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A new metal organic framework (MOF)-type aluminum pyromellitate or Al4(OH)8[C10O8H2] 3
4.8-5H2O (calledMIL-120) has been hydrothermally synthesized at 210 �C for 24 h. Its structurewas
analyzed by single-crystal microdiffraction using the synchrotron radiation beamline at ID13 station
(ESRF, Grenoble). It consists of infinite chains of aluminum centers in octahedral coordination
connected to each other through the pyromellitate linker. The structural feature is the existence of the
AlO2(OH)4 octahedra linked to each other via a common edge consisting of two μ2-hydroxo groups,
along the [102] direction. The different positions of the common edge in the two distinct Al
crystallographical sites induce a cis-trans connection mode of the octahedral units, and zigzag
chains are generated. All the carboxylate groups of the pyromellitate molecules are perpendicularly
connected to the inorganic chains, and it results in the formation of channels running along the c axis
(5.4 � 4.7 Å), in which water molecules are encapsulated. 27Al solid state NMR revealed two well
resolved signals with two distinct quadrupolar coupling constants (CQ=8.07 and 4.77MHz) related
to two Al sites. Brunnauer-Emmett-Teller (BET) surface area is 308(4) m2 g-1 (Langmuir: 432(1)
m2 g-1). H2 adsorption is 1.3 wt%at 77K and 3MPa. CH4 or CO2 adsorptions are 1.8mmol g-1 and
4.8 mmol g-1, respectively, at 303 K (under 1 MPa).

Introduction

For the past decade, intensive studies have been
focused on the elaboration of porous hybrid mate-
rials involving metallic centers associated to organic
ligands. Such compounds, commonly named metal or-
ganic framework (MOF) or coordination polymers, ex-
hibit crystalline organized pore systems with well-defined
size and geometry.1-3 These materials are promising to
many industrial applications in the fields of molecular
storage, separation, catalysis, etc.4,5 A large number of
solids was already reported, involving different cations

(mostly divalent metals) with multidentate carboxylate
linkers. Among them, the trivalent ion aluminum was
found to be a good candidate for the generation of three-
dimensional networks with noticeable porosity and low
density. Different compounds have, thus, been isolated
with the ligands terephthalate (MIL-536), amino-tereph-
thalate (CAU-1),7 2,6-naphthalenedicarboxylate (MIL-
69,8 DUT-49), 1,4-naphthalenedicarboxylate,10 4,40-
biphenyldicarboxylate (DUT-59), trimesate (MIL-96,11
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MIL-11012) 1,4,5,8-naphtalenetetracarboxylate (MIL-
12213), or pyromellitate (MIL-11814). From the structural
point of view, one of the common features (except MIL-
110 and CAU-1) is the existence of the chains of octahed-
rally coordinated aluminum cations linked to each other
via a μ2-hydroxo corner. In these structures, the three-
dimensional cohesion is ensured by the carboxylate mo-
lecules, which connect the inorganic chains to each other.
During our investigations on the reactivity of the

pyromellitate (1,2,4,5-benzenetetracarboxylate) with alu-
minum, we recently observed the hydrothermal crystal-
lization of a new compound (MIL-11814), which is close
to theMIL-536 archetype. The study of the phase diagram
allowed us to isolate a second phase by varying the
reaction pH adjusted with NaOH. Considering the or-
ganic part, the pyromellitate linker was previously em-
ployed with other trivalent elements such as vanadium,15

gallium,16 or indium.17-19 It was observed to have the
formation of a quite open network, in the case of indium
(In3(C10O8H2)2(OH)2

18), with a potential accessible pore
volume up to 43.3%. Here, this contribution deals with
the synthesis and the structural characterization of the
new aluminum pyromellitate, called MIL-120 (Materials
Institut Lavoisier) or Al4(OH)8[C10O8H2] 3 4.8-5H2O. It
was analyzed from a tiny single crystal using a synchro-
tron microdiffraction setup installed at the ID13 station
at ESRF (Grenoble, France). Its structure reveals a new
mode of connection of aluminum-centered octahedra by
edge-sharing, which is quite new in the crystal chemistry
of extended MOF-type networks, involving aluminum.
MIL-120 was further characterized by solid state NMR
including 27Al and 13C nuclei. Porosity properties were
examined from the adsorption of nitrogen and hydrogen
at 77 K as well as at 303 K with carbon dioxide and
methane. A thermal hydrogen desorption experiment
was also analyzed. Adsorption energies for all these gases
were measured directly via microcalorimetry and com-
plete the examination of the porosity.

Experimental Section

Synthesis and Initial Characterization. The aluminum pyro-

mellitate (MIL-120) has been hydrothermally synthesized from

a mixture of aluminum nitrate (Al(NO3)3 3 9H2O, Carlo Erba,

99þ%), pyromellitic acid (1,2,4,5-benzenetetracarboxylic acid,

noted H4btec, C6H2(CO2H)4, Aldrich, 96%), sodium hydroxide

solution (NaOH, 4M), and deionized water. A typical starting

composition was 3.2 g of Al(NO3)3 3 9H2O (8.5 mmol), 0.5 g of

H4btec (2 mmol), 3.4 mL of NaOH 4M (13.6 mmol), and 20 mL

of H2O (1111 mmol), and then, the resulting mixture was placed

in a 125 mL Parr-type autoclave at 210 �C for 24 h. The pH was

12.2 before the hydrothermal treatment and then 1.85 at the end

of the reaction. In comparison, the other aluminumpyromellitate

MIL-11814 appeared inmore acidic condition from starting pH 2

to ending pH 0.9. It resulted in a white powdered product (≈0.7 g),
which was filtered off, washed with deionized water under reflux at

100 �C (in 300 mL H2O) for 10 h, and dried at room temperature.

The scanning electronmicroscopy (SEM) examination (LEO1530)

showed that the MIL-120 compound consists of tiny prismatic

platelike crystallites of 1-10 μm size (Figure 1).

Elementary analysis was consistent with the chemical for-

mula: Al, 17.65%; C, 20.61%; H, 3.41%. The calculated chemi-

cal formula fromAl4(OH)8[C10O8H2] 3 5H2Owas as follows: Al,

18.50%; C, 20.54%; H, 3.42%.

Single Crystal XRD analysis. Two colorless platelike crystals

of MIL-120 (2 � 3 � 10 μm size) were selected and attached

under an optical microscope by Araldite to a tapered glass

capillary using a Kleindiek MM3A micromanipulator. Due to

the small size of the crystals, no absorption correction was

applied. Experiments were performed at the ESRF ID13 un-

dulator beamline12 using a microdiffraction setup. The beam

was monochromated to λ= 0.9613 Å by a liquid N2 cooled Si-

111 double crystal and focused to about 1 � 1 μm size by a

crossed mirror system. In such a setup, the flux density at the

sample within an about 1 � 1 μm2 effective beam reaches up to

3� 1010 photons/sec/μm2. Themicrogoniometer consisted of an

air bearing spindle and a Kleindiek MM3A micromanipulator

carrying a Hampton Research magnetic base. An Olympus

microscope looking upstream along the beam path on the focus

position was used for sample alignment in the focal spot. The

optical alignment precision was below 1 μm. The crystal was

rotating during data collection with an angular step of 1�.
Diffraction patterns were recorded by a MAR 165 CCD detec-

tor with 2K� 2Kpixels of 78.94� 78.94 μm2 and 16 bit readout.

The diffraction patterns were processed with the XDS20 soft-

ware. Twodata sets of 1 s per frame exposure timewere collected

on two different crystals of the sample and merged together

using an XSCALE program within the XDS package.

Figure 1. SEM image of the aluminum pyromellitate MIL-120 showing
the platelike crystals with prismatic section.
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The structural model was found by a direct method with

SHELXS-8621 software and developed by successive difference

Fourier syntheses using SHELXL-9722 software within Win-

GX23 complex. Positions of hydrogen atoms belonging to OH

groups were localized on difference maps. Hydrogen atoms

belonging to the benzene ring were found using geometric

constraints. Crystallographic data and parameters are presented

in Table 1.

Thermogravimetric (TG) and Thermodiffraction Analyses.

The TG experiments were carried out on a TA Instruments type

2050 thermoanalyzer TA under oxygen gas flow with a heating

rate of 1 �C min-1. Variable-temperature in situ X-ray powder

patterns were collected under static air in a Siemens D5000

diffractometer (θ-θ mode) using cobalt radiation equipped

with an Anton Parr HTK16 high temperature device and M

Braun linear position sensitive detector (PSD). Each powder

pattern was recorded in the range 8-45� (2θ) (at intervals of

20 �C up to 560 �C) with a 2 s/step scan, corresponding to an

approximate duration of 1 h. The temperature ramp between

two patterns was 5 �C min-1.

Solid State NMR. The high-resolution solid state 13C magic

angle spinning (MAS) NMR spectra were measured at 50.33

MHz, on a TecMag Apollo 200 NMR spectrometer, capable of

high power 1H-decoupling. The spinning rate used for 1H-13C

cross-polarization and magic angle spinning experiments was

10 kHz at ambient temperature. The spectrumwas a result of the

accumulation of 5120 scans. The recycle delay used was 10 s, the

π/2 pulse was 6 μs, and the contact time was 4 ms. The spectrum

was referenced to adamantane, which showed two peaks at 29.6

and 38.5 ppm. 27Al and 1H MAS NMR spectra were recorded

on a Bruker AVANCE 500 spectrometer (Larmor frequencies:

ν27Al = 130.3 MHz; ν1H = 500.1 MHz) using a 2.5 mm MAS

probe (Bruker Biospin). 27AlMASNMR (I=5/2) spectra were

recordedwith excitation pulse duration of 0.3μs. A 1Maqueous

solution ofAl(NO3)3 was used as reference for the chemical shift

of 27Al. The recycle delay was chosen as 0.1 s. The spectra were

fitted with the programDM2004.25 1HMAS studies were made

with a π/4 pulse length of 3.7 μs and a recycle delay of 4 s. The

accumulation number is 80. Values of the isotropic chemical

shifts of 1H are given with respect to TMS.

Surface Area Measurement. The porosity of MIL-120 was

estimated by a gas sorption isotherm experiment in liquid

nitrogen using the Micromeritics ASAP2010 apparatus.

Before sorption measurements, the sample was outgassed under

primary vacuum (5 Pa) at 200 �C for 15 h.
Hydrogen Adsorption. Hydrogen sorption properties are de-

termined by measuring the pressure-composition isotherms

(PCI) at 77 and 298 K and up to 8 MPa. The PCI curves

are recorded using a volumetric device (Sievert’s26 method)

equipped with calibrated and thermalized volumes and pressure

gauges. The sample is enclosed in a stainless steel sample holder

closed with a metal seal. Before any sorption measurements, the

sample is outgassed under secondary vacuum at 200 �C for 10 h.

The sample holder is immersed in a liquidN2Dewar at 77Kor in

a thermalized water bath maintained at 298 K, and high purity

hydrogen (6N) is introduced step by step up to 8 MPa. The

pressure variations due to both gas cooling and hydrogen

adsorption are measured after reaching thermodynamic equi-

librium, usually in the range of minutes. The real equation of

state for hydrogen gas is used from the program GASPAK

V3.32 (Cryodata, Inc.27). The PCI curves are measured twice

(i.e., two full adsorption-desorption cycles) in order to check

the hysteresis effect and the measurement repeatability. All

capacities reported here refer to the sample dry mass (i.e.,

outgassed mass). Sample volume correction is derived from

density measurement obtained with a helium AccuPyc 1330

Micromeritics pycnometer. Themeasured sample density is 1.83

((0.01) g/cm3.

Hydrogen Thermal Desorption. Thermal desorption studies

have been performed by recording the total gas pressure (MKS

absolute transducer) during hydrogen desorption under dy-

namic secondary vacuum. The sample was first cooled in

hydrogen atmosphere (900 mbar) to 21 K by the help of a liquid

He cryostat. The remaining gas that was not adsorbed by the

sample at 21 K was removed by pumping to the secondary

vacuum (10-5 mbar). The adsorbed gas was thermally desorbed

by applying a constant heating rate up to 150 K. Four different

heating rates have been used in order to check the repeatability

and the reversibility of hydrogen sorption. The total sample

mass was 1.2 g.
Adsorption Microcalorimetry. The differential enthalpies of

adsorption were obtained directly using two different

Tian-Calvet type microcalorimeters each adapted to work

either at 77 K or in the range from 298 to 473 K. Each of these

Table 1. Crystal Data and Structure Refinement for MIL-120

identification code MIL-120
empirical formula C10H20Al4O21

formula weight 584.18
temperature 100(2) K
wavelength 0.96130 Å
crystal system,

space group
monoclinic, C2/m

unit cell
dimensions

a = 9.7480(10) Å

b = 20.0480(10) Å,
β = 134.42(1)�

c = 7.4890(10) Å
volume 1045.31 (26) Å3

Z, calculated density 2, 1.856 g/cm3

absorption coefficient 0.329 mm-1

F (000) 580
crystal size 2 � 3 � 10 μm
theta range for

data collection
2.75 to 31.11�

limiting indices -10 e h e 10, -20 ek e 20,
-7 el e 7

reflections collected/unique 5288/581
R (int) 0.1933
Rmrgd-Fa 0.101
Rsym/Rmrgd-Fa 0.138/0.108 (crystal 1)
Rsym/Rmrgd-Fa 0.231/0.192 (crystal 2)
completeness to

theta = 31.11
81.8%

refinement method full-matrix least-squares on F2

data/restraints/parameters 581/2/94
goodness-of-fit on F2 0.964
final R indices [I > 2σ(I)] R1 = 0.0818, wR2 = 0.2184
R indices (all data) R1 = 0.0947, wR2 = 0.2322

R1free = 0.0994
largest diff. peak and hole 0.562 and -1.018 e Å-3
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devices are coupled to adapted gas dosing systems28 built in

house. At 77 K, the apparatus can measure adsorption enthal-

pies up to 1 bar; while at the higher temperature, the device is

able to work up to 80 bar. For this latter experiment and in the

present study, a temperature of 303 K was chosen and a final

pressure of 20 bar was attained.

For these experiments, the sample (around 200 mg at 77 K

and 700 mg at 303 K) is placed in the sample cell and, after

outgassing to 200 �C for 16 h, the sample is placed into the

appropriate microcalorimeter and attached to the gas dosing

system.

For the experiment at 77 K, a quasi-equilibrium introduction

of gas was used and, at 303K, a stepwise introduction of gas was

used. The errors in the enthalpy curves vary with the type of gas

introduction but are on average around (0.5 kJ mol-1.

Results

Structure Description. The structure of the aluminum
pyromellitate MIL-120 exhibits a novel three-dimen-
sional open-framework built up from the connection of
infinite inorganic chains with the btec ligand (Figure 2).
There are two inequivalent crystallographic sites for
aluminum residing on the special positions 4g (2-fold axis
for Al1) and 4f (inversion center for Al2). Both aluminum
cations are octahedrally coordinated with four oxygen
atoms with typical Al-Odistances ranging from 1.875(4)
to 1.891(5) Å and attributed to bridging hydroxyl groups
and two carboxyl oxygen atoms from the btec species,
with slightly longer Al-O distances (1.931(5)-1.962(4)
Å). Bond valence calculations29 are in good agreement
with the assignment of μ2-OH to the bridging oxygen
atoms (1.08 and 1.09; expected value for OH: 1.2). How-
ever, the positions of μ2-OH and carboxyl oxygen differ
in the two Al sites. For Al1, oxygen atoms from the
carboxylate groups are located on two vertices of a
common edge (equatorial position) in the octahedron
and the remaining equatorial and apical vertices are

occupied by four μ2-OH groups. For Al2, the μ2-OH
species are located on each vertex of the equatorial plane
and the carboxyl oxygen atoms occupy the two apical
positions of the octahedron. The aluminum cations are
linked to each other with a strict alternation Al1-Al2
through the μ2-OH species by sharing a common edge.
The two types of positions of the μ2-OH (equatorial and
apical for Al1, equatorial for Al2) induce a cis-trans
sequence of the connection mode, and this generates
infinite chains running along the [102] direction
(Figures 2 and 3). This type of configuration of chain is
new in the crystal chemistry of MOF materials involving
carboxylates with trivalent metals. Usually, the chains
consist of the connection of trans-connected octahedral
units generating straight rodlike inorganic building
blocks (see for instance MIL-53,6 MIL-69,8,9 MIL-
122,13 and Al(OH)(1,4-ndc) 3 2H2O

10). The edge-sharing
mode via μ2-OH is not so common for the aluminum
carboxylates although it has been previously described in
discrete molecular clusters, as for instance the binuclear
(saccharate30), trinuclear (citrate31,32), and tetranuclear
(malate33) units or the discrete octanuclear motif in the
MOF solid MIL-110.12 Four distinct zigzag inorganic
wires are connected to each other along the [102] direc-
tion via the btec linker, which adopts a configuration
μ8-η

1:η1:η1:η1:η1:η1:η1:η1. Each carboxylate group is
linked to two adjacent aluminum centers with a syn-syn
bidentate bridging mode. It results in the formation of a

Figure 2. Representation of the structure of the aluminum pyromellitate
Al4(OH)8[C10O8H2] (MIL-120) showing the infinite zigzag chains of edge-
sharing aluminum octahedra running along the [102] direction with the
-trans-cis-trans-cis- sequence. The chains are connected to each
other through the pyromellitate linker.

Figure 3. Connection mode of the pyromellitate ligand linking four
distinct zigzag chains of aluminum-centered octahedra inMIL-120 along
[102].
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(31) Feng, T. L.; Gurian, P. L.; Healy, M. D.; Barron, A. R. Inorg.
Chem. 1990, 29, 408.
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three-dimensional network (Figure 4) with channels
running along the c axis and delimited by the inorganic
rodlike building block and the btec ligand, having their
aromatic ring parallel to the c axis and perpendicular to
the chains. The free diameter of the one-dimensional tunnels
is 5.4 � 4.7 Å. It was observed that water molecules reside
within the channels, located on three distinct crystallo-
graphic sites with a ratio of 5H2O/4Al. Strong hydrogen
bond interactions occurs between water molecules them-
selves (OW1 3 3 3OW3 = 2.78(3) Å and OW2 3 3 3OW3 =
2.65(3) Å) andbetweenwatermolecules andhydroxogroups

(OW1 3 3 3O1= 2.82(1) Å and OW2 3 3 3O2= 3.05(1) Å) or
carboxyl oxygen (OW2 3 3 3O4= 2.93(3) Å).
The thermogravimetric curve (Figure 5) of MIL-120

(Al) shows three weight loss events. The first step is
assigned to the departure of trapped water molecules
from room temperature to 110-120 �C, with a weight
value of 15% corresponding to 4.8 H2O per Al4 formula
unit. The secondweight loss (obs: 11.1%) occurs from250
up to 340 �C, and then, the last step corresponds to the
value of 37.9% with a final plateau at 560 �C. The total
weight loss of the two last events (obs: 49.0%) is attrib-
uted to the departure of the organic linker (H4btec; calc:
43.8%) and 2 H2O (calc: 6.2%) coming from the dehy-
droxylation of theMIL-120 solid (total calculated weight
loss: 50.0%). From this consideration, the second step
could be assigned to the removal of 2 H2O together with
CO2 coming from the partial decomposition of the pyro-
mellitate molecule. The final weight loss up to 560 �C is
36.0%, and this agrees with Al2O3 (calc: 35.1%). The
thermodiffractogram (Supporting Information) indicates
the increasing of the intensity of Bragg peaks upon
encapsulated water removal from 60 �C together with a
slight shift toward high 2θ angles, reflecting a smaller cell
volume for the empty pore structure. The diffraction
peaks of MIL-120 are still visible up to 340 �C, indicating
that its structure is stable up to this temperature. Then,
they disappear except those at the lowest angle 9.5� (2θ)
and an additional peak around 17.9� (2θ). A difference
of thermal stability is observed between the TG (280-
300 �C) and XRD (340 �C) techniques and this may come
from the inertia of the considered system since TG uses a
small amount of sample (10-15 mg) and XRD uses a
large amount of sample (100-150 mg) spread out on the
surface of the platinum sample holder (4 cm length).
Solid State NMR Characterization. The 30 kHz-MAS

27Al NMR spectrum of MIL-120 (Figure 6) shows two
partially resolved resonances with different quadrupolar
parameters. Their isotropic chemical shifts (8.4 and 0.2 ppm)
correspond to typical values of carboxylate-coordinated

Figure 4. Viewof the structure of the aluminumpyromellitateAl4(OH)8-
[C10O8H2] (MIL-120) showing the tunnels running along the c axis.

Figure 5. TG curve of the aluminum pyromellitate MIL-120 (under air,
heating rate: 1 �C min-1).

Figure 6. 27Al MAS NMR spectrum of the aluminum pyromellitate MIL-120 obtained with a 500 MHz spectrometer (νrot = 30 kHz and number of
accumulations of 4096), showing the different contributions: experimental spectrum (blue line); simulated spectrum (red line), and decomposition (green
and purple lines). * indicates impurity.
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aluminum in an octahedral environment. For compar-
ison, solution state NMR of aluminum citrate complexes
showed signals within the broad range of 0 to 13 ppm.31,34

Their signal area ratio of ca. 1 : 1 confirms the presence of
two crystallographic Al sites within the structure of equal
population, as determined previously by XRD analysis.
The signal at 0.2 ppm exhibits a much larger quadrupolar
coupling constant (CQ = 8.07 MHz) as a result of much
distorted chemical environment around the correspond-
ing Al compared to the second Al site with a CQ = 4.77
MHz. On the basis of these observations, assignment can
be, therefore, provided. The Al1 site, where the carbox-
ylate groups are connected through equatorial positions,
should undergomore geometric distortion with respect to
the more symmetric environment of Al2, where the
carboxylate groups are bonded through axial positions.
The signal at 0.2 ppm with CQ = 8.07 MHz should,
therefore, correspond to Al1, while the one at 8.4 ppm
with CQ = 4.77 MHz to Al2.
The solid state 1H NMR spectrum of MIL-120

(Figure 7) shows three signals at 3.6, 4.5, and 7.7 ppm.
The signal at 3.6 ppm should correspond to protons of
μ2-OH species linking the two Al. The broad signal
around4.5 ppm is characteristic ofwatermolecules present
within the pores and channels of thematerial. The signal at
7.7 ppm is attributed to the two aromatic protons present
in btec moieties by comparison with the single signal at 8.0
ppm of H4btec observed in a DMSO-d6 solution. Quanti-
fication allows one to determine the following molar ratio
of btec/H2O/OH ∼ 1:3:8 found in the materials, which
agrees quite well with the corresponding values 1:5:8 from
TGA and XRD analyses. The discrepancy in the water
amount may arise from the NMR sample heating under
high rotation frequency. Indeed, fast magic angle spinning
can induce temperature increase inside the rotor to as

much as ca. 30 �C at around 25-30 kHz.35 According to
the TGA curve, the loss of two water molecules (6% of
total weight) occurs at ca. 50 �C, which is approximately
the NMR sample temperature.
The MAS 13C NMR spectrum of MIL-120 was con-

sistent with a unique crystallographic btec ligand sitting
in a particular position (2d) with a highly symmetric
environment. It showed three separate resonances, two
in the high field region, and one in the carbonyl region
(Figure 8). Peaks in the high field region could be assigned
to the aromatic carbons, bound to the protons (δ=127.9
ppm), and bound to the carboxylates (δ=137.5 ppm). In
the carbonyl region, only one signal (δ=175.9 ppm) was
observed for the fully bound terminal carboxylate carbo-
nyls. In DMSO-d6 solution, the three signals of H4btec
were observed at 128.4, 134.6, and 167.3 ppm, respec-
tively. The low-field shift of about 9 ppm of the carbo-
xylate carbon signal due to bounding to aluminum is
comparable to the 6 to 7 ppm low-field shifts observed in

Figure 7.
1H MAS NMR spectrum of the aluminum pyromellitate MIL-120 obtained with a 500 MHz spectrometer (νrot = 30 kHz and number of

accumulations of 80), showing the different contributions: experimental spectrum (blue line); simulated spectrum (red line), and decomposition (green and
purple lines).

Figure 8.
13C{1H} CPMASNMR spectrum of the aluminum pyromelli-

tateMIL-120 obtained with a 200MHz spectrometer (νrot = 10 kHz and
number of accumulations of 5120), showing the different contributions:
experimental spectrum (black line); simulated spectrum (blue line), and
decomposition (red lines).

(34) Matzapetakis, M.; Kourgiantakis, M.; Dakanali, M.; Raptopoulou,
C. P.; Terzis, A.; Lakatos, A.; Kiss, T.; Banyai, I.; Iordanidis,
L.; Mavromoustakos, T.; Salifoglou, A. Inorg. Chem. 2001, 40,
1734. (35) Martin, R. W.; Zilm, K. W. J. Magn. Reson. 2004, 168, 202.
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aluminum citrate complexes both in solid state and
solution.34 Recently, Loiseau et al.16 reported the
solid state 13C spectrum of Ga(OH)(H2btec) 3 0.5H2O
(MIL-61), which showed distinct signals for unbounded
protonated carboxylic acid functions at 165.2 ppm and
unprotonated gallium-bounded carboxylate functions at
175-176 ppm. Both situations are encountered in MIL-
61, while in MIL-120 all carboxylate groups are depro-
tonated and bonded to aluminum.
N2 and H2 Adsorption Properties. The nitrogen sorption

experiment (Figure 9) on the activatedMIL-120 revealed a
type I isotherm with a plateau at 100 cm3 g-1, which is
characteristic of a microporous solid. The measured Brun-
nauer-Emmett-Teller (BET) surface area was estimated to
be 308(4) m2 g-1 (within the range 0.06<p/p0< 0.2) with
a micropore volume of 0.11 cm3 g-1, and assuming a
monolayer coverage by nitrogen, the Langmuir surface
area was 432(1) m2 g-1.
The adsorption microcalorimetry obtained with nitro-

gen at 77 K highlights this single adsorption step with a
relatively constant energy of around -20 kJ mol-1

(Figure 10). This behavior is reminiscent of that observed
with zeolites in which micropore filling occurs although
the value obtained here is larger than that observed with
MFI-type zeolites36 (for example, -14 to -17 kJ mol-1)
which, thus, indicate relatively strong interactions with
this gas. This may be due to the confined nature of the
nitrogen in this porous structure.
The excess sorption isotherms of hydrogenmeasured at

77 and 298 K are shown in Figure 11. No adsorption/
desorption hysteresis effects and good repeatability is
noticed for all measurements. Both adsorption and de-
sorption excess isotherms at 77 K show a type I behavior,
which is typical for sorption on microporous solids.37 At
298 K, the hydrogen uptake is linear with the applied
pressure. This can be explained by Henry’s law behavior
for diluted layer adsorption on the surface. The excess
hydrogen capacities at 3MPa are 1.3 ((0.1) wt% and 0.2
wt % at 77 and 298 K, respectively. These values are in

good agreement with the general variation of hydrogen
capacity as function of both specific surface area (BET)
andmicroporous volume.38,39 These studies have demon-
strated a rough linear relationship between specific sur-
face area andmaximum excess hydrogen capacity at 77 K
in different porous materials for specific surface area
below 5000 m2 g-1.

Figure 9. N2 gas adsorption isotherm for the activatedMIL-120 at 77 K.
p/p0 is the ratio of gas pressure (p) to saturation pressure (p0).

Figure 10. Differential enthalpies of adsorptionand isothermobtainedat
77 K with nitrogen (top) and hydrogen (bottom) on MIL-120.

Figure 11. Pressure-Composition Isotherms of hydrogen in MIL-120
(Al) measured at 77 and 298 K. Full and open symbols represent
adsorption and desorption, respectively.

(36) Llewellyn, P. L.; Coulomb, J.-P.; Grillet, Y.; Patarin, J.; Andr�e, G.;
Rouquerol, J. Langmuir 1993, 9, 1852.

(37) Sing, K. S. W.; Everett, D. H.; Haul, R. A. W.; Moscou, L.;
Pierotti, R. A.; Rouquerol, J.; Siemieniewska, T. Pure Appl. Chem.
1985, 57, 603.

(38) Zhao, D.; Yuan, D.; Zhou, H.-C.Energy Environ. Sci. 2008, 1, 222.
(39) Thomas, K. M. Catal. Today 2007, 120, 389.
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The enthalpies of adsorption obtained for hydro-
gen adsorption at low coverage and at 77 K show an
interaction of around-8 kJmol-1 (Figure 10). This value
is typical of other microporous MOF materials such as
MIL-91,40,41 ScBDC,40,42,43 and STA-12.44However, this
value is slightly higher than the adsorption energies
observed with MIL-47 and MIL-5345 but lower than
MOF’s in which specific sites such as coordinatively
active sites are present as the case for MIL-100(Cr).46

This interaction varies gradually from-8 to-5 kJ mol-1

at around an uptake of 2 mmol g-1, and after this, a
stronger decrease is observed which would seem to mark
the end of pore filling at this temperature.
Hydrogen Thermal Desorption Properties. The hydro-

gen thermal desorption results are displayed in Figure 12.
Four different heating rates have been applied from 0.56,
1.35, and 2.61 to 3.86 K min-1 showing good repeatabil-
ity and complete reversibility of hydrogen sorption.
The gas desorption takes place between 22 and 80K for

all recorded spectra indicating a weak interaction bet-
ween the gas molecules andMIL-120, as expected for gas
physisorption. At higher temperature, the amount of
desorbed gas is negligible.
All curves exhibit two desorption peaks: a first peak at

low temperature and a second peak at temperature
around 20 K higher than the first one. The maximum
desorption rate corresponding to the peak maximum
slightly varies with increasing the heating rate: from 28
to 33K and from 39 to 46K for the first and second peak,

respectively. Moreover, the intensity of the desorption
peaks are directly proportional to the heating rates. These
features are typical for the thermo-desorption technique.
The presence of two distinct desorption peaks is attrib-
uted to the possible existence of two sorption sites with
different enthalpies and geometries as previously re-
ported in other compounds.47

CO2 and CH4 Adsorption Properties. The results ob-
tained after the adsorption of methane and carbon diox-
ide at 303 K are shown in Figure 13. The isotherms show
quite steep uptake at low pressure with a plateau in the
uptake above a pressure of around 1MPa in each case (4.2
mmol g-1 for CO2 and 1.8 mmol g-1 for CH4). This
behavior, observed for both solids, reflect the micropor-
ous nature of the sample which is similar to the adsorp-
tion behavior of many zeolites including faujasites and
MFI-type zeolites.48 Indeed as an example, the uptakes
observed for CO2 with MIL-120 are between those mea-
sured for ZSM-5 (around 3mmol g-1)48,49 and NaX (7 to
8 mmol g-1).48,50

Figure 12. Hydrogen thermal desorption spectra of MIL-120(Al) for
four heating rates 0.56 (O), 1.35 (b), 2.61 (0), and 3.86 K min-1 (9).

Figure 13. Isotherms (top) and differential enthalpies of adsorption
(bottom) at 303 K obtained with carbon dioxide and methane on MIL-
120.
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Turning to the enthalpies of adsorption measured with
MIL-120, both methane and carbon dioxide show quite
high values with respect to many other MOF systems.
This is especially the case formethane in which the-27 kJ
mol-1 obtained with MIL-120 can be compared with
initial enthalpies between -15 and -17 kJ mol-1 for the
MIL-47(V) and related MIL-53(Cr) and MIL-53(Al)
systems.51 Even for MOF’s with coordinatively active
sites (cus) such as MIL-100(Cr) or MIL-101(Cr), the
initial enthalpies obtained with methane are only around
-19 kJ mol-1.52 This result, thus, highlights the effect of
confinement of the probe molecule on adsorption.
This confinement effect can further be appreciated for

the adsorption of carbon dioxide. In this study, values of
around-37 to-38 kJmol-1 aremeasured which are well
above those of -20 to -24 kJ mol-1 measured for the
MIL-47(V) and related MIL-53(Cr) and MIL-53(Al)
systems.51 On the other hand, where specific adsorption
sites are present for CO2, such as the cus mentioned
above, higher adsorption energies are observed. This is
the case for MIL-100(Cr) (-62 kJ mol-1) and MIL-
101(Cr) (-45 kJ mol-1).52 While the enthalpies observed
with methane decrease with increasing coverage, those
observed with carbon dioxide show a slight increase. This
behavior is in contrast with that observed with other
MOF materials but resemble that of zeolites and in
particular the pure silica faujasite, DAY.53 In the case
of DAY, this increase in enthalpies is explained by a
homogeneous (constant) interaction of the CO2 with the
pore surface and a CO2-CO2 lateral interaction, which
increases with increasing concentration in the pore. In the
present case, a similar explanation can be retained and it is
further of interest to note that, in the case of DAY, an
initial interaction of-17 kJ mol-1 was observed which is
much lower than in the present case. These results, thus,
suggest that the MIL-120 surface is quite homogeneous

from an energetic standpoint and that the relatively small
pore size plays a distinct role with respect to enhanced
confinement effects with the probe molecules studied.

Conclusion

In this study, we described the hydrothermal synthesis
and the structure of aMOF-type aluminumpyromellitate
(MIL-120), which exhibits a new type of open framework.
In this structure, the aluminum cations are linked to each
other via a common edge of μ2-hydroxo groups, with a
cis-trans sequence, in order to form infinite chains. This
configuration is quite new for 3D networks involving
trivalent metals since trans-connected corner-sharing oc-
tahedra were most commonly observed in other members
of the MOF-type series. Moreover, with other complex-
ing agents like phosphate, the occurrence of such chains
of edge-sharing aluminum-centered octahedra was not
reported although it was encountered in some other
parent p elements like gallium in the organically tem-
plated phosphates MIL-3554 or JGP-5.55 This example
illustrates the variety of connection modes of octahed-
rally coordinated trivalent metals in the presence of
carboxylates for making infinite extended networks.
The MIL-120 framework exhibits porosity properties
with a BET surface area of 308(4) m2 g-1. It is able to
adsorb some gases such as hydrogen (at 77 K under 3
MPa), methane, or carbon dioxide (1.8 mmol g-1 and 4.2
mmol g-1, respectively, at 303 K under 1 MPa).
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