcing adipamide molecules to pack

NS
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Fig. 1 Fragment of the structure of compound 11 with numbered
atoms of the asymmetric unit. Atoms are represented by thermal
ellipsoids drawn at 60% probability.
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Fig. 2 Coordination polyhedron of the Tb** cation in the structure of compound 11 (a); coordination of adipamide molecules to the Tb>* cation
in the structure of compound 11 (hydrogen atoms are not shown for clarity, only N atoms of cluster anions are depicted) (b); coordination of
[RecSes(CN)6l*™ cluster anions to the Tb®* cation in the structure of compound 11 (only O atoms of adipamide molecules are depicted) (c); cell
packing of the framework [Tb(adp),ResSeg(CN)gl™ in the structure of compound 11 (view along the b axis; Cs™ cations, lattice H,O molecules and

H atoms are omitted for clarity) (d).

into layers and, apparently, preventing coordination of
additional ligands to Ln** cations (Fig. S1%).

Analysis of the framework [Tb(adp),ResSes(CN)g]  using
the Mercury CSD program showed that it contains cavities
with a volume of about 15% of the cell volume, elongated
along the ¢ axis and penetrating layers {Tb(adp),},”"" (Fig.
S2+). Disordered Cs' cations are located in these cavities and
compensate the negative charge of the framework. There are
two O atoms of symmetry equivalent lattice H,O molecules in
the coordination environment of Cs' cations. The
corresponding Cs:--O distance is 2.76(5) A. In addition,
lattice H,0 molecules form hydrogen bonds of about 3.0 A
with -NH, groups of adipamide. Bridging p;-Se ligands of
cluster anions and N atoms of CN apical ligands as well as
-NH, groups of adipamide complement the coordination
environment of Cs’ cations. Given the Cs' cations and their
coordination environment, the framework Cs[Tb(adp),Res-
Seg(CN)e]-3H,O contains less than 2% of solvent-accessible
voids.

The structure of the other compounds belonging to the
Cs[Ln(adp),ResQs(CN)6]-3H,O  series  could not  be
characterized by single crystal X-ray diffraction analysis due
to the low quality of the crystals. However, X-ray powder
diffraction confirmed that all 12 compounds are isostructural
(Fig. S3, Table S37), while elemental analysis showed the
compliance of the composition with the proposed formula.
Trying to obtain single crystals of these compounds, we
investigated a wide range of reaction conditions, including
slow crystallization of the compounds from solutions with
different concentrations of the reagents. As a result, we
obtained several single crystals of a new crystalline

This journal is © The Royal Society of Chemistry 2020

modification of the compound Cs[Nd(adp),{ResSs(CN)e}]-3H,-
O (1a). This compound crystallizes in the orthorhombic space
group Cccm. The structure demonstrates similar connection
of lanthanide cations, adipamide molecules and cluster
anions to the previously described structure with P6,22
symmetry (Fig. S41). The coordination environment of Nd**
cations consists of four adipamide oxygen atoms and four
nitrogen atoms of CN ligands forming a square antiprism.
The Nd-O and Nd-N bond lengths are 2.396(3) and 2.576(3)
A, respectively. The most important difference in the
structure of the frameworks 11 and 1a is the different
rotation angles of the adjacent layers {Ln(adp),},”"" and the
cluster anions coordinated to them when viewed along the ¢
axis. While the structure of 11 with P6,22 symmetry
demonstrates rotation of 120°, the structure of 1a with Cccm
symmetry has a rotation angle of 180° due to the presence of
an inversion center (Fig. 3). It should be noted that the
compound in structural type la was obtained as several
single crystals. The presence of Cccm type impurities was
excluded for compounds 1-12 based on analysis of their
X-ray powder diffraction patterns, which have well-
distinguishable peaks at small angles (Fig. S51). However,
investigation of this structure showed that the tetragonal
antiprismatic ~ fragment {Ln(adp),;[ResQs(CN)¢],} is a
secondary building block, which can be involved in
formation of different types of structures.

Cluster anions and adipamide as building blocks

Lanthanide cations are known as strong Lewis acids and
strong oxophiles, which exist in aqueous or water/non-

CrystEngComm, 2020, 22, 7935-7943 | 7937


https://doi.org/10.1039/d0ce01240h

Published on 06 October 2020. Downloaded on 5/4/2026 5:05:03 AM.

Paper

Fig. 3 Cell packing of the framework [Nd(adp),ReeSg(CN)gl™ in the
structure of la (view along the a axis; Cs* cations, lattice H,O
molecules and H atoms are omitted for clarity).

aqueous solvent mixtures as solvates with high Ln-O bonding
energies."”*® The synthesis of compounds that do not
contain solvent molecules in the coordination sphere of rare-
earth cations requires the presence of bulk multidentate
ligands, which promote the kinetic inertness of lanthanide
complexes,"™"  or synthesis in  molten organic
compounds.®*** Since removal of solvent molecules from the
coordination sphere often allows one to enhance the
luminescence characteristics of 4f metal centers,** synthesis
of such compounds is a subject of interest. The synthesis of
compounds 1-12 takes place in a water-ethanol (2:1 vol.)
mixture, so a specific combination of linkers surrounding the
metal centers can prevent the binding of water molecules to
Ln®" and ensure the formation of coordination polymers
based on water-free lanthanide cations. This assumption was
confirmed by obtaining of two crystalline modifications of
the compounds Cs[Ln(adp),{ResSs(CN)}]-3H,0, namely 11
and 1a, crystallizing in the space groups P6,22 and Cccm,
respectively. The stoichiometry of the compounds, the
coordination environment of the Ln cations and the
geometry of the lanthanide coordination polyhedron
remained the same despite the different packing of building
blocks.

The chalcocyanide anions [RegQg(CN)s]* > (S, Se or Te)
are widely used for the synthesis of coordination polymers
due to their chemical stability, rigid geometry and functional
properties, the most known one is luminescence in the red
and NIR range.’® Over the past few decades, a number of
coordination polymers based on these cluster anions and
transition metal cations including lanthanides have been
characterized. It was shown that in most cases the cluster
cores {ReqQs}>" act as nodes in the structures. Thus, the

7938 | CrystEngComm, 2020, 22, 7935-7943
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structure of inorganic cluster-based coordination polymers
can be considered as a combination of two cationic nodes
connected by bridging CN™ ligands. Prussian blue-type
structures  like  Fe,[RegTeg(CN)e]327H,O  or  Gay[Reg-
Seg(CN)g]5-38H,0  are  classical examples of such
compounds.®® In the case of metal-organic coordination
polymers, the octahedral cluster anion is able to act as a bulk
spacer between cationic nodes connected by bridging organic
ligands, as in the case of compounds [Cu,(threo-tab)s;(NH;)]
[RegQs(CN)e]-nH,O (Q = S or Te, threo-tab 1,2,3,4-
tetraaminobutane)*” and K[Nd(p-C4H;00,)(H,0),Req
Seg(CN)g]-4H,0  (C4H, 004 =  butan-1,2,3,4-tetraol).>®
Compounds 1-12 represent a new series of metal-organic
coordination polymers based on hexarhenium cluster
complexes. As in the above mentioned metal-organic
frameworks based on octahedral clusters,’®*" the cluster
anion can be described here as a bulk metal linker between
layers of lanthanide cations connected by bridging organic
ligands.

The bridging organic ligand that was used in the synthesis
of compounds 1-12 is adipamide. The use of non-hydrolyzed
adipamide derivatives as linkers is limited and, as a rule,
there are bulk N,O-donor ligands.’®*” A product of its
hydrolysis - adipate anion - is widely presented as a linker
for coordination polymers with d- and f-metal cations.'>% %2
In contrast with adipate, adipamide demonstrates
monodentate coordination and at the same time connects
distant lanthanide centers, which allows one to place more
voluminous ligands around the latter ones. It should be
noted that our attempts to obtain coordination polymers
based on hexarhenium clusters and lanthanide cations using
adipic acid or adipates led to the obtaining of X-ray
amorphous compounds. Thus, we can assume that the
coordination sphere of lanthanide cations in compounds
1-12 does not contain water molecules due to the
combination of bulk cluster anions and sterically flexible
adipamide molecules, which form the stable and highly
symmetrical node {Ln(adp),[ResQg(CN)g]4}-

Hydrolytic stability and thermal decomposition

Coordination polymers based on lanthanide cations often
have low hydrolytic stability, which is caused by the high
stability of lanthanide aqua complexes in solution.
Compounds 1-12 follow this tendency. Being stable in the
mother solution, they show slow dissolution in distilled water
at room temperature. However, after dissolution the
compounds can be recrystallized by addition of EtOH and
slow evaporation. Recrystallization of the compounds based
on different cluster anions leads to different results.
Compound 11 based on the [ResSeg(CN)g]*” anion can be
repeatedly recrystallized while retaining the crystal structure
of type 11. At the same time, compound 1 based on the [Reg-
Ss(CN)6]*™ anion was recrystallized with the formation of a
mixture of crystalline phases in structural types 1a and 11
(Fig. S67). Thus, we can assume that the formation of

This journal is © The Royal Society of Chemistry 2020
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compounds in structural type 1a is typical for compounds
based on the cluster anion [RegSg(CN)g]*", and the possibility
of forming these phases is determined by the concentration
of the Ln** cation or the total concentration of reagents in
solution.

The thermal stability of the compounds in the solid state
is characterized by a slow mass loss up to about 350 °C and a
significant endothermic mass loss in the temperature interval
of 350-550 °C (Fig. S71). The slow mass loss at the initial
stage is associated with the removal of solvate water
molecules, which occurs in a very wide temperature range,
possibly due to the intermediate formation of lanthanide
oxo- and hydroxo-complexes. Further decomposition is
associated with the pyrolysis of adipamide molecules and
cyanide ligands of cluster anions. The products of the
pyrolysis are stable up to ~700 °C, when decomposition of
the cluster cores occurs. Finally, the type of lanthanide cation
or cluster anion has a negligible effect on the positions of the
maxima of the mass loss rate indicating that the thermal
stability of the compounds is determined mainly by the
structure of the framework.

Luminescence properties

Chalcocyanide complexes [ResQs(CN)s]*™ (Q =S, Se or Te) are
one of the first hexarhenium cluster complexes for which the
luminescence properties were studied in solution® and then
in the solid state.®* Despite the fact that since 1998 many
coordination polymers have been synthesized based on these
anionic  complexes and various transition metal
cations,**?*%>® the luminescence properties of cyano-
bridged polymers comprising the {ResQs}>" core have been
described for the first time quite recently.*® In particular, it
was shown that the polymeric compounds [{Ag(bpy)}
{Agu(bpy)s(rCN)HRecQs(CN)g}] (@ = S or S) emit
luminescence in the visible and near-infrared regions upon
ultraviolet light excitation. The broad and structureless
spectrum of the polymer is similar to the spectra of soluble

Cs;K[RegS3(CN)¢]-2H,0
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2
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salts of the starting complexes [ResQg(CN)q]*". In addition, it
was noted that the coordination of luminescent cyanide
cluster units with such transition metal cations as Co**, Ni*",
cu**, Zn**, and Cd*" or even lanthanides led to elimination of
their photoluminescence abilities.>® Thus, the polymeric
compounds with Ag’ cations were declared as the first
luminescent CN-bridged coordination polymers based on
[ReQs(CN)6]*™ complexes. In our recent publications metal-
organic frameworks based on lanthanide complexes and
cyanide hexarhenium clusters have been described.**" In the
luminescence spectra of the MOFs a broad band of the
corresponding cyanide cluster complex was observed while
bands of lanthanides were not shown. In the current study
the luminescence spectra of the solid samples of all 12
synthesized compounds Cs[Ln(adp),{ResQs(CN)}]-3H,O as
well as the initial salt Cs;K[ResQg(CN)s]-nH,O were recorded
using an IR-sensitive detector. The spectra of all the
compounds except the complexes with neodymium (1 and 7)
show the band characteristic of [ResQg(CN)e]*” without
noticeable bands from the lanthanides that make up them
(Fig. 4). The emission intensity of the compounds with
gadolinium (4 or 10) and terbium (5 or 11) is comparable with
that of the powdered sample of the corresponding precursor
Cs;3K[ReQg(CN)g]-nH,O (Fig. S8af) while the luminescence
intensity of the complexes with samarium (2 or 8), europium
(3 or 9) and dysprosium (6 or 12) is significantly lower. The
spectra of the neodymium compounds (1 or 7) do not display
a band of the Req cluster unit but show bands inherent to
Nd*" (Fig. S8bf). This can be attributed to the Forster
resonance energy transfer (FRET) mechanism with the cluster
complex acting as the donor and the Nd*' cation as the
acceptor® because of the overlap of the excitation spectrum
of Nd*" with the emission spectrum of [ResQg(CN)g]*"

Magnetochemical properties

The SQUID magnetometry data of compounds 1-12 are
shown in Fig. 5 as y,,T vs. temperature T plots at 0.1 T and

Cs;K[RegSes(CN)e]-3H,0
—_—
—8
—9
10
—MN
—12

Emission Intensity

600 700 800 900 1000 1100 1200
b) Wavelength / nm

Fig. 4 Emission spectra of CssK[RegSg(CN)el-2H,O and compounds 1-6 (a); emission spectra of CszK[RegSeg(CN)gl-3H,O and compounds 7-12 (b).
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Fig. 5 Magnetic properties of 1-12: (@) ymT vs. T at 0.1 T and (b) M,,, vs. B at 2.0 K of 1-6; (c) yT vs. Tat 0.1 T and (d) M, vs. B at 2.0 K of 7-12.

molar magnetization M,, vs. magnetic field B plots at 2.0 K.
For 1-6, the values of y,,T at 300 K are within the expected
ranges’” of the respective lanthanide center (all values in cm®
K mol™): 1: 1.47 (expected 1.4-1.5), 2: 0.35 (ca. 0.32), 3: 1.63
(ca. 1.5), 4: 7.84 (7.6-7.9), 5: 11.81 (11.7-12.0), and 6: 13.51
(13.0-14.1). These values are close to the values expected for
the respective isolated Russell-Saunders ground terms of the
free ions but for 2 and 3, for which the excited terms are
energetically close to and distinctly mix into the
corresponding ground term. Upon cooling the compounds,
all values marginally decrease, and drop at temperatures
below 150-50 K. In addition, there are increasing values of
xmT observed for 4 and 5 at T < 7 K. At 2.0 K, y,,T reaches
the values of 0.34 (1), 0.03 (2), 0.01 (3), 7.64 (4), 7.65 (5) and
9.34 cm® K mol™ (6), respectively.

For 4, the values only slightly decrease due to the spin-like
behavior of Gd*" centers, while for the other compounds the
decrease is more pronounced due to the thermal population
of the distinctly split m; energy levels. Besides these single-
ion effects, there are very weak antiferromagnetic exchange
interactions between the lanthanide centers, which add to or
induce (4) the decrease of y,,T. The increases of y,,,T at low
temperatures indicate also the presence of very weak
ferromagnetic exchange interactions, at least for 4 and 5. At
2.0 K, the molar magnetizations M,, as a function of the

7940 | CrystEngComm, 2020, 22, 7935-7943

applied field B are linear in the range from about -0.5 to 0.5 T,
and at higher fields notably decrease the slope of the curve
without being saturated at the highest applied fields of +7.0 T.
The values at 7.0 T are 0.9 (1), 0.2 (2), 0.1 (3), 6.5 (4), 4.1 (5) and
5.5 Naugp (6), which are either close to zero (2, 3), close to the
saturation value (4, My g = 7.0 Npug) or about half of the
saturation value of about g;/Nays (1, 3.3; 5, 9.0; 6, 10.0 Nagig).
For 2 and 3, this is partially due to the aforementioned distinct
mixing of energy states, and in particular for 3 due to the = m;
= 0 ground term of Eu®". The molar magnetization of 4 is close
to the saturation value due to the almost isotropic Gd** center,
while for 1, 5, and 6 (and partially 2) the observed features are
essentially due to being the mean values of randomly oriented
anisotropic centers (powder samples). Since all the curves
additionally show a relevant slope at the highest applied fields,
they are in agreement with the presence of very weak exchange
interactions.

The magnetic properties of 7-12 are similar to those of
the respective lanthanide compounds 1-6 with the following
differences. At 300 K, the values of y,,,T are (all values in cm®
K mol™): 7: 1.48, 8: 0.33, 9: 1.65, 10: 7.82, 11: 11.84, and 12:
13.65. These values are within the expected ranges and close
to the values expected for the respective isolated Russell-
Saunders ground terms of the free ions with the exception of
8 and 9, for the above-mentioned reasons. Upon decreasing

This journal is © The Royal Society of Chemistry 2020
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the temperature, all values marginally decrease, and drop at
temperatures below 150-50 K. In addition, there are further
small drop offs observed for 7, 8, 10 and 11 at 7 < 4 K. At 2.0
K, ymT reaches the values of 0.31 (7), 0.04 (8), 0.02 (9), 7.61
(10), 8.57 (11) and 9.82 cm® K mol™ (12), respectively. As for
1-6, the observed behaviors are mainly due to single-ion
effects. The presence of very weak, possibly antiferromagnetic
exchange interactions between the lanthanide centers cannot
be excluded. The drop offs below 4 K are, however, most
likely due to the Zeeman splitting of the energy states. The
molar magnetizations M, at 2.0 K are approximately linear
functions of the applied field B from -0.5 to 0.5 T, and
notably change their slope at higher fields without reaching
saturation at +7.0 T. The values at 7.0 T are 1.1 (7), 0.2 (8), 0.1
(9), 6.6 (10), 4.4 (11) and 5.5 Npug (12), which are slightly
above the values measured for the respective analogs 1-6.
This observation combined with the less pronounced
decreases of y,T at T < 150 K most likely indicates overall
slightly weaker antiferromagnetic exchange interactions in
7-12. The overall similar magnetic properties of 1-6 in
comparison to those of 7-12 with small differences can be
rationalized by the structural information of the compounds.
They crystallize in the same space group yet with slightly
different distances of the lanthanide centers (influencing the
strength of interactions), slightly different angles between the
lanthanide centers via the bridging ligands (strength and
type of interaction) and slightly different ligand-center
distances/angles (single-ion effects).

Conclusion

In conclusion, we have discovered that self-assembly
reactions between various Ln’" cations, [Re¢Qg(CN)s]*” cluster
anions (Q = S or Se) and adipamide (adp) in aqueous ethanol
solution lead to the formation of 3D framework compounds
1-12. The structures of the frameworks consist of Ln** metal
centers and {ResQg}*" cluster units connected by CN~ groups
and adp molecules. The interesting feature of the frameworks
is the presence of lanthanide centers coordinated only by
linkers without the presence of water molecules in the
coordination sphere. We propose that, due to the
combination of cluster complexes and flexible adp molecules,
a stable lanthanide-based building block {Ln(adp),[Res-
Qs(CN)g]s} was formed, which can be present in different
types of structures. The combination of voluminous, highly
symmetrical linkers with smaller and flexible ones could be
used as a general approach for synthesis of Ln-based MOFs
with solvate-free Ln centers.

Investigation of the luminescence of the new compounds
in the solid state using an IR-sensitive detector showed that
all the compounds with the exception of the Nd-based ones
had no photoluminescence from the Ln center, while a broad
band of the corresponding cyanide cluster complex was
observed. This suggested that quenching of the luminescence
of lanthanides in metal-organic frameworks can be caused
not only by the presence of solvate molecules in the first

This journal is © The Royal Society of Chemistry 2020
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coordination sphere. However, the Nd-containing compounds
1 and 7 did not display a band of the Reg cluster unit but
showed bands inherent to Nd**. This can be attributed to the
FRET mechanism due to the overlap of the excitation
spectrum of Nd*" with the emission spectrum of [Reg
Qs(CN)g]*". Finally, the magnetic properties of the
compounds are determined by the isolated lanthanide
paramagnetic centers showing very weak antiferromagnetic
exchange interactions.
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