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’ INTRODUCTION

Porous coordination polymers have attracted a lot of attention
over the past decades because of their remarkable abilities in
number of applications such as gas storage, separation, catalysis
or controlled drug release.1 More recently, an increasing effort is
noticeable in designing more sophisticated organic linkers2�25

or metalloligands,26�30 in order to develop hybrid materials with
novel optic, electronic, or magnetic properties.

In our quest for discovering novel original porous frameworks
with multifunctional linkers we particularly focused on porphyri-
nic building blocks. Actually, metalloporphyrins represent a
fascinating class of molecules as they play a key role in nature
as oxygen transport in hemoglobin or the photosynthesis
in chlorophyll. Because of their photochemical,31�37 electro-
chemical,38�45 and catalytic46�55 properties they have inspired a
huge domain of applications. Many chemists have thus focused
their work on the development and study of porphyrins, and
a large effort was deployed to develop synthetic methods in
porphyrinic chemistry.56�58 Indeed, functionalized porphyrins

are now relatively easily accessible and well studied compounds.
Especially, their ease of functionalization is of particular interest
as it has been clearly demonstrated that tailoring the nature of
the substituent or the central metallic ion allows fine-tuning the
properties of these metalloligands.59�63 It results that the
porphyrinic (or phthalocyanines) derivatives appear as attractive
building blocks for the preparation of functional hybrid
porous solids.64�67 Particularly, since the 1990s, many attempts
have been reported in order to build up open coordination
frameworks based on linkers derived from porphyrins.68�72

However, examples of materials stable upon solvent removal
and exhibiting a permanent porosity detected by gas sorption
are still scarce.73�75 More precisely, several solids based on
the tetratopic 5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin
(TCPP, see Figure 1a) anionic linker, which can give rise to
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porosity with a reasonably high surface area (SBET = 510�860 m2 g�1) as well as some structural
flexibility toward adsorption/desorption processes, modulated in both cases by the nature of A.
Thermally Stimulated Current (TSC) measurements indicated that alkali cations are rather
homogeneously distributed within the pores, while their interaction with the framework is
stronger in MIL-141(A) than in the analogous cation-containing Faujasites X and Y zeolites.
Finally, high pressure adsorption isotherms of N2 and O2 were measured. Whereas alkali ion-
containing zeolites adsorb selectively N2 toward O2, the opposite is observed for MIL-141(A). This result is interpreted in light of
the TSC data and the possible preferential interaction of the porphyrinic linker with O2.
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stable neutral frameworks, have been reported. For instance, the
groups of Goldberg,76�80 Choe,81,82 and Kempe83,84 published
many examples of two- and three-dimensional open frameworks
constituted by the TCPP linker and various metallic ions, but no
permanent porosity was evidenced in these solids. Another
noticeable study was reported by the group of Suslick,85 with a
3-D solid based on the CoII-TCPP porphyrinic building block
that shows interesting selective adsorption of different liquids,
although nitrogen sorption experiments revealed a low BET
surface area (125 m2 g�1). A few years later, Mori et al. published
some porous Ru-based solids and their use in catalytic reactions.86,87

More recently, Choe et al. reported a Zn-based porous 2-D
solid,88 and Hupp et al. reported a series of solids based on
various metalated TCPP presenting accessible metals sites and a
microporosity detected by CO2 sorption.

89

Noteworthy, the above-mentioned coordination polymers are
mainly based on M2+ cations (especially M2+ = Cu, Zn, Cd),
although it is established that the derived solids are often less
stable than those based on more charged cations (M3+ = Al, Cr,
Fe, M4+ = Ti, Zr), especially regarding to hydrolysis.90,91 In this
prospect, we have devoted since the past few years much effort on
the development of synthetic strategies to prepare such solids.92,93

Among them, iron(III)-based solids deserved a special attention,
as this cation is one of the most adequate for bio- (very low
toxicity)94 or redox-related (MOFs as positive electrodes for Li-
ion batteries)95,96 applications. Nevertheless, only a few FeIII-
based MOFs with either permanent95,97�100 or dynamic101�103

porosity have been reported so far.
We have thus focused our attention on investigating the

reactivity of iron(III) with the nickel�metalated TCPP porphyr-
in, Ni-TCPP derivative that leads to a novel 3D porous MOF
framework, three-times interpenetrated, labeled as MIL-141.
This latter possesses an anionic framework counter-balanced
by one extra-framework alkali cation A+ (A = Li, Na, K, Rb, Cs)
present within the pores. The first part of this paper deals with the
synthesis, structural, thermal, and textural features of the series
of MIL-141 solids. In a second step, the characterization of
their dielectric relaxation properties by means of Thermally
Stimulated Current (TSC) measurements is reported to follow
how both the cation distribution within the porosity and the

cation/framework interaction evolve with the nature of the alkali
ion embedded in the MIL-141(A). Such information is a crucial
point as one would expect that similarly to the case of the cation
containing zeolites,104�106 the partition of the extra-framework
cations influences the distribution of the electron density in the
framework and hence the interactions with guest molecules,
leading to changes in the adsorption properties of these solids.
Preliminary O2 and N2 single gas sorption measurements have
further been conducted to test the potentiality of these solids for
O2/N2 separation. Although the specific properties of cation-
containingMOFs were already considered for various applications
related to gas sorption, such as enhancedH2 storage

107�110 or CO2

capture,111�113 in the field of gas separation,114 only a few neutral
framework MOFs were considered for O2/N2 separation.

115�122

The so-obtained results are mainly compared to those previously
reported for cation containing zeolites that are commonly used as
adsorbents in air purification technology.123�125

’EXPERIMENTAL SECTION

Synthesis. The porphyrinic linkers were prepared from the corre-
sponding 5,10,15,20-tetrakis(4-methyl benzoate) porphyrins. This later
porphyrin was synthesized according to a published procedure,126 in a
35% yield and further metalated with NiCl2 in classical conditions, with
90% yield. The hydrolysis of the ester functions to carboxylic acid was
undertaken with the corresponding alkali hydroxide solution (AOH,
with A = Li, Na, K, Rb or Cs) in order to control the nature of the alkali
cation in the final related MOF structure.

Typical procedure for the synthesis of MIL-141(A) is described
below for A = K. 400 mg (0.36 mmol) of the 5,10,15,20-tetrakis(4-
carboxyphenyl) nickel porphyrin was reacted with 300 mg (1.1 mmol)
of FeCl3•x(H2O) and 0.6 mL of 2 M KOH aqueous solution in 50 mL
of DMF. The solution was heated at 150 �C in Teflon lined autoclave for
48 h. The solution was then filtered and washed with DMF, water, and
acetone. Dark purple single crystals suitable for X-ray diffraction were
obtained in mixture with a minor amount of an unidentified red powder.
The single-crystals were purified by a density separation technique and
obtained as a pure phase in a 55% yield (250 mg).
Characterizations. The Supporting Information contains the de-

tails of the different techniques (single crystal and powder X-ray diffrac-
tion, thermal analyses (TGA, X-ray thermodiffractometry) in situ

Figure 1. a) The organic (top) and inorganic (bottom) nodes and their schematic representations and b) scheme of the complete structure consisting of
three interpenetrated nets with the PtS topology (view along [1 �4 0]).
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infrared and 57Fe M€ossbauer spectrometries, gas sorption measure-
ments and Thermally Stimulated Current (TSC)) used for the char-
acterization of the solids described in this article. The simulation tools
employed for predicting the theoretical accessible surface area for the
MIL-141(Cs) solid are also described.

’RESULTS AND DISCUSSION

Synthesis.The synthesis of the Fe(Ni-TCPP)A•(DMF)x(A =
Li, Na, K, Rb, Cs; x ∼ 3) solid or MIL-141(A) has been
performed under solvothermal conditions, in DMF and in the
presence of an alkali hydroxide aqueous solution. The addition of
a base is required in order to deprotonate the carboxylic acid
functions and thus facilitate the coordination of the iron ion to
the porphyrin. The reaction conditions were optimized in 20 mL
reactors and were easily transferred to a larger scale (125 mL
reactors) with a good yield (55% after purification). After the
crystallization step, regardless the alkali cation used, purple
single-crystals suitable for single crystal X-ray diffraction analysis
were obtained and purified according to the published density-
based procedure.127 The EDX analysis (for A = from K to Cs, see
Table S4) confirmed the incorporation of the corresponding ion,
with a Ni:Fe:A ratio close to 1:1:1. However, a difference of
stability between crystals containing light or heavy alkali cations
was observed: while the K-, Rb-, and Cs-based solids are stable
under ambient atmosphere, MIL-141(Li) and MIL-141(Na) are
sensitive to humidity. For this reason, the present article is mainly
focused on the properties of the heavier cation containing MIL-
141(K, Rb, Cs) solids.
Structural Analysis. Single-crystal and powder X-ray diffrac-

tion (see Figure S2) analysis confirmed that all the solids are
isostructural and can be obtained in a rather pure crystalline form.
MIL-141(A) (A = Li, Na, K, Rb, Cs) crystallizes in the mono-
clinic space group C2/c (n� 15), with a∼ 7.5, b∼ 25, c∼ 30 Å, β
∼ 93�, V∼ 5500 Å3 (see Tables S1 for details). For the heaviest
cation containing solids (Rb, Cs), the solvent molecules were
located within the pores using low temperature measurement
(see Table S3). As a typical illustration, the case of the MIL-
141(Cs) structure is described.

The MIL-141(A) structure is built up from tetra-anionic Ni-
TCPP4‑ linkers, Fe3+(see below), extra-framework alkali cations
and DMF molecules, in agreement with a FeIII(NiII-TCPP)-
A•(DMF)x (A = Li, Na, K, Rb, Cs; x ∼ 3) formula. The Fe(III)
ion adopts a distorted octahedral coordination (see Table S3 for
bond distances) consisting only in oxygen atoms from the
carboxylate groups and is connected to four porphyrinic linkers
(two chelating and two monodentate carboxylates), acting
thus as a slightly distorted tetrahedral node (Figure 1a, bottom).
On the organic side, each NiII-TCPP linker is connected to four
Fe(III) ions and acts as a square planar node (Figure 1a, top).
Such a resulting arrangement defines a three-dimensional net-
work exhibiting the binodal PtS topology with the inorganic
and organic moieties corresponding to S and Pt, respectively
(vertexes 4.4.8(2).8(2).8(8).8(8) and 4.4.8(7).8(7).8(7).8(7)).
The whole structure ultimately consists of three interpenetrated
PtS-type networks, with the porphyrinic rings stacked parallel to
each other (Figure 1b). This leads to the formation of two types
of channels with free diameters of about 4 and 6 Å containing
both the alkali cations and the DMF molecules (Figure 2). On
the whole, this structure presents some similarities (especially in
term of pore size) with a recently published Cd-based solid,128

although this later is built up from a chain of CdOx polyhedra and
trianionic (PdII-TCPP)H linkers.
The residual electronic density associated with A (i.e., with an

intensity being directly related to the weight of the alkali) was
found within the porosity not far away from the Fe ions (about
4 to 4.4 Å), close to the 2-fold axis. For the heaviest cations (Rb,
Cs), the location of both the DMF molecules and the cation was
possible, the latter being disordered over two positions. This
positional disorder is also probably effective for the lighter
cations (Li, Na, K) but hardly modeled with the available data
set. The Cs ion is thus statically distributed on two symmetrically
equivalent positions and is surrounded by seven oxygen atoms,
five from the porphyrinic linkers (among which two are dangling
oxygen atoms from the monodentate carboxylate groups) and
two from the DMFmolecules, each located in a different channel
and pointing toward the cation (see Figure 2a,b). The alkali ions
thus lie in the hydrophilic part of the channels, enhancing the

Figure 2. a) View of MIL-141(Cs) along [100]; for the sake of clarity, two channels (top right) are depicted without the DMF molecules.
b) Coordination sphere of the Cs+ cation; both Cs+ and DMF molecules present a positional disorder, only one position is depicted.
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stability of MIL-141(A) through strong electrostatic interactions
between the interpenetrated networks.
Bond valence calculations are in agreement with a +III

oxidation state for the Fe cation (see Table S3), which was
further confirmed byM€ossbauer spectrometry for A = K, Rb, and
Cs. Data recorded on the first samples with a large velocity range
evidenced the presence of some Fe-based impurities (such as
hematite), not detected by X-ray diffraction. Working on the
synthesis conditions (amount of base) and the purification step,
it was possible to completely discard these impurities which
could have resulted from the basic synthetic medium. Data
were then collected with a small velocity range to improve the
resolution of the hyperfine structure. While in the structures
described here, the FeIII ions are on a single crystallographic site,
the quadrupolar structure always consists of broadened lines
quadrupolar doublets, which could be associated with distortions
of the local environment related to the molecules entrapped in
the pores, as already observed for other porous Fe-based MOFs
(see Figure S6).101,102,129 More importantly, the isomer shift
values are consistent with the presence of only octahedral high
spin FeIII sites. In the case of MIL-141(Li) and MIL-141(Na),
the M€ossbauer experiments confirmed their limited stability
toward humidity which precluded their deeper studies.
Thermal Stability, Structural Flexibility, and Regenerabil-

ity. Thermogravimetric analysis demonstrated a thermal stability
up to 300 �Cunder oxygenwhatever the alkali cation, a value rather
high for a nontrivial ligand, which can be due to the robustness of
the porphyrinic core. As shown in Figure 3, the solvents removal
occurs between 150 and 250 �C and represents about 15% of the
weight of the starting material, a value consistent with the above-
proposed formula (theoretical weight loss 18�19%).
The X-ray thermodiffractometry study, performed under air

from 20 to 400 �C, leads to the same conclusion in terms of
thermal stability, with the collapse of the solids arising above
300 �C. Nevertheless, at lower temperature, differences emerge
depending on the nature of the alkali cation (Figure 4). The
departure of the solvent (around 150�250 �C) is accompanied
by a structural change, which amplitude depends continuously
on the size of the cation. For the heaviest cations (Rb, and
especially Cs), almost no change in the position of the Bragg
peaks is observed. On the opposite, for the lightest cation (Li)
severe changes occur. MIL-141(K) presents an intermediate
behavior, with a noticeable shift of the Bragg peaks, but to a
lesser extent than in MIL-141(Li).

In order to assess the reversibility of this transformation, the
as-synthesized solids were heated up to 250 �C and cooled down to
room temperature, and this cycle was again repeated. As shown in
Figure 5 for A = Li, Cs (see Figure S3 for the other cations), when
the sample is cooled down to room-temperature a structure change
occurs probably associated with rehydration, here also more or
less marked depending on the size of the alkali cation. This new
structural form associated with an adsorption of water in the
desolvated form of MIL-141(A) confirms the presence of a slight
flexibility of the structure upon adsorption. When the solids are
heated up again to 250 �C, they recover their high-temperature
(HT) structural forms for A = K, Rb, Cs, indicating that the
transformation is reversible. At first sight, the phenomenon seems
irreversible for A = Li. Nevertheless, the transformation is reversible
for a third cycle (see Figure S4), indicating that the first observation
could be related to a slower kinetics of desolvation forMIL-141(Li).

Figure 3. Thermogravimetric analyses of the as-synthesized MIL-
141(A) (A = Li, Na, K, Rb, Cs) solids performed under O2 (heating
rate 2 �C min�1).

Figure 4. X-ray thermodiffractometry analyses of the as-synthesized
MIL-141(A) (A = Li, K, Rb, Cs) solids performed under air from 20 to
400 �C (10 �C step, λCoKα = 1.7890 Å). Red patterns are associated with
T = 50, 100, 150, 200, 250, 300, 350, and 400 �C.
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The flexible character of MIL-141(A)upon solvent departure
might arise, either from a distortion of each interpenetrated
network or a global sliding of the networks, leading to a change of
the pore size or at least of the shape of its hydrophilic part. The
alkali cation may counterbalance this effect and even completely
prevent the flexibility as for the largest one (Cs). Preliminary
examination of the MIL-141(Cs) solid indeed showed that
the unit-cell of the HT form (monoclinic C2/c, a = 7.291(1),
b = 24.182(4), c = 30.860(4) Å, β = 92.26(1)�, V = 5437(1) Å3,
see Figure S5) is very similar to the one of the as-synthesized
solid (monoclinic C2/c, a = 7.360(1), b = 24.792(1), c =
29.743(2) Å, β = 94.44(1)�, V = 5410.8(5) Å3, Δ(a,b,c) <
3.7%), whereas a significant decrease of the shortest crystal-
lographic parameter (>6%) is observed for MIL-141(K) (HT
form: orthorhombic C2221, a = 25.877(1), b = 6.762(1), c =
31.986(1) Å, V = 5596.9(1) Å3, see Figure S5; as-synthesized
form: monoclinic C2/c, a = 7.228(4), b = 25.00(2), c = 30.90(2)

Å, β = 93.17(1)�,V = 5575(6) Å3). As illustrated in Figure S1, the
shortening of the corresponding cell parameter corresponds to
a decrease of the Fe•••A•••Fe distance. In order to balance the
lack of oxygen atoms within its coordination sphere resulting
from the departure of the DMFmolecules, the alkaline ion Amay
need to get closer to the oxygen atoms of the framework (Ofr),
i.e. to the carboxylate surrounding the Fe ion. This effect would
bemore pronounced for the smallest alkaline ions (which require
shorter A•••Ofr distances) than for the largest ones, leading to
more pronounced structural changes when the size of the cation
decreases. One can still note that this flexibility is associated with
rather low amplitudes of breathing compared to other classes of
highly flexible MOFs130,131 (displacement of the main Bragg
peak (022) of about 0.3 Å for MIL-141(Li)).
Adsorption Properties. The porosity of the MIL-141(A)

(A = Li, Na, K, Rb, Cs) solids was first investigated by nitrogen
sorption at 77 K. Prior to the measurement, the as-synthesized
solids were activated under vacuum at 170 �C in order to
evacuate the DMF molecules from the pores. Temperature
dependent infra-red spectroscopy (see Figure S12 for A = K)
confirmed the full departure of the solvent using this condition,
without any alteration of the framework. The N2 sorption
isotherms are illustrated in Figure 6, together with the deduced
BET surface areas and micropore volumes extracted from the
t-plot analyses. All MIL-141(A) solids are microporous solids with
a reasonably high surface area (SBET ∼ 500�860 m2 g�1)
and with slight changes in the total adsorption capacity
(160�240 cm3 (STP) g�1). Interestingly, the shape of the
isotherms depends on the nature of the cation A. Especially,
steps were observed when the isotherms are plotted in log-scale
both at low (see Figure S7) and intermediate pressures. Whereas
the first ones are not surprising in microporous solids and could
be assigned to the existence of specific adsorption sites, those
present at intermediate pressure are less common and could be
attributed to the structural flexibility of the framework. The
reproducibility of these steps was checked on different batches
(see Figure S8 for A = Rb), supporting the fact that these
behaviors are intrinsic to the materials and not related to
activation issues. This behavior is consistent with the structural
observation presented above, suggesting that the MIL-141
compounds are rather flexible solids. As a consequence and
contrary to the case of rigid solids such as zeolites, the total pore
volume and surface area do not directly decrease with the mass of
the alkali ion, as they rely both on the initial pore opening (which
is dependent on A, see above) and the structural flexibility. One
can even note the concomitant decrease of the surface area and

Figure 5. X-ray thermodiffractometry analyses of the as-synthesized
MIL-141(A) (A = Li, Cs) solids performed under air, using the following
thermal cycle: 20 to 250 �C to 20 to 250 �C to 20 �C (10 �C step,
λCoKα = 1.7890 Å).

Figure 6. Nitrogen sorption isothermsmeasured at 77K forMIL-141(A) (A = Li, Na, K, Rb, Cs) together with the corresponding BET surface areas and
micropore volumes.
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the size of the cation, what could at first sight appear inconsistent.
This result can nevertheless be understood in light of the
thermal analysis: the solvent departure is accompanied by a
shrinkage of the pores, but this effect is counterbalanced by the
presence of bulkier cations which prevents this pore closure,
thus lead to higher sorption capacities than the smaller cations.
This phenomenon was in fact already observed in the flexible
Fe(III) terephthalate MIL-53, in which the introduction of bulky
perfluoro groups on the linker lead to a significant increase of
the permanent microporosity.101 Theoretical accessible surface
area and micropore volume were estimated for the activated
MIL-141(Cs) using the method published elsewhere (see the
Supporting Information for details).132 This calculation leads
to values of 605 m2 g�1 and 0.39 cm3 g�1, respectively. The
good agreement between the theoretical and experimental
micropore volumes for A = Cs not only attests the effectiveness
of the activation procedure but also confirms once again that
the structural changes occurring upon solvent removal do not
drastically affect the pore size/volume for this bulky cation. The
discrepancy observed for the surface area is not unexpected and
could simply arise from the fact that the BET model, although
commonly used, is known to be not relevant for microporous
solids.133 For the lightest cations (Li, Na), the experimental pore
volumes remain lower than the calculated ones, in agreement with
the contraction of the pores proposed above. Finally, the stability
of the framework toward successive adsorption/desorption
cycles was tested: as shown in Figure S9, no change in the
adsorption isotherm was observed for MIL-141(Rb), assessing
the robustness of this solid.
As already mentioned in the Introduction and recently high-

lighted by Hupp and co-workers,89 examples of stable MOFs
based on porphyrin derivatives and presenting a permanentmicro-
porosity (especially toward nitrogen) are scarce.70,73�75,86�88,134

The MIL-141(A) thus represents an appealing series of porous
coordination polymers based on a porphyrin derivative, presenting
reasonably high BET surface area and exhibiting two types of
potentially accessible cation sites, either intra- (Ni) or inter- (A)
framework. The following section is devoted to the characteriza-
tion of the extra-framework cation sites.
Characterization of the Extra-Framework Cation Sites:

Thermally Stimulated Current (TSC) Measurements. A de-
tailed description of the TSC technique and analysis methods

used in this work can be found in the literature135,136 and is briefly
reminded in the Supporting Information. The TSC spectroscopy
addresses the local dynamic of charges, basically by measuring
the depolarization current JD, when a dipolar solid, which was
first polarized and frozen, returns to the equilibrium state, under
a controlled heating ramp. Applied to ionic solids, the dielectric
response can be regarded as arising from the dipolar reorienta-
tion associated with the ionic charge hopping over short dis-
tances. Based on the data previously reported on aluminosilicate
compounds (zeolites or clay minerals),137�141 the dielectric
relaxation responses of MIL-141(A) are expected to arise from
the relaxation of the alkali cation, which can be regarded as the
reorientation of the dipoles, constituted by the cations A and
their surrounding oxygen atoms of the framework. By fitting the
depolarization current JD with an appropriate function (see
the SI), TSC gives access to the distribution function G(ΔE).
One can further extract the partition of the extra-framework
cations among their possible hosting sites and the distribution of
the activation energies associated with the relaxation of the cation
in their sites: this latter information allowing us to get an indirect
evaluation of the interaction between the A cations and their
surrounding environment (here the framework).
Figure 7a illustrates a typical example of the TSC signal,

obtained for the activated MIL-141(Rb) sample. JD(T) exhibits
a broad peak, accompanied by a sudden increase of the signal
at high temperature. This later response corresponds to the space
charge effect, which results from the accumulation of ionic
charges at the sample/insulator layer interface.142 One should
notice that it is not an intrinsic dielectric relaxation phenomenon
and hence must not be taken into account in the experimental
data analysis. The good agreement between the experimental
and calculated signals was thus achieved by considering the
distribution function of the activation energies G(ΔE) depicted
in Figure 7b. As observed, G(ΔE) appears as a contribution of
two Gaussian functions, centered around two distinct mean
values of ΔE, which suggests the presence of two dipole popula-
tions. Similarly to zeolites,137,139,140 this result indicates that the
Rb+ ions are distributed over two types of sites in the activated
MIL-141(Rb) solid.
Further, considering the relative area of each Gaussian func-

tion (see Table 1), one can access the relative population of
both families of cation sites. The Rb+ extra-framework cations

Figure 7. TSC analysis of MIL-141(Rb). a) Comparison between the calculated (black line) and the experimental (red line) normalized depolarization
current and b) line shape of the normalized distribution function G(ΔE) used for the calculation of JD(T). Black and red lines represent the global
G(ΔE) and its decomposition into two elementary Gaussian functions g(ΔE), respectively.
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are predominantly localized on a single site, the second one
being occupied by only a very small fraction of these cations
(proportion of 11%). Following the same analysis procedure,
similar results are obtained for the other MIL-141 solids (see
Table 1). This indicates that in the activated forms of MIL-
141(A) (A =Na, K, Rb, Cs), most of the cations are preferentially
located in one type of site, similarly to what happens in the
as-synthesized form (see structural analysis above), although a
rearrangement upon solvent departure could not be a priori
totally excluded. This behavior strongly deviates with those
usually observed in other microporous systems such as zeolites,
wherein several types of cationic sites are present.113�116

Further, the situation drastically differs for the MIL-141(Li)
phase with Li cations roughly equally distributed into two sites.
This fact could be related with the higher structural flexibility
of MIL-141(Li) (see above) and to the smaller size of this cation,
which may allow it to access specific sites not available for larger
ones. Nevertheless, the rather low stability of this particular solid
(see above) precludes a deeper analysis for drawing a definitive
conclusion.
Figure 8 compiles the G(ΔE) obtained for all the MIL-141(A)

solids. It is observed that the position of G(ΔE) depends on the
nature of A, as shown by the signal shift toward the highest

energy domain when the alkali size increases. One can further
extract from these plots the mean energy value (ΔE) for all the
investigated cations that represents the most probable detrap-
ping energy of the A cation from its initial site. Such energy is
related to the strength of the A/framework interaction, assuming
that the more difficult the extraction of the cation is, the stronger
the A/framework interaction is. The increase of the detrapping
energy with the cation size as reported in Table 1 suggests that
the interaction energy between the alkali ion and the surrounding
oxygen atoms of the framework becomes stronger from Li to Cs.
This energy sequence cannot be directly compared to the one
observed in zeolites, since in this later case, different evolutions
can be observed depending both on the Si/Al ratio and the
topology of the aluminosilicates.137�140 However, one may note
that the interaction energy between the alkali ion and the
framework is usually higher for the MIL-141(A) solids than
those encountered in zeolites (as an exampleΔE = 0.8 and 0.6 eV
in NaY and NaX faujasites, respectively137). This is confirmed by
preliminary CO adsorption in situ IR experiments, which showed
that the polarizing ability of the Li and Na cations is far less
marked in MIL-141 than in the corresponding Y and X zeolites
(see Figure S13). One can thus expect a different behavior of
this material compared to zeolites with respect to adsorption/
separation processes which are known to be governed by the
cation/adsorbate interactions, as in the case for the O2/N2

mixtures.
Adsorption Properties of MIL-141(A) with Respect to the

Single Gases O2 and N2.Gas separation and especially oxygen/
nitrogen separation from air are of proven commercial impor-
tance, for example oxygen finding a wide variety of use in
industries (steel, paper, and pulp industries; glass-melting fur-
naces and also chemical processes such as biological treatment of
wastewater). For high-volume production, the cryogenic distilla-
tion of liquefied air is employed, whereas for low or medium
volume production, air separation by membrane separation or
vacuum/pressure swing adsorption processes (V/PSA)143 are
found to be more economically viable. Porous carbons have been
shown to be efficient for nitrogen production, with a separation
based on kinetics (diffusion limited behavior).144�150 Alterna-
tively, for oxygen production, zeolites can be used, and, in this
case, separation occurs through the preferential adsorption of
one constituent.151 Especially, alkali containing X Faujasite-type
zeolites present a highly selective adsorption of N2 toward O2.
This effect was shown to be related to the polarizing power of
the extra-framework cations and thus to be dependent on
the number (ratio Si/Al) and the nature of the entrapped
cation.152,153 Especially, the LiLSX zeolite (ratio Si/Al =1)
presents the strongest Li+•••N2 interaction leading to the highest
N2/O2 selectivity.

123,154

Adsorption of N2 and O2 at 30 �C up to 40 bar inMIL-141(A)
was thus investigated for A = Li, K, Cs. A detailed description of
the gravimetric installation, the experimental procedure, and the
measurement accuracy used in this work can be found in the
literature.155 The resulting isotherms are all of I-type, with a slope
at the initial stage of adsorption and a saturation capacity both
depending on the pair gas/cation (Figure 9). Whatever the
cation considered and contrary to the case of the LSX zeolites,
all solids adsorb preferentially O2 toward N2, both at low (see
Figure S10) and high pressures (Figure 9). The resulting
N2/O2 selectivities calculated at 4 bar for air (gas composition
80% N2 and 20% O2) (see the Supporting Information) are
estimated to be 0.73, 0.87, and 1.0 forMIL-141(A) with A = Li, K,

Figure 8. Alkali cation dependence of the G(ΔE) distributions of MIL-
141(A) (A = Li, Na, K, Rb, Cs) solids.

Table 1. Parameters of G(ΔEi) Determined from the Fit of
the Experimental TSC Signal with Eq 2 (See the Supporting
Information), Assuming That G(ΔEi) Is the Summation of
Two Gaussian Functions gi(ΔE)

a

g1(ΔE)) g2(ΔE)

solid ΔE (eV) Occ. (%) ΔE (eV) Occ. (%) ΔE (eV)

MIL-141(Li) 0.85 44 0.95 56 0.91

MIL-141(Na) 0.84 11 0.95 89 0.94

MIL-141(K) 0.86 5 0.96 95 0.96

MIL-141(Rb) 0.96 11 1.06 89 1.05

MIL-141(Cs) 1.11 13 1.17 87 1.16
aΔE ((0.02 eV) is the energy value at the Gaussian maximum and
“Occupancy” is the area relative to the global distribution functionG(ΔEi).
ΔE((0.02 eV) represents the mean energy associated to the relaxation of
the alkali cation in the porous structure.
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Cs, respectively. They strongly differ with those obtained for
the LSX-Faujasite (5.25, 3.33, and 1.99 for Li, Na and K,
respectively).154 One can thus note that, whereas the N2/O2

selectivity increases when the size of A decreases for ALSX,
the opposite is observed for MIL-141(A), with an increase of the
O2/N2 selectivity.
All these results suggest that in MIL-141(A), the alkali ions are

not as strong adsorption sites for N2 as they are in zeolites. This
could be related to the main conclusions of the TSC and IR
studies. Indeed, in MIL-141(A), A interacts more strongly with
the framework than in the zeolite, leading to weaker interactions
with N2. Above a lower affinity for N2, we also observe an
inversion of selectivity, especially at high pressure. This could not
be related to size effects (see the sorption isotherms of N2 at 77 K
in Figure 6) but most probably to the presence of selective
adsorption sites for oxygen, typically the macrocyclic linkers.
Indeed, transition metal macrocyclic compounds as porphyrins
are well-known to interact withO2, and a number of such systems
have been studied for catalytic applications implying O2, such as
oxygen reduction reactions.156,157 Depending on their nature,
the metal or the organic substituents (especially electron rich
substituents158) may strengthen both the metal-O2

159 or macro-
cycle-O2

160 interactions. Based on this idea, porous membranes
incorporating Co(II) porphyrins were indeed already used for
O2/N2 separation: they were shown to adsorb preferentially O2

over N2 because of the strong interaction between O2 and the
Co(II) centers161 and finally present good O2/N2 separation
abilities, the Co(II) centers favoring the transportation of O2

through a jump mechanism.158,161�163 Based on this knowledge,
one can suggest that the ligands may finally here play the key role
as O2-specific adsorption sites and give rise to the same inversed
selectivity. The effect is still less pronounced in MIL-141 than in
the aforementioned membranes simply because Ni(II) porphy-
rins are less prone to interact with axial ligands (here O2)
than their Co(II) counterpart.159 From an adsorption point
of view, the MIL-141 series seems thus to behave more like
MOFs presenting coordinatively unsaturated transition-metal
sites (interacting specifically with O2)

120,122 rather than cationic
zeolites. Nevertheless, deeper in situ IR experiments are needed
to fully prove this assertion.

’CONCLUSION

We report here a series of iron(III)-based MOFs (MIL-
141(A), A = Li, Na, K, Rb, Cs) built up from a porphyrinic

linker, with the presence of alkali ions within the pores. All
solids are stable upon solvent removal and present a significant
permanent porosity, a rare property in the area of porphyrin-
based coordination polymers. Alkali cations have a noticeable
effect on the structural flexibility of the solid, its rigidity increas-
ing with the cation size. TSC measurements revealed that the
major part of the cations (Na, K, Rb, Cs) are still located in
one hosting site after the activation procedure. The cations/
framework interactions are stronger here than in analogous
cation-containing zeolites leading to a lower N2/extra-frame-
work interaction and thus to a reverse N2 over O2 selectivity, that
can also be explained by a preferential adsorption of O2 over the
porphyrinic linkers. These solids finally combine three cationic
species: the node (Fe3+), the porphyrin central metal (Ni2+), and
the extra-framework cation entrapped within the pores (A+)
among which two may act as coordinatively unsaturated metal
sites (Ni2+ and A+). The extension of their chemical composition
(especially playing with these two cations) as well as the presence
of one cation hosting site and the preferred adsorption of O2,
appear promising for further catalytic applications89,128,164 im-
plying oxygen reactivity or bi-site catalysis as well as for specific
properties in the area of gas separation. Such work is currently in
progress.
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