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Uptake of Liquid Alcohols by the Flexible FeIII Metal–Organic Framework
MIL-53 Observed by Time-Resolved In Situ X-ray Diffraction
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Introduction

Much research is currently focussed upon the synthesis,
properties and applications of metal-organic framework
(MOF) materials.[1] These are hybrid, inorganic–organic
solids with extended structures constructed from metal cen-
tres linked by polydentate ligands that may present consid-
erable porosity once solvent or excess organic ligand is re-
moved from the structure after synthesis. Although the open
structures of purely inorganic solids, such as zeolites and
their analogues, have been well-studied for many years,[2]

MOFs have brought significant novelty to the field of
porous materials. There are a number of reasons for this, in-
cluding the ease of modification of chemical and physical
properties by choice of the ligand and metal combination,[3]

the possibility of post-synthesis functionalisation of the or-
ganic components of structures to tune selectivity towards
guest uptake[4] and the structural flexibility offered in hybrid
materials over conventional inorganic networks.[5] These as-

pects of MOF chemistry offer new possibilities in the appli-
cations of porous materials[6] in important contemporary
areas such as molecular separation and storage for environ-
mental and energy applications,[7] shape-selective heteroge-
neous catalysis under mild conditions,[8] battery materials[9]

and drug delivery.[10]

The remarkable flexibility of MOFs may involve displace-
ment of atoms over several �ngstrçms whilst maintaining
the connectivity of the three-dimensional structure, and
indeed the crystallinity of the material.[5b] Examples include
work by Kitagawa and co-workers[11] who have shown how
gas sorption towards CO2, N2, O2 etc. may be tuned by the
structural flexibility offered by coordination polymers,[12]

and recent work by Rosseinsky and co-workers on zinc pep-
tide frameworks that show flexibility towards gas sorption
resembling the conformational changes of proteins.[13] It is
apparent that with this structural flexibility MOFs offer the
possibility as highly tunable and selective molecular sieves.[5]

Particularly striking is the case of metal carboxylates be-
longing to the MIL-n (MIL =Material of Institut Lavoisier)
family: for example the structurally related phases MIL-88
and MIL-89 show a solvent-dependent swelling that may
achieve a 300 % increase in unit cell volume,[14] while
MIL-53 shows two-dimensional flexibility that reflects the
relatively rigid one-dimensional inorganic chains that form
the backbone of its structure.[15] This phenomenon of rever-
sible volume expansion has been described as �breathing�
and the property has been rationalised by considering local
flexibility of the structures.[5b] Materials with the MIL-53
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structure have now been studied extensively for their
vapour phase sorption properties, and they show high ca-
pacity for a variety of small molecules including CO2, H2,
H2S and hydrocarbons, where in some cases an evolution of
structure with guest concentration has been observed.[16] It
has also been noted that the behaviour of the various struc-
tural analogues of MIL-53, where the framework trivalent
metal ion is varied from Cr, Fe, Al, or Ga, is rather differ-
ent: for example in its dehydrated state MIL-53(Cr) has a
fully open structure, but for dehydrated MIL-53(Fe) the
structure is closed,[15c] and while the thermal behaviour of
the aluminium analogue is similar to the chromium material,
the gallium material behaves differently with the closed
form persisting to higher temperature.[17]

To learn more about the mechanism of flexibility of
MIL-53 materials we herein describe a comprehensive,
time-resolved in situ diffraction study of the interaction of
iron ACHTUNGTRENNUNG(III) containing MIL-53 solids with a series of simple al-
cohols, methanol, ethanol, propan-1-ol and propan-2-ol, in
the liquid phase. This work follows from a preliminary com-
munication in which we reported the observation of a crys-
talline intermediate in the case of methanol sorption from
the liquid phase,[18] suggesting that the pore-opening associ-
ated with breathing may be a complex process involving sev-
eral steps. We have now extended our study to a range of
other alcohols and also at the same time investigated the
simplest modification of the MIL-53 structure: the partial
replacement of framework hydroxide by fluoride. The use of
the energy-dispersive X-ray diffraction (EDXRD) method
has uniquely allowed monitoring of the uptake of a liquid-
phase guest by a solid on a laboratory scale since the combi-
nation of the intense, white X-ray beam and the fixed-angle,
solid-state detector means that rapid data collection is possi-
ble from crystalline solids in bulky reaction vessels. This is
particularly advantageous in the case of solid–liquid reac-
tions since heterogeneous reaction mixtures can be studied
without problems of reproducibility that may occur upon
scaling down: this has been illustrated previously in a varie-
ty of situations including hydrothermal and solvothermal
crystallisation of various inorganic materials and minerals,
and the solution-mediated intercalation chemistry of layered
solids.[19] Thus, despite the inherent low energy resolution of
the energy-discriminating detector, the EDXRD method
permits the temporal evolution of crystalline phases to be
determined in reacting heterogeneous mixtures to yield un-
precedented insight into crystallisation events.

Results and Discussion

Characterisation of the MIL-53(Fe)ACHTUNGTRENNUNG[guest] materials : The
structure of hydrated MIL-53(Fe) ACHTUNGTRENNUNG[H2O] has already been
described in both hydroxylated, FeIII(OH)(O2C-C6H4-CO2).-ACHTUNGTRENNUNG(H2O),[15c] and partially fluorinated, FeIII(OH)0.8F0.2(O2C-
C6H4-CO2). ACHTUNGTRENNUNG(H2O)[20] variants. For simplification we will now
refer to these materials as MIL-53 ACHTUNGTRENNUNG(Fe,OH) ACHTUNGTRENNUNG[H2O] and MIL-
53 ACHTUNGTRENNUNG(Fe,F,OH) ACHTUNGTRENNUNG[H2O], respectively. The two solids have essen-

tially identical structures, Figure 1 a and b, but the former
has a superstructure not seen in the fluorinated material
which in turn gives two unique lozenge-shaped channels

rather than one, although the guest water molecules interact
with the framework in a similar manner through hydrogen
bonding with the bridging OH that forms the backbone of
the inorganic chains, and also with another water molecule
to form pairs.[15c] Table 1 shows refined unit cells for all of
the materials MIL-53(Fe) ACHTUNGTRENNUNG[guest] studied: these define the
structures of the solids in the presence of solvent in their
equilibrium state, that is, after being immersed in excess sol-
vent for several hours. Figure 1 shows the relationship be-
tween the various crystal symmetries encountered and the
basic MIL-53 structure type: the topology of the framework
is identical in each case, but small structural distortions
result in various crystal symmetries. In most cases, the effect
of framework fluorination is subtle, but detectable in small
changes in unit cell volume: in general the fluorinated host
material has a slightly smaller unit cell volume than the fully
hydroxylated material for a given guest.

Uptake of methanol by MIL-53(Fe) ACHTUNGTRENNUNG[H2O]: Our first aim in
the study of the interaction of MIL-53 with alcohols was to
clarify the observation of an intermediate crystalline phase
during the interaction of pure methanol with a suspension
of solid MIL-53 ACHTUNGTRENNUNG(Fe,F,OH) ACHTUNGTRENNUNG[H2O] in water.[18] Figure 2 shows
contour maps of the uptake of methanol as three dilutions
in water. The final product of the reaction using pure meth-
anol, Figure 2 a, matches the material produced upon im-
mersing the solid in methanol for several hours and has a
fully open structure (Imcm symmetry; see Table 1, and the
Supporting Information for assignment of EDXRD), but
that there is clear evidence for a transient, crystalline inter-
mediate. Figure 2 b and c show that if the MeOH is diluted
with water then the crystalline transient phase appears for
longer periods of time, and indeed if a 50:50 (by volume) of

Figure 1. The structure of MIL-53(Fe) in various expanded forms show-
ing the relationship of unit cell volume to the framework topology.
(a) Closed P21/c form seen for MIL-53 ACHTUNGTRENNUNG(Fe,OH) ACHTUNGTRENNUNG[H2O],[15c] (b) closed C2/c
form seen for MIL-53 ACHTUNGTRENNUNG(Fe,F,OH) ACHTUNGTRENNUNG[H2O],[20] (c) partially open C2/c form
seen for MIL-53 ACHTUNGTRENNUNG(Fe,F,OH) ACHTUNGTRENNUNG[pyridine][20] and for the case where diluted al-
cohols are added, (d) open Pnam form seen in the presence of excess
propan-1-ol and (e) fully open Imcm form seen in the presence of excess
methanol or ethanol. Guest molecules are omitted. See Table 1 for unit
cell parameters of the materials studied in the present work.

www.chemeurj.org � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2011, 17, 7069 – 70797070

www.chemeurj.org


water/methanol mixture is added to MIL-53ACHTUNGTRENNUNG(Fe,F,OH) ACHTUNGTRENNUNG[H2O]
then the sole product after six hours is only the �intermedi-
ate� phase. With this knowledge, the use of high resolution
powder XRD from a solid produced by immersing MIL-53-ACHTUNGTRENNUNG(Fe,F,OH) ACHTUNGTRENNUNG[H2O] in 50 % methanol solution in water allowed

successful indexing of this
phase as having C2/c symmetry
and a unit cell volume close to
the average of the �closed� hy-
drated phase and the �fully
open� phase present after im-
mersing the solid in pure meth-
anol (Table 1). Determination
of Bragg peak areas as a func-
tion of time in the EDXRD ex-
periment allowed extent of re-
action curves to be produced
(Figure 3).[21] At 75 % dilution,
(Figure 3 b), the curves reveal
the relationship between the
growth and decay of the inter-
mediate phase and that of the
final product: once the inter-
mediate phase has decayed
(ca. 340 min), the growth of the
final product accelerates. Note
that in the most dilute case,
(Figure 3 c), the Bragg peak in-
tensities of the intermediate
phase (the sole product) gradu-
ally decay. This may be due to
several factors, including dilu-
tion of the system by the large
volume of liquid added at this
point, or a settling of the solid
in this long experiment; never-
theless, there is no trace of the
fully open Imcm product. It is
important to note that the par-
tially open C2/c form is formed
in a �step-wise� manner from
the closed hydrated C2/c form
and subsequently the fully open
Imcm phase is formed in the
same way: the phases coexist
for a period rather than one
evolving into the other. The
same situation was seen previ-
ously for the uptake of other
organics from the liquid phase,
including pyridine, 2,6-lutidine
and m-xylene.[18,20]

A closer inspection of the
EDXRD data reveals addition-
al information about the par-
tially open material, not appar-
ent from the static study.

During the lifetime of the phase the Bragg peaks shift in a
concerted manner, thus indicating a changing unit cell
volume with time. Given the monoclinic unit cell and the
small total number of independent observed Bragg peaks
(only eight peaks can be defined unambiguously), it is not

Table 1. Unit cell parameters and symmetries for MIL-53(Fe) ACHTUNGTRENNUNG[guest] compounds. Unit cell edges have units of
� and angles units of degrees.

Guest MIL-53 ACHTUNGTRENNUNG(Fe,OH)ACHTUNGTRENNUNG[guest] MIL-53 ACHTUNGTRENNUNG(Fe,OH,F) ACHTUNGTRENNUNG[guest]

H2O
closed form

P21/c
Ref. [15c]

a=19.3197(2)

C2/c
Ref. [20]

a =21.1299(1)
b=15.0362(2) b =7.64271(6)
c= 6.83508(6) c =6.83058(6)
b=96.305(1) b =114.9352(4)
V=1973.55(3) V =1000.25(2)

MeOH
fully open form

Imcm

a=15.9557(5)

Imcm

a =15.9394(3)
b=14.4534(4) b =14.4526(3)
c= 6.9270(2) c =6.90489(8)
V=1597.47(7) V =1590.65(5)

MeOH
intermediate form[a] Not observed C2/c

a =20.5463(1)
b =9.17002(8)
c =6.87319(6)
b =112.9817(6)
V =1192.19(2)

EtOH
fully open form

Imcm

a=15.9988(4)

Imcm

a =16.2079(2)
b=14.4422(3) b =14.1441(2)
c= 6.90410(6) c =6.89163(3)
V=1595.24(5) V =1579.87(3)

EtOH
intermediate form[a] Not observed C2/c

a =20.5127(2)
b =9.2468(2)
c =6.87361(9)
b =113.1070(9)
V =1199.16(3)

1-PrOH
fully open form

Pnam

a=16.7029(3)

Imcm

b=13.2526(2)
c= 6.90750(6) a =17.1382(2)
V=1529.02(3) b =12.7876(2)

Imcm (minor)[b]

a=17.1668(2) c =6.89262(4)
b=12.7803(2) V =1510.56(3)
c= 6.90064(9)
V=1513.97(3)

1-PrOH
intermediate form[a] Not observed C2/c

a =20.3420(2)
b =9.63570(7)
c =6.87980(6)
b =112.8406(5)
V =1242.77(2)

2-PrOH C2/c

a=20.1997(2)

C2/c

a =20.2269(1)
b=10.05281(9) b =9.9400(2)
c= 6.88674(6) c =6.87300(4)
b=112.9658(7) b =113.0698(4)
V=1287.61(2) V =1271.34(2)

pyridine Not studied
C2/c
Ref. [20]

a =19.2034(2)
b =11.1758(1)
c =6.88903(6)
b =109.0041(6)
V =1397.89(3)

[a] As discussed in the text the �intermediate� forms were isolated by immersion of the solid host in alcohol di-
luted with water. [b] <5 % by mass.
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possible to refine a unit cell from the EDXRD data, and so
the positions of the three strongest selected signals are plot-
ted on Figure 4 a–c. It can be seen how the (200) and (110)
peaks shift in opposite directions: this is consistent with a
contraction of the a axis and an expansion of the b axis. The
changing geometry and overall unit cell expansion with time
is indicated on Figure 4 d. The curves have a distinctive
shape with an initial rapid expansion along b when the
phase first forms which then slows (note that for the (200)
peak it overlaps with the decaying starting phase (200) peak
so its position is only plotted from the time when it exists

alone). The final values of peak positions in this experiment
approach those seen for the material produced upon equili-
bration of a sample with a 50-50 water-methanol mixture
(Table 1), suggesting an upper limit to the volume of this
partially open phase. In this longer in situ EDXRD experi-
ment we could also monitor the Bragg peak positions of the
initial MIL-53 ACHTUNGTRENNUNG(Fe,F,OH) ACHTUNGTRENNUNG[H2O] during its decay, and here we
do see a shift to higher d-spacing of the (110) peak, suggest-
ing a cell expansion prior to the switch to the partially open
material, but this is an order of magnitude smaller than for
the changes seen during the lifetime of the transient, partial-
ly open material (see the Supporting Information).

Figure 2. Contour maps of EDXRD measured during the addition of
methanol/water to MIL-53 MIL-53 ACHTUNGTRENNUNG(Fe,F,OH) ACHTUNGTRENNUNG[H2O]. (a) Pure methanol,
(b) 75 % methanol in water and (c) 50 % methanol in water. The syringe
pump speed was constant for each of these experiments (1 mL per hour)
and the detector angle was set at 1.495 o2q. Miller indices were assigned
by using the lattice parameters measured by high-resolution powder
XRD (Table 1); those of the intermediate phase are shown in grey.

Figure 3. Normalised integrated Bragg peak intensities of MIL-53-ACHTUNGTRENNUNG(Fe,F,OH) ACHTUNGTRENNUNG[H2O] (110 peak, open squares), partially open intermediate
(110 peak, circles) and fully open product (110 peak, squares) in the pres-
ence of (a) pure methanol, (b) 75 % methanol in water and (c) 50%
methanol in water.
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Although we were able to isolate the partially intermedi-
ate phase in a capillary by using diluted methanol and deter-
mine its lattice parameters, a full structure solution from the
high-resolution powder X-ray diffraction data has not
proved possible. An attempt at structure solution reveals
the inorganic–organic framework, but the Fourier difference
maps do not resolve fully occupied sites for the guest mole-
cules, suggesting considerable disorder in their location. It is
also not clear from crystallography whether the guest mole-
cules at this point are purely methanol or a mixture of water
and methanol. However, the fact that the material is isolat-
ed in diluted methanol would suggest the presence of a mix-
ture of two guest molecules: the fact that the material un-
dergoes a volume expansion during its existence can then be
explained by a continuous adjustment of the composition of
the mixture of guest molecules up to a limit where the par-
tially open phase reaches its maximum volume and then
transforms to a fully open structure.

An effect of fluorination of the host on methanol uptake
is apparent. The intermediate, partially-open form is rather
difficult to detect when the pure hydroxylated material,
MIL-53 ACHTUNGTRENNUNG(Fe,OH) ACHTUNGTRENNUNG[H2O], is used as the host, and even when
the methanol is diluted, the Bragg peaks of the partially
open phase are very weak and appear alongside the fully
open product (see the Supporting Information). This imme-
diately suggests some difference in sorption behaviour be-
tween the pure hydroxylated and fluorinated host. This will
be discussed further below for the case of other alcohols,
where the difference is more obvious.

Uptake of ethanol by MIL-53(Fe) ACHTUNGTRENNUNG[H2O]: Figure 5 a shows
the EDXRD spectra measured during the uptake of ethanol

by MIL-53ACHTUNGTRENNUNG(Fe,F,OH) ACHTUNGTRENNUNG[H2O]
without dilution by extra
water. At a glance, this shows
direct transformation to the
�fully open� Imcm product, but
a closer inspection reveals the
presence of a small amount of
a transient phase, represented
by a shoulder on the product
(200) peak. Dilution to 75 % in
water, Figure 5 b, prolongs the
lifetime of the intermediate
slightly, but the phase is not
observed in a pure form with-
out further dilution and also
slowing of the speed of addi-
tion of the liquid to the sus-
pension, Figure 5 c and d. This
clearly shows how the inter-
mediate phase is a kinetic
product that can be isolated by
adjusting either the dilution or
the rate of addition of the
guest molecules. With this
knowledge we were able subse-

quently to isolate the intermediate phase in a capillary for
high-resolution powder
X-ray diffraction: it is identified as a C2/c partially open
form (see Table 1). The two phases seen by EDXRD (par-
tially open and then fully open) match the lattice parame-
ters derived from the high resolution study (Table 1), con-
firming their unit cell volumes. Figure 6 shows the results of
integrated peak areas during ethanol uptake. These reveal
some new information: with slow addition of the guests, for
example 100 % ethanol at 1 mL per hour the formation of
an expanded phase is not observed until a critical volume of
guest is added to the suspension: there is a distinct induction
time before the product is detected. This is in contrast to
our previous observations of the uptake of molecules such
as pyridine, 2,4-dimethylpyridine and o-xylene,[18,20] where
the formation of an expanded form of MIL-53(Fe) was ob-
served immediately upon addition of the smallest amount of
the pure liquid guest. This suggests that the solution compo-
sition is crucial for the swelling of MIL-53(Fe) by ethanol,
in turn implying that the guest species are a mixture of alco-
hol and water rather than being pure alcohol. This is backed
by another observation: if the ethanol is diluted to 10 % by
volume in water no swelling of the solid occurs even after
prolonged immersion in the liquid (> 15 h). As with the
case of methanol, the intermediate, partially open material
shows a volume expansion during its existence, as shown by
a shift of the (110) peak position up to a maximum value
(see the Supporting Information). The behaviour of MIL-53-ACHTUNGTRENNUNG(Fe,OH) ACHTUNGTRENNUNG[H2O] is in contrast to its fluorinated analogue in
that we only ever observe the formation of the fully expand-
ed product and never an intermediate, partially open phase;
furthermore there is a marked reduction in kinetics of ex-

Figure 4. Plots of Bragg peak position of the partially open intermediate phase seen during addition of 50 %
MeOH in water to MIL-53 ACHTUNGTRENNUNG(Fe,F,OH) for (a) the (110) peak, (b) the (200) peak and (c) the (�111) peak.
(d) An illustration of the structural transformation during this process.
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change when the host contains no fluorine (see the Support-
ing Information).

Uptake of propanols by MIL-53(Fe)ACHTUNGTRENNUNG[H2O]: The case of
uptake of propan-1-ol by MIL-53(Fe) ACHTUNGTRENNUNG[H2O] is rather similar
to the behaviour in the presence of ethanol. The fluorinated
precursor, MIL-53 ACHTUNGTRENNUNG(Fe,F,OH) ACHTUNGTRENNUNG[H2O] takes up the guest
through a partially open crystalline intermediate (Fig-
ure 7 a), whose lifetime may be prolonged by dilution com-
bined with slow addition of the liquid host (see the Support-
ing Information). In contrast, the hydroxylated precursor,
MIL-53 ACHTUNGTRENNUNG(Fe,OH) ACHTUNGTRENNUNG[H2O] produces the fully expanded product
directly (Figure 7 b). These observations are consistent with
the high resolution powder XRD study (Table 1). The case
of propan-2-ol is rather different since the product formed
on equilibration in pure propan-2-ol for either the fluorinat-
ed or hydroxylated precursor has a structure with an inter-
mediate unit cell volume (Table 1), rather than the fully ex-

panded form of the material
seen ultimately with propan-1-
ol, Figure 7 c and d. The in situ
EDXRD data show that for
both fluorinated and hydroxy-
lated hosts, propan-2-ol is
taken up directly in one step.
The integrated peak intensities,
however, show that the kinet-
ics of exchange are rather dif-
ferent in each case (Figure 8).
For the fluorinated host, guest
exchange takes place more
rapidly for both propanol iso-
mers whether or not an inter-
mediate phase is seen: the
pure hydroxylated host decays
in approximately double the
time than for the partially fluo-
rinated material if all other ex-
perimental factors are fixed
(speed of stirring, rate of sy-
ringe pump etc.).

The possibility of separation
of the two propanol isomers
was also studied: Figure 9
shows the results of EDXRD
analysis of the case when a
50:50 mixture of propan-1-ol
and propan-2-ol is added to
MIL-53 ACHTUNGTRENNUNG(Fe,F,OH) ACHTUNGTRENNUNG[H2O] in
water. The first change seen is
the appearance of the charac-
teristic Bragg peaks of the
MIL-53 ACHTUNGTRENNUNG(Fe,F,OH)[propan-2-ol]
material and these are soon
followed by the appearance of
Bragg peaks of MIL-53-ACHTUNGTRENNUNG(Fe,F,OH)[propan-1-ol] which

grow at the expense of the propan-2-ol-containing material
initially formed. The latter phase is not completely con-
sumed, and this was the case for repeated experiments at
the beamlines. It is interesting to note that the partially
open MIL-53 ACHTUNGTRENNUNG(Fe,F,OH)[propan-1-ol] is not seen: the unit
cell volumes of this phase and the MIL-53-ACHTUNGTRENNUNG(Fe,F,OH)[propan-2-ol] material are sufficiently different to
allow them to be distinguished (Table 1). The separation be-
haviour we see here is analogous to the situation where a
mixture of pyridine and 2,6-lutidine is added to MIL-53-ACHTUNGTRENNUNG(Fe,F,OH) ACHTUNGTRENNUNG[H2O]: the partially open pyridine phase is first
seen and decays as the fully open 2,6-lutidine containing ma-
terial is produced.[20] We therefore conclude that the tenden-
cy is to form the fully open form of MIL-53(Fe) if an excess
of appropriate guest molecules is added in the liquid phase.
This may potentially be exploited to separate mixtures of
two molecules as the solid phase containing one guest may
easily be recovered by filtration.

Figure 5. Contour maps of EDXRD measured during the addition of ethanol/water to MIL-53 MIL-53-ACHTUNGTRENNUNG(Fe,F,OH) ACHTUNGTRENNUNG[H2O]. (a) Pure ethanol at 1 mL per hour, (b) 75 % ethanol in water at 1 mL per hour, (c) 25% eth-
anol in water at 10 mL per hour and (d) 25% ethanol in water at 5 mL per hour. The detector angle was set at
1.50 o2q in (a) and (b), at 2.92 o2q in (c) and at 3.05 o2q in (d). Note that the data in (a) and (b) were recorded
using Station 16.4 while those in (c) and (d) were measured on Beamline F3 so the incident energy ranges
differ. Miller indices were assigned by using the lattice parameters measured by high-resolution powder XRD
(Table 1); those of the intermediate phase are shown in grey.
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Uptake of pyridine by MIL-53(Fe)[propan-2-ol]: The unit
cell volumes of MIL-53 ACHTUNGTRENNUNG(Fe,F,OH)[propan-2-ol] and MIL-53-ACHTUNGTRENNUNG(Fe,F,OH) ACHTUNGTRENNUNG[pyridine] are rather similar and they have identi-
cal crystal symmetry (Table 1) so it was of interest to study
the exchange of one of these guests by the other, to contrast
with the situations described above, in which the initial and
final materials have rather different unit cell volumes.
Therefore we prepared MIL-53 ACHTUNGTRENNUNG(Fe,F,OH)[propan-2-ol] by
stirring MIL-53 ACHTUNGTRENNUNG(Fe,F,OH) ACHTUNGTRENNUNG[H2O] in excess propan-2-ol and
then added, dropwise, a 10 % solution of pyridine in propan-
2-ol to the suspension. Figure 10 a and b show the EDXRD
data measured using two different banks of data on Sta-
tion 16.4, revealing that the uptake of pyridine occurs gradu-
ally with a continuous shift of the Bragg peak positions from
starting material to product. In this case the extent of reac-
tion can be determined by the progress of the shifting Bragg
peak positions (because their area remains approximately
constant): Figure 10 c shows this result. All the signals show
a shift to larger d-spacing during the exchange, which is con-
sistent with the expansion of the unit cell volume from
1287.61(2) �3 to 1397.89(3) �3 (note that as we can only re-
solve Bragg peaks with Miller indices (h, [k= h], l) and the
c parameter remains similar, all peaks shift by the same rela-
tive amount). This �continuous breathing� resembles the be-

haviour of the partially open
intermediate seen in the case
of dilute methanol discussed
above, in this case between
two unit cell volume limits de-
fined by each of the pure guest
molecules.

Conclusion

The uptake of simple liquid al-
cohols by hydrated MIL-
53(Fe) leads to dramatic ex-
pansion (breathing) of the ma-
terial, which has previously
been seen in the presence of
aromatic molecules such as
pyridine and xylenes, and in
the gas-phase sorption of small
molecules in the chromium an-
alogue MIL-53(Cr). In the case
of primary alcohols this leads
ultimately to a fully expanded
version of MIL-53(Fe), where-
as with the secondary alcohol
propan-2-ol the final product
has a partially expanded
framework. Several key obser-
vations may be made about
the pathways of exchange of
the guest molecules in this

system:
(1) If the unit cell volume change between the initial hy-

drated state and final host and the guest material is relative-
ly large (ca. 150 �3), then the starting phase and final prod-
uct co-exist as separate phases for a period: the exchange
occurs in a step-wise fashion rather than evolution of one
phase into another; for example, the exchange of water by
propan-2-ol.

(2) Transformation from a closed (C2/c) to fully open
(Imcm) framework (which always involves a volume change
of> 200 �3) may involve a transient intermediate partially
open phase (also C2/c symmetry). This is stabilised for the
host that is partially fluorinated, allowing it to be isolated if
the alcohol is diluted; for example, the exchange of water
by methanol, ethanol or propan-1-ol.

(3) If the volume change upon guest exchange is smallACHTUNGTRENNUNG(<150 �3) within the same crystal symmetry then continu-
ous evolution of the structure may be seen; for example, the
intermediate phase seen in methanol uptake or the ex-
change of propan-2-ol by pyridine.

(4) The purely hydroxylated framework behaves different-
ly than the partially fluorinated host, with noticeably retard-
ed kinetics of exchange (e.g., water by propan-2-ol) and the
absence of partially open intermediates observed in the case
of primary alcohols.

Figure 6. Normalised integrated Bragg peak intensities of MIL-53 ACHTUNGTRENNUNG(Fe,F,OH) ACHTUNGTRENNUNG[H2O] (110 peak, open squares),
partially open intermediate (110 peak, circles) and fully open product (110 peak, squares) in the presence of
(a) pure ethanol with an addition rate of 1 mL per hour, (b) 75 % ethanol in water at 1 mL per hour, (c) 25 %
ethanol in water at 10 mL per hour and (d) 25% ethanol in water at 5 mL per hour.
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It is difficult to provide at present a complete explanation
for the effect on the breathing property of fluoride inclusion
in the MIL-53(Fe) structure, but for the materials whose full
crystal structures are known it is apparent that host–guest
interactions hold the key. For example, for the hydrated
starting materials their crystal structures[15c,20] show the pres-
ence of hydrogen bonding between the guest water mole-
cules and the framework OH/F that makes up the backbone
of the infinite inorganic chains. The same is true for the ma-
terial that contains pyridine, where N�HO hydrogen bond-
ing is present.[20] Assuming that the hydroxide acts as a hy-
drogen-bond donor (as must be the case for pyridine, for ex-
ample), then partial replacement of the hydroxide by fluo-
ride will lessen the total host–guest hydrogen-bonding inter-
actions. The effect may then be a more flexible framework
that can interact with guests more readily and adapt to vari-
ous combinations of mixtures of guest molecules. This is

consistent with the faster kinet-
ics of guest uptake we have
seen for the fluorinated MIL-
53(Fe) and also the stabilisa-
tion of partially open inter-
mediate phases, which are
likely to contain varying quan-
tities of water and alcohol.

The important outcome of
this study is that we defined
the various behaviours of the
flexible solid MIL-53(Fe) in
the presence of liquid–phase
organic guests, something that
will be important in investigat-
ing the separation of more
complex organic molecules for
practical application. Clearly,
the location of the alcohol
guest molecules, which are
crystallographically highly dis-
ordered, would help to further
explain the new observations
we have made. We suggest that
spectroscopic studies may be
helpful in this respect and this
will be the focus of our future
work.

Experimental Section

Preparation of MIL-53(Fe) in pure
hydroxylated and partially fluorinated
forms : MIL-53(Fe)ACHTUNGTRENNUNG[H2O] was synthes-
ised using a solvothermal method
(autogenous pressure) from an equi-
molar amount of iron ACHTUNGTRENNUNG(III) chloride
hexahydrate FeCl3.6H2O (Aldrich,
97%, 1 mmol), 1,4-benzenedicarbox-
ylic acid HO2C-(C6H4)-CO2H (Alfa,
97%, 1 mmol), in N,N’-dimethylform-

amide (DMF, Aldrich 99 %, 5 mL). Reactants were stirred for a few
minutes before introducing the resulting suspension in a Teflon-lined
steel autoclave and the temperature was set at 423 K for three days. The
light orange MIL-53(Fe) ACHTUNGTRENNUNG[DMF] powder was first washed with MeOH to
obtain MIL-53(Fe) ACHTUNGTRENNUNG[MeOH] after complete exchange of DMF molecules
by MeOH. Finally, MIL-53(Fe) ACHTUNGTRENNUNG[H2O] was obtained after dispersion into
water and drying in air. For the preparation of the fluorinated version of
the solid host an equimolar amount of hydrofluoric acid HF (Prolabo,
5m, 1 mmol) was also added to the reaction mixture before the solvother-
mal reaction. Quantitative elemental analyses for the fluorinated phase
calcd (%) for FeIII(OH)0.8F0.2(O2C-C6H4-CO2). ACHTUNGTRENNUNG(H2O): Fe 21.9, C 37.6, H
2.68 F 1.48; found: Fe 23.7, C 35.6, H 2.68, F 1.31. Quantitative elemental
analyses for the purely hydroxylated phase calcd (%) for FeIII(OH)(O2C-
C6H4-CO2).H2O: Fe 21.9, C 37.7, H 2.77; found: Fe 21.9, C 36.4; H 2.79,
F <0.2. Laboratory powder X-ray diffraction, infrared spectroscopy and
thermodiffractometry were also used to confirm the identity and purity
of the solid products in comparison to literature data.

High-resolution powder XRD : Beamline ID31 of the European Synchro-
tron Radiation Facility (ESRF) was used to perform high resolution

Figure 7. Contour maps of EDXRD measured during the addition of propanols to MIL-53(Fe). (a) Pure
propan-1-ol into MIL-53 ACHTUNGTRENNUNG(Fe,F,OH) ACHTUNGTRENNUNG[H2O], (b) pure propan-1-ol into MIL-53 MIL-53 ACHTUNGTRENNUNG(Fe,OH) ACHTUNGTRENNUNG[H2O], (c) pure
propan-2-ol into MIL-53 MIL-53 ACHTUNGTRENNUNG(Fe,F,OH) ACHTUNGTRENNUNG[H2O] and (d) pure propan-2-ol into MIL-53 MIL-53 ACHTUNGTRENNUNG(Fe,OH)-ACHTUNGTRENNUNG[H2O]. The syringe pump speed was constant for each of these experiments (1 mL per hour) and the detector
angle was set at 1.50 o2q, except in (d) where Beamline F3 was used with an angle of 3.05 o2q. Miller indices
were assigned by using the lattice parameters measured by high-resolution powder XRD (Table 1); those of
the intermediate phase are shown in grey.
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powder X-ray diffraction of the MIL-53(Fe) hosts and in the presence of
various guest molecules. The beamline receives X-rays from the synchro-
tron source (which operates with an average energy of 6 GeV and a cur-
rent beam of typically 100 mA) from an undulator device. The incident
X-ray wavelength was 0.79989 � and a beam size of 2.0 mm (horizon-
tal) � 1.0 mm (vertical) was used. Samples were loaded into 1 mm diame-
ter quartz capillaries. For the cases in which the interaction of samples
with an organic guest was to be studied, the liquid solvent was injected
into the capillary and the capillary then centrifuged to concentrate the
solid to the end of sample holder; this minimised the background of the
liquid and prevented the loss of solvent from the solid during the experi-
ment. The samples were rapidly spun during data collection to ensure
good powder averaging. Extraction of the peak positions, pattern index-
ing profile fitting analysis and Rietveld refinement were carried out with
the TOPAS software.[22] Unit cells and space groups were found unambig-
uously by the LSI-Indexing method with satisfactory figures of merit and
confirmed by pattern matching using the Le Bail method. In the case of
MIL-53(Fe) immersed in a methanol and water mixture, the already pub-
lished atomic coordinates of its partially expanded skeleton[20] were used
as a starting model in the Rietveld refinement. The independent tereph-
thalate ion was treated as a rigid body, and an anisotropic line broaden-
ing effect was corrected for by using a spherical harmonics series.[23] Al-
though this allowed the structure of the framework to be refined and
Fourier calculations showed the presence of electron density within the
porous structure, location of the trapped methanol and/or water mole-

cules was not possible. The same was true for the other alcohol guests,
and we conclude that the alcohol molecules are highly disordered in
these materials.

Time-resolved powder X-ray diffraction experiments : This paper includes
results from two beamlines that were used to measure in situ EDXRD
data from reactions between suspensions of solid MIL-53(Fe) ACHTUNGTRENNUNG[H2O] and
various organic alcohols in the liquid state, diluted where necessary with
water (see below). The earlier results were obtained using Station 16.4[24]

of the Daresbury SRS, UK (now permanently closed), while later experi-
ments were performed using Beamline F3[25] of the HASYLAB facility at
DESY, Hamburg, Germany. On Station 16.4, the incident beam was con-
tinuous over 5–120 keV, but after attenuation by the cell, X-ray energies
of> 30 keV have sufficient intensity to contribute to the EDXRD spec-
tra. This beamline was equipped with a three-element solid-state germa-
nium detector, with each detector separated by approximately 2 o2q, to
allow the simultaneous acquisition of three regions of diffraction pat-
terns.[26] Beamline F3 receives white-beam radiation with energy
13.5–65 keV and the incident X-ray beam is collimated to dimensions
20� 20 mm2. Scattered X-rays here are detected using a single-element
germanium solid-state detector. For both beamlines the precise angle(s)
of the detectors were calibrated using a set of Bragg peaks measured
from a solid polycrystalline sample of MIL-53(Fe) ACHTUNGTRENNUNG[H2O] and the energy
calibration of the detector(s) was performed using a glass containing a
series of heavy elements with well-separated fluorescence lines. Note that
since the data were recorded during several visits to the beamlines, the

Figure 8. Comparison of kinetics of exchange for fluorinated (shown in
grey) and purely hydroxylated (shown in black) MIL-53(Fe) for
(a) propan-1-ol addition and (b) propan-2-ol addition. The starting mate-
rial is represented by open squares, the fully open product as closed
squares and the partially open intermediate (where seen) by filled trian-
gles.

Figure 9. (a) Contour map of EDXRD measured during the addition of a
50:50 mixture of propan-1-ol and propan-2-ol to MIL-53ACHTUNGTRENNUNG(Fe,F,OH) ACHTUNGTRENNUNG[H2O]
where the detector angle was set at 1.50 o2q. (b) Integration of peak in-
tensities showing extent of guest exchange.
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detector angles were slightly different between each run and the detec-
tors were always recalibrated on each visit.

In the EDXRD experiment the d-spacing (d/�) of each characteristic
Bragg peak is defined by an energy (E/keV), related to the fixed angle of
the detector (2q) by Equation (1).[27]

d ¼ 6:1992
E sin q

ð1Þ

In the experiments reported herein, around 400 mg of solid MIL-53(Fe)-ACHTUNGTRENNUNG[H2O] was added to approximately 3 mL of deionised water in a 1 cm di-
ameter borosilicate glass tube along with a Teflon-coated magnetic stirrer
bar. Identical reaction tubes were used for both beamlines and the addi-
tion of alcohol guest molecules was made using a syringe pump with the

tube placed in a stand equipped with a magnetic spinner. Data were ac-
cumulated in 60 s intervals with continuous stirring of the solid–liquid
mixture whilst the guest solution (either pure alcohol or diluted with
water) was added dropwise using an electronic syringe pump supplied by
KD Scientific. The rate of addition of liquid to the suspension was varied
between 10 and 1 mL per hour as described below. This controlled addi-
tion was necessary since the reaction was found to be very rapid: upon
full addition of the organic guest solution and measurement of the dif-
fraction data the reactions were found to already have reached comple-
tion. Although the addition of liquid by a syringe pump prevents the ac-
quisition of true kinetic data, it has previously been used successfully to
observe solid–liquid reactions that happen on short time-scales.[28] To
check continuity between the data measured using the two beamlines,
certain experiments were repeated on each instrument and the results
were indeed found to be reproducible. Raw EDXRD data were convert-
ed using the programs DLConverter[29] and PowDLL[30] into a format
suitable for reading into the program XFIT[31] where peak fitting using
Pseudo-Voigt functions was undertaken to determine Bragg peaks areas
and positions as a function of time to produce extent of reaction curves.
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