Chemical
cience

rsc.li/chemical-science

ROYAL SOCIETY
OF CHEMISTRY

ISSN 2041-6539

EDGE ARTICLE

Maria Laura Mercuri, Narcis Avarvari et al.

A highly conducting tetrathiafulvalene-tetracarboxylate
based dysprosium(i) 2D metal-organic framework with
single molecule magnet behaviour

Volume 15
Number 46

14 December 2024
Pages 19173-19636




Open Access Article. Published on 30 October 2024. Downloaded on 3/30/2026 5:24:48 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue

EDGE ARTICLE

A highly conducting tetrathiafulvalene-
tetracarboxylate based dysprosium(i) 2D metal-
organic framework with single molecule magnet
behaviourti

i '.) Check for updates ‘

Cite this: Chem. Sci., 2024, 15, 19247

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Fabio Manna, © 2 Mariangela Oggianu, &2 Pascale Auban-Senzier,
Ghenadie Novitchi,® Enric Canadell, @ Maria Laura Mercuri @ *a©
and Narcis Avarvari ® *°

The synthesis and whole characterization by a multitechnique approach of an unprecedented
dysprosium(in) 2D metal organic framework (MOF), involving the redox-active tetrathiafulvalene (TTF)-
based linker TTF-tetracarboxylate (TTF-TC), are herein reported. The single-crystal X-ray structure,
formulated as [Dyg(TTF-TC)s5(H20)221-21H,O (1), reveals a complex 2D topology, with hexanuclear Dyg
clusters as secondary building units (SBUs) interconnected by five linkers, stacked almost parallel in each
layer and eclipsed along the [111] direction, leading to the formation of 1D channels filled by water
molecules. The mixed valence of the TTF units is confirmed by both bond distance analysis, Raman
microscopy and diffuse reflectance spectroscopy, and further supported by band structure calculations,
which also predict activated conductivity for this material. Thanks to efficient TTF stacking and partial
oxidation, 1 shows semiconducting behavior, with, however, a record conductivity value of 1 mS cm™ at
room temperature, when compared to the previously reported TTF-based MOFs. Furthermore,
temperature and magnetic field dependent ac (alternative current) magnetic susceptibility measurements
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processes, with an energy barrier (Ueg/K) of around 12 K, typical for dysprosium carboxylate complexes.

DOI: 10.1039/d4sc05763e The herein reported 2D Dy-MOF provides a valuable master plan for coexistence of conducting =-TTF

rsc.li/chemical-science stacks and highly anisotropic Dy SMM properties.

Introduction supramolecular architecture, showing intrinsic porosity. Com-
plementing their porosity with conducting and/or magnetic
properties drives the interest from the molecular level towards
new technological applications.'™ More specifically, their crys-
talline structures, which exhibit highly ordered patterns, may

represent challenging pathways for efficient electron transport,*

Metal organic frameworks (MOFs) are an important class of
versatile networks formed by self-assembling of organic mole-
cules (linkers) and metal jons (nodes) onto crystalline

paving the way towards intriguing new applications in the fields
of electrocatalysis,” batteries,® supercapacitors,” electrochemical
sensing,® optoelectronics® and molecular spintronics.’®" Most
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importantly, incorporation of redox activity on the linker is an
emerging strategy to enhance charge transport in such supra-
molecular frameworks,**> and among redox-active molecules,
tetrathiafulvalene (TTF) and its derivatives are the most widely
used for the development of organic conductors since 50 years,
such as radical cation salts and charge transfer complexes,
showing semiconducting, room temperature metallic and low-
temperature superconducting behavior.**** On the other hand,
MOFs based on TTF linkers started to be developed since the
discovery of the first permanent porous Zn,(TTF-TB) (TTF-TB =
tetrathiafulvalene-tetrabenzoate) conductive TTF-MOF (c-MOF)
in 2012." To date, several TTF-MOFs have been reported and
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most of them behave as semiconductors with moderate to
modest RT conductivity in the 107 to 107° S ecm™" range.?
Conductivity in TTF materials is strongly dependent on the S-S
intermolecular interactions and on the oxidation state, due to
through space band-like charge transport mechanism; as
a simple rule, high conductivity is reached when short S---S
distances and holes are present in the structure with the possi-
bility of generating mixed-valence oxidation states."”” Commonly,
holes in TTF-based MOFs are generated by post-synthetic
procedures (like iodine doping),'** which show the major
drawbacks of a difficult control of the final oxidation state,
a reduction in porosity and crystallinity due to guest insertion
and the instability of the holes generated.’*** Consequently,
occurrence of mixed-valence states in TTF-MOFs, necessary for
a highly conductive material, is scarce.”* It is worth mentioning
that metallic behavior in MOFs is rare and it was found only in
few catecholate based networks.”** Indeed the best performing
¢-MOFs are based on these systems, although they are still
semiconductors for a very large majority of them.*

On the other hand, the so-called single molecule magnets
(SMMs) show superparamagnetic behavior at a molecular
level***° and they are among the best candidates to realize next-
generation spintronic devices,** particularly those based on
lanthanide ions, which gave promising results, especially with
Dy™ ions.®? Although several complexes have been studied,
reports on slow relaxation of magnetization in lanthanide MOFs
are still rare, yet under ever-growing investigation, due to the
possibility of obtaining multifunctional materials with intriguing
physical properties and ordered SMM centers.***° Slow relaxation
was already reported in several TTF-Ln complexes and more
recently in TTF-MOFs.****” The main strategy to obtain highly
conducting SMMs is to combine electroactive molecules, inter-
acting within layers and providing partially filled bands, and
SMM units in a solid network. Thus, the combination of Ln-
SMMs as SBU with electroactive linkers within MOFs can afford
high conductivity, slow relaxation of magnetization and porosity
in the same crystal lattice, as prerequisites for innovative
molecular materials for spintronic devices.'**® Herein, we report
on the synthesis and structural characterization of a 2D layered
Dy"-MOF with the TTF-based linker TTF-tetracarboxylate (TTF-
TC), which exhibits a rare topology. The careful choice of the
synthetic protocol allows obtaining a mixed valence of the TTF
units, confirmed by single crystal X-ray structure analysis, Raman
microscopy and diffuse reflectance spectroscopy. The strong
orbital overlap interactions between the electroactive linkers are
responsible for the remarkably high conductivity observed in the
MOF, with, however, a thermally activated mechanism, sup-
ported by tight binding band structure calculations. Interestingly
the herein reported c-MOF also shows field induced slow relax-
ation of the magnetization, due to the presence of the highly
anisotropic Dy"" ions.

Results and discussion
Synthesis

TTF-tetracarboxylate (TTF-TC) is a well-known linker used to
form several CPs and MOFs with different s and d metal
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ions,***® although no structures with lanthanide ions have been
reported until now in the Cambridge structural database.** The
linker was already used in a solvothermal reaction with Ln™" to
give a series of MOFs where the linker is doubly decarboxy-
lated.’” Indeed, the instability at high temperature was pointed
out also by Nguyen et al. during their test on the synthesis of
CPs with alkali metal ions.*” In their case the temperature was
kept under 100 °C and for both reasons we used the same
precaution during our experiments.”” A room temperature
synthetic protocol, the layering technique, was selected for
different reasons: (i) the instability of the linker under typical
solvothermal conditions; (ii) it is particularly suitable for
obtaining large single crystals for X-ray diffraction studies and
conductivity measurements;* (iii) the prolonged reaction time
under air can trigger mixed-valence and high conductivity as
reported in a TTF single component conductor based on a TTF-
extended dicarboxylate.** The layering parameters such as tube
size, mixture of solvents, temperature, concentrations and pH
were carefully varied in order to isolate this mixed-valence
phase. In particular, [Dye(TTFTC)s(H20),2]:(H20)2: (1) was
synthesized by layering a methanol solution of the trivalent
lanthanide ion on top of a water solution of TTF-TC, with
addition of 1.5 eq of NaOH to partially deprotonate the linker;
the base was used in order to provide better solubility while
maintaining a neutral pH (checked by pH indicator paper) in
order to avoid Dy,O; and hydroxide precipitation, observed at
higher pH. The linker in water solution was let to diffuse
through a buffer of MeOH/H,O for several months in a long and
thin tube containing a solution of Dy(NO3); in MeOH on the top
(Fig. 1a and b). It is well known that TTF molecules can spon-
taneously be oxidized under solvothermal conditions or by
action of oxygen and/or a protonation-deprotonation mecha-
nism.”** In this case, thanks to the long diffusion time, the
solvent mixture and the selected pH, both oxidation and full
deprotonation of the linker occurred. The presence of both
radical and neutral linker in the media triggered the formation
of a phase in which TTF molecules do not have the same
oxidation state (vide infra) affording single crystals of the MOF
at the interphase (Fig. 1a and b); our attempts to obtain the
MOF in shorter time and reasonable yield by other methods
such as one-pot reactions at RT and high temperature, elec-
trocrystallization and layering reactions at high temperature
were not successful. Indeed, a purple microcrystalline unoxi-
dized phase was obtained as impurity when the reaction time
was reduced, by acting on the temperature and size of the tubes,
and in these cases the separation of the two phases was chal-
lenging or almost impossible due to low yield of the target. The
same phase was obtained in one-pot reactions, while when
temperature is increased a mononuclear complex was obtained,
pointing out the crucial role of the synthetic protocol in the
obtainment of our target. Indeed, the thin and small tube, let
undisturbed in a dark room at constant temperature for 6
months, allowed easy isolation of big crystals of the compound
(around 1 mg per tube), without big effort, in a reproducible way
and avoiding the risk of collecting other impurities. This slow
oxidation and prolonged reaction time, even several months,
revealed to be a valid strategy to induce mixed valence in TTF-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic representation of the synthetic procedure for 1; (b) optical microscope image of the crystals inside the tube and after

filtration; (c) ellipsoid representation of the asymmetric unit with atom labels with 50% probability. H atoms omitted for clarity.

MOFs and to grow suitable single crystals for conductivity
measurements. We have been trying as well to decrease the
reaction time by using the electrocrystallization method, but, as
for the other attempts, it has not been successful until now.

Crystal structure of [Dys(TTFTC)5(H,0),,]- (H20)2, (1) and
topological analysis

Compound 1 crystallizes in the triclinic P1 space group with 2.5
fully deprotonated ligands, three Dy™ cations, 11 water mole-
cules coordinated and 10.5 uncoordinated per asymmetric unit,
three of them located inside the structure and the others
modeled through solvent mask (Fig. 1c). The unit formula thus
corresponds to [Dys(TTFTC)s5(H,0),,]-21H,0. Assuming a triva-
lent state of the Dy cations and fully deprotonated linkers, by
stoichiometry 18 positive charges are obtained, derived from 6
Dy"™ and 20 negative charges from 5 linkers, therefore, for
charge compensation, two holes per formula unit are expected
as a consequence of the partial oxidation of the TTF moieties.
This was confirmed through structural analysis, Raman
microscopy, diffuse reflectance spectroscopy and band struc-
ture calculations (vide infra). Interestingly, the three indepen-
dent Dy ions show different types of coordination. Continuous
shape measurements (CShMs) in Shape 2.1 software* was used
to calculate deviation from the ideal polyhedron geometry with
a given coordination number, and the lowest deviation value
was used to assign the coordination mode: (i) Dyl is ennea-
coordinated with a Muffin (MFF-9) like geometry and C;
symmetry, the coordination sphere contains 3 O from water
molecules and 6 O from carboxylate; (ii) Dy2 is octa-coordinated
with a bi-augmented trigonal prism J50 (JBTPR-8) like geometry
and C,, symmetry, the coordination sphere contains 4 O from
water molecules and 4 O from carboxylate; (iii) Dy3 is octa-
coordinated with a Snub diphenoid ]84 (JSD-8) like geometry

© 2024 The Author(s). Published by the Royal Society of Chemistry

and D,4q symmetry, and the coordination sphere contains 4 O
from water molecules and 4 O from carboxylates. The three Dy
ions show large CShM values indicating highly distorted coor-
dination geometries. The Dy-O distances are between 2.29 and
2.49 A, comparable to those obtained for other TTF-Dy
MOFs.*®*¢ A summary of selected distances, angles and shape
parameters is listed in Table S1.} The Dy" ions are inter-
connected by a complex pattern of bridging deprotonated
carboxylate groups of different linker anions and arranged in
a linear zigzag-like Dy clusters lying along the [—111] direction.
They act as secondary building units (SBUs), with a Dy01 dimer
in the central position, generated after inversion operation. O1
and O2 link the two Dy01 in the central dimer by two carbox-
ylates with a p,-n* 1" bridging mode, 03-04 and 013-014 link
Dy1 to Dy3 and Dy3 to Dy2, respectively, by one carboxylate with
a u-n': n' bridging mode (Fig. 2a and b). The SBUs are linked
together thanks to the tetratopic nature of the linker in a 2D
polymeric layered structure and stack parallel to the a axis
(Fig. 2c and d), resulting in a complex topology (vide infra). The
intra Dy, Dy--Dy distances are in the 4.10-5.69 A range
(shortest within the Dyl dimer and longest for Dy3---Dy2). In
the packing the cations are segregated in a 2D layer at the edge
of the 1D open channel, with relatively short contacts between
different SBUS, e.g., 6.420 A for Dy3---Dy1 (intralayer) and 6.144
A for Dy3---Dy2 (interlayer), respectively (Table $2}). Five TTF-
TC anions are almost eclipsed and stacked parallel to the
[111] direction inside a single 2D layer linking different SBUs
and defining the 2D network. The layers are similarly eclipsed,
allowing the formation of infinite 1D voids (Fig. S2af) and
packed together thanks to both short S---S contacts between
neighboring TTFs of two independent layers and to the “Tetris-
like” disposition of the zigzag Dy, clusters. The latter allows
multiple H-bonding interactions between water molecules and

Chem. Sci., 2024, 15, 19247-19263 | 19249
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(a) Crystal packing fragment highlighting the connectivity of the SBUs; (b) coordination environment in Dyg clusters that act as an SBU; (c)

crystal packing along [111]; (d) crystal packing along the a axis, C atoms from different layers are black, blue, red and grey; (e) crystal packing along
the c axis, red and blue colored atoms belong to different layers. H atoms and uncoordinated water molecules are omitted for clarity.

coordinated and uncoordinated O from carboxylates located at
the edge of the layers (Fig. 2e and S17). The uncoordinated water
molecules are located inside the 1D channels parallel to the
stacking direction of the TTF cores. The channels have an
elliptical cylinder shape, the radius of the largest spherical void
is 2.6 A (calculated with Olex2)* and the void space corresponds
to 24.6% of the unit cell after removing uncoordinated solvent
molecules inside the 1D channel from the structure. We
calculated the surface area of 202.65 m> g~ " by using a pore
analyzer in Mercury* with a maximum pore aperture of 5.54 A.
Moreover, open 1D channels give a narrow pore size distribu-
tion, by Monte-Carlo simulations performed on Poreblazer4.0,*
centered at around 5 A, the result being in agreement with the
other calculated parameters (Table S31). The compound, due to
its connectivity and potential porosity, is well described as a 2D
layered MOF with 1D open voids.

Thermogravimetric analysis (TGA) and elemental analysis
(Experimental section) data of the bulk correspond well with the
X-ray diffraction solvation findings. The TGA (Fig. S2bZ) shows
a gradual weight loss of 11.5% between 25 and 100 °C, due to
the evacuation of water molecules contained in the pores. The
value is slightly higher than the calculated one (10.5%) and it
may account for the presence of more H,O molecules in the
voids (suggested also by elemental analysis), due to the solvent
mask procedure and the low crystal acquisition temperature,
and/or to the simultaneous loss, in this temperature range, of
water molecules weakly coordinated to Dy™. In the range 100~
265 °C a weight loss is present (broad peak of the dTGA centered
at ~215 °C) assigned to the loss of around 16 water molecules
per formula unit coordinated to the metal ion. This c-MOF
shows excellent stability, and the structure starts to slowly
collapse at about 320 °C, with a peak in the dTGA at 400 °C. At T
> 400 °C linker decomposition processes may occur.

19250 | Chem. Sci, 2024, 15, 19247-19263

As already mentioned (vide supra), the S---S intermolecular
interactions are the driving force for a good overlap between
the 3p, orbitals of the S atoms and formation of band-like
transport in TTF-based materials. Considering the two and
a half independent TTFs in the asymmetric unit, one can
define three independent linkers A, B and C. The five TTFs
stacking in a single layer are arranged within an ABCBA
sequence giving three different types of intramolecular inter-
actions: A-A (1), interlayer; A-B (2) and B-C (3) intralayers.
Single crystal structural data show short S---S contact
distances between 3.49 and 3.86 A, the intralayer ones being
3.49-3.59 A for B---C, and 3.86-3.65 A for A---B, while the
interlayer ones fall in the middle, i.e., 3.56-3.70 A. The B-C-B
trimer in the middle of the layer and A-A dimer between the
layers show 4 and 2 strong S---S interactions respectively
(distances shorter than the sum of the van der Waals radii
~3.65 A). The A--B interaction seems weaker, with only one
S---S distance close to 3.6 A (Fig. 3 and Table S4}). TTF core
distances are sensitive to the oxidation state of the linker.

According to molecular orbital analysis it is well known that
C=C distances increase and internal C-S distances decrease
upon oxidation and generally the C=C central bond shows
higher sensitivity.*® By using the equation ¢ = (b +¢) - (a + d), we
can define a ¢ parameter that decreases as the charge increases,
analogous to the one used to determine the charge (p) state in
other TTF salts, where a is the C=C distance between the two
TTF five-membered rings; b and c are the C-S distances; d is the
C=C distance within the five-membered rings (see Fig. 1).*' For
TTF-TC no statistical analysis of this parameter was done due to
the lack of data. Indeed, to the best of our knowledge, only one
example was reported for p = +1 (ref. 42) and, comparing
different coordination polymers, these distances seem also
sensitive to the protonation state, coordination, and presence of
few amounts of TTF-TC™" (see Tables 1 and S4}). The three

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Wireframe representation of the three independent TTF-TC anions in the structure with labels and distances; (b) ball and stick

representation of the A-ABCBA TTF chain with the shortest S---S contacts, intralayer interactions straight line, interlayer dotted line.

Table 1 TTF bond distances (A) and d parameter for 1 and calculated
0 parameters

a b b c c d 0 Omean
'ITF(A)l 1.335 1.759 1.758 1.731 1.751 1.355 0.810 0.823
’ITF(A)Z 1.335 1.750 1.759 1.75 1.766 1.342 0.836
TTF(B)l 1.335 1.746 1.743 1.743 1.739 1.357 0.794 0.806
TTF(B)2 1.335 1.753 1.751 1.74 1.748 1.342 0.819
TTF[C) 1.373 1.729 1.723 1.738 1.726 1.356 0.729 0.729

independent linkers in 1 show different TTF core distances
suggesting non-uniform charge partition. The central linker (C)
shows a higher degree of oxidation as suggested by the elon-
gation of the C=C bond and the contraction of the C-S bonds
with respect to A and B, in accordance with literature values for
mono-oxidized and neutral TTFs. Indeed, 6 parameters are
0.823, 0.806 and 0.729 for A, B and C respectively, close to the
values obtained for TTF-TC and TTFTC"" in CPs (see Table 1 and
Fig. 3 for details). Considering these values, we can assume that

Fig. 4

labelled and for simplicity two subsets are generated, ZA and ZB corresponding to the linker and Dy

at least one of the two holes is mostly located in the central TTF
(C). On the other hand, bond distances for A and B are in
accordance with the neutral state, so by structural analysis
alone it is not fully clear which is the charge repartition in the
ABCBA chain, although the flat conformation of TTF (B) and
slightly lower 6 may be associated with a partially charged state.
To understand better the connectivity of the 2D network, Top-
ospro® was used to determine the topology by using the stan-
dard representation algorithm. In this model, TTF (C), that
links two Dy3 from independent clusters, and Dy2, that
connects TTF (A) to TTF (B), can be described as a single edge.
TTF (A) is a four-connected node and TTF (B), Dyl and Dy3 are
three-connected nodes. The result is a rare 3°4L70 topology
(Fig. 4), completely different with respect to compounds
involving rare earth trivalent cations and tetrathiafulvalene
tetrabenzoate (TTF-TB) as the linker.*® Indeed, using TopCryst>*
we found only one example with the same connectivity corre-
sponding to a Cu' 2D coordination network obtained by Juvenal
et al.>®

Dys

O Stacked TTF
O 1D channel

Lo o
y s
) 99

(a) Topology representation using Topospro superimposed to the capped stick representation of a single layer; topological descriptors are

" respectively. (b) Top view of the topology;

ABCBA chain, Dyg and position of the 1D channel are highlighted. H atoms omitted for clarity.
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Fig.5 Micro-Raman spectrum of 1 with a He—Ne laser (Aexc = 632.8 nm).

Raman microscopy & UV-vis NIR diffuse reflectance

Raman spectroscopy is broadly used in the field of TTF-based
materials to assign the charge state of the TTF core thanks to
the strong sensitivity of C=C stretching vibration modes, red-
shifted upon oxidation. For organic radical salts it is possible to
obtain information about charge distribution, charge ordering
and charge transfers.***® Herein, the Raman spectrum shows one
sharp band at 500 cm ™, one band at =1000 cm ' and three
bands between 1400 and 1600 em™" (Fig. 5). According to the
experimental and computational studies on the same linker re-
ported in the literature, TTF-TC in the neutral state shows a single
band at =1550 cm ' in the C=C stretching vibration mode
region and bands at =500 cm™ ' and 1400 cm™ ', which may be
assigned to the presence of TTF-TC*". So the peak at 500 cm ™" can
be assigned to the S-C stretching mode typical of the five-
membered radical ring of TTF-TC™, the peak at 1525 cm™ " to
the symmetric stretching of the outer C=C bonds coupled to the
central C=C stretching mode in neutral TTF-TC, and the peak at
1411 cm™" to the stretching of the C=C bond in the radical TTF-
TC"". These bands are in accordance with the literature values.”*
The peak at =994 cm ' may be assigned to a ¥(C-C), »(C-S)
combination mode.®**> The peak at 1467 cm ' suggests the
presence of a +0.5 partially charged state (TTF-TC"*/TTF-TC) of the
linker. Indeed it is known that different bands, due to charge
localization, can be present in TTF radical cation salts.”® The
spectra are similar to those of the series of air oxidized MOFs,
where the presence of both TTF-TC' and TTF-TC''/TTF-TC is
confirmed by different spectroscopic data, with three bands in the
region of the C=C stretching mode.** The band at 1467 falls in
the middle of the others, and assuming a linear relationship
between the Raman shift of the C=C stretching modes and the
charge as already reported for other mixed valence systems, the
linear regression fit considering p as a function of Raman shift
gives v = —114p + 1524.7 and R*> = 0.9999, as a further confir-
mation of these assignments. The Raman spectra confirm the
different charge distributions and clarify that one of the two holes
in the ABCBA chain is due to the presence of the p = +1 linker and
the other to the presence of two linkers with p = +0.5. It is thus
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reasonable to assume that the more oxidized TTF (C) has p = +1
charge and two of the other TTFs in the chain should have
partially oxidized states. Due to the flat geometry of the p = +0.5
state, it can be proposed that the two TTF (B) in the ABCBA chain
are partially oxidized. It results in a charge distribution of +0.5/+1/
+0.5, already reported for other compounds with a rare A-B-A TTF
trimer motif.*> Consequently, TTF (A) should be in a neutral state.

Diffuse reflectance spectroscopy was performed on a diluted
sample (1% KBr w/w concentration was selected based on
literature reports®) to confirm the presence of different TTF
oxidation states, the results being summarized in Fig. 6. Indeed,
optical properties of systems based on TTF, and its different
radical species formed both in solution®® and in the solid state,*
are well-known and corroborated by different examples and
computation studies.®®*”° This characterization was also applied
recently for identification of these signatures in doped TTF-
MOFs.” In our case the spectrum was collected in the 250-
2000 nm range where the characteristic bands are expected. In
the case of the present work an optical apparatus for a lower
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Fig. 6 (a) Diffuse reflectance spectrum of 1Dy, the characteristic

bands are labelled according to the text. (b) The same spectrum re-
ported in the 0.62-3.50 eV (5000-28 200 cm™) range where char-
acteristic TTF radical cation bands A, B, C and D are present; the inset
shows our suggested assignment; note: the three different scales were
used for a better comparison with previous reports.
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energy region, where CT interaction of the mixed-valence
system is present, was not available. These low energy bands
can be correlated with conductive properties™”® but in some
cases it is difficult to rationalize, particularly in complex mixed-
valence systems; nevertheless, they can also be used to estimate
the optical band gap of semiconductive radical salts with small
activation energy’ as in our case (vide infra).

The resulting spectrum (Fig. 6a) shows the same features of
the Raman one, and it is in accordance with our charge distri-
bution assignment:

o In the higher energy region of the spectrum, two peaks are
present at around 300 nm and 370 nm. The first one can be
assigned to the unoxidated TTF-TC® anion, as reported for the
tetra anionic sodium salt,”® while the second one can account for
two contributions: the first is ascribed to another band of the TTF-
TC® anion and the second is due to the intramolecular transition
of TTE-TC"", as suggested by the shoulder around 400 nm and the
observed red-shift compared to the unoxidated anion.*””

e In the medium energy region, the bands of the TTF"
radical cation are present, one at around 540 nm ascribed to an
intramolecular band and another at around 800 nm ascribed to
the CT band of the (TTF""), dimer.®®¢77677

e In the lowest energy region is present a strong absorption
shoulder related to the IVCT band, which is a signature of the
presence of the +0.5 mixed-valence state.®”

It was not possible to determine its peak position from our
data and it was estimated to be around 2500 nm (or 4000 cm ™,
vide infra) by the Gaussian fit procedure. These TTF characteristic
bands are also present in solution but in the solid state they can
be predictive about the conductive nature of the material’’* and
can be interpreted as was made in the pioneering studies of
Torrance®” and Sugano.” In the region between 0.62 and 3.50 eV
are present four different bands ascribed to the different radical
cation species transitions labelled A, B, C and D. The D and C
bands are intramolecular bands of TTF'", also named local-
excitation (LE) bands;” their blue shifted location at around 3.3
and 2.3 eV can suggest interaction with another neighboring
TTF" through dimerization as for previously reported mixed-
valence systems.””” In our case, however, also the different
nature of the molecules, their charge repartition and absorption
of neutral TTF® in the same region should be considered. The B
and A bands, around 1.50 eV and 0.50 eV, respectively, are
intermolecular CT bands. Band B is due to intradimer (TTF""),
charge transfer and band A is due to charge transfer between
neutral TTF® and TTF".*”® The presence of the A band, also
classified as an IVCT band,’®” is a signature of a +0.5 mixed
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valence state within the TTF stacks and, generally, a higher
intensity compared to the B band can be an indication of rela-
tively high conductivity.” The data were used to estimate the
optical band gap of the sample; a Gaussian fit procedure was
selected based on the characteristics of our system. Indeed, as
recently pointed out by Fabrizio et al.,, MOFs with low DOS and
localized transitions are more suitable for this data treatment®
and it can allow the determination of band position and mid-gap
states that are generally responsible for TTF MOF conductivity.**
Furthermore, the almost flat nature of the band calculated (vide
infra) is in accordance with this kind of analysis.** On the other
hand, the Tauc plot is an easier procedure and was used for all
the TTF-MOFs reported in Table S7.} It can be a good alternative
or can also be used for comparison as suggested in the work of
Fabrizio et al.®* For these reasons we have performed both anal-
yses, according to the guidelines described in the paper. We
further estimated the band gap for each band as the absorption
onset of the spectra after transformation into the Kubelka-Munk
function F(R) and normalization (Fig. 6b and Table 2). The latter
analysis showed similar results compared to the Tauc plot as
already reported in other MOFs.*** The normalized data were
also used for the Gaussian fit and, therefore, for the determina-
tion of band peaks corresponding in this case to the optical gap.
All the results are summarized in Table 2 and Fig. 7.

The position of the band calculated by Gaussian fit (Fig. 7a
and Table 2) matches with the value reported for other TTF
mixed-valence systems.”*”” Furthermore, we were able to estimate
the position of the IVCT band by considering into the fit a peak
out of the spectral window, only the shoulder of this band being
present on the spectrum, and its maximum matches with the
value obtained in other TTF-MOFs (4000 cm™" or 0.50 eV).2%8
Furthermore, an additional CT band around 2000 cm ™" (closer to
our calculated and experimental energy gap) is detected for
similar charge repartition (vide infra) in trimeric systems® and so
it is expected in our case as well. The result suggests that DR in
the IR region can be more suitable for the optical gap determi-
nation and for comparison with the conductivity measurements
and band structure calculation results. The band gap calculated
by the Tauc method and absorption onset differs from the band
position calculated by Gaussian fit considering the same transi-
tion and it has lower values (Fig. 7b, S4} and Table 2). Indeed, it's
known that these analyses can generate artifacts with errors more
than 1 eV particularly when distinct bands are present.** When
we pass from direct to indirect band gap, an increase of the lower
energy band contribution is mathematical and lower band gap
values were obtained for the same band. For a similar

Table 2 Comparison between the energy gaps determined by the different methods discussed in the text®

Tauc direct Tauc indirect Absorption onset

Band label Suggested assignment Gaussian Eop (eV) Eope (€V) Eope (€V) Eopt (€V)
A TTF" + TTF® — TTF° + TTF" 0.53” n.d. n.d. n.d.
B 2(TTF*) — TTF® + TTF** 1.54 1.31 1.26 1.28
C (TTF'"), — excited (TTF"), 2.26 1.93 1.69 1.82
D (TTF'), — excited (TTF""), 3.27 2.3 n.d. n.d.

“ n.d. - not possible to determine from the data. ? Estimated from the Gaussian fit.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 Comparison between (a) Gaussian fit procedure, the position of
Gaussian peaks are highlighted; (b) Tauc plot direct (blue) and Tauc
plot indirect, the results for each region of the spectrum are high-
lighted with the same color code. Further details about the Gaussian fit
parameters and Tauc analysis are provided in Fig. S4.1

mathematical reason the band gap determined by the absorption
onset falls in the middle®**>*® (Fig. 6b and Table 2). The values
obtained for similar bands are in accordance with previously
reported TTF-MOFs (see the examples reported in Table S61)
where, as suggested by Dinca, the conductivity is mostly related
to these mid-gap states caused by doping with the radical cation
generated during the synthesis.* In our case the band related to
the IVCT transition is more prominent (a Gaussian peak area 3
times bigger than B peak was found, see Fig. S41) than that of the
previously reported series of M-TTFTC MOFs, where the spectra
were dominated by the B band with almost negligible contribu-
tion from A, suggesting low charge delocalization within the
stacks.”® Our material is thus more comparable to a mixed-
valence TTF semiconductor with a small band gap, where the
presence of not fully delocalized states along the stacks prevents
high conductivity, and a small activation energy is necessary to
trigger electron conduction. Indeed, Raman spectrum, optical
properties, conductivity values, activation energy and band
structure are in accordance with these types of systems here.®>**%
Generally, the comparison of the different band gap determina-
tion methods confirmed that Gaussian fit is a more precise and
reproducible procedure for this class of materials both for the
band gap determination and the band position. Furthermore,
more information can be extrapolated, such as the peak area,
which can be used for useful comparisons. On the other hand,
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the main drawbacks of the application of the Tauc analysis to
a localized MOF system, as is the case of all reported TTF-MOFs,
such as difficult determination of the gap type (direct or indirect)
and artifacts due to unsuitable and arbitrary mathematical
treatments, were again pointed out here.

Electronic structure of [Dys(TTFTC)5(H,0),,]- (H20),4 1

As discussed above, the crystal structure of [Dys(TTFTC)s(H,-
0),]-(H,0),1 1 can be described as a series of parallel fully
deprotonated TTF-TC chains along the [1 1 1] diagonal direction
linked by Dy"™ cations. Water molecules either complete the
coordination of the cations or reside in the voids of the struc-
ture. Since there are no S---S short contacts between the donor
chains, the electronic structure of 1 near the Fermi level is
determined by that of an isolated chain of completely depro-
tonated TTF-TCs. The repeat unit of this chain contains five
TTF-TCs of three different types, A, B and C, with the sequence
...A-[A-B-C-B-AJ-A... (vide supra). Taking into account the fully
deprotonated condition of the anions and the +III oxidation
state of the cations, a unit cell of the chain must contain two
holes, i.e., two electrons of the 7t-type HOMOs (highest occupied
molecular orbitals) of the anions have been formally transferred
to o-type orbitals of the carboxylates. The fact that four of the
five anions (A and B) of the unit cell have the same central C=C
bond length, suggest that anion C contains the two holes (i.e.,
the two electrons of the HOMO are missing). However, analysis
of the Raman spectra advocates for the occurrence of two
different charge states (vide supra). To solve this contrasting
situation, we studied the electronic structure of a fully depro-
tonated [(TTF-TC);]*" chain.

As shown in Fig. 8a, there are three different types of TTF-
TC----TTF-TC overlap: that between two A anions (type 1), those
between A and B anions (type 2) and finally those between B and
C anions (type 3). In order to have a hint of the strength of the
HOMO:---HOMO interactions, which are those imposing the
shape of the HOMO bands and thus controlling the transport
properties, we have evaluated the absolute value of the so-called
HOMO:---HOMO interaction energy (|Suomo-nomo|)® associated
with each interaction. The calculated values for the three
interactions are: 0.1466 eV (A-A), 0.1816 eV (A-B) and 0.3785 eV
(B-C). Since the B-C HOMO-HOMO interactions are about
twice stronger than those of the others, the chains can be
considered as a series of B-C-B trimeric units separated by A-A
spacers, as far as the HOMO-HOMO interactions are con-
cerned. This observation immediately clarifies the situation.
The C units exhibit the longest central C=C bond, so that the
two holes must be mostly located within these trimers. The
upper orbital of a trimeric unit®” is schematically shown in
Fig. 8b in which the HOMO of a given donor is represented for
simplicity by a p, orbital. The numbers shown are the coeffi-
cients of every HOMO in the empty upper trimeric orbital as
given by a simple Hiickel-type approach. Thus, the upper
trimeric orbital has as its major component the HOMO of the
central anion C although the participation of the BHOMOs is by
no means small. This leads naturally to the roughly +1 (C) and
+1/2 (B) charges suggested by the Raman study.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) The fully deprotonated chain of anions in [Dyg(TTF-
TC)s5(H20)50]- 21H,0, where the different anions and interactions are
labelled. (b) Schematic representation of the upper combination of the
three HOMOs of a trimeric unit according to a simple Huckel treat-
ment. For simplicity, the HOMO level of each molecule is represented
by a p, orbital. (c) Calculated band structure for the chains in (a) where
I' = (0) and D = (d*/2) where d = a + b + c¢. The partition of the two
electrons associated with the upper empty band among the different
anions of the repeat unit is shown.

The calculated band structure of the fully deprotonated
[(TTF-TC)s]*" chain is shown in Fig. 8c. The five bands shown
are those built from the HOMOs of the five anions and because
of the electron count all bands are doubly filled except for the
upper one. The partition of the two electrons associated with
this orbital if it was filled (i.e., of the two holes of the repeat unit)
is shown in Fig. 8c. These numbers are in excellent agreement
with the previous qualitative analysis. Practically, half of the
holes are associated with anion C and the rest is mostly asso-
ciated with the two anions B. A quite small contribution is
associated with anions A because as the HOMO-HOMO inter-
action associated with interaction 2 (A-B) is weak but not nil,
there is a weak interaction of the B-C-B trimer with anions A
and thus a weak orbital mixing. However, the mixing is too
small to have any practical consequence as shown by the fact
that the band is completely flat. Consequently, [Dys(TTFTC)s(-
H,0),,]" (H,0),; 1 should be a semiconductor with relatively low
conductivity, when compared to classical TTF-based conduc-
tors, essentially due to the holes in the upper filled band (i.e.,
the fourth band from the bottom in Fig. 8c) which exhibits some
dispersion. The calculated activation energy, i.e., the half-gap
energy, is 0.150 eV, which is in excellent agreement with the
value of 0.164 eV arising from the resistivity measurements (vide
infra). In summary, the band structure calculations completely
substantiate the Raman measurements and make clear the
occurrence of formal charges of +1/2 and +1 in the m-type
orbitals of anions B and C, respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Electron transport properties

Resistivity measurements have been performed on selected
single crystals of 1 as a function of temperature and/or pressure.
The results indicate activated electron transport, thus con-
firming what was suggested by the band structure calculations.
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A room temperature conductivity (ogr) value of 1 mS cm ™" was
obtained for both 4 and 2-contact configurations. The 2-contact
temperature dependent resistivity (p) data were fitted with the
Arrhenius law p = poe”,/” giving an activation energy (E,) of 1900
K (Fig. 9a). Despite the relatively poor conductivity with respect
to classical TTF-based conductors,®® the oxr value obtained is
relatively high in comparison to other c-MOFs. Indeed, most of
the reported MOFs are poor semiconductors with gyt in the
10% to 1077 S cm ™ range.’ As far as we know, the oy herein
measured is the highest among MOFs involving TTF linkers,
considering IUPAC definition of MOFs as a coordination
network with potential voids,* surpassing the well-known
Cd,(TTFTB) obtained by Dinca et al. in 2015.°° For compar-
ison purpose, we have grouped in Table S61 TTF-based MOFs
along with their RT conductivity values.

It is noteworthy that the use of single crystals of suitable size
and stability (mechanical and thermal) for conductivity
measurements is of relevant interest, since it allows reliable and
reproducible conductivity measurements, which are free from
artefacts compared to those on pellets, due to the different
conductivity of grain boundary defects and to the anisotropy of
crystals. These are also the reasons why it is the recommended
way to measure and report MOFs' conductivity values.
Conversely, most of the MOFs reported in Table S63 and in the
literature were measured on pellets, highlighting once again
how the synthetic strategy herein reported to obtain single
crystals represents a challenge, especially in the case of c-
MOFs.>*

Accordingly, the conductivity values in the reported TTF-
MOFs range between 107'° and 107" S em ™", thus at least one
order of magnitude below our MOF 1. About the same RT
conductivity value was obtained for the MIL-135(K) CP, where
a fully oxidized linker was present; similar considerations about
charge localization of the fully oxidized TTF-TC were
discussed.*?

We also measured the resistivity of 1 under hydrostatic
pressure. The temperature dependence of the resistivity at 1 and
1.5 GPa (Fig. 9b) shows that the activation energy decreases very
slowly as pressure increases, i.e., E, is still around 1900 K at
1 GPa and 1800 K at 1.5 GPa. This relatively weak effect on the
conductive properties is confirmed by the pressure variation of
the conductivity at room temperature, showing that ogr
increases linearly with pressure with a slope of around 70%/GPa
(Fig. 9¢), to be compared to the Bechgaard salts (TMTSF),X salts
(200 to 300%/GPa).

This relatively weak effect of the applied pressure is very
likely due to the rigidity of the framework combined with
electrostatic repulsions between the highly charged anions and
cations in the MOF.

Magnetic properties

The direct current (dc) magnetic susceptibility of the hex-
anuclear compound 1 are shown in Fig. 10 (xyT vs. T plot).
Magnetic measurements were performed on a microcrystalline
powder sample between 2 and 300 K under an applied field of
1.0 kOe. The T value at room temperature is 80.84 cm® K
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Fig.10 Temperature dependence of the ymT product at 1.0 kOe for 1.
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mol . Based on the X-ray analysis, it was found that in prin-
ciple two ligands in the form of the TTF-TC ligand radical were
present in a Dy6 cluster. The presence of these two free radicals,
if they are considered as not coupled and not delocalized, which
is very likely not the case (vide supra the discussion on the
electronic structure), contributes only to a small extent (0.75
em® K mol ') to the magnetic susceptibility compared to the six
atoms of dysprosium in the cluster. In all cases, we observe
a slightly lower magnetic susceptibility compared to the ex-
pected value for six non-interacting Dy™ (14.17 cm®* K mol™", §
= 5/2, ®Hys), g = 4/3) ions®* and two free radicals (0.375 cm® K
mol™', § = 1/2, g = 2). The somewhat lower value of the
magnetic susceptibility can also be associated with a large
variation in the g-factor tensor, which is caused by a significant
variation in the anisotropy of the dysprosium ion. With
decreasing temperature, the x,T product gradually decreases
down to T = 2.0 K and reaches the value of 47.60 cm® K mol *
which can be associated with the depopulation of the M; (Stark)
sublevels of the Dy centers.”? Three coordination types of the
carboxylic group are found in the compound 1-Dy. Two of these
coordination modes are bridges that ensure the formation of
the hexanuclear cluster. In these specific coordination modes of
bridging carboxylates, a ferromagnetic as well as an antiferro-
magnetic interaction can be expected.”® The absence of
increasing segments in the xy7T evolution with temperature is
an indication in favor of dominant antiferromagnetic interac-
tions both along the chain and within the cluster.®*** This is
consistent with the theoretical calculations presented above
(see Fig. 8b), which suggest the presence of antiferromagnetic
interactions in the chain. Indeed, antiferromagnetism within
a 1D arrangement of the ligand TTF has been reported.”>*°
Usually, the magnetic interactions between lanthanides con-
nected via carboxylate have low magnitude and do not exceed
the order of 1.0 cm™".2%°7% The evolution of the magnetization
vs. field has typical shape and values corresponding to the
presence of six Dy" with significant magnetic anisotropy
(Flg. 10)'91,93,94,97—102
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Dynamic properties of the compound were studied by
measuring the temperature and field dependence ac (alterna-
tive current) magnetic susceptibility. First, no signal was
observed under zero dc field at 2.0 K in the out-of-phase
component (x ,.) ac susceptibility (Fig. S5%). After applying
small dc fields (up to 5.0 kOe) a frequency dependent out-of-
phase signal appears (Fig. S5}). Such behavior can be the
consequence of the suppression of quantum tunneling of the
magnetization (QTM) and suggests the presence of field
induced slow magnetic relaxation. Interestingly, two signals can
be observed in the out-of-phase (x',.) ac susceptibility as
a function of the applied magnetic field, one at high frequency
(HF) and one at low frequency (LF) (Fig. 11a, see also Fig. S61).
The component at the high frequency increases with increasing
static dc field and has its maximum contribution at 1.5 kOe. The
second component, at low frequencies, also increases in
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Fig. 11 Frequency dependence of the out-of-phase susceptibility x"
for 1: (a) field sweeping (Hyc = 0-5.0 kOe) at constant temperature T =
2.0 K; (b) temperature sweeping (T = 2.0-7.1 K) at constant applied dc
field (Hge = 1.5 kOe); (c) temperature sweeping (T = 2.0-8.0 K) at
constant applied dc field (H4c = 3.5 kOe). The circle point is experi-
mental data, the solid line is the best fits according to the model
indicated in the text. The dashed vertical lines indicate the approximate
position of high and low frequency ac signals.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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intensity and reaches its maximum at 3.5 kOe and decreases
after the magnetic field continues to increase (Fig. 11, see also
Fig. S61). Considering the values of the real component of the ac
susceptibility (x') at low frequencies, as well as the values of the
imaginary part (x”) at the maxima (see Fig. S7}), we can see that
they far exceed the magnetic susceptibility values of the two
radicals existing in the Dy6 cluster. Thus, we can affirm that the
behaviour in the observed AC susceptibility is due to the pres-
ence of magnetic anisotropy in the Dy6 cluster.

To investigate the nature of the two slow relaxation
processes, the temperature dependence of ac susceptibility data
was collected under a fixed dc field of 1.5 kOe and 3.5 kOe with
variation of temperature between 2.0 and 8.0 K (with 0.3 K
increment) (Fig. 11b, ¢, S9 and S11%}). The evaluation of the field
dependence and temperature dependence of the relaxation
times was achieved by fitting the out-of-phase (x",. eqn (2) in
the ESI}) and in-phase (x ', eqn (1) in the ESI}) component of ac
susceptibility using a generalized Debye model for the two
relaxation processes.>*'%*1%¢

The temperature dependence of the ac susceptibility
confirms the presence of two relaxation processes in 1 (Fig. 12).
The two relaxation times (4, 7,) and two distribution parame-
ters (a1, @) occur along with two isothermal susceptibilities
(xT1, XT2) and one common adiabatic susceptibility (xs) (eqn (1)
and (2) in the ESI}). Variable parameters derived from the best
fits of the ac susceptibility are shown in Fig. S8, S10, and S12.}

Both (LF and HF) relaxation processes are well defined, and
the distribution parameters for the relaxation process are rather
broad (e;, = 0.3 + 0.5) but well resolved. This is probably
related to the presence of three crystallographically different
Dy" ions in the molecular structure, which can exhibit slightly
different relaxation properties.’”” The extracted temperature
and field dependence of relaxation times in 1 can be modulated
based on four relaxation mechanisms specified by eqn (1):*°%***

_ _ U, ,
Tr/H 1(T,H) =1To0. +%2H2 + 70 1exp( - kc;f) + AH'T + CT
1)
Cc) HF
W
°%° 3 5k0e
QTM
* 2 4 6 8 10 7 4 6 8 10

Temperature (K) Temperature (K)

b) LF d) w©F
2
_10? ao_ 10
e, ) o 4 S
) fit R DDDD DDDDDE‘ fit

o
o D o®

D
WY

2 4 6 0 2 4 6
Field (kOe) Field (kOe)

Fig. 12 Temperature (a and c) and field (b and d) dependence of
relaxation time for high and low frequency processes in 1. The solid
lines are the best fits with the contribution of Orbach and QTM.
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Here, the first term represents quantum tunneling of
magnetization (QTM), the second term is Orbach, third is
a direct process and the last is the Raman process; H is the
applied magnetic field and T is the temperature. In order to
constrain the variable parameters and avoid the over-parame-
trization problem in the analysis, the two temperature depen-
dences (at 1.5 and 3.5 kOe) and one field dependence (at 2.0 K)
of relaxation times were fitted simultaneously’® (vectors of
data: 7 'ins™', T'in Kelvin and H in kOe). We can easily observe
that for the study of the evolution of relaxation times as
a function of the applied magnetic field, the values of the
relaxation times are continuously decreasing (Fig. 12b and d),
suggesting that the contribution of the direct process is negli-
gible (eqn (3)). Attempts to involve the direct process in the
analysis result in bringing the values of A factor to zero. For
these reasons, the final expression defining the contribution of
the direct process has been omitted.

To successfully reproduce the experimental relaxation data
of LF and HF signals in 1, two different relaxation mechanisms:
QTM and Raman (Fit B, Fig. S13{ and Table 2) or QTM and
Orbach (Fit A, Fig. 12 and Table 2) are proposed.

It should be noted that the HF signal shows a small depen-
dence of the relaxation time on the temperature. Under this
condition, we obtained for the Raman process very small values
of the exponential factor n, which is not in agreement with those
usually reported in the literature (n = 4-13). Consequently, for
the HF data set, the study was limited to the Orbach with QTM
processes, which is sufficient in order to obtain a satisfactory fit
of the data. The results of the analyses are presented in Table 3.

Experimental section
Materials

All manipulations were performed under aerobic conditions
and all chemicals purchased were of reagent grade or higher
and used as received. TTF-TCH, was synthesized as previously
reported.® Elemental analysis (C, H and S) was performed with
a CE instruments EA 1110 CHNS. TGA was performed with an
STA-6000 instrument (Mettler Toledo) under a nitrogen flux of
40 mL min~" and in the 25-800 °C temperature range (heating
rate of 10 °C min~"). Powder X-ray diffraction was performed on
a D8 Advance diffractometer from Bruker, in the 5-40° 26 range
with 0.019754 stepwise. The sample was gently crushed and
mounted on the sample holder to avoid solvent loss before
other measurements; this procedure induces preferential
orientation of the crystallites, but calculated Bragg peaks match
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with the experimental ones confirming the phase purity of the
sample (Fig. S31). The data were corrected for the background
due to the sample holder.

Synthesis

TTF-TCH, (3.8 mg) was dissolved in 1.0 mL of water by adding
15 uL of NaOH 1 M and was placed in the bottom of a glass tube
(id: 4 mm; length: 30 cm). On top of it was carefully layered 0.5
mL of MeOH/H,0 and 6.1 mg of Dy(NO3);-6H,0 dissolved in
1.0 mL of MeOH. The tube was capped with Teflon tape and
parafilm® in order to avoid solvent evaporation. After 6 months,
black, shining, long, rectangular crystals were collected at the
interphase, decanted 3 times with H,O/MeOH, filtered on
paper, washed with H,O and MeOH and dried in air. The
synthesis was repeated in different tubes with various dimen-
sions and the crystals were collected in a similar way. The as-
reported optimized method allowed the easy separation of
around 1 mg per tube of single crystals with reproducible
reaction time and yields. Anal. caled for Cs5oHgeDyeOs3S20: C,
16.54; H, 2.39; S, 17.66. Found: C, 16.50; H 2.42; S; 17.61.

X-ray diffraction studies

X-ray single crystal diffraction data for 1 were collected at 100 K
on a Bruker D8 Venture diffractometer (Mo Ka) equipped with
a PHOTON II area detector. The data were indexed and processed
with APEX3. The structures were solved by intrinsic phasing with
the SHELXT"? program and refined on F* using a full matrix
least-squares algorithm with the ShelXL'** program using the
Olex2 (ref. 47) graphical interface. All non-hydrogen atoms were
refined anisotropically and all hydrogen atoms were placed in
calculated positions and refined isotropically with a riding
model. Disordered water inside the voids was modelled through
a solvent mask procedure. Crystallographic data for the structure
have been deposited with the Cambridge Crystallographic Data
Centre, deposition number CCDC 2341521% (1). These data can
be obtained free of charge from CCDC, 12 Union road, Cam-
bridge CB2 1EZ, UK (e-mail: deposit@ccdc.cam.ac.uk or http://
www.ccde.cam.ac.uk). The results are summarized in Table 4.

Raman microscopy

Raman spectra were carried out at room temperature on single
crystals by using a micro Raman spectrometer (Horiba XploRA
PLUS) equipped with a He-Ne laser (A = 632.8 nm) in the 100-
3200 cm ™" range, with a 100 LWD objective (<0.25 mW pm > on

the crystal). A 180° reflective geometry was adopted. The

Table 3 The variable parameters n, C, Uet. 7o+ and Q; (eq-M3) for simultaneous fit of relaxation times as a function of temperature and field for 1

1 Fit Qi(s™ Q> (177 T ' (57Y) Uett (K) C(s K" n R
LF A 58.4(7) 0.09(2) 2(1) x 10°*¢ 9.5(3)" — — 4.5
3(1) x 1074? 14.2(4)°
B 55.8(7) 0.10(3) — — 10.4(10) 2.7(6) 4.75
0.4(6) 3.7(7)
HF 1.0(4) x 10* 2(2) 6.5(1.7) x 107° 1.7(5) — 3.21

“ For the dataset of 1.5 kOe. ? For the dataset of 3.5 kOe.
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Table 4 Crystal data and structure refinement for 1
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Empirical formula Cs0HgsDys03g3S20
Formula weight 3631.38
Temperature (K) 100(2)

Crystal system Triclinic

Space group P1

a (A) 12.2439(10)

b (&) 15.9738(14)

c(A) 16.1746(14)

a (0) 115.689(3)

B (°) 99.245(3)

v (©) 102.148(3)
Volume (A% 2670.6(4)

Z 1

Pcalc (g Cmis) 2.258

p (mm™) 4.657

F(000) 1766.0

Crystal size (mm?®) 0.21 x 0.05 x 0.01
Radiation MoKa. (A = 0.71073)

26 range for data collection (°)
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F*

Final R indexes [I = 20 (I)]
Final R indexes [all data]
Largest diff. peak/hole/e (A~3)
CCDC number

samples were mounted on a glass microscope slide and the
scattering peaks were calibrated against a Si standard (v =
520.7 ecm™'). A typical spectrum was collected with a 200 s
acquisition time and was averaged over 3 scans. No sample
decomposition was observed during the experiments.

Optical properties

Diffuse reflectance (DR) spectroscopy measurements were per-
formed under sample direct illumination in a dual-beam
spectrophotometer (Agilent Technologies Cary 5000 UV-vis-
NIR) equipped with a diffuse reflectance integration sphere
between 250 nm and 2000 nm. The sample was ground with KBr
in a 1% w/w concentration and this solid mixture directly
mounted on the standard BaSO, sample holder. The Gaussian
fit was performed using Origin9 software following the proce-
dure reported.®® We used the data in the 0.62-3.50 eV region
that were normalized without a baseline correction. A satisfac-
tory fit of the experimental data was obtained considering four
independent peaks (A, B, C, D). Tauc plot analysis was per-
formed following the guidelines of the same reference.

Band structure calculations

The tight-binding band structure calculations were of the
extended Hiickel type* and a modified Wolfsberg-Helmholtz
formula was used to calculate the non-diagonal H,,, values."*> All
valence electrons were taken into account in the calculations and
the basis set consisted of Slater-type orbitals of single-{ quality for
C 2s and 2p, S 3s and 3p and O 2s and 2p. The ionization
potentials and exponents were taken from previous work.'*®

© 2024 The Author(s). Published by the Royal Society of Chemistry

3.85 to 51.626
—14=h=14,-19=<k=19,-19=[=19
89090

10221 [Rine = 0.0747, Rigma = 0.0392]
10221/0/669

1.059

R; = 0.0325, WR, = 0.0684

Ry = 0.0423, wR, = 0.0716

1.17/-1.16

2341521

Single-crystal transport measurements

Before conductivity measurements, a few single crystals of 1
having no evident cracking were selected under an optical
microscope and their unit cell checked with a single crystal
diffractometer and crystal faces indexed to confirm that the
[111] direction corresponds to the long axis of the rectangular
crystals (length could exceed 1 mm). At room temperature, the
electrical resistivity has been checked on several crystals both in
a 4-contact configuration (applying a DC current in the range
0.1-1 pA and measuring the voltage with a Keithley 2400 source
meter) and in a 2-contact configuration (applying a constant
voltage (in the range 0.1-1 V) and measuring the current with
a Keithley 486 picoammeter). Both configurations of measure-
ment were in agreement and showed an ohmic behavior indi-
cating that the resistance of the contacts is much lower than
that of the single crystals. Because of the high values of the
measured resistances, the temperature dependence of the
resistivity was measured using the 2-contact method. High
hydrostatic pressure was applied in a homemade NiCrAl clamp
type cell using silicon oil (Idemitsu Daphne-oil 7373) as the
pressure transmitting medium. The pressure, which is varied
with a resistive manganin gauge, was measured at room
temperature. Low temperature was achieved with a cryostat
equipped with a 4 K pulse-tube.

Magnetic measurements

DC magnetic susceptibility data (2-300 K) were collected on
powdered samples using a SQUID magnetometer (Quantum
Design MPMS-XL), applying a magnetic field of 0.1 T. All data
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were corrected for the contribution of the sample holder and
the diamagnetism of the samples estimated from Pascal's
constants.””'*® The field dependence of the magnetization (up
to 5 T) was measured between 2.0 and 5.0 K. Ac magnetic
susceptibility was measured between 2 and 7 K with an oscil-
lating field magnitude of H,. = 3.0 Oe and frequency ranging
between 1 and 1488 Hz in the presence of a dc field up to Hg. =
5.0 kOe. The relaxation times were extracted from a simulta-
neous fit of x',. and x',. using the generalized Debye model.*
Fitting of the variable parameters and estimation of errors was
performed with a Isqcurvefit solver in MATLAB; Jacobian matrix
was used to generate 95% confidence intervals on the fitted
parameters.

Conclusions

We reported herein a thorough study on a redox active TTF-
based Dy"-MOF, formulated as [Dys(TTFTC)s(H,0),,]-21H,0
(1), showing, to date, the highest conductivity value among the
TTF-MOFs. The structural analysis of the compound revealed
a complex 2D polymeric network with a rare 3°4L70 topology
composed of Dy clusters as SBUs and fully deprotonated TTF-
TC as linkers. The mixed-valence centered on the TTF core
was confirmed by a multi-technique approach involving bond
distance structural analysis, Raman microscopy, diffuse reflec-
tance spectroscopy and band structure calculations. The three
independent TTF-TC molecules per asymmetric unit, TTF(A),
TTF(B), and TTF(C), revealed a charge state of p = 0, p = +0.5,
and p = +1 respectively. The electron transport properties of 1
were investigated on single crystals confirming the semi-
conductor behavior predicted by band structure calculations. 1
shows a o,y = 1 mS cm ™' and small conductivity increase of
70%/GPa with the pressure very likely due to the rigidity of the
coordination bond network. Furthermore, 1 exhibits frequency
dependence of the in-phase and out-of-phase components of
the ac susceptibility under a static DC field, indicating the
presence of slow magnetic relaxation. The energy barrier (Ue/K)
of this field induced slow magnetic interaction is around 12 K,
corresponding to a typical SMM behaviour for dysprosium
carboxylates. This TTF-based MOF with highly anisotropic Dy""
ions, showing a rare 2D topology, provides a valuable scaffold to
design highly conducting 2D MOFs combined with SMM
behaviour.
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