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Metal–organic frameworks (MOFs) are hybrid porous solids
that have recently attracted great interest for potential
applications including gas separation/storage, catalysis, sen-
sors, inclusion, and drug delivery.[1–5] However, there are still
concerns about the chemical and mechanical stabilities of this
class of materials. The poor hydrothermal stability of most
MOFs is clearly a limitation for their use in real separation
processes.[6] MOFs with enhanced stability are also required
for liquid-phase catalysis applications, such as the production
of hydrogen from water splitting.[7] Willis et al. have per-
formed a systematic study showing that for a given linker,
increasing the charge of the metal usually leads to an
enhancement of the hydrothermal stability of the resulting
MOF.[6a] To date, porous MOFs based on polycarboxylate and
tetravalent metals are still scarce with only a few such solids
being accessible to nitrogen molecules.[8–10] Among them, the
titanium(IV) terephthalate MIL-125 (MIL stands for Materi-
als from Institut Lavoisier)[10] and the zirconium terephthalate
UiO-66(Zr) (UiO for University of Oslo),[9] which both have

a 3D microporous cubic pore system, are of interest because
of their relatively high stability combined with large acces-
sible pore volumes. For instance, UiO-66(Zr) is stable up to
450 8C under air and remains unaltered upon water adsorp-
tion/desorption cycles by switching reversibly between dehy-
droxylated and hydroxylated versions,[9,11] and has an excep-
tional stability under mechanical stimulus.[9] Recently, a series
of derivatives of the UiO structure has been obtained using
either functionalized or extended dicarboxylate linkers.[12]

Others have reported the use of inhibitors to control the
crystallization process of these UiOs[13] while some of us have
established that by using pre-defined oxo clusters as secon-
dary building units (SBU), UiO-66(Zr) analogues can be
prepared at low temperature.[14] These recent results show
that the chemistry of tetravalent-metal-based carboxylate
MOFs is “accessible”, although the synthesis conditions and
the structure determination are challenges related to the very
high reactivity of M4+ ions in the presence of polar solvents.

We report herein the solvothermal synthesis of new
porous zirconium dicarboxylate MOFs based on the reactions
of ZrCl4 with 1,4-H2BDC (1,4-benzenedicarboxylic acid), 2,6-
H2NDC (2,6-naphthalenedicarboxylic acid), 4,4’-H2BPDC
(4,4’-biphenyldicarboxylic acid), and H2Cl2 ABDC (3,3’-
dichloro-4,4’-azobenzenedicarboxylic acid). A whole new
series of porous zirconium dicarboxylate solids, denoted
MIL-140A to MIL-140D, with a general formula [ZrO(O2C-
R-CO2)] (R = C6H4 (MIL-140A), C10H6 (B), C12H8 (C),
C12N2H6Cl2 (D)) has been isolated and characterized, and
their properties compared with those of the polymorphs UiO-
66 and its upper analogues (that is, solids of the same structure
type but with longer organic spacers). The crystal structures
have been either solved using X-ray powder diffraction
(XRPD) data or through a computational assisted strategy
based on density functional theory (DFT) geometry optimi-
zations. The MIL-140 solids crystallize in the space group
(SG) C2/c (No. 15) (MIL-140A and C) or Cc (No. 9) (MIL-
140B and D; Supporting Information, Table S3). These solids
all have the same c parameter (ca. 7.8 �), consistent with the
inorganic subunit of complex zirconium oxide chains, ori-
ented along the c axis (Figure 1), connected to six other chains
through the dicarboxylate linkers. This delimits triangular
channels along the c axis. The zirconium atoms exhibit a seven
coordination mode with three m3-O oxygen atoms and four
oxygen atoms from the dicarboxylate groups. Inorganic
chains can be considered either as resulting from the linkage
of two parallel corner-sharing chains or chains of edge-sharing
dimers of zirconium polyhedra. These chains could be
considered as being repeating tetramers of Zr polyhedra,
such as those observed in monoclinic ZrO2

[15] or in the mixed
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metal (Zr-Ti) methacrylate oxo cluster containing seven and
eight coordinated zirconium cations.[16] The structure of MIL-
140 exhibits the uninodal 6c bSn? (Figure S17).[17] Each atom
from the dense inorganic bSn structure is connected to six
other nets making a distorted octahedron.[18] The Sn metal
atom is replaced in this case by an infinite chain of Zr oxide.
Such a bSn topology is not common in MOFs.[19]

The so-obtained connectivity within an infinite SBU has,
to our knowledge, never been observed, even considering the
existence of MOFs based on edge-sharing polyhedra, such as
the iron or aluminum tetracarboxylate MOFs.[20] The MIL-
140 structure can also be compared with that of the porous
scandium MOF denoted ScBDC solid[21] or the vanadium
terephthalate MIL-47 in which lozenge shape 1D pores are
present but each inorganic chain is related to only four other
chains.[22] The higher chain connectivity encountered in MIL-
140 originates from the higher coordination number of
zirconium (7) compared to vanadium (6) as well as from the
presence of a complex “double chain” inorganic SBU instead
of a simple chain of corner-sharing octahedra in MIL-47.
Thus, additional linkages between the inorganic subunits
perpendicular to the chains, “transforms” the lozenge-shaped
tunnels from MIL-47 into triangular ones in MIL-140.

Unlike the UiO series (formulated as [Zr6O4(OH)4(O2C-
R-CO2)6],[9, 11, 23] no structural hydroxy groups but only minor
amounts of coordinated water were identified by IR spec-
troscopy on the MIL-140s (Figures S2–S4). This composition
was reflected by the lack of any Brønsted acidity of these
solids. Conversely Lewis acid sites were detected by the
presence of an adsorption band characteristic of coordinated

CD3CN species (n(CN) at ca. 2300 cm�1). This band is at the
same position for all the MIL-140 solids, which implies
a similar acid strength. However, the intensity of the band,
hence the amount of Lewis acid sites detected by CD3CN,
varies from one solid to the other (Figure 2). While compa-

rable for MIL-140A and C, the concentration of Lewis acid
sites is highest for MIL-140D, however MIL-140A,C, and D
have similar values when expressed in amount of sites per m2

of surface area. Noteworthy, the amount of Lewis sites on
MIL-140D represents one tenth of the Zr atoms which
compares well with the values obtained for UiO-66.[11] The
presence of Lewis acid sites could be tentatively attributed to
acidic sites on the external surface. However, this is unlikely,
as pyridine, which is not expected to enter the pores of MIL-
140A, should be adsorbed just as well on the external surface,
which is not the case. Only a very small amount of sites were
detected for MIL-140B, which was further confirmed by both
pyridine and CO adsorption at 77 K. Nevertheless, the low
amount of coordinately unsaturated sites (less than 10% of
the Zr atoms) precludes their identification by PXRD. These
Lewis acid sites could originate from 1) the dehydration of
coordinated species, such as for UiO-66, 2) the presence of
defects[12a,24] , or 3) a local change in the coordination mode of
the Zr atoms upon adsorption of species, as observed for
porous Ln carboxylate MOFs.[25]

Further, as the refined crystal structures do not indicate
the presence of any significant hydrogen-bond acceptor or
donor site, except for MIL-140D, it could be expected that
MIL-140s are hydrophobic. Indeed, to reach a perfectly
activated porous solid, the costly complete removal of
residual water from hydrophilic MOFs must be considered.

Figure 1. Left: view of the crystal structure for the series of MIL-
140(Zr) solids along the c axis. Right: view of the inorganic subunit of
MIL-140. Zr atoms or polyhedra blue, C black, and Cl green. Oxygen
atoms from the linker are red and oxo groups are gray. Cl atoms in
MIL-140D are disordered with a 50% site occupancy.

Figure 2. Acidity of the MIL-140s determined by CD3CN adsorption.
Top: FTIR spectra. Bottom: Density of Lewis acid sites, based on the
mass of the solid (black bars; left scale), to its BET surface area (light
gray bars; outer left scale), or to the number of Zr atoms (dark gray
bars; right scale).
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Thermogravimetric analysis (TGA) and IR spectroscopy
were therefore used to qualitatively assess the hydrophobic
character of these solids. TGA measurements have shown
that the samples exhibit almost no loss of free water
(Supporting Information Figure S18).

Optical water vapor adsorption isotherms have been
collected (Figure S29) and show that these solids can be
considered as being more hydrophobic than the UiO-66
counterpart which is fully loaded with water at intermediate
humidity rate (P/P0 = 0.5):[11] Only a little adsorption occurs at
low pressure, particularly for the smaller pore size MIL-140A
and B solids, probably corresponding to coordination to the
metal sites; at higher pressure, a filling of the pores starts, as
typically observed for some activated carbons or siliceous
zeolites,[26] even if no sharp adsorption step is observed.
Albeit not as hydrophobic as fluorinated MOFs,[11] the MIL-
140s can be considered as rare examples of slightly hydro-
phobic porous solids that have a significant amount of Lewis
acid sites.

As a consequence of the 1D pore system, the pore size and
volume of the MIL-140s are smaller than for the UiO series,
for which experimental and/or theoretical specific surface
areas[27] range from 1000 to 3500 m2 g�1 (Figure S26, S27). The
pore size distributions (PSD) of the MIL-140A–D structures
were estimated by the method reported by Gelb and
Gubbins.[28] The pore sizes are roughly 3.2, 4.0, 5.7 and
6.3 � respectively (Figure S20). The experimental BET sur-
face areas were further determined at 415(10), 460(10),
670(20) and 701(20) m2 g�1, respectively for the activated
MIL-140A–D samples. Values for MIL-140C and D are lower
than the theoretical BET surface areas from their simulated
adsorption isotherms of N2 at 77 K, obtained by Grand
Canonical Monte Carlo simulations (841 and 875 m2 g�1,
respectively, Figures S24 and S25).[27] Such a deviation can be
explained by the presence of residual Zr oxide as evidenced
by TGA and elemental analysis (Figure S19, Table S4).
Further, while the theoretical BET values are similar to the
accessible surface areas for the MIL-140C and D, a situation
that validates the use of the geometric method for these solids
with medium pore sizes, the situation drastically differs for the
small pore MIL-140A and B structures. Their theoretical BET
surface areas deduced from experimental isotherms (360 and
429 m2 g�1, respectively) are much more reliable than the
accessible surface areas (0 and 149 m2 g�1) and fit well the
experimental value. This result can be related to previous
studies[29] which have emphasized that the side pockets of the
mordenite type zeolite cannot be probed using the geometric
method. Thus, the geometric approach is not suitable for
adsorbents with a pore size comparable to those of N2. The
consideration of the pore volume is an alternative way to
circumvent such limitations and further characterize the
ultra-small pore sizes structures. The thermodynamic pore
volumes calculated (Table S9) lead to values of 0.10, 0.21,
0.35, 0.36 cm3 g�1 for MIL-140A, B, C, and D (exp: 0.18, 0.18,
0.27, 0.29 cm3 g�1, respectively).

To further assess the thermal stability of the two sets of
porous Zr MOFs, that is, the UiO-66 and MIL-140 series,
combined TGA and X-ray powder diffractometry analysis
were carried out (Figures S18 and S19). It appears that MIL-

140s are highly stable with a slightly higher thermal stability,
of around 500 8C under air, against 450 8C for the UiOs. As
a further step, the hydrothermal and mechanical stability of
the MIL-140 series were explored and compared to the
corresponding UiO-66 analogues.

The industrial use of an adsorbent requires both moisture
(or hydrothermal) and mechanical stability to avoid structural
distortion or framework collapse under hydrostatic compres-
sion during the shaping steps.[30, 31] First, it appears, based on
XRPD analysis, that MIL-140 compounds are hydrothermally
stable, that is, after an overnight dispersion in deionized water
at 100 8C (Figure 3), no loss of crystallinity occurs, even for the
upper analogues. The UiO-66(Zr) solid also retains its
crystallinity upon the same treatment, but this is not the
case for the upper UiO analogues, for which only poorly
crystalline samples are recovered (Figure S28).

Interestingly, no peaks from the recrystallized dicarbox-
ylate linkers are observed after the hydrothermal treatment.
Considering the poor solubility of these linkers in water and
the position of the remaining diffraction peaks of the sample
after hydrothermal treatment, close to the main peaks of the
initial phase, this data suggest a loss of long range order only.
Thus, either the hydrothermal treatment leads to a partial
degradation of the starting UiO material or to the formation
of poorly crystalline MIL-140 solids through a dissolution
recrystallization process. To assess this hypothesis, the reac-
tivity of the Cl2H2ABDC/Zr4+ pair in DMF was explored at
various temperatures (150–200 8C; Figure S1). While UiO
solid is formed at low temperature (150–160 8C), a further
increase of the temperature leads first to a dissolution of the
phase and the recrystallization of MIL-140D at 180 8C.
Similarly, UiO-66 and MIL-140A are obtained in DMF at
150 8C or 220 8C, all other conditions (reactants, time, etc.)
being kept identical. Thus, it can be estimated that UiOs and
their polymorph MIL-140s are the kinetic or thermodynamic
phases, respectively. To our knowledge, this is the first time
that a series of isoreticular extended solids exhibits a hydro-
thermal stability. The higher hydrothermal stability of the
MIL-140s, compared to the UiOs, could be due to the
inorganic building units, that is, infinite Zr oxide chains versus
isolated Zr6O4(OH)4 oxoclusters for the UiO structures,

Figure 3. XRPD of MIL-140A, B, C, and D (from bottom to top)
(lCu = 1.5406 �). Before water treatment (solid line), after hydrothermal
treatment (100 8C, 15 h; dotted line).
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which have an inherently low hydrolytic stability undergoing
hydrolysis of the Zr�O bonds.

However, first systematic studies discussing the criteria
for the hydrothermal stability of MOFs pointed out that such
a stability could be related to the capability of exchanging an
oxygen (or nitrogen) atom from the coordination sphere of
the metal by an oxygen atom from a water molecule.[6]

Our calculations show that the overall framework energy
increases with the length of the linker (Supporting Informa-
tion). There is thus no difference in water stability upon
changing the organic spacer within a series of isoreticular
MOFs. As shown for UiO-66 and the lability of the ligands in
solution,[32] this means that other parameters (e.g., entropy)
have to be considered for a realistic explanation of the
hydrothermal stability of MOFs.

Finally, the effect of pressure has been studied on the
UiOs and MIL-140s. The solids were subjected to an
increasing uniaxial compression using a IR press and exam-
ined by XRPD (Figure 4 and Figure S30), allowing their
overall crystallinity to be checked (related to the width of the
Bragg peaks, Supporting Information). Again, as shown
herein for UiO-66 and MIL-140C, which both have a crystal
density close to 1.2 gcm�3 (Figure 4), MIL-140 solids on the

whole have a better stability than their UiO counterparts over
this pressure range. Noteworthy, the longer the linker the
lower the mechanical stability. According to Cheetham and
Tan[33] this observation is related to the framework density,
which varies for the MIL-140s from 1.74 down to 1.23 gcm�3

while with the same spacer, the density of the corresponding
UiOs is much lower, that is, from 1.2 down to 0.70 g cm�3.
Thus, the higher mechanical stability of the MIL-140 series
might only be a matter of density. Recently, the relative
isostatic stability of a series of ZIFs type compounds based on
zinc, lithium, or boron has been analyzed.[34] If a relationship
between the density of the porous solid and its Young
modulus exists, the importance of the flexibility and stiffness
of the inorganic SBU has been highlighted.

For instance, on replacing Zn-Im-Zn by Li-Im-B within
the same structure (Im: imidazolate), the higher degree of
flexibility around Li or B results in lower stability. Consid-
ering MIL-140C and UiO-66, which have similar density and
pore volume, the higher mechanical stability of MIL-140C
might thus arise from a less-flexible character of the infinite
double chain of zirconium oxide compared to the Zr6

oxoclusters. In addition, the presence of p stacking for 50%
of the aromatic linkers in MIL-140 solids also brings short-
range dispersive interactions which might enhance the
stability of the framework.

To assess this hypothesis, dispersion-corrected DFT
calculations on neutral terephthalic acid (BDC) molecules
(Figure S39), allowed us to estimate that the p-stacking
energy in MIL-140A is 0.25 eVunit�1 (i.e. 1 eVcell�1) and that
the binding energy of a BDC p dimer with the same geometry
is 0.23 eV. Notably, these values are only slightly higher than
the 0.098 eV value computed with the same approach for
benzene dimerization.[35] The stacking interaction in MIL-
140A is comparable to that present in BDC crystals, which
favors an increased mechanical stability of MIL-140.

In summary, we report for the first time a series of porous
Zr oxide dicarboxylate MOFs that combines a relatively
pronounced hydrophobic character and Lewis acidity, a high
hydrothermal and a good mechanical stability. This paves the
way for their use for applications, such as catalysis, adsorp-
tion, or separation.

Experimental Section
XRPD data were collected using a laboratory Bruker D5000 source
or a Synchrotron facility. IR spectra were measured using Nico-
let 6700 spectrometer. Synthesis and characterization procedures,
experimental methods, and details of the computational approach are
in the Supporting Information.
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