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The reactivity of the redox-active tetracarboxylic acid derived from the tetrathiafulvalene (TTF-TC)H4 with alkaline
cations (K, Rb, Cs) is reported. The exploration of various experimental parameters (temperature, pH) led to the
formation of four crystalline three-dimensional coordination polymers formulated M2(TTF-TC)H2 (M = K, Rb, Cs),
denoted MIL-132(K), MIL-133(isostructural K, Rb), and MIL-134(Cs). Thermogravimetric analysis and thermodiffrac-
tion show that all of the solids are thermally stable up to 150-200 �C in the air. In order to exploit the possibility of
oxidation of the organic linker in TTF-based compounds, they were employed as positive electrodes in a classical
lithium cell. A highly reversible cyclability was achieved at high current density (10 C) with a reasonable performance
(∼50 mAh g-1). Finally, combined electro-(sub)hydrothermal synthesis was used to prepare a fifth 3-D coordination
polymer formulated K(TTF-TC)H2 (denoted MIL-135(K)), this time not based on the neutral TTF-TC linker but its
radical, oxidized form TTF-TCþ•. This solid is less thermally stable than its neutral counterparts but exhibits a
semiconducting behavior, with a conductivity at room temperature of about 1 mS cm-1.

Introduction

Among the numerous properties which can be hosted by
porous coordination polymers, redox activity has recently
deserved special attention. Indeed, mixed valence com-
pounds can show high electronic conduction,1-4 whereas
solids stable upon redox reactions5-7 could lead to enhanced

hydrogen sorption8-12 or can be used as anode electrodes for
lithium ion batteries,13-16active molds for the preparation of
metallic nanoparticles8,17-19 and conducting polymers,20,21
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or for sensing through guest-network charge-transfer inter-
actions.22-24 The electrochemical synthesis of porous coor-
dination polymers by the electrolysis of copper electrodes has
also been proposed,25,26 and few studies of their electroche-
mical behaviors have been reported.13-16,27 Compared to the
purely inorganic porous solids, one noticeable advantage of
the coordination polymers is that not only the metallic
cations but also suitable organic linkers can act as redox
centers.8-12,14-16,19,22,23,28

Tetrathiafulvalene (TTF) derivatives are sulfur-rich π-
electron donors known to form organic molecular conduct-
ing or even superconducting salts upon partial oxidation
(Scheme 1).29 Examples of TTF bearing neutral coordinative
groups (N, P or S) are numerous,30 and many coordination
complexes have been prepared, mainly with the aim to
combine the electronic and magnetic properties of the or-
ganic and inorganic moieties in the resulting solids.31-38 Few
coordination polymers (from 1 to 3-D) have been des-
cribed,34,35,39-46 mostly involving interactions between d10

cations (Cu, Ag) and sulfur atoms of the TTF back-
bone.34,39,42-44,46 On the other hand, coordination com-

pounds involving oxygenated anionic binding sites, such as
catecholate47-50 and carboxylate,51-57 are rare and with few
noticeable exceptions53,55,57 limited to molecular species. This
could at first glance appear surprising, since carboxylate
linkers are known to afford numerous stable, neutral, and
sometimes highly porous 3D coordination networks.58-61 The
reason for this may be found in the presumed low stability of
such linkers, which would make them incompatible with the
sometimes harsh (temperature, pH) experimental conditions
used for the preparation of stable 3-D coordination polymers.
We thus focused our attention on the TTF tetracarboxylic
acid62 ((TTF-TC)H4, see Scheme 1), whose characteristics
(high symmetry and potentially strong binding site) appear
adequate for the preparation of robust 3-D networks. The
reactivity of this linker with divalent cations (Ni,Co) was
already studied but led to porous hydrogen-bonded networks
of isolated carboxylate anions and inorganic cations.63,64 For
TTF-Co(H2O)6(TTF-TC)H2 3 2H2O,

64 the partial dehydra-
tion was thought to give rise to a coordination compound,
although this was not structurally evidenced. Only very re-
cently, a 3-D coordination polymer based on Zn, TTF-TC,
and 4,40-bipyridine as a coligandwas reported.55Another issue

Scheme 1. (Top) Two-Electron Reversible Oxidation of the TTF
Core, As Well As the Shape of the Highest Occupied Molecular
Orbital (HOMO) and (Bottom) Tetrathiafulvalenetetracarboxylic Acid
((TTF-TC)H4) Used in the Present Studya

aLetters a-d correspond to the bond distances reported in Table 2.
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is the redox activity of this linker when included in a coordina-
tion polymer. Indeed, coordination compounds based on
oxidized TTF ligands are limited.31-35,42,45,65-67 This is espe-
cially the case for TTF carboxylate derivatives (only one
molecular complex reported so far),56 which are prone to
decarboxylation upon oxidation.68

Our aimwas thus to examine the ability of the (TTF-TC)H4

linker to act as an organic building block for the preparation
of three-dimensional polymers (porous if possible) and to
take advantage of its redox activity in the resulting solid. The
first part of this study is devoted to the reactivity of the (TTF-
TC)H4 linker with alkaline ions, which are now considered
valuable alternatives to transition metal cations for the pre-
paration of coordination polymers.69-73 Four dense 3-D
coordination polymers were produced. In a second part, as
these compounds were found to be stable, they were tested as
positive electrode materials. Indeed, alkaline-based coordina-
tion polymers based on redox active linkers were already
shown to be promising alternative electrode materials in
lithium-ion batteries.14-16 Finally, in order to directly prepare
coordination polymers based on an oxidized linker, a com-
bined electro-(sub)hydrothermal synthesis was developed.
This allows the preparation of a new 3-D solid, which is
not based on the neutral TTF-TC however, the oxidized
TTF-TCþ• linker, whose electronic conductivity is studied.

Experimental Section

Synthesis. Tetrathiafulvalenetetracarboxylic acid or (TTF-
TC)H4 was prepared in four steps using a synthesis reported by
Pittman et al.;74 slight modifications were made to this proce-
dure, which are given in the Supporting Information. Table 1
summarizes the main characteristics of the optimized synthesis
conditions of MIL-132(K), MIL-133(K, Rb), MIL-134(Cs),
and MIL-135(K), which are fully described in the Supporting
Information.

Characterizations. The Supporting Information contains the
details of the different techniques (single-crystal and powder
X-ray diffraction, thermal analyses (TGA, thermodiffracto-
metry), infrared spectroscopy, and liquid cyclic voltammetry)
used for the characterization of the solids and the measurement

of their properties (electronic conductivity and reversible and
irreversible electrochemical processes).

Results and Discussion

Synthesis, Structure, and Thermal Behavior of the Non-
oxidized Solids. Initial reactions of the tetrathiafulvale-
netetracarboxylic acid or (TTF-TC)H4 with potassium
salts focused on variations of temperature and pH. It was
noted that temperatures exceeding 100 �C resulted in the
decomposition of the linker; however, crystalline mate-
rials were observed to form below 100 �C. The temperature
was then set to 70 �C, and the pH systemically varied: two
phases (later called MIL-132(K) and MIL-133(K); MIL
stands for Materials Institut Lavoisier) were identified and
isolated (seeFigure S1, Supporting Information). The same
experimental conditions were then transferred to rubidium
and cesium. In each case, only one crystalline phase (MIL-
133(Rb) and MIL-134(Cs), respectively) was detected
throughout the whole pH and temperature range exam-
ined. The structures of the four solids were solved by single-
crystal XRD (see the Supporting Information); two (K and
Rb-based) are isostructural. The four solids correspond to
the general formula M2(TTF-TC)H2 (M=K, Rb, Cs),
which was further confirmed by chemical analysis. In all
cases, two of the four carboxylic acid groups are deproto-
nated, and the remaining hydroxyl groups are involved in
strong intramolecular O-H 3 3 3O hydrogen bonds (see
Table S2, Supporting Information, for distances and an-
gles), while theTTF cores are planar and theC-S andCdC
bond distances are in accordance with a neutral oxidation
state (Table 2).75

For MIL-132(K), which was obtained for a wide range
of pH’s, two clearly distinguishable sets ofK-Odistances
are observed: five short distances between 2.711(2) and
2.795(2) Å and two long ones (2.925(2) Å and 3.017(2) Å).
When only considering the short distances, the potassium
environment can be described as square pyramidal. In
this case, inorganic chains of edge-sharing [KO5] poly-
hedra are defined along [010] (K-K=3.961(1) Å). Two
single chains are linked by the carboxylate functions,
which remain bidentate and form dimerized single chains
(K-K=4.415(1) Å), whereas the carboxylic acid groups
become monodentate, with C-OH dangling groups
(Figure 1). Layers of TTF cores parallel to each other
with their long axis perpendicular to the layer develop in
the 110 plane with their direction alternating along [001]
in a herringbone fashion (Figure S10a, Supporting In-
formation). These layers are reminiscent to the β-type
slabs found in molecular conductors76 but are here built
up from uniform 1-D stacks (interplane distance 3.51 Å,
shortest S 3 3 3 S distance 3.79 Å) completely isolated from

Table 1. Synthesis Conditions of the MIL-132(K), -133(K, Rb), -134(Cs), and -135(K) Solids

solid (TTF-TC)H4 (mmol) MCl (mmol) MOH (mmol) H2O (mL) temperature (�C) current density (μA cm-2)

MIL-132(K) 0.13 0.26 0.2 3 70 0
MIL-133(K) 0.13 0.26 0.1 3 70 0
MIL-133(Rb) 0.13 0.26 1.2 3 100 0
MIL-134(Cs) 0.13 0.26 1.2 3 100 0
MIL-135(K) 0.13 1.70 0.13 15 70 60
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each other (shortest interstack S 3 3 3 S distance > 5.8 Å,
see Figure S10b).
If one considers the intermediate pH form (final pH

around 3, MIL-133(K)), while keeping the same criterion
for K-O distances (d<2.85 Å), four bonds (2.743(2)-
2.765(2) Å instead of six when d < 3.25 Å) determine a
tetrahedral coordination for K. These tetrahedra are not
directly linked to each other, but through (TTF-TC)H2

linkers defining a 3-D network (Figure 2). Hydrogen
atoms are distributed on two sites with 50% occupation.
Layers of parallel TTF cores with their long axis parallel
to the layer develop in the 110 plane, with an alternating
orientation down [001]. Each layer is built up from 1-D
staggered stacks of TTFs (interplane distance 3.32 Å,
shortest S 3 3 3 S distance 3.96 Å) isolated from each other
(shortest interstack S 3 3 3 S contact >6 Å), as shown in
Figure S11 (Supporting Information). This finally leads
to completely different surroundings of Kþ ions and
whole 3-D networks in the two polymorphs. The solid
obtained with rubidium is isostructural to MIL-133(K),
and longerRb-Odistances (2.879(6)-2.899(6) Å) lead to
only a slight increase of the TTF 3 3 3TTF distance
(shortest interplane distance, 3.37 Å; shortest S 3 3 3 S
distance, 3.97 Å).
In the case of cesium (MIL-134(Cs)), the compound

crystallizes in a different (monoclinic C-centered cell
instead of the orthorhombic primitive) but quite similar
structure to those of MIL-133(K, Rb). Indeed, almost
identical layers of TTFs (interplane distance, 3.33 Å;

shortest S 3 3 3 S distance, 3.93 Å) connected through the
alkaline cations (Cs-O = 3.086(4)-3.109(5) Å) define
the 3-D network (Figure S12, Supporting Information).
The structures only differ along the axis of alternation of
the organic and inorganic layers (here [010], correspon-
ding to [001] in MIL-133); whereas the direction of the
TTFs stacks alternate in MIL-133, it remains unchanged
in MIL-134 (Figure 3).
Despite an identical composition (K2(TTF-TC)H2),

the selective formation of MIL-132 and MIL-133 seems
to be driven by the pH; moreover, no thermally induced
transition from one polymorph to the other was detected
upon heating (see Figure 4). MIL-132(K) has a lower
density, and very small 1-D channels (2 � 2.5 Å2 taking
into account the van der Waals radii) with sulfur-rich
walls running along the K-O-K chain axis are observed
(see Figure 1). Nevertheless, no significant adsorption
(either nitrogen or hydrogen at 77 K) was measured (see
Supporting Information). Attempts to grow the same
phase with larger cations (Rb, Cs) in order to increase
the size of the pores always led to the formation of a
dense phase (MIL-133 and MIL-134, respectively).
The thermal stabilities of the solids were evaluated

concomitantly by thermogravimetric analysis (under
oxygen) and thermodiffraction (under air). Both techni-
ques indicate that the compounds are stable up to
150-200 �C, whatever the nature of the cation; no mass
change and structural transformation are observed below

Table 2. TTF Internal Bond Distances (see Scheme 1 for the definition of a-d) and the Oxidation State of the TTF-TC (Deduced from the Formula) in the
Synthesized Solidsa

solid a (Å) b (Å) c (Å) d (Å) oxidation state

MIL-132(K) 1.340(5) 1.768(2) 1.747(2) 1.360(3) 0
1.764(2) 1.752(2)

MIL-133(K) 1.353(8) 1.756(2) 1.751(3) 1.353(8) 0
MIL-133(Rb) 1.39(2) 1.751(6) 1.750(7) 1.39(1) 0
MIL-134(Cs) 1.37(1) 1.749(4) 1.746(5) 1.35(1) 0
MIL-135(K) 1.401(5) 1.720(3) 1.729(3) 1.359(4) þ1

1.728(3) 1.734(3)
Co(H2O)6(TTF-TC)H2 3 2H2O

64 1.335 1.752 1.745 1.356 0
1.758 1.748

[Co2(μ2-OH2)(H2O)8][(TTF-TC)H2]2 3 2H2O
63 1.344 1.752 1.737 1.350 0

1.744 1.746 1.334

aFor the heaviest cations (Rb, Cs), the large esd’s (especially on CdC bonds) mask any clear relation between the bond distances and the oxidation
state.

Figure 1. Structure of MIL-132(K), projection down [010]. Figure 2. Structure of MIL-133(K, Rb) down [100], which is very
similar to the [001] projection of MIL-134(Cs).
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these temperatures (Figure 4). As previously mentioned,
no thermally induced structural transition between MIL-
132(K) and MIL-133(K) was observed, as can be ex-
pected from their largely different crystal structures.
Above 200 �C, the solids degrade, eventually yielding
crystalline M2SO4 (M = K, Rb, Cs), with the associated
weight losses in accordance with the proposed formula.
The thermal stabilities are slightly lower than the ones
usually observed in coordination polymers (typically
around 300 �C) and could be related to the destruction
of the linker, either through (i) irreversible oxidation (see
below) or (ii) thermal decarboxylation.

Redox Behavior. The strong tendency of the TTF cores
to pack parallel, as seen in MIL-132/134 or in other
coordination polymers,41 could be used to achieve con-
ductivity upon postsynthetic oxidation. Before consider-
ing this, it should be noted that, although the TTF core
usually presents two reversible oxidation waves, TTF
bearing carboxylic moieties are prone to irreversible
decarboxylation upon oxidation,68 a transformation re-
lated to the Kolbe reaction.77 Nevertheless, a thorough
electrochemical study performed on the TTF monocar-
boxylic acid suggested that the decarboxylation only
occurs during the second oxidation step (i.e., the trans-
formation of the radical monocation to the dication, see
Scheme 1), whereas the first oxidation step (from the
neutral molecule to the radical monocation) is rever-
sible.78 This was recently confirmed by the preparation
of a molecular complex of oxidized TTF monocarboxy-
late.56 The same trend was observed by Rosseinsky et al.
for (TTF-TC)H4 in water.64 Cyclic voltammetry per-
formed in DMF (see Figure S6, Supporting Information)
led to the same conclusion, with a first reversible process
(the width of the half height corresponds to 60 mV)

Figure 3. Alternation of inorganic and organic layers in MIL-133(K,
Rb) and MIL-134(Cs), illustrating the structural differences between the
two solids.

Figure 4. Thermal behavior of the (TTF-TC)H2-based solids: (a) MIL-132(K), (b) MIL-133-(Rb), (c) MIL-133(K), and (d) MIL-134(Cs). Thermo-
diffractograms from room temperature to 400 �C: red, as-synthesized solid; black, amorphous intermediate; blue, M2SO4; M=K, Rb, Cs (λ(CoKR) =
1.7890 Å). Inset: Thermogravimetric analysis from room temperature to 600 �C; experimental and theoretical (in parentheses) weight losses are also
reported.
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followed by a second irreversible oxidation (E1/2
1= 0.53 V

and E1/2
2 = 0.80 V vs SCE, respectively).

The direct chemical oxidation of MIL-132(K) and -
133(K) was explored initially. Exposure to vapors of
iodine or bromine led either to no change (iodine) or to
amorphous products (bromine). These results may be
explained in terms of relative redox potentials: where
iodine is too weak an oxidant to react with (TTF-
TC)H2

2-, bromine leads to the second, irreversible, oxi-
dation. Electrochemical oxidation, which allows a better
control of the redox state, was thus considered. To test the
potential applicability of the materials, we investigated
the compounds as positive electrode materials in a classi-
cal two-electrode Swagelok-type cell using 1 M LiPF6

containing ethylene carbonate/dimethyl carbonate (EC/
DMC) electrolyte, in which metallic lithium foil was used
as the negative and reference electrode. Prior to the test,
the active materials were hand-milled with 30% w/w
Ketjen black carbon (as conductive additives) in an agate
mortar.
According to solid-state cyclic voltammogram experi-

ments at different voltage sweep rates, all compounds
(MIL-132(K), MIL-133(K, Rb), and MIL-134(Cs)) ex-
hibit a similar behavior. Here, only MIL-132(K) will be
discussed in detail (see Figure S7, Supporting Informa-
tion, for the others). Solid-state cyclic voltammetry

curves of MIL-132(K) at a 10 mV s-1 sweep rate present
one highly reversible redox couple (Figure 5a) between 2
and 4 V vs Li/Liþ, with a charge capacity around 50-
60 mAh g-1 (Figure 5b). The reversible charge/discharge
processes could be related to the first oxidation of the
TTF core (theoretical capacity of MIL-132(K) is 59 mAh
g-1 when 1 e- insertion is concerned). At a lower sweep
rate (1 mV s-1), at the same voltage range, an irreversible
second oxidation of the TTF core is achieved (Figure 5c;
theoretical capacity for MIL-132(K) is 118 mAh g-1

when 2 e- insertion is concerned) but which drastically
decreased upon cycling and finally reached the value of
the first oxidation of the TTF core (Figure 5d). Note that
the same irreversible oxidation wave was observed at the
solution-state cyclic voltammogram with the TTF tetra-
carboxylic acid (Figure S6, Supporting Information).
Galvanostatic charge-discharge experiments were

performed in order to explore the maximum Li storage
ability with a large number of cycles at different current
densities and different voltage ranges. Figure 6a shows
the charge-discharge profile of MIL-132(K) with a 10 C
rate (which corresponds to the current required to com-
pletely charge/discharge an electrode in 6 min) at poten-
tial values between 2.3 V and 3.75 V. The curve presents
continuous dependence on the potential versus composi-
tion that can be assessed to a typical solid solution
reaction where reversible 0.6 e- insertions were clearly
observed. Rate performance (Figure 6b) also depicted the
highly reversible capacity of MIL-132(K) at both 10 and
2 C. Initially, the cell was cycled at a 10 C rate, and the
potential was increased stepwise to 3.8 V where the

Figure 5. Oxidation behavior ofMIL-132(K): (a) solid-state cyclic voltammetry between 2 and 4V vsLi/Liþ at 10mV s-1, (b) charge/discharge capacities
upon cycling between 2 and 4 V vs Li at 10 mV s-1, (c) solid-state cyclic voltammetry between 2 and 4 V vs Li at 1 mV s-1, (d) charge/discharge capacities
upon cycling between 2 and 4 V vs Li at 1 mV s-1.

(77) See for example: Grimshaw, J. Electrochemical reactions and mecha-
nisms in organic chemistry; Elsevier: Amsterdam, The Netherlands, 2000.

(78) Idriss, K. A.; Chambers, J. Q. J. Electroanal. Chem. 1980, 109, 341–
352.
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capacity reached 40 mAh g-1. The reversibility is demon-
strated by the fact that the capacity is reached again once
the potential is lowered to 3.75 V. At a slightly lower C
rate (herein 2 C), irreversible capacity loss should not be
neglected in the voltage range 2.3-3.7 V, which is pre-
sumably due to the decarboxylation of the carboxylic acid
groups, as is known to happen during the second oxida-
tion step.
In such a system, oxidation of the molecule backbone

requires additional anion insertion (from the electrolyte;
PF6

-) or departure of the cations (from the structure; Kþ,
Rbþ, or Csþ) in order to maintain the electroneutrality of
the structure. Herein, this phenomenon is still not clear,
although the structure turns out to be a completely amor-
phous phase after charge-discharge processes. Also, a
clear structural change is observed when the material
(e.g., MIL-132(K)) is contacted with the electrolyte, re-
sulting in a badly crystallized structure (Figure S8, Sup-
porting Information). This phenomenon of an electrolyte
effect as well as a better understanding of the role of
irreversible capacity loss at low rates (<2 C) are ongoing
studies in our laboratories and will be a subject for
another upcoming paper.
However, even considering the unanswered questions

surrounding the electrochemical studies, the promising
capacities at high-rate performances must be underlined.
It is also really important to stress that these new com-
pounds are synthesized in their reduced state (discharge
state of a positive electrode). Thus, they are compatible
with Li-ion technology since they will provide their
electrons during the first charge. Moreover, the average
potential, 3.6 V, versus lithium is also comparable or even
higher than that of other inorganic compounds (e.g.,
LiFePO4). Indeed by comparison with the conventional
inorganic cathode materials such as LiFePO4 or LiCoO2

(unless further modified), the new TTF based 3D organic
frameworks are beneficial electrode materials especially
when high-current-regime-required purposes are con-
cerned.

Electrocrystallization. Electrocrystallization is often
considered the method of choice for the preparation of
crystalline TTF radical salts, allowing both a high purity
and a good reproducibility.79 Nevertheless, as already
stated,30 the use of this technique for the preparation of
complexes based on oxidized TTF derivatives is rather

limited,33,45,65,66 chemical oxidation being the preferred
method.31,32,34,35,42,56,67 A plausible reason could be the
lower stability of the complexes once the TTF-based
ligands are oxidized. Indeed, whereas chemical oxidation
often allows simultaneous coordination and oxidation
processes to occur (for example, using Cu(II) as both a
metal and oxidant source32,34,35,67), the electrocrystalli-
zation is performed on presynthesized complexes33,65,66

(except in one recent case45). Indeed, formation of crystal-
line products which could require a “high” temperature is
usually not accessible using conventional electrocrystal-
lization setups. This problem could be circumvented by
the combination of electrocrystallization and solvother-
mal techniques. Coupled electro-hydrothermal systems
were developed, mainly for the preparation of polycrys-
talline films,80-89 rods,90 or single crystals of oxides.91-93

We used here the same technique for the preparation of
crystalline coordination polymers based on oxidized lin-
kers. Using an autoclave equipped with two platinum
electrodes, we were able to directly transfer the experi-
mental conditions used for the preparation of MIL-
132(K) andMIL-133(K) to our galvanostatic electrocrys-
tallization experiments.
Whereas at pH’s higher than 3 only a small amount of

MIL-132(K) is observed, experiments performed at a low
pH (1.5-3) produce a black crystalline solid on the anode
(later denotedMIL-135(K)), presenting an XRD powder

Figure 6. (a) Galvanostatic charge-discharge profile of MIL-132(K) at constant 10 C current density for the voltage range between 2.3 and 3.75 V.
(b) Rate performance of MIL-132(K) at both 10 and 2 C with different voltage ranges.

(79) Batail, P.; Boubekeur, K.; Fourmigu�e, M.; Gabriel, J. C. P. Chem.
Mater. 1998, 10, 3005–3015.

(80) Ban, S.; Maruno, S. J. Biomed. Mater. Res. A 1998, 42, 387–395.
(81) Han, K.-S.; Krtil, P.; Yoshimura, M. J. Mater. Chem. 1998, 9, 2043–

2048.
(82) Kajiyoshi, K.; Sakabe, Y. J. Am. Ceram. Soc. 1999, 82, 2985–2992.
(83) Kajiyoshi, K.; Yanagisawa, K. J. Phys.: Condens. Matter 2004, 16,

S1351–S1360.
(84) Kajiyoshi, K.; Yanagisawa, K.; Feng, Q.; Yoshimura, M. J. Mater.

Sci. 2006, 41, 1535–1540.
(85) Lee, Y.; Watanabe, T.; Takata, T.; Kondo, J. N.; Hara, M.;

Yoshimura, M.; Domen, K. Chem. Mater. 2005, 17, 2422–2426.
(86) Watanabe, T.; Cho, W.-S.; Suchanek, W. L.; Endo, M.; Ikuma, Y.;

Yoshimura, M. Solid State Sci. 2001, 3(1-2), 183–188.
(87) Yoshimura, M.; Suchanek, W. Solid State Ionics 1997, 98, 197-208.
(88) Yoshimura, M.; Suchanek, W.; Han, K.-S. J. Mater. Chem. 1999, 9,

77–82.
(89) Yoshimura, M.; Urushihara, W.; Yashima, M.; Kakihana, M.

Intermetallics 1995, 3, 125–128.
(90) Park, S. K.; Park, J. H.; Ko, K. Y.; Yoon, S.; Chu, K. S.; Kim, W.;

Do, Y. R. Crys. Growth Des. 2009, 9, 3615–3620.
(91) Liu, L.; Wang, X.; Bontchev, R.; Ross, K.; Jacobson, A. J. J. Mater.

Chem. 1999, 9, 1585–1589.
(92) Wang, X.; Liu, L.; Bontchev, R.; Jacobson, A. J. Chem. Commun.
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pattern different from those of both MIL-132(K) and
MIL-133(K) (see Figure S3, Supporting Information).
The optimization of the experimental parameters (pH
and current density, see Figure S2, Supporting Infor-
mation) afforded a solid suitable for single-crystal ana-
lysis. One can note that this optimized current density is
higher (about 10 times) than the one usually used for the
preparation of TTF-based molecular materials at ambi-
ent temperature, which could be related to the higher
solubility and diffusion rate of the precursors at high
temperatures (here, 70 �C).
The structural resolution reveals a 1:1 TTF-TC/K

stoichiometry. The linker adopts the diprotonated state
previously observed in the other solids ((TTF-TC)H2),
including the formation of strong intramolecular O-
H 3 3 3O hydrogen bonds (see Table S2, Supporting In-
formation).When compared withMIL-132(K) andMIL-
133(K), the internal C-S and CdC bond distances
respectively decrease and increase, as expected from the
shape of the HOMO when oxidation of the TTF core
occurs (see Table 2 and Scheme 1).75 The solid could thus
be formulated K(TTF-TCþ•)H2. The TTF-TC core is
shown to be oxidized, but not decarboxylated, as antici-
pated from cyclic voltammetry measurements.
If one takes into account the same criterion for K-O

distances as the one used to describe MIL-132(K) and
MIL-133(K), the potassium cations appear to be six-
coordinated (K-O = 2.707(2)-2.823(2) Å) in a slightly
distorted octahedral environment. They are not directly
connected to each other but through bridging carboxylate
groups down [100] to define chains. These chains arrange
in layers in the 001 plane, alternating down [001] with
organic slabs (Figure 7) to finally define a 3-D coordi-
nated network.
The organic layers of (TTF-TC)H2 are once again

reminiscent of the β-type topology found in molecular
conductors, i.e., built up from uniform 1-D stacks of
TTF (interplane distance, 3.45 Å; shortest S 3 3 3 S dis-
tance, 3.66 Å) closer to each other (shortest interstack
S 3 3 3 S contact is 3.76 Å along [010]) than inMIL-132(K)
(see Figure 9a and b). Nevertheless, if one compares
the arrangement of the oxidized TTF in MIL-135(K)
and in typical molecular conductors, some differences
emerge.Whereas the packing of the TTF cores is mainly
driven by the optimization of the HOMO-HOMO
overlap in molecular conductors (and in some cases
additional supramolecular interactions such as hydro-
gen bonds),94 the intrinsic rigidity afforded by the
coordination of the inorganic cation constrains, at
least partially, the packing of the TTF cores. Indeed,
although fully oxidized TTFs (þ1 oxidation state)
usually tend to form an eclipsed dyad to maximize
the HOMO-HOMO overlap,95 the packing observed
in MIL-135(K) corresponds only to a poor overlap
(see Figures 9b and Figure S13, Supporting Informa-
tion).
The thermal behavior of MIL-135(K) was investigated

using the same conditions as those used for the solids
based on the nonoxidized (TTF-TC)H2 linker. This solid

is rigid and stable up to about 100 �C and is thermally
destroyed above this temperature to give K2SO4 (Figure 8),
with a weight loss in agreement with the proposed formula.
Compared to MIL-132(K) and MIL-133(K), MIL-135(K)
thus presents a lower thermal stability, which is probably
related to the higher reactivity of the oxidized TTF-TCþ•

core.
Finally, the electronic conductivity of a single crystal of

MIL-135(K) was investigated from room temperature to
180Kand is shown in Figure 9c. The solid exhibits a semi-
conducting behavior with a rather low room-temperature
conductivity (σRT ∼ 1 mS cm-1) in comparison with mole-
cular TTF-based materials and an activation energy of
2400 K (0.22 eV). This result is not completely unexpected
considering theoxidation state of theTTFcore (þ1) and the
bad TTF 3 3 3TTF overlap, which prevent an efficient elec-
tronic delocalization along the stacks of TTFmolecules (see
Figures 9a and b).

Conclusion

The use of (TTF-TC)H4 as an organic building block for
the preparation of 3-D coordination polymers was investi-
gated. Although this linker appears less stable than the
commonly used hydrocarbonated polycarboxylates, the
synthesis of coordination polymers is achievable, providing
that some precautions are taken into account, mainly in
terms of temperature and pH of the reaction mixture. The
reaction of (TTF-TC)H4 with alkaline ions indeed led to four
3-D solids formulated M2(TTF-TC)H2 (M = K, Rb, Cs)

Figure 7. Structure of K(TTF-TCþ•)H2 or MIL-135(K), projection
down [100].

Figure 8. Thermal behavior of MIL-135(K). Thermodiffractogram
from room temperature to 250 �C: red, as-synthesized solid; black,
amorphous intermediate (λ(CoKR) = 1.7890 Å). Inset: Thermogravi-
metric analysis from room temperature to 600 �C; experimental and
theoretical (in parentheses) weight losses are also reported.

(94) Fourmigu�e, M.; Batail, P. Chem. Rev. 2004, 104, 5379–5418.
(95) Devic, T.; Domercq, B.; Auban-Senzier, P.; Molini�e, P.; Fourmigu�e,

M. Eur. J. Inorg. Chem. 2002, 2844–2849.
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crystallizing in three different structure types. All the solids
demonstrated a reasonable thermal stability in the air but no
permanent porosity. They were shown to act as positive
electrode materials in lithium batteries exhibiting good cyc-
labilities. Although the capacities are still moderate with
regard to fulfilling lithium batteries market requirements,
the TTF-based redox-active compounds are promising po-
tential materials, especially at high current densities. Finally,
the direct synthesis of coordination polymers based on the
oxidizedTTF-TC was investigated using a combined electro-
crystallization-(sub)hydrothermal approach. This techni-
que allows the preparation of a new compound formulated
K(TTF-TCþ•)H2 in which the TTF core is oxidized while
maintaining its molecular integrity. This dense solid exhibits
a semiconducting behavior. Further work will mainly be
driven by the use of transition metals in place of alkaline ions

and the development of the combined electrocrystalliza-
tion-hydrothermal approach in the prospect of producing
truly conductive, multifunctional, porous coordination poly-
mers.
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Figure 9. Left: Organic part in MIL-135(K): (a) View or the organic slab along the long axis of the TTFs molecules, reminiscent of a β layer in the 110
plane; (b) view of the uniform 1-D stack along the short axis of the TTF molecules (carboxylate groups are omitted for clarity). Right: (c) temperature
dependence of the electronic conductivity of MIL-135(K); (d) fit of the data to a law of the type σ = σ0 exp(-Ea/T ).


