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To realize an energy-efficient and sustainable transportation
system, hydrogen as a fuel in combination with fuel cell
electric vehicles (FCEV) is one of the most promising energy
carriers.[1a] Using solid-state materials as hydrogen carriers
could provide a higher hydrogen density than the current
state-of-the art automotive systems employing compressed
hydrogen at 70 MPa.[1] Within this field of research, porous
metal–organic frameworks (MOFs) have been shown to be
very suitable candidates for future applications in hydrogen-
storage technology.[2] Recently, a number of theoretical works
dealing with this topic proposed that doping MOFs with
lithium significantly enhances the hydrogen-adsorption prop-
erties of a given material.[3] However, in the majority of the
calculations, doping with lithium atoms or cations which are
situated above the usually planar core of the linker is
investigated.[3b–h] This situation is hard to realize experimen-
tally because there is no a clear relation, in terms of molecular
fragments, to the chemical structure of the linker. Therefore,
it is not surprising that only a few examples can be found for
the reactivity of MOFs with elemental lithium.[4] An exper-
imentally more feasible suggestion was made by Klontzas
et al. who proposed to establish lithium-doping of MOFs via
addition of lithium alkoxide groups to the organic linker.[3a]

Since lithium alkoxide groups are well-known functional
groups in organic chemistry, this particular modification
appears to be the most practicable from our point of view.

Our approach to establish lithium-doping in the above
mentioned manner involves the treatment of a MOF which
incorporates pendant hydroxy groups (that is, hydroxy groups
which are not coordinating), and exhibits permanent porosity
with a suitable lithium base. But among the MOFs that fulfill
the first requirement,[5] there are only two examples for
materials that were sufficiently characterized to be named a
microporous coordination polymer.[5a–c] However, they were

not suitable for our purpose.[6] Therefore, our first task was
the synthesis of a MOF which fulfils the above-mentioned
requirements. It should be noted that it is not straightforward
to synthesize a hydroxy-modified MOF by using a hydroxy-
modified linker because the hydroxy groups are often found
to be coordinated to metal centers after synthesis because of
their nucleophilic properties.[7, 5d–g] Recently, Bauer et al.
showed that it is possible to synthesize isoreticular forms of
MIL-53(Fe), MIL-88B(Fe), and MIL-101(Fe) carrying a free
amino group at the linker 2-aminoterephthalic acid. The
synthesis conditions were determined by high-throughput
methods.[8–11] Since an amino group has nucleophilic proper-
ties similar to those of the hydroxy group, we assumed that the
synthesis of a hydroxy-modified MIL-53(Al) analogue is
feasible by employing 2-hydroxyterephthalic acid as the
linker.

Typically, MIL-53(Al) is synthesized under hydrothermal
conditions by treating terephthalic acid with aluminum
nitrate at 220 8C for 72 h in an autoclave. Our first attempt
to synthesize the hydroxy-functionalized MIL-53(Al) was to
simply substitute terephthalic acid by 2-hydroxyterephthalic
acid (H2BDC-OH) in the standard synthesis procedure.[8a]

But unfortunately we were not able to find suitable hydro-
thermal conditions for this case (Figure S1, see supporting
information for details). Thus, we developed a novel synthesis
route to hydroxy-modified MIL-53(Al) based on the ambient
pressure route for Cu3(BTC)2 (BTC = 1,3,5-benzenetricarb-
oxylate) from our previous work.[12] Owing to the very low
solubility of H2BDC-OH in pure water even under reflux, a
1:1 mixture of N,N’-dimethylformamide (DMF) and water
was used. Pure DMF is not suitable because the MIL-53(Al)
network incorporates bridging hydroxy ions that link the
AlO6 octahedra into infinite chains. Thus, water must be
present in the synthesis mixture to provide the hydroxy ions
for the formation of the MIL-53 framework. This approach
resulted in compound 1, exhibiting almost the same powder
X-ray diffraction (XRD) pattern as the DMF form of MIL-53
discussed in ref. [8b] (Figure S2, Supporting Information)
showing that 1 has a framework analogous to the MIL-53
structure. To remove impurities and to exchange the DMF
guests for a solvent which is easier to remove (Figure S3,
Supporting Information) a soxhlet extraction with ethanol
was performed. The resulting compound, 2 (MIL-53(Al)-
OH), shows exactly the same powder XRD pattern as the
low-temperature form (lt form) of MIL-53(Al) (Figure 1;
after degassing and rehydration).

Compound 2 shows significant microporosity as evident
from the nitrogen-adsorption isotherm (Figure 2) yielding
specific surface areas of 1566 m2 g�1 and 1631 m2 g�1 according
to the BET- and Langmuir model, respectively. Thus, a
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compound with a structure similar to MIL-53(Al) was
prepared under ambient pressure. To demonstrate the
presence of pendant hydroxy groups in the network and to
rule out any transformation of the hydroxy functionality
during synthesis, the IR spectrum of 2 was recorded
(Figure 3). The region relevant for OH-stretching modes of
hydroxy groups shows two signals. The narrow signal at
3680 cm�1 is assigned to the m2-OH bridges connecting the
AlO6 octahedra.[8a] The broad band at 3265 cm�1 indicates the
presence of an additional hydroxy group in the framework
which is attributed to the one connected to the 2-hydroxyter-
ephthalate linker. The relatively broad appearance of the
signal shows that hydrogen bonding is involved. An intra-
molecular bridging mode similar to that in salicylic acid is
most likely since 2-hydroxyterephthalic acid, like salicylic
acid, has a hydroxy group in ortho position to a carboxylate
group.[13] Compound 2 can be considered as a MIL-53(Al)
structural analogue carrying a pendant hydroxy group and,
based on chemical analysis (see Supporting Information), can
be formulated as [Al(OH)(BDC-OH)].

To prepare a lithium alkoxide modified MOF as proposed
by Klontzas et al. ,[3a] the hydroxy group of 2 has to be treated
with a lithium-containing base in a heterogeneous reaction.
Subsequent deprotonation of the hydroxy group would give
the lithium alkoxide species. The choice of the base is very
crucial because the generally strong nucleophilicity of
common bases (such as LiOH and nBuLi) means most of
them are capable of substituting carboxylate moieties from
the metal center resulting in a collapse of the framework.
Thus, we decided that a sterically hindered base, such as
lithium diisopropylamide (LDA), would be most suitable for
our purpose. Furthermore LDA is small enough to diffuse
into the channels of MIL-53 (see Supporting Information,
Figure S5). The reaction of LDA with 2 in THF at �78 8C
followed by soxhlet extraction with diethyl ether led to a
yellowish solid, 3.

To check whether the textural properties of the frame-
work are unchanged in the conversion from 2 into 3,
compound 3 was investigated by nitrogen adsorption and
powder X-ray diffraction. The nitrogen-adsorption isotherm
of 3 shows a slight decrease of the adsorbed gas volume
compared to 2 (Figure 2). The apparent Langmuir and BET
surface areas for 3 are 1450 m2 g�1 and 1384 m2 g�1, respec-
tively. This corresponds to a loss of approximately 180 m2 g�1

both in Langmuir and BET surface area, indicating that
essentially no framework damage has taken place during the
LDA treatment. The same conclusion can be drawn from the
powder XRD pattern of 3 (Figure 1). After degassing and
rehydration, almost the same diffraction pattern is obtained
for 2 and 3, that is, the MIL-53(Al)-lt structure (Figure 1). The
only difference is a small shoulder appearing at the left side of
the first reflection in 3. This feature may be due to some
structure domains which do not adopt the MIL-53(Al)-lt
structure upon rehydration but retain the MIL-53(Al)-ht
structure (see below for a possible explanation of this
behavior; ht = high temperature).

The 7Li magic angle spinning (MAS) NMR spectrum of 3
exhibits one single resonance at a chemical shift of d =

0.40 ppm (Supporting Information, Figure S7). The chemical
shift for solid LDA ranges from d = 2.9 to 0.7 ppm depending

Figure 1. Powder XRD pattern of 2 (bottom) and 3 (middle) after
heating to 120 8C for 24 h under vaccum and subsequent rehydration.
Calculated pattern for MIL-53(Al)-lt with structure data from ref. [8a]
(top). The hydroxy groups seem to be disordered since no symmetry
reduction occurs. This was also found for the amino functionalized
MIL-53.[11] See Supporting Information (Figure S4) for the XRD pattern
of the degassed material.

Figure 2. Comparison of the nitrogen adsorption isotherms of 2 (&)
and 3 (*) at 77 K after activation under vacuum at 120 8C for 24 h.

Figure 3. ATR-IR spectra of 2 (c) and 3 (g). The materials were
dried under vacuum at 120 8C for 24 h prior to the measurements.
Inset enlargement of the 3000–4000 cm�1 range. (The IR spectrum of
MIL-53 is in the Supporting Information; Figure S6.)
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on its chemical environment.[14] Since the chemical shift of 3
does not fall into this region, we assume that the resonance is
not caused by residual LDA remaining in the porous network.
Furthermore, the chemical shift of a lithium phenolate
(lithium(2,6-di-tert-butyl-4-methylphenolate) which is com-
parable to 3 is d = 0.39 ppm.[15] Thus the 7Li signal for 3
originates from a lithium phenolate type species, that is
involving lithium cations having an oxygen contact.

Further information on the status of the lithium atoms in
the framework is obtained by comparing the IR spectra of 2
and 3 (Figure 3). Three main conclusions can be drawn:
1) The IR spectra of 2 and 3 look basically the same

confirming that the framework structure was preserved/no
major damage occurred during the LDA treatment. This
was also evident from nitrogen adsorption isotherms
(Figure 2) and powder XRD patterns (Figure 1).

2) No LDA impurities are present, these would cause
additional IR absorptions in the aliphatic C�H-stretching
region which are not observed. Thus the resonance in the
7Li NMR spectrum (Supporting Information, Figure S7) is
solely caused by lithium ions being transferred from LDA
to the framework.

3) Both OH species of the framework, that is, the bridging
OH groups and the pendant OH groups of the hydroxy-
terephthalate linker are involved because both IR signals
lose intensity (Note: this is not resolved in the 7Li NMR
spectrum and only a single resonance is observed). Thus,
as expected, LDA did not attack one type of OH groups
selectively. This may also provide an explanation for the
observed shoulder in the XRD pattern of 3 (Figure 1). The
ht–lt phase transformation in MIL-53 was proposed to be
mediated through hydrogen bonds between the m2-hy-
droxy groups and water guest molecules.[8a] Since some of
the protons of the m2-hydroxy groups are exchanged by
lithium cations, the ht–lt transformation may be hindered,
thus, leading to an additional reflection at a position
indicative for the ht-variant of MIL-53(Al).

Furthermore it is evident from the IR spectra that the
exchange of protons by lithium is far from complete for both
OH species in the framework, otherwise the respective IR
absorptions would have vanished entirely. The chemical
analysis for 3 (see Supporting Information) confirms that
15% of the acidic framework protons are exchanged by
lithium. Thus, 3 can be described as a MIL-53(Al) analogue
doped with lithium alkoxide groups at the organic linker and
with some of the m2-OH protons exchanged by lithium cations.

Figure 4 shows the low-pressure hydrogen adsorption
isotherms of 2 and 3 at 77 K. The adsorbed amount of
hydrogen corresponds to 0.50 and 1.7 wt % at 1 bar for 2 and
3, respectively. While the result for 2 is within the range
previously observed for MIL-53(Al),[16] the hydrogen uptake
of 3 is significantly larger by approximately 1.2 wt %. For both
materials, the hydrogen sorption is fully reversible as evident
from the adsorption and desorption isotherms (Figure 4).

Note, however, that the observed increase of the weight-
based hydrogen-storage capacity is not caused exclusively by
the lithium doping. Liu et al. reported that MIL-53(Al)
undergoes a temperature-induced, transformation from the

ht phase to the lt phase (this phase has a significantly
decreased pore volume). The transformation occurs slowly
upon cooling. At the low temperatures typically required in
hydrogen-adsorption experiments, this transformation means
that the hydrogen adsorption isotherms can depend on the
length of the cryogenic pretreatment,[17] that is, the values for
hydrogen uptake at a certain pressure depend on how far the
ht–lt phase transition has proceeded which in turn depends on
the time the sample was exposed to cryogenic temperatures.
Compounds 2 and 3 may have different behaviors with
respect to the ht–lt phase transition and this will interfere with
the effect of the lithium-doping on hydrogen adsorption.

In an effort to separate these effects, the hydrogen
adsorption isotherm for 3 was recorded after the sample
had been cooled to 77 K for 3 h prior to the measurement; a
decreased capacity of only 0.8 wt% was found (Figure 4).
However, a detailed analysis of these effects to separate the
pure effect of lithium-doping from the effect of the ht–lt phase
transition will require further studies involving structural
investigations under a controlled hydrogen atmosphere.

The analysis of the isosteric heat of adsorption (qst,
Figure 5) clearly shows the impact of Li+ ion doping on
hydrogen sorption. While qst ranges from 5.8 to 4.4 kJmol�1

for 2 in agreement with reported data,[18] the values for 3
range from 11.6 to 6.4 kJmol�1. We assume that initially
hydrogen adsorbs at high-affinity adsorption sites at or near
the lithium cations, subsequent adsorption is at less-favored
sites which still show somewhat higher qst values than 2. The
initial value of 11.6 kJ mol�1 for 3 is in close agreement with
the theoretical predicted maximum value of approximately
13 kJ mol�1.[3a]

The experimental evidence confirms that lithium doping
carried out in the described fashion has a significant impact on
the hydrogen-adsorption properties of MIL-53. The results
are very promising and further support the usefulness of
lithium doping, proposed by Mulfort et al.[4] Furthermore, our
experimental procedure is more facile than the one reported
in ref. [4] and should be applicable in a more general fashion.

Figure 4. Low-pressure hydrogen sorption isotherms of 2 (&/&) and
3 (~/~) (The samples were cooled to 77 K for 15 min prior to the
measurements) and of 3 after cooling the sample for 3 h to 77 K prior
to the measurement (*). Closed symbols: Adsorption; open symbols:
Desorption.

Angewandte
Chemie

4641Angew. Chem. Int. Ed. 2009, 48, 4639 –4642 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


In summary, we have presented the synthesis and
characterization of a MIL-53(Al) structural analogue which
incorporates pendant hydroxy groups and was prepared in an
ambient pressure synthesis instead of the usually applied
hydrothermal reaction. The pendant hydroxy groups can be
converted into lithium alkoxide groups by treatment with
LDA without significantly changing the MOF structure. This
route opens up the possibility of synthesizing lithium alkoxide
modified MOFs and studying their hydrogen-adsorption
properties. Although the exchange of acidic protons by
lithium cations was not complete, it still gave a material
with an increased weight-based hydrogen adsorption capacity
and the predicted increase in isosteric heat of adsorption
compared to the undoped material. Future work is aimed at
achieving a complete exchange of acidic framework protons
by lithium cations.
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