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Abstract: A general study of the adsorption of n-alkanes in the flexible metal organic framework (MOF)
MIL-53 is presented. The roles of the length of the alkyl chain (n = 1—9), the nature of the metal (Al, Cr),
and temperature were investigated. The shape of the adsorption curves is driven by the alkyl chain length
of the n-alkanes. While traditional type-| isotherms are observed for short alkanes (n = 1, 2), adsorbates
with longer chains induce clear substeps in the isotherm curves whose positions depend on the chain
length. Such substeps are due to a breathing phenomenon, as proven by ex situ X-ray diffraction analysis.
They strongly depend on the amount of adsorbate in the pores and on the nature of the metal (Al, Cr),
which, for a given alkane, leads to a strong change in the substep positions despite the similar characteristics
of the two metals. The adsorption kinetics are highly sensitive to small variations in temperature. Their
detailed analysis in different regions of the isotherms shows in some cases the existence of distinct diffusion
regimes and/or conformations within the flexible phases.

Introduction

Metal organic frameworks (MOFs)' are a new class of three-
dimensional hybrid materials in which organic and inorganic
moieties are linked exclusively by strong bonds. Recently, they
have attracted much attention because of their potential ap-
plications as multifunctional materials in adsorption, storage,
separation, ion exchange, optics, magnetism, conductivity, and,
more recently, catalysis. Some of them are already produced at
the industrial scale.' ~2° Besides the classical strategies used for
their synthesis, a more sophisticated method combining targeted
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chemistry and computational prediction to rationally obtain new
crystalline micro- and mesoporous metal carboxylates such as
MIL-101 was recently published.” Among these new porous
materials, the flexible MIL-53(Al, Cr)'®?! solids are probably
some of the most exciting MOFs because of their simple
structure and their “breathing” character upon adsorption:
previous studies have shown that under CO, pressure or in the
presence of water (Figure 1),'52? the structure of MIL-53(Al,
Cr) is able to adjust its cell volume in a reversible manner to
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Figure 1. Schematic view of the breathing phenomenon of MIL-53(Al,
Cr) (view along the ¢ axis) upon adsorption/desorption of water.

optimize interactions between the guest molecules and the
framework, with no evidence of bond breaking.

To date, most reports concern the adsorption of gases, while
vapor studies are still scarce, with only a few results dealing
with the adsorption of alkanes.>* %° Recently, MOFs proved
their efficiency in the chromatographic separation of alkanes
(linear or branched), with n-hexane separated from n-pentane
and, more interestingly, methylbutane from n-pentane.?®

However, the mechanisms of separation have not been
completely elucidated,?” and much effort must still be spent on
the adsorption of model molecules in MOFs. The influence of
flexibility on the adsorption of nonpolar vapors in MOFs has
not been investigated to date, and this would be of great interest
in order to determine whether or not adsorption might lead to
unusual breathing phenomena. This study relates the adsorption
of vapors of linear n-alkanes (n = 1—9) in the MIL-53(Al, Cr)
hybrid materials®' in terms of adsorption capability, influence
of temperature, kinetics of adsorption, and sorbate/sorbent
interactions.

Experimental Section

Synthesis. The preparation of MIL-53(Al, Cr),, (where the as
subscript stands for as-synthesized) was previously reported.'>'¢
While the removal of the free acid from the pores can be performed
by calcination, another activation route has been developed to avoid
formation of the metal oxide byproduct. MIL-53(Al, Cr),, was
treated under solvothermal conditions in dimethylformamide (DMF)
at 150 °C overnight. Typically, 1 g of MIL-53,, was dispersed in
25 mL of DMF and introduced into a Teflon-lined steel autoclave
for 15 h at 150 °C. The product was cooled, filtered, and calcined
overnight at 200 °C (Cr) or 280 °C (Al) in air. The solid readsorbs
water at room temperature to give low-temperature MIL-53, or
M"(OH){0,C—C¢H,—CO,} *H,0 (M = Cr, Al). The usual char-
acterization experiments (powder XRD, TGA, IR spectroscopy,
BET analysis) were performed on the MIL-53(Al, Cr) phases to
confirm their purity.

C1—C4 Hydrocarbon Adsorption. The adsorption experiments
were carried out at 303 K at pressures up to 50 bar on a laboratory-
made gas dosing system connected to a commercial gravimetric
measuring system (Rubotherm Prézisionsmesstechnik GmbH). The
balance itself has a sensitivity of 10 ug and a resolution of 0.01
mg. An advantage of this system is the incorporation of a titanium
sinker that, when weighted, allows a direct measurement of the
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buoyancy effect and its correction to the adsorbed amounts. A step-
by-step mode of gas introduction was used here, requiring the
criterion of negligible weight change (<80 ug over 15 min) to be
met before introduction of the following dose. Prior to each
experiment, the sample was outgassed at 250 °C for 16 h. A typical
adsorption experiment usually takes ~24 h, but in many cases in
this study, some points required more than 7 days to reach
adsorption equilibrium.

C5—C9 Hydrocarbon Adsorption. Adsorption/desorption ex-
periments on the C5—C9 hydrocarbons were performed with a
homemade apparatus previously described.?®>° This setup is based
on manometric measurements [with two capacitative pressure
gauges (0—10 and 0—1000 mbar)]. The sample cell can be
disconnected from the system to undergo a prior outgassing at
temperatures up to 250 °C under a vacuum of 1073 mbar. n-Alkanes
used as adsorbates (provided by Aldrich, purity >99.9%) were
outgassed and stored over activated 3 A molecular sieve.

Powder X-ray Diffraction. To understand the C6 and C9
adsorption, high-resolution powder X-ray diffraction (XRD) patterns
of MIL-53(Al) products were collected either on a D8 Bruker
diffractometer with monochromatized Cu Ka, radiation using a
rotating sample holder or at the Swiss—Norwegian synchrotron
beamline BMO1A at the European Synchrotron Radiation Facility
(ESREF, Grenoble, France). The MIL-53(Al) powdered samples were
introduced into quartz capillaries (J = 0.7 mm), which were
attached to a manifold system allowing vacuum, heat treatment,
and vapor dosing. The samples were thus outgassed under a vacuum
below 1072 mbar and heated to 200 °C for 2 h. The manifold was
then placed in a temperature-controlled room at 24 °C, and the
sample was maintained at 20 °C in a liquid thermostat. This
temperature was chosen as it is the same as the one from the XRD
chamber. n-Hexane and n-nonane were previously distilled, and
5A zeolite pellets were put into the liquid to adsorb traces of water
and other impurities. The dosing was carried out by keeping the
liquid at the appropriate temperature in a second liquid cryostat to
ensure that the required relative pressure was maintained with
respect to the sample temperature. The pressure was checked using
a pressure gauge. Once both the sample and liquid were at the
appropriate temperature, the two were connected, and an equilibrium
time of 1 h was used. For hexane adsorption, temperatures of —14.5
and +8 °C ensured relative pressures of 0.17 and 0.59, respectively.
In the case of n-nonane adsorption, temperatures of —12 and +12
°C ensured relative pressures of 0.10 and 0.60, respectively. After
equilibrium, the capillary was flame-sealed prior to measurement
of the diffraction patterns.

The cell parameters of the various forms of MIL-53(Al) were
deduced from the XRD patterns using the Dicvol software.> Pattern
matching of the different hexane- or nonane-loaded MIL-53(Al)
forms was performed with the corresponding XRD patterns and
Fullprof.2k using the WinPLOTR software package.®'

In a second step, a series of in situ synchrotron powder diffraction
experiments were carried out at the Swiss—Norwegian Beamlines
(SNBL) at ESRF. The data were collected on 1.0 mm quartz
capillaries filled with the sample using a MAR345 imaging plate
at a sample-to-detector distance of 300 mm with A = 0.7 A. The
sample was cooled to 100 K using a cryostream and then heated
back to 300 K. The data were integrated using the Fit2D program
(Dr. A. Hammersley, ESRF) and a calibration measurement of a
NIST LaBs standard sample. Uncertainties in the integrated
intensities were calculated at each 26 point by applying Bayesian
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Figure 2. Isotherms of C1—C4 n-alkanes on MIL-53(Cr) at 303 K, showing volume adsorbed as a function of (a) pressure and (b) log(p/p.).
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Figure 3. Adsorption of n-alkanes onto MIL-53(Cr) at 313 K: (A) n-hexane,
(O) n-heptane, (<) n-octane, (O) n-nonane.

statistics to the intensity data while considering the geometry of
the detector (Add Sigmas program, Dr. Y. Filinchuk, SNBL).

Results and Discussion

Adsorption Isotherms of n-Alkanes over MIL-53(Cr). The
short-chain hydrocarbon adsorption isotherms are given in
Figure 2. If at first glance it appears that Langmuir isotherms
are obtained (Figure 2a), closer observation using a semiloga-
rithmic scale highlights the existence of substeps in the isotherms
for the C3 and C4 hydrocarbons. These substeps are far more
systematic in the C5—C9 hydrocarbon isotherms (Figures 3 and
4). The strong uptakes obtained at low pressures indicate the
presence of strong host—guest interactions through confinement
effects. n-Alkanes usually do not exhibit any particular interac-
tion with mineral oxides, but here (see below), even though
n-alkane polarizabilities are known to be quite weak, it is likely
that interactions with both the organic and inorganic parts of
the MOF occur, in agreement with preliminary molecular
simulation studies.” The position of the step is a function of
pressure and could be used for a pressure- or vacuum-swing
adsorption process for separation of the hydrocarbons.

Examination of the amounts adsorbed shows that they
compare favorably to those observed in various zeolitic materi-

1
9%

)
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[
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—o-n-octane

T
-o-n-heptane
0.5 “— 1256 A? - n-hexane
-0- n-nonane
0 i . ; T
[} 0.2 0.4 0.6 0.8
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Figure 4. Adsorption of n-alkanes onto MIL-53(Al) at 313 K: (A) n-hexane,
(O) n-heptane, (&) n-octane, (0) n-nonane. Numerical values indicate the
cell volumes at the onset of the plateaus.

als. In terms of adsorption capabilities, MIL-53(Al, Cr) adsorbs
50% more than zeolites.*

These substeps indicate a two-step adsorption mechanism,
which could originate either from successive adsorptions by
inorganic and organic sites or from breathing and its correlative
variations in cell volume at invariant topology, as already
observed for water and carbon dioxide.

Ex situ high-resolution XRD analyses were therefore per-
formed on n-hexane- and n-nonane-loaded MIL-53(Al) samples
at the relative pressures corresponding to the various plateaus
(p/p° ~ 0.1—0.2 and 0.6) (Figure 5). For hexane, at low pressure
(p/p° =~ 0.17), the XRD pattern was indexed in an orthorhombic
cell [a = 17.32) A, b = 11.79Q2) A, ¢ = 6.63(1) A, space
group Imcm] with a cell volume of 1358.2(2) A3, which is
clearly smaller than the volume of 1411 A3 for the dried solid.
At a higher relative pressure (p/p° = 0.6), the cell volume
increases to 1449.0(2) A3 [a = 16.24(2) A, b = 13.47(2) A, ¢
= 6.62(1) A, space group Imcm], which is in agreement with
an increase in adsorbed volume between the two plateau regions.
This corresponds to a breathing magnitude of ~7% between
the low- and high-pressure forms.

A larger breathing magnitude (~13%) is observed with
n-nonane [for the low-pressure form (p/p° ~ 0.11), a = 18.10(2),

(32) Nicholson, T. M.; Bhatia, S. K. jiiuiisil. 2006, //0, 24834.
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Figure 5. XRD patterns (monochromatic copper radiation) of MIL-53(Al)
loaded with various amounts of adsorbed n-hexane or n-nonane, with relative
pressures p/p° and calculated cell volumes V as indicated: (red) n-hexane,
plp® =0.17, V= 1358.2 A3, (blue) n-hexane, p/p°® = 0.60, V = 1449 A3,
(purple) n-nonane, p/p° = 0.11, V = 1256.0 A3; (green) n-nonane, p/p° =
0.6, V = 1418.8 A3; (black) MIL-53(Al) without alkane at high temperature.

b = 10.48(2), ¢ = 6.62(1) A, and V = 1256.0(2) A3; for the
high-pressure form (p/p° =~ 0.6), a = 16.71(2), b = 12.83(2), ¢
=6.62(1) A, and V = 1418.8(2) A3; space group Imem in both
cases). At low pressure, the percentage of the total amount of
adsorbed alkane is larger for C6 (85%) than for C9 (60%), and
therefore, the shrinkage of the structure is more pronounced
for C9 than for C6. The sorption isotherm reflects the simul-
taneous influence of the intensities of the various host—guest
interactions and their size effects on the extent of breathing.

From the above results, n-hexane and n-nonane lead to some
swelling of the framework. The sorption isotherms obtained in
the case of n-heptane and n-octane indicate that the same
swelling process can occur. n-Methane does not lead to
swelling.** It can simply be mentioned here that this relates to
a threshold in the adsorption enthalpy (—20 kJ mol™') above
which breathing occurs. A linear increase in the heat of
adsorption of alkanes with increasing alkyl chain length (~10
kJ mol ™! per additional carbon atom in the chain) is expected,
as for zeolites."?

Within the MIL-53 topology, the dynamic effects associated
with flexibility spectacularly depend on the nature of the metal.
Whereas the MIL-53(Al, Cr) evacuated solids exhibit the open
form, dehydrated MIL-53(Fe, Ga) corresponds to the shrunk
variety.>> Even within the (Al, Cr) subclass, the responses to
the alkane stimulus are different. The substeps are shifted to
higher relative pressure when chromium is replaced by alumi-
num and in going from n-butane to n-octane, even though there
is some ambiguity in the case of MIL53(Al)/n-heptane due to
the occurrence of several minor substeps. The MIL-53(Cr)
substeps systematically appear at lower relative pressures than
those in MIL-53(Al) (Figures 3 and 4), indicating that specific
alkane—metal interactions with various energies exist in this
topology.

n-Nonane does not follow the above trend, however: the
adsorption substep appears at a much lower relative pressure.

(34) Llewellyn, P. L.; Maurin, G.; Devic, T.; Loera-Serna, S.; Rosenbach,
N.; Serre, C.; Bourrelly, S.; Horcajada, P.; Filinchuk, Y.; Férey, G.
. 2008, /30, 12808.
(35) Millange, F.; Guillou, N.; Walton, R. I.; Greneche, J.-M.; Margiolaki,
L; Férey, G. ginnntay. 2008, 4732.
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Figure 6. Kinetics of adsorption of n-hexane over MIL-53(Cr) at 313
K. The adsorption isotherm is recalled in the inset. The vertical axis
represents the relative pressure measured as adsorption onto the sample
occurs. Circled numbers indicate the adsorption domains described in
the text.

No definitive explanation for this behavior can be given, but
several effects could induce it (host—guest structural com-
mensurability, entropic effects, conformation due to confine-
ment, etc.). Furthermore, it is worthy of note that the adsorption
substep is shifted to lower relative pressures regardless of the
metal concerned.*®

Influence of Pore Filling on Kinetics of Adsorption. Prelimi-
nary experiments were performed to make sure that vapor
diffusion into the sample cell was not the limiting stage of the
overall adsorption process. Nitrogen gas was therefore intro-
duced into the sample cell at the adsorption temperature of 313
K, and pressure equilibrium was reached within a few seconds.
From this standpoint, the kinetics of adsorption of n-alkane
vapors over MIL-53(Cr) materials was determined for each
adsorption equilibrium. A given amount of vapor was introduced
into the sample cell, in which pressure was measured by a
pressure gauge. The setup has already been detailed in a previous
paper.”® Equilibration was considered to be obtained when the
variation of pressure was not detectable (typically less than 107
torr/min). Similar results (not shown) were obtained when MIL-
53(Al) was used.

On the basis of the adsorption curves, different stages can
be distinguished that could induce differences in adsorption
kinetics. Five typical adsorption domains were investigated: (1)
the very first stages of the adsorption, (2) further sorption in
the initial stages of the adsorption, (3) the knee of the adsorption
isotherm, (4) the intermediate region before the substep, and
(5) the saturation plateau, as exemplified in Figure 6 for
n-hexane.

After the introduction of each dose, the time needed to reach
equilibrium was measured for each n-alkane. During the very
first stages of adsorption, the length of the alkyl chain clearly
influences both the time to equilibrium (which increases in going
from from C7 to C9) and the adsorption process. Hexane
presents a special behavior.

Indeed, nonane [as well as pentane, heptane, and octane (not
shown)] follows a simple exponential decay, as shown by the

(36) Pellenq, N.; Llewellyn, P. L.; Grillet, Y.; Rouquerol, J. juiiain
1994, 41, 1343.
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Figure 8. Kinetics of adsorption of (black) n-hexane and (red) n-pentane
over MIL-53(Cr) at 303 K. The vertical axis represents the relative pressure
measured in the sample cell as adsorption onto the sample occurs. Inset:
corresponding plots of In[(p/p°) — (p/p°®)eq] Vs time.

linear relationship between In[(p/p°) — (p/p°)eq] and time (inset
of Figure 7). This linearity suggests that the adsorption follows
a single process.

The curve obtained for n-hexane is far more complex. Three
regions can be distinguished at 313 K for the short alkyl chain
length, suggesting that tiny differences in the sorbate/sorbent
interaction are sufficient to strongly modify the adsorption
kinetics.

Moreover, it is also interesting to note that the equilibration
time is longer for n-hexane than for the other sorbates (Figure
S1 in the Supporting Information). The specific case of n-hexane
seems to suggest that diffusion is probably not the limiting
mechanism during the adsorption process, as bulkier n-alkanes
adsorbed in the same materials led to faster kinetics of
adsorption. If it were the case, this might be due to a particular
interaction between n-hexane species in a specific conformation
and the flexible skeleton.

Influence of Temperature on the Kinetics of Adsorption
and the Adsorbed Amounts at Saturation. The host—guest
interaction balance can also be modified by a slight change in
the temperature. While three successive regimes for adsorption
of n-hexane at 313 K were observed, a temperature decrease of
only 10 K made them disappear (Figure 8). This suggests a
drastic temperature dependence of (i) the diffusion coefficients
and (ii) the extent of breathing. The equilibrium times and
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Figure 9. Amounts of n-hexane adsorbed on MIL-53(Cr) at p/p°® = 0.4 as
a function of temperature.

behavior of C6 became very close to those of C5 as well as to
those of C7—C9 (not shown).

The overall adsorbed amounts of sorbate should decrease
when temperature increases. However, plotting the data
obtained at saturation of the n-hexane sorption isotherms over
MIL-53(Cr) yielded a different evolution (Figure 9). This
unusual thermal evolution of the adsorption capacity of
n-hexane does not mean at all that the system is in conflict
with thermodynamics. Indeed, this peculiar feature also takes
into account the flexibility of the framework. Recently, a
study of the highly flexible MIL-88 hybrid solids showed
that the magnitude of their pore openings upon adsorption
of liquids increased with temperature.’” Thus, we suggest
here that the present complex behavior might due to a
competition between two distinct phenomena: (i) an increase
in the pore opening of the MIL-53 solids with temperature
and (ii) in agreement with thermodynamics, a decrease in
the adsorbed amount with increasing temperature. At lower
temperatures (283—293 K), the second mechanism prevails,
and a decrease in the sorption capacity is observed. When
the temperature is increased to 313 K, one part of the heat
contributes to the opening of the structure and therefore to
an increase in the capacity at saturation. Above 313 K,
because of the geometric limitations, the maximum pore
opening of MIL-53 is probably reached, and a decrease of
the loading capacity with increasing temperature is observed,
as for a rigid phase. It can be concluded that in the case of
n-hexane, the chemical potential of the gas phase (which is
directly related to temperature) may be employed to control
the pore breathing.

An alternative explanation could be that the adsorption
processes are activated upon an increase in temperature to
overcome diffusion limitations, especially in the case where
micropores have to accommodate guest species in relation with
structural breathing effects. This activation-related behavior has
often been observed in the literature in the case of the adsorption
of vapors in zeolites.*®

To further analyze the unusual evolution of the maximum
adsorption capacity of MIL-53 as a function of the temperature,

(37) (a) Serre, C.; Mellot-Draznieks, C.; Surblé, S.; Audebrand, N.;
Filinchuk, Y.; Férey, G. Sgigucg 2007, 315, 1828. (b) Liu, Y.; Her,
J.-H.; Dailly, A.; Ramirez-Cuesta, A. J.; Neumann, D. A.; Brown,
C. M. i 2008, /30, 11813.
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Table 1. Cell Parameters as a Function of Temperature?

cell volume

TK  a(d) b (A) c (A S (deg) space group )

300 16.22(1) 13.53(1) 6.63(1) —
280 16.02(1) 13.78(1) 6.63(1) —
260 157(1) 14.17(1) 6.64(1) —
240 1533(1) 14.58(1) 6.6(1)  —
220 1535(1) 14.61(1) 6.63(1) —
200 15.36(1) 14.60(1) 6.62(1) —
180 15.37(1) 14.57(1) 6.62(1) — Pnam (No. 62)  1484(1)
160 15.40(1) 14.55(1) 6.62(1) — Pnam (No. 62) 1483(1)
160 17.55(2) 12.092) 6.65(2) 105.2(2) C2/c (No. 15)  1363(2)
140 1542(1) 14.5(1) 6.62(1) — Pnam (No. 62) 1481(1)
140 17.54(2) 12.092) 6.65(2) 105.2(2) C2/c (No. 15)  1361(2)
120 1541(1) 14.48(1) 6.62(1) — Pnam (No. 62) 1477(1)
120 17.53(2) 12.08(2) 6.64(2) 105.1(2) C2/c (No.15)  1360(2)
100 1539(1) 14.45(1) 6.62(1) — Pnam (No. 62)  1471(1)
100 17.52(2) 12.08(2) 6.64(2) 105.0(2) C2/c (No.15)  1358(2)

Pnam (No. 62) 1455(1)
Pnam (No. 62)  1464(1)
Pnam (No. 62) 1476(1)
Pnam (No. 62) 1482(1)
Pnam (No. 62) 1488(1)
Pnam (No. 62) 1484(1)

“For temperatures between 160 and 100 K, mixtures of the
orthorhombic and monoclinic cells were present; data for the latter are
shown in italics.

\ Monoclinic

phase

= T

=

s 30

2 20

D

c
10
20
30

3 4 5 6 7 8
206 (°)

Figure 10. Evolution of the XRD patterns (1 = 0.7 A) of MIL-53(Al)
filled with n-hexane (p/p° = 0.6 at 313 K) as a function of temperature.

a capillary containing a powdered sample of MIL-53(Al) filled
with n-hexane at a partial pressure of p/p°® = 0.6 at 303 K was
analyzed in situ using X-ray synchrotron radiation at the
Swiss—Norwegian beamline at ESRF. The temperature was
decreased from 300 to 100 K using a cooling system and finally
set back to 300 K (step: 10 °C/scan). The cell parameters as a
function of the temperature were obtained using the Dicvolgv
software (see Table 1).

First, the symmetry, which was previously determined to be
orthorhombic Imem (No. 74) during the first ex situ experiments,
turned out to be different than expected [Pnam (No. 62)]. This
is probably due to the aging in time of the sample.

Second, as expected, a slight increase in the cell volume
occurs as the temperature is initially decreased from 300 K to
220 K, in agreement with an increase in the partial pressure.
Interestingly, the cell volume stabilizes and then finally de-
creases significantly, from 1488 to 1471 A3, as T further
decreases to 100 K.

Third, some additional peaks appear at 20 ~ 4.5 and 8.7° (see
Figure 10), and the overall pattern cannot be assigned in either the
initial orthorhombic cell or another monoclinic or orthorhombic
space group, indicating that a second phase has appeared. Despite
the difficulty in unambiguously finding the cell parameters and
space group of the unknown phase, a monoclinic cell [C2/c (No.
15)] having a volume close to 1350 A? is proposed (Table 1). A
pattern match including the two phases, i.e., orthorhombic Prnam
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Figure 11. Comparison between the XRD patterns (synchrotron radia-
tion, A = 0.7 A) indexed in the orthorhombic symmetry and the
monoclinic one.

and monoclinic C2/c cells, was successfully performed, validating
this hypothesis (see Figure 11).

The cell volume and parameters of this intermediate mono-
clinic cell are very close to those of the narrow pore form shown
by ex situ XRD using the sample containing n-hexane at a partial
pressure of p/p°® = 0.1 at 303 K (Table 1).

These results are in agreement with a decrease in hexane
loading capacity at low temperature for MIL-53(Al). This can
be explained by the breathing behavior of MIL-53. Brown and
co-workers>’® have shown that a dehydrated MIL-53(Al) sample
can be stabilized in its narrow-pore form upon cooling to 77
K; its pores open upon heating, and when it is cooled, a closure
of the pores occurs at low temperature (<200 K).

Thus, a competition between the traditional adsorption laws
(increase of the loading capacity upon cooling) and the
thermodynamics of breathing (closure of the pores with decreas-
ing temperature) is the origin of the unusual thermal evolution
of the loading capacity of MIL-53.

Conclusion

This initial study paves the way for the comprehensive use
of flexible MOF structures for novel adsorption or separation
processes involving vapors. The adsorption of species as simple
as model linear alkanes in MIL-53(Al, Cr) is not straightforward,
as different sorption behaviors can be observed depending on
the nature of the metal centers. Several features arise from this
study. First, the microporous MIL-53 exhibits strong affinities
and large adsorption capacities for alkanes. Second, there is a
clear influence of the alkyl chain length on the shape of the
adsorption curves, suggesting important conformational effects
from guest species in addition to a breathing of the structure
for long-chain alkanes. Furthermore, the pressures at which the
substeps occur depend on the nature of the metal (Al, Cr). In
both cases (chain length, metal), as the pressure logarithm can
be related to free energy, this confirms that energetic consid-
erations related to the interaction that occurs between the
n-alkane species and the MOF frameworks can be the origin of
these differences.

The kinetics of adsorption was investigated and revealed the
presence of several regimes influenced by both the alkyl chain
length and the temperature. Finally, a very unusual temperature
dependence of the loading capacity was observed, which might
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be due to a competition between standard adsorption thermo-
dynamics and the temperature-dependent increase in pore
opening of the MIL-53 solids. Further studies are underway to
gain a deeper understanding of the use of flexible MOFs for
the adsorption of hydrocarbons.
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