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A high-throughput methodology combined with X-ray powder diffraction measurements was used to investigate the
reactivity of the TetraThiaFulvalene TetraCarboxylic acid ((TTF-TC)H,) with divalent metals (M = Ni, Co) under
various reaction conditions (stoichiometry, pH, temperature). Two new crystalline phases were identified and then
studied by single crystal X-ray diffraction. Whereas the first one appears to be a simple salt, the second one, formulated
{IM(Ho0)4]o(TTF-TC)} - 4H,0, is built of 2:1 M:TTF-TC molecular complexes and labeled MIL-136(Ni, Co) (MIL
stands for Materials Institute Lavoisier). The combination of thermogravimetric analysis and thermodiffraction studies
reveals that MIL-136(Ni) exhibits a complex dehydration behavior. Indeed, a partial dehydration/rehydration process
led to the single-crystal-to-single-crystal transformation of the molecular compound in a two-dimensional coordination
polymer formulated {[Nix(H20)s(TTF-TC)]} - HoO (MIL-136'(Ni)). Magnetic and redox properties of MIL-136(Ni, Co)
were investigated. Magnetic measurements indicate that all the magnetic coupling, intra- and intermolecular, are very
weak; thus, the magnetic data of MIL-136(Ni, Co) have been interpreted in term of single-ion spin orbit coupling. Solid
state cyclic voltammetry of MIL-136(Ni, Co) presents three reversible waves which were assigned to the redox activity
of the TTF core and the metallic cations. In contrast to solids based on TTF linkers and alkaline ions, the MIL-136(Ni,
Co) complexes do not act as excellent positive electrode materials for Li batteries, but present two reversible electron
oxidation of the TTF core. These observations were tentatively related to the strength of the metal-carboxylate bond.

Introduction

One of the noticeable advantages of Porous Coordination
Polymers (PCPs) or Metal Organic Frameworks (MOFs),'
compared to their purely inorganic counterparts is the chemi-
cal versatility offered by the presence of the organic moieties.
Indeed, variation of the organic linkers allows for example (i)
the control of the pore size,> (ii) the fine-tuning of the polarity
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and acidobasicity of the pore surface through the grafting of
functional organic groups,>* (iii) the introduction of reactive
groups for postsynthesis functionalization,” or (iv) the addition
of physical properties (optical.® magnetic,”® redox.”~ '°) related
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to the core of the linker. In the latter case, the preparation of
redox-active MOFs is of special interest, as it could lead to
enhanced hydrogen storage,'' ™ '* electronic conductivity, ¢~ '*
or open new perspectives such as the use of coordination ?oly-
mers as positive electrodes for a lithium ion battery.”!%1>1%20
In most cases, the redox-active linkers used up to now are built
up from carbon, hydrogen, oxygen, and sometimes nitrogen.
Alternatively, the TetraThiaFulvalene (TTF, CgH4Sy4), a
sulfur rich conjugated core, is known to present two rever-
sible and easily accessible oxidation states, and when crystal-
lized in a mixed-valence state, able to give rise to conductive
or superconductive organic molecular solids.?' Numerous
coordination complexes based on TTFs bearing neutral
coordination groups (N, S, P) have been reported,” mainly
with the final aim at synergistically combining in the resulting
materials the effects of the unpaired electrons of the TTF
core and the metallic cations (M).>*~2° On the other side,
coordination compounds built up from carboxylate bind-
ing sites are far less common: molecular complexes or
low dimensional coordination polymers (one-dimensional
(1-D) or two-dimensional (2-D)) based either on TTF
monocarboxglate (M = Rh,”” Gd*®) or dicarboxylate
(M = Ni, Co,” Mg, Ca,** Na®") were reported. In the present
work, we focus our attention on the highly symmetric TTF-
tetracarboxylate linker ((TTF-TC)Hy, (CoH404S4), see
Scheme 1).
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Scheme 1. TetraCarboxylic TetraThiafulavene (TTF-TC)H,4 Used in
the Present Study
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We recently showed that upon reaction with alkali salts
(M = K, Rb, Cs), (TTF-TC)H,4 gives rise to three-dimen-
sional (3-D) coordination polymers, which act as efficient
positive electrode materials for lithium ion batteries.** Few
coordination polymers with either Zn, Cu, or Mn and a neutral
co-ligand (4.4'-bipyridine, 2,2'-bipyridine, phenanthroline)
were also reported.**>* The reactivity of (TTF-TC)H,4 with
Co(II) in water was also studied by Kepert et al. The result-
ing salt is built up from the isolated ionic species (TTF-
TC)H,*>~ and Co(H,0)¢*" linked through a 3-D framework
of hydrogen bonds, and reversibly absorbs water.”> More
recently, Han et al. reported another salt, built up from
(TTF-TC)H,*™ anions and Co( #>-OH) »(H,0)s* " cations.*®
In both cases, no metal-carboxylate coordination bond was
observed, what can at a first sight appear surprising, as
carboxylate groups are known to react easily with divalent
cations. We therefore decided to reinvestigate the TTF-TC/
M (M = Ni, Co) system using a high-throughput (HT)
methodology. Through the miniaturization and paralleliza-
tion of the reactors, this technique allows the rapid screening
of reaction conditions (stoichiometry, pH, nature of the
solvent, temperature, and so forth), using a minimum
amount of reactants. This is of particular interest when one
of the reactants (such as (TTF-TC)H,) requires a multistep
synthesis. Recently applied to MOFs syntheses, the HT
methodology allows at the same time (i) to discover new
phases, (ii) to determine their domain of existence (of special
interest when multiple Phases coexist), and (iii) to optimize
their synthesis (yield).>’~*’ The HT methodology was thus
applied to the (TTF-TC)Hy/(Co', Ni') system. The first part
of this article is devoted to this HT investigation, especially
to the isolation of the molecular coordination compound
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Figure 1. Results of the HT screening for the Co/(TTF-TC)H, system:
effect of the temperature and pH.

(MIL-136(Ni, Co)). The second part is devoted to the struc-
tural and thermal behavior of this solid. We show that upon a
dehydration/rehydration process, MIL-136(INi) evolves to a
2-D coordination polymer MIL-136'(Ni) in a single-crystal-
to-single-crystal process. Finally, the magnetic and electro-
chemical properties of MIL-136(Ni,Co) are presented.

Experimental Section

Synthesis. The TetraThiaFulvaleneTetraCarboxylic acid or
(TTF-TC)H,4 was prepared in four steps following the published
procedure.>**® The experimental parameters (temperature, pH)
leading to the formation of {{Co(H,O)4o(TTF-TC)}-4H»0 or
MIL-136(Co) were determined using the HT methodology.
These experiments, as well as the optimized experimental con-
ditions used for the preparation of MIL-136(Co) and MIL-
136(Ni) at a larger scale, are described in detail in the Supporting
Information.

Characterizations. The Supporting Information contains the
details of the different techniques (single crystal and powder
X-ray diffraction (XRD), thermal analyses (TGA, thermo-
diffractometry), Infra-Red spectroscopy, magnetism, solid state
electrochemistry) used for the characterization of the solids.

Results and Discussion

HT Synthesis and Structure. Previous studies suggested
that water is an appropriate solvent for studying the
reactivity of (TTF —TC)H4.32’3 336 The HT screening was
thus performed with this solvent, (TTF-TC)H,4 and Co-
(NO3),:6H,0 as reactants, and using grids of 48 reactors
with Viax = 0.25 mL. The resulting products were
identified by powder XRD. Three experimental param-
eters were investigated: the temperature, the pH, and
the TTF-TC/Co(II) ratio; only the first ones were found
to be relevant (see Supporting Information, Tables S1
to S3). Variation of these parameters in the 20—150 °C
and KOH/(TTF-TC)H4 = 0—2 ranges lead to three crystal-
line phases, whereas higher temperature or pH only afford
amorphous solids (Figure 1), presumably issued from the
destruction of the linker.

The low temperature/low pH phase corresponds to
[Co(H,O)g(TTE-TC)H,-2H,0, the salt already reported
by Kepert et al.*® Increasing the temperature (and even-
tually the pH) lead to a second phase, for which crystals of
rather poor quality were obtained. Single-crystal XRD
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Figure 2. (010) projections at the same scale of the structures of MIL-
136(Ni) (a) and MIL-136'(Ni) (b); (color code: Ni, green; O, red; S, yellow;
H, white; O of free water molecules, pale blue). In (a) are highlighted
within ellipses (blue), circles (orange), and crosses (dark blue) the water
molecules (either bound or free) which leave the structure during the
partial dehydration to give rise to MIL-136'(Ni) (see text). (c) The neutral
[M(H,0)4)o(TTF-TC) (M = Co, Ni) molecular complex in MIL-136(M).

measurements nevertheless allowed a reasonably good
structural model, indicating that this solid is again a salt, built
up from (TTF-TC)H,?~ anions and Co( t,-OH)>(H,0)s*"
cations (see Supporting Information, Figure S8). This com-
pound is thus similar to the one reported by Han et al.*
Finally, the third compound, isolated at intermediate pH
(KOH/(TTF-TC)H4 = 2) and low temperature ( < 100 °C),
was also identified by single-crystal XRD measurements. It is
formulated {[Co(H-,O)4L,(TTF-TC)}-4H,O (later labeled
MIL-136(Co), see Figure 2a), and consists of symmetrical
122 TTF-TC* /Co®" molecular complexes (Figure 2¢). Using
identical experimental conditions with Co(II) and Ni(II) but
at a larger scale (24 mL Parr bomb) lead to the isotypic
compounds MIL-136(M) (M = Ni, Co), as checked by
powder XRD (see Supporting Information, Figure S1).
The neutral building unit in both MIL-136 and MIL-136'
(see below) structures corresponds to a fully deprotonated
TTF-TC* linker acting as chelating agent for the M" cation
on both sides (Figure 2¢). In MIL-136, the coordination
sphere of M'! is completed by four water molecules. In the
resulting octahedral geometry, M"—O distances and angles
are in the usual range (Co—O = 2.069(5)—2.124(5) A,
Ni—O = 2.038(2)—2.060(2) A). The TTF core is planar,
and internal C=C and C—S bond distances indicate that the
TTF remains in its reduced state, in accordance with the
formulation (see Supporting Information, Tables S7 and S8
for TTF characteristics and bond valence calculations
respectively). At each side, one carboxylate group (noted A
in Figure 2c) lies in the plane of the TTF molecule, whereas
the other one is twisted (angles between the TTF and the
CO; planes =7.8(4) and 63.7(5)°,and 7.1(1) and 62.4(2)° for
MIL-136(Co) and MIL-136(Ni), respectively). The 2:1 com-
plexes stacks parallel to each other (TTF-TTF inter-
plane distance = 3.509(5) A, see Supporting Information,
Figure S11) but staggered, all the stacks being also parallel to
each other (Figure 2a), finally defining pockets in which the
free water molecules stand. Dangling oxygen atoms from
the carboxylate groups and both bound and free water
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Figure 3. Thermogravimeric analysis of MIL-136(Ni) and MIL-136'-
(Ni) under O,.

molecules lead to a complex 3-D hydrogen bond network.
High quality XRD data for M = Ni allowed the location of
the H atoms by Fourier difference. It reveals that the four
independent O atoms from the carboxylate (Og,, coordi-
nated or not) act as either one-, two-, or three- fold hydro-
gen bond acceptors (H---Og = 1.92(5)—-227(3) A,
O(—H): O,y = 2.724(3)—2.988(3) A, O—H: Oy, =
150(4)—171(3)°, see Supporting Information, Table S5 for
full details), connecting the complexes in the 101 plane. Both
free water molecules acts as dihydrogen bond donors and
acceptors, with almost ideal H---O—H angles (99(3)—
127(2)°). In contrast, bound water molecules act mainly as
hydrogen bond donors.

As shown earlier, the pH seems to play a major role in
the formation of a metal complex. One can nevertheless
note that Kepert et al..*> using diffusion in silica gel and
basic conditions, only observed the above-mentioned
salt, which may be a consequence of a heterogeneous
pH in their medium. The formation of a metal complex
requires an intermediate pH, but, as a consequence of the
low temperature, only a low-dimensional metal complex
(i.e., a molecular complex) was formed.*” These results
suggest that getting a higher dimensionality (preferably
3-D) would require a drastic change of the experimental
conditions (not only temperature), such as the nature of
the solvent, which was not explored in the present study.

Thermal Behavior and Single-Crystal-to-Single-Crystal
Transformation. The thermal behavior of MIL-136(Ni)
(see Supporting Information, Figures S2 and S4 for MIL-
136(Co)) was examined by thermogravimetric analysis
under oxygen (Figure 3) and thermodiffraction under air
(Figure 4). These studies first indicate that this solid is
stable up to 150 °C and loses its crystallinity above this
temperature. At lower temperature (80 °C), a first weight
loss, corresponding to the departure of 8 water molecules
(experimental and theoretical weight losses are 21 and
20% respectively) is accompanied by a structural change
(see Figure 4a the red and green diagrams). The second
weight loss at 150 °C, associated with the complete
dehydration of MIL-136 (experimental and theoretical
weight losses are 33 and 30% respectively) lead to an

(49) Forster, P. M.; Burbank, A. R.; Livage, C.; Férey, G.; Cheetham,
A. K. Chem. Commun. 2004, 368-369.
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Figure 4. X-ray thermodiffractogram of MIL-136(Ni) under air (10 °C
step). (a) From 20 to 250 °C; (b) from 20 to 80 °C and from 20 to 250 °C.
Red, {[Ni(H,O)4(TTF-TC)],} - 4H,0 or MIL-136(Ni); blue, {[Ni>(H,0)s-
(TTE-TC)]} - H>O or MIL-136'(Ni); green, {[Niy(H,O)4(TTF-TC)]}.

Scheme 2. Water Adsorption/Desorption Process in MIL-136(Ni)

{[Ni(H,0),],(TTF-TC)}4H,0 MIL-136(Ni)
crystalline (0-D)
Socl—BHQO +2H,0
20°C in air
{[Ni(H0),(TTF-TC)} ———————— {INix(H,O)5(TTF-TC)]} H,0 MIL-136"(Ni)
crystalline 80°C crystalline (2-D
Ty 210 ry (2-D)

150°cl. 4H,0

{INi[TTF-TC)}}
amorphous

amorphous compound (see Figure 4 the green and black
diagrams) which then collapse with the combustion of the
organic moiety (see Figure 3).

In an attempt to isolate the lower hydrate {[Ni>(H,O)4-
(TTF-TC)]}, corresponding to the loss of 8 water mole-
cules, a sample of MIL-136(Ni) was heated up to 80 °C,
and then cooled down to room temperature. As shown in
Figure 4b, {[Ni»,(H,O)4TTF-TC)]}, upon cooling, trans-
forms into a new structural form (blue pattern), hereafter
labeled MIL-136'(Ni) and formulated {[Ni,(H,O)s(TTF-
TCO)]} - H,O (see below). This transformation is reversible,
as upon heating the previous pattern (green) is recovered.
A thermogravimetric analysis indicates that this new
solid MIL-136'(Ni) contain 6 water molecules, which
are removed in two steps (2 + 4), in accordance with the
behavior of MIL-136(Ni) (Figure 3). Scheme 2 sum-
marizes the full dehydration/hydration process of MIL-
136(Ni).

Description of the Structure of MIL-136'(Ni) and Study
of the Structural Relations between MIL-136(Ni) and
MIL-136’(Ni). Upon a slow heating at 80 °C followed
by cooling at 20 °C, it was possible to isolate a single
crystal of MIL-136'(Ni) suitable for XRD measurement.
From the structure determination, the formula of MIL-
136/(Ni) is {[Ni»(H,O)s(TTF-TC)]}-H,O, in agreement
with the TG analysis. The structure (Figure 2b) exhibits
topological similarities with MIL-136(Ni) in terms of
molecular building units, but also differences due to the
loss of both free and bound water molecules which induce
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some important changes in the connectivity. The first
striking feature which explains the latter is the rather
unusual short distance (2.517 A) which appears between
Ni" and some sulfur atoms of the TTF group, implying
important atomic movements during the transition. Bond
valence calculations (see Supporting Information, Table S8)
confirm that these S belong to the coordination sphere
of Ni, taking the place of one water molecule of the Ni
octahedron. Simultaneously, by the departure of another
framework water molecule, the previously dangling O
atoms from the carboxylate groups become ligands of a
Ni" ion. These cooperative displacements, summarized
by arrows and crosses in Figure 2a, have several con-
sequences: (i) despite keeping the same global octahedral
coordination, Ni'' ions segregate into two different
crystallographic sites, reflecting their different neighbor-
hoods, namely, [NiO3(H,O);] and [NiO3;S(H»O),];
(1) 3/4 of the water molecules in the pockets (crosses in
Figure 2a) disappear and (iii) the introduction of O and S
from the TTF-TC into one Ni coordination makes that
MIL-136'(Ni) exhibits now a 2-D dimensionality with
layers developing along the 110 plane, by connection
along [010] and [100] of the previously isolated and
stacked molecular building units. Note that this conden-
sation, which leads to some bending of the TTF cores
(Supporting Information, Figure S12), is not associated
with a redox process, as the oxidation state of both
the metal and the TTF core remain unchanged (see
Supporting Information, Tables S7 and S8). It is however
surprising—and rather rare®®>* —to observe that, despite
these strong reorganizations, a single-crystal-to-single-
crystal transformation occurs, involving a change of
dimensionality (here from 0 to 2-D) upon the departure of
bound solvent molecules.

Despite the failure to isolate the unstable {[Niy(H,0)4-
(TTF-TC)]}, which readily reabsorbs water to form
MIL-136'(Ni) and therefore forbids any structural study,
the knowledge of the structure of MIL-136'(Ni) allows
us to anticipate this unknown structure. In terms of
formulation, the two solids differ only by two water
molecules. One can therefore imagine that one of them is
the free H,O observed in MIL-136(Ni), the second
belonging to one of the nickel octahedra of MIL-136/'-
(Ni), likely on [NiO3S(H»O),], the most distorted one.
The disappearance of one H,O in this species would
generate a 5-fold, very distorted coordination for Ni,
rendering this polyhedron very unstable by cooling, thus
tentatively explaining the partial and topotactic rehy-
dration into MIL-136'(Ni). The amorphous character

(50) Bradshaw, D.; Warren, J. E.; Rosseinsky, M. J. Science 2007, 315,
977-980.

(51) Campo,J.; Falvello, L. R.; Mayoral, I.; Palacio, F.; Soler, T.; Tomas,
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Figure 5. Magnetic susceptibility data in y 7 form of (a) MIL-136(Ni)
and (b) MIL-136(Co). The solid line above the experimental data is the
theoretical curve derived from the Hamiltonian(3) and (4) respectively
(see Supporting Information). Inset (a): magnetization versus magnetic

field at 1.8 and 2 K for MIL-136(Ni). The solid lines represent the best
fitting results using Hamiltonian(1) (see text).

of the fully dehydrated solid prohibits any structural
expectation.

Finally, in agreement with the dense character of the
phases, no significant N, adsorption at 77 K was detected
whatever hydration state was considered (Sgpt < 20 m? g_l,
see Supporting Information).

Magnetic Properties. To determine if intra- and/or
intermolecular magnetic interactions occur between the
paramagnetic ions constituting the MIL-136(Ni) and
MIL-136(Co) compounds, the magnetic properties of
these two species have been studied.

The ymT versus T plot of MIL-136(Ni) is depicted in
Figure 5a. The y\ 7 product is nearly constant from room
temperature (ynm7 = 2.67 cm® K mol ") to about 20 K
(xmT = 2.44cm’ K mol "), and then decreases from 20 to
1.8 K (ymT = 1.34 cm® K mol™"). The smooth decrease
from room temperature to 20 K can be attributed to the
temperature-independent paramagnetism (TIP) of the Ni"!
ions. The decrease at low temperature can be attributed to
the zero-field splitting (zfs) effect, known to be significant
for Ni" ions,> and potential weak intra- and/or intermo-
lecular magnetic exchanges.

First, the 1/ym = A(T) curve has been fitted with the
Curie—Weiss law yv = C/(T — 0) (Supporting Informa-
tion, Figure S5), affording C = 1.27 cm® mol ™' K (implying
g = 2.25) and 6 = —0.60 K. Second, the magnetization

(59) Boca, R. Coord. Chem. Rev. 2004, 248, 757-815.
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versus field curves (Figure 5a, inset) recorded at 1.8 and 2 K
have been fitted considering the Hamiltonian(1):

A~ A

A1) = upB-[e)-S+ DS, = 1/38?)

where D is the local axial zfs parameter. This affords |D| =
49 cm™!, g being fixed to 2.25 (R = 1.1 x 10~ with R =
[Z(Mmlc - Mobx)z/Z(MobS)z])- No improvement of the fit
is obtained when an equatorial zfs parameter is introduced
in H(I). These g and D values are well in the range of those
previously reported for mononuclear nickel complexes.
Moreover, such result is in perfect agreement with those
previously obtained for octahedral Ni'' complexes coordi-
nated to six oxygen atoms. We can mention for example that
the [Ni(H,0)4](SO4) compound is characterized by |D| =
49 cm ' and g = 2.24.°° Moreover, attempts to fit the
amT = A(T) curve of MIL-136(INi) considering a Heisenberg
spin Hamiltonian have failed (see Supporting Information).
Thus, in MIL-136(Ni), the nickel centers are pseudo isolated,
with weak intermolecular antiferromagnetic interactions.

The magnetic properties of the MIL-136(Co) cobalt(II)
complex have also been studied. The y\ T = f(T') curve of
MIL-136(Co) decreases continuously from room tempera-
ture (ym7 = 6.80 cm® K mol ') to 1.8 K (ymT = 3.57 cm?
K mol '), as shown Figure 5b. Before any interpretation of
these data, it must be recalled that high-spin Co™ complexes
in O, symmetry possess a 4T1g ground state. This implies
that the contribution of the orbital momentum cannot be
ignored, complicating the theoretical analysis of the mag-
netic data.®' Nevertheless, taking into account that MIL-
136(Ni) and MIL-136(Co) are isostructural and the results
reported above for MIL-136(Ni), we have considered a
model where the Co™ centers are supposed to be magneti-
cally isolated. Then, the data has been treated with the
Hamiltonian(4):

H(4) = LS+ A[L) —1/307

where A is the spin—orbit coupling parameter, a is the
orbital reduction factor, and A reflects the degree of distor-
tion of the Co" octahedron. The magnetic data have thus
been fitted considering the empirical equation developed by
Lloret et al.® The best fit to the experimental data in the
20—300 K temperature range afforded A = —113cm™ ' and
A = 388 cm™ ', a being fixed to 1.5. The slight deviation at
low temperature of the experimental curve to the calculated
one can be attributed to the presence of weak antiferromag-
netic interactions. In conclusion, in both MIL-136(Ni) and
MIL-136(Co), the magnetic ions can be considered as
pseudo-isolated paramagnetic centers, with weak antiferro-
magnetic interactions. As the shortest intermolecular Ni-
(IT)- - - Ni(II) distances are almost equal for MIL-136'(Ni)
(5.082(4) and 5.0380(5) A for MIL-136'(Ni) and MIL-
136(Ni), respectively), one can also assume the same behav-
ior for the hemihydrated form.

Redox Activity. The cyclic voltammetry of (TTF-
TC)H, in solution was shown to exhibit two oxidation
waves characteristic of the TTF core;*>> nevertheless,

(60) Fisher, R. A.; Hornung, E. W. J. Chem. Phys. 1968, 48, 4284-4291.
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(62) Lloret, F.; Julve, M.; Cano, J.; Ruiz-Garcia, R.; Pardo, E. Inorg.
Chim. Acta 2008, 361, 3432-3445.
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Figure 6. Solid-state cyclic voltammetry between the voltage range of 2
and 4 V versus Li/Li" at 0.1 mV s~ ' sweep rate for (a) MIL-136(Ni) and
(b) MIL-136(Co).

only the first one was found to be reversible, a phenom-
enon which could be related to the decarboxylation of the
linker in its dioxidized form.*>%*%* Here, the low solubi-
lity of the complexes MIL-136(Ni) and MIL-136(Co)
preclude their studies in solution. Therefore, electrochem-
ical experiments were performed in the solid state, using
MIL-136(Ni), MIL-136'(Ni), and MIL-136(Co) as posi-
tive electrode materials in a classical two-electrode Swa-
gelok-type cell in which a metallic lithium foil was used as
negative and reference electrode. Coordination polymers
based on redox-active metal'®?° or linkers”'° were indeed
shown to act as reasonably good positive electrode ma-
terials for Li-ion batteries, a property requiring not only a
reversible redox activity but also a good Li* mobility
within the solid. The solid-state cyclic voltammogram
(CV) experiments were performed between 2 and 4 V
versus Li/Li* at 0.1 mV s~' voltage sweep rate where
three reversible redox couples were observed at about
2.50, 3.20, and 3.60 V for all solids (see Figure 6 for MIL-
136(Ni,Co) and Supporting Information, Figure S7 for
MIL-136'(Ni)).

(63) Dolbecq, A.; Fourmigué, M.; Batail, P. Bull. Chem. Soc. 1996, 133,
83-88.

(64) Idriss, K. A.; Chambers, J. Q. J. Electroanal. Chem. 1980, 109, 341—
352.
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The half-wave potentials were tentatively assigned as
follows: the two high-potential ones are related to the first
and second oxidations of the TTF core (E21 2= 3.20 and
E31/2 = 3.60), and the low and very broad peak (Ell/z =
2.50) to the reduction of the metallic cations (M" — M").
The oxidation of the metal (M — M), which should
appear at high potential (>4 V), is not observed here even
if the voltage range was increased up to 4.5 V (see
Supporting Information, Figure S7a for MIL-136'(Ni)).
When scanning at lower voltage range (<2 V), an irre-
versible reduction process occurred, which could be
related to either the reduction of the metal (M' — M)
or the water molecule (see Supporting Information,
Figure S6). By comparison with the CVs of the MIL-
136(Ni,Co) and Mx(TTE-TC)H, (M = K, Rb, Cs) solids,*
two differences emerge: (i) the second oxidation of the TTF
core appears reversible, and (ii) the general cycling behav-
ior, in which MIL-136(Ni,Co) were able to charge at
high voltage value (4.3 V) without having irreversible
capacity loss. Figure 7a shows the fully reversible galva-
nostatic charge—discharge profile of MIL-136(Ni) at
constant 10 C current density between the voltage range
0f2.0—4.3 V (see Supporting Information, Figure S7b for
MIL-136'(Ni)). The curve presents a typical solid solution
reaction with capacity around 20 mAh/g (~0.6 ¢ in-
sertions). However at the same voltage range (2.3—3.7)
and cycling rate (10 C) the reversible capacity of K5(TTF-
TC)H, was around 50 mAh/g (~0.6 ¢~ insertions)** at
variance with MIL-136(Ni), < 9 mAh/g (~0.25 ¢ in-
sertions). Both differences could be tentatively related to
the strength of the carboxylate-cation interaction. A
reasonable activity as electrode materials for Li-ion bat-
tery requires a good ionic mobility as well as good lithium
and electron delocalization. This is indeed the case for
M = alkaline ions, where exchange between M and Li™
could occur,*? but not for M = divalent cations, as these
ones interact more strongly with the carboxylate groups.
As a consequence, first MIL-136(Ni), MIL-136'(Ni),
and MIL-136(Co) present a very limited charge capacity
(~20mA g~ 'at 10 C regime between the voltage range of
2.0—4.3 V). Second, the second oxidation of the TTF core
appears irreversible both in solution for (TTF-TC)H, and
in the solid state for Mo(TTF-TC)H, (M = K, Rb, Cs),

but reversible here. This unusual behavior is nevertheless
in agreement with the recent publication by Qin et al.
where they showed that Mn'" atoms linked to TTF-TC
through carboxylate bridges resulted in two reversible
redox couples.*® A possible explanation could be that the
combination of strong metal(II)-carboxylate interactions
and structural rigidity may force the carboxylate groups
to remain coordinated to the metal and thus close to the
TTF core, preventing the decarboxylation; whereas for
M,(TTF-TC)H, (M = K, Rb, Cs), the metal-carboxylate
bond is weaker and could not prevent the departure of
CO», in the solid state.

Conclusion

We report here a coordination compound based on the
{IM(H,0)4»(TTF-TC)}-4H,O (M= Ni, Co) unit. This
molecular complex crystallizes with both bound and free
water molecules, and exhibits a complex thermal behavior.
Indeed, a partial dehydration—rehydration process allows the
isolation of a 2-D coordination polymer, which results from
the condensation of the above-mentioned complex. This
transformation occurs in a single-crystal-to-single-crystal
fashion. The magnetic and redox properties of these com-
plexes were also investigated. Temperature and field depen-
dent magnetic measurements first indicate that the divalent
cations are pseudo-isolated, as almost no intra or intermole-
cular magnetic coupling was detected. Solid state electro-
chemistry shows that, contrary to the solids based on the same
linker but alkaline ions, the {{M(H,0)4),(TTF-TC)}-4H,0
(M = Ni, Co) complexes are not suitable candidates for use as
positive electrodes for Li batteries, but exhibit an unexpected,
fully reversible two electron oxidation process for the TTF
core. These observations were tentatively related to the
strength of the metal-carboxylate bond.

Although the use of the HT methodology allows the
isolation of a new molecular complex, no 3-D framework
structure could be obtained, certainly because of the rather
mild conditions required by the organic ligand (in term of
temperature and pH). Nevertheless, alternative synthetic
approaches could be considered to circumvolve this limita-
tion, such as (i) the use of a neutral co-ligand (4,4'-bipyridine
or similar compounds) to connect the molecular species,***
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or (ii) their controlled condensation by a careful dehydra-
tion process. Moreover, even if such solids seem not very
effective as electrodes for Li batteries, their redox activity
could be exploited alternatively. As an example, the partial
oxidation of the TTF core either post-synthesis by reaction
with an oxidant or during the synthesis by a combined
electro-hydrothermal approach®” could lead to conducting
properties (as the one encountered in regular molecular
TTF-based materials) or at least interactions between the
unpaired electrons of the metallic cations and the radical
TTF cores.”> %% These research paths are currently ex-
plored in our laboratories.
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