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ABSTRACT: We have studied gas adsorption effects on the structure
of a metal−organic framework, MIL-53(Al), a material well-known
because of the controllable framework “breathing” phenomenon.
Neutron powder diffraction between 4 and 77 K and up to 4.5 bar
pressure D2 confirms that a structural phase transition is responsible
for the observed H2/D2 isotherm hysteresis at 77 K. We find two
crystallographically distinct D2 adsorption sites in MIL-53(Al) when
the pores are fully opened, similar to those reported for D2 in MIL-
53(Cr), but in contrast with the previously published cases of CO2 and
H2O. Upon desorption of D2 at 77 K, we find strong evidence for the
existence of D2 molecules kinetically trapped in the center of the
closed pore of MIL-53(Al). This “molecular clamp” appears to be
functional until ≈120 K, the temperature at which the D2 eventually
desorbs under dynamic vacuum. Hydrogen diffusion constants
calculated using quasielastic neutron scattering data collected along the isotherm are also consistent with H2 being trapped in
the closed pore structure. Diffraction experiments performed with N2 and He gases under similar conditions show the range of
structural response from immediate pore opening at low N2 pressures (<1 bar) to no observable effect at 10 bar He.

■ INTRODUCTION

The variety of chemical structures and functionalities displayed
upon connecting metallic species to one another through
organic ligands to yield porous, crystalline materials known as
metal−organic frameworks (MOFs) has resulted in a booming
research arena. The ability to tune the respective components,
altering the structure and porosity, along with the subsequent
impact on host−guest properties,1−7 makes these materials
interesting for potential applications such as hydrogen
storage,8−13 methane storage,14−17 carbon dioxide capture,18−21

industrial separations,1−7,22−31 sensors,8−10,32,33 drug-deliv-
ery,14−17,34 and heterogeneous catalysis.18−20,35−37

A particular family of MOFs, known as MIL-53s, were some
of the first materials to exhibit a large framework “breathing”
phenomenon characterized by unit-cell volume changes of
around 40%,38 though several more examples exist.39−48 This
characteristic framework flexibility has been observed in MIL-
53 upon loading guest molecules or changing temperature and/
or pressure and has an associated large hysteresis.49,50 It has
also been shown that the adsorption and desorption history of a
MIL-53(Al) sample plays a significant role in its structural
transitions.51 Additionally, it is well-known that polar
molecules, such as H2O and CO2, loaded into the MOF
induce the collapse of the open MIL-53 structure and locate in

the center of the closed pore (CP);52,53 however, even the
noble gas Xe can induce the same effect.54 The material also
exhibits gas selectivity for CO2 over nonpolar CH4,

52 especially
when the system is hydrated55 or functionalized.56 Upon
chemical functionalization of the ligands, the overall structural
motif is retained because of the inherent flexibility of the
framework.57 Further, this breathing phenomenon is also
dependent on cation choice1,58,59 with some control being
exerted through cation mixing; the pore opening in a mixed
Cr/Fe system is intermediate between the “easy” to open Cr
and the harder to open Fe.60 These interesting properties
encouraged significant effort in both theoretical and exper-
imental approaches to understanding the adsorption mecha-
nisms and associated breathing phenomena with external
stimuli49,50 or with adsorbents, including CO2,

61−65

CnH2n+2,
66−69 and H2 molecules,

70−73 among others.74−77

Structurally, MIL-53 is composed of corner-sharing metal
clusters interconnected with benzenedicarboxylate (BDC)
organic ligands. Upon removal of solvent molecules by
evacuating the sample at moderate temperatures, MIL-53(Al)
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has a large, open pore (OP) structure (high temperature (HT)
phase; space group Imma). The narrow, closed pore (CP) form
that can be arrived at by cooling MIL-53(Al) is monoclinic with
reduced pore volume (low temperature (LT) phase; space
group C2/c). In this CP phase, the accordion-like compression
of the unit cell geometry is accompanied by a twisting of both
the BDC ligands and distortions of the metal−oxygen
octahedra.50

A combination of temperature-dependent diffraction, in-
elastic neutron scattering, and density functional theory (DFT)
calculations have been used to understand hydrogen adsorption
in MIL-53(Cr).78 The diffraction data taken at 10 K were used
to define four separate adsorption sites for hydrogen, while the
isobaric (2 bar) temperature-dependent data revealed the
occupancy dependence of each of these sites and an
approximate 2% change in unit cell volume upon hydrogen
desorption at temperatures above 20 K. All the data were
analyzed within the Imcm space group (pristine unit cell
parameters: a = 16.772 Å, b = 13.145 Å, c = 6.847 Å), and
unlike MIL-53(Al), the Cr-variety does not apparently exhibit a
transition to the LT/CP phase on simply being cooled.78

In this paper, we report a quantitative multiphase structural
analysis of the breathing effect in MIL-53(Al) using neutron
powder diffraction (NPD) while performing an in situ isotherm
measurement at 77 K. To further investigate the guest−
framework interactions, we complement D2 isotherm measure-
ments with NPD measurements of nitrogen (N2) and helium
(He) at various temperatures and pressures. The latter gives
context to surface area measurments that typically use He as a
correction factor and N2 for the surface area measurement.
Quasielastic neutron scattering (QENS) data were also
collected to study the dynamics of hydrogen in the MIL-
53(Al) framework following the isotherm hysteresis at 77 K.
These novel measurements yield rich structural information as
a function of gas type, temperature, and pressure.

■ EXPERIMENTAL SECTION
The MIL-53(Al) used for these experiments was the same as
that used for our previous neutron studies50 and was
synthesized according to literature preparation methods.53,70

Briefly, the sample was prepared by hydrothermal reaction
between the nitrate salt of the metal ion (Al(NO3)3·9H2O) and
terephthalic acid (1,4-benzenedicarboxylic acid, H2BDC) in a
Teflon-lined stainless steel Parr bomb. (Certain trade names
and company products are mentioned in this paper to
adequately specify the experimental procedure and equipment
used. In no case does this imply recommendation or
endorsement by NIST, nor does it imply that the products
are necessarily the best available for this purpose.) The as-
synthesized powders were then rinsed with deionized water.
Further activation treatments were performed on the as-
synthesized materials to remove the unreacted acid located
outside and within the pores. Free terephthalic acid filling the
pores of the as-synthesized MIL-53(Al) was removed by
calcination.
Neutron data were collected at the National Institute of

Standards and Technology (NIST) Center for Neutron
Research (NCNR); NPD data were collected using the BT-1
high-resolution powder diffractometer, while QENS data were
collected using the disk chopper spectrometer (DCS).79 For all
neutron experiments, the dehydrated sample was degassed
using a turbomolecular pump at a temperature of 120 °C
overnight (to ensure all the sample is in the HT phase); the

sample was then transferred into a sample cell which was fitted
with a stainless steel gas dosing line and sealed with an indium
O-ring in a He glovebox. Any adsorbed He gas was pumped out
using a turbomolecular vacuum pump when the sample cell was
mounted to the sample stick. A top-loading closed-cycle
refrigerator was used to control the sample temperature with a
temperature sensor mounted directly above the sample cell. A
volumetric system was used to dose known quantities of gas or
apply a certain equilibrium pressure depending on the
measurement.
NPD data were collected using a Ge(311) monochromator

with an in-pile 15′ collimation corresponding to a neutron
wavelength (λ) of 2.0787(2) Å and 664 mg MIL-53(Al)
sample. For dihydrogen NPD experiments, we used deuterium
(D2) gas because the incoherent scattering from H2 results in a
significant background in the data. D2 and He gases were
loaded into the MIL-53(Al) sample can at 77 K, while N2 was
loaded at 80 K. A vanadium cell was used to collect NPD data
for gas-loading experiments with cell pressures under 1 bar,
while a thicker-walled aluminum cell was used for pressure
experiments up to 10 bar. Vanadium does not produce any
significant Bragg peaks; Bragg peaks are observable when using
aluminum, but they appear at known positions and can be
removed from the diffraction pattern before analysis.
Rietveld refinements were performed using the computer

program TOPAS-Academic80 with structure models exploiting
rigid body descriptions for the BDC ligands to reduce the
number of total parameters to refine. The powder patterns in
the LT/CP phase show anomalous line shapes with strong
anisotropic broadening effects evident in the peak profile as a
function of Miller indices (hkl), which was incorporated in the
Rietveld analysis procedure.81 The anomalous line shapes are
observed only in nonzero k reflections of the narrow CP phase,
implying that the lattice parameter along the largest breathing
direction has a distribution of values, though higher-resolution
data would be needed to better determine the exact
distributions.
For QENS measurements, the DCS spectrometer was

operated in low-resolution mode with an incident neutron
wavelength of 6.0 Å, providing a full-width at half-maximum
(fwhm) resolution of ca. 70 μeV at the elastic channel with an
available momentum transfer (Q) range of 0.27−1.78 Å−1. A
cylindrical aluminum sample can 10 cm tall with a diameter of
1.2 cm was used, and 562.5 mg MIL-53(Al) was placed in a foil
packet creating an annular geometry in the sample can. H2 gas
was loaded into the MIL-53(Al) sample can at 77 K, and QENS
spectra were collected. Standard corrections were made, and
the bare data was subtracted from each gas-loaded spectrum
measured to generate the scattering function, S(Q,ω). The
DAVE software package was used for data reduction and peak
fitting.82 More details about the QENS data reduction are
presented in the Supporting Information.

■ RESULTS AND DISCUSSION
D2 Adsorption. Because both the gas adsorption and NPD

measurements were performed at cryogenic temperatures (≤80
K), we must keep in mind the large thermally driven pore-
closing and opening hysteresis which was previously described
(HT → LT, ca. 138 K and LT → HT, ca. 350 K, respectively)
results in a mixed phase system, in which at 77 K the LT phase
is predominately observed (88%; space group C2/c).50 To
identify possible sites at 77 K, we initially loaded D2 gas at 77 K
and cooled to 4 K to measure the NPD patterns, as the thermal
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motion of the molecules would be at a minimum. Using the
relative intensities of the Bragg peaks at ≈18° and ≈20° as a
crude measure of the identity of the phase fractions, we again
observed two phases for D2 loadings from 0.5 D2/Al to 3.0 D2/
Al (Figure S1 of the Supporting Information). However, the
details of the structures are not the same as for the bare MIL-
53(Al). Rather than displaying Bragg peaks consistent with the
HT and LT phases within the Imma and C2/c space groups,
respectively, we were unable to index the OP phase with
orthorhombic symmetry. We determined that for all D2
loadings the OP phase is slightly compressed, causing the
benzene rings to be slightly canted, resulting in a distinct OP,
monoclinic phase compatible with the C2/c space group,
similar to that observed with organic adsorbates;75 we will refer
to this as the OP-D2 phase.
Rietveld refinement of the D2 loaded MIL-53(Al) NPD data

is well-described using the aforementioned structure model
(Figures S2−S5 and Tables S1−S9 of the Supporting
Information). The adsorbed phases are described by an OP-
D2 phase and a coexisting CP phase, incorporating the
adsorbed D2 modeled as quantum rotationally, spherically
averaged molecules with double occupancy of a deuterium
atom.83 At low temperature, the MIL-53(Al) dominantly forms
the CP structure. As the amount of D2 loaded into the sample
increases, the amount of the OP-D2 phase also increases (from
15.9 wt % at 0.5 D2/Al to 79.4 wt % at 3.0 D2/Al). In the
loading range experimentally covered, the two phases always
coexist. There is a relatively large uncertainty in the deuterium
occupancies in the lower loading cases, with a strong
correlation between the atom displacement parameter and
occupancy, necessitating the fixing of one of the parameters to
obtain stable and chemically meaningful refinements. Releasing
both parameters in the refinement allocates more than one D2
molecule per Al, an unphysical situation; hence, in these cases
we fixed the maximum D2 occupation to equal that
experimentally dosed.
The Fourier difference map of the 3.0 D2/Al loading shows

two regions of excess nuclear scattering that can be attributed
to the adsorption sites for D2 (Figure 1); one site (D1) is close
to the benzene ring (≈ 3.3 Å) of the BDC ligand while the
remaining three sites are closer to the AlO6 clusters. The three
remaining sites are in close contact such that they cannot be
occupied at the same time. For the highest loading measured,

the D3 site is closest to two different oxygen atoms and is
evidently stabilized the most, leading to a higher occupation at
that site (0.58(3) D2) and less at the others (0.35(3) D2). As
the phase fraction in the total pattern was reduced for the lower
loadings, the refinements were less stable and an occupancy
constraint was applied to make sites D2 and D4 be equal. To be
consistent this was also applied to the 3.0 loading. Structurally,
the response of MIL-53(Al) to the loading of D2 is quite
different from that observed for polar molecules like H2O or
CO2. First, there are no D2 molecules observed in the narrow/
CP phase, only in the OP phase. Second, adsorbing D2 does not
induce a collapse of the pore structure as seen when polar
molecules are adsorbed, but rather induces a greater phase
fraction of the OP structure.

D2 Isotherm Measurements at 77 K. Following the gas
adsorption isotherm with pressurized D2 experiments at 77 K is
more relevant in practice to further understanding the nature of
the adsorption isotherm hysteresis through structural changes.
After the MIL-53(Al) sample in the Al can (described above)
was cooled to 77 K, D2 gas was applied progressively from 0.5
to 4.5 bar (adsorption branch) and subsequently reduced to 1.5
bar (desorption branch). NPD data were collected at 77 K for
these loadings and additional patterns were collected
(measured at 77 K) after a vacuum was applied for 30 min at
77, 100, and 120 K (Figure 2). Pressures for which the NPD

measurements were collected along the H2 isotherm are
presented in Figure S6 of the Supporting Information. The
diffraction patterns observed at lower pressure (ca. 0.5−2.5 bar)
have two phases, both OP-D2 and CP, while for higher pressure
(4.5 bar) and measurement along the desorption branch (1.5
bar), NPD data showed only a single OP-D2 phase (Table S10
of the Supporting Information). The description of the
evacuated-D2 case will be discussed in the subsequent section.
D2 locations were determined by applying the simulated

annealing (SA) method combined with the structural
information determined in the preliminary D2 loading experi-
ments at 4 K. SA was used because the adsorbed D2 was more
disordered at the higher temperature of 77 K and therefore
more difficult to unambiguously locate through Fourier
difference mapping. Because we know that only the monoclinic
C2/c OP structure will adsorb the D2, all structural parameters
defining the framework structure of MIL-53(Al) are fixed at
their low-temperature values and the D2 molecule(s) was added
in the OP structure model where its position, occupancy, and

Figure 1. Fourier difference map of 3.0 D2/Al loaded at 77 K and
measured at 4 K in MIL-53(Al). Colors represent neutron scattering
length densities of D2 imaged down the c-axis, with the atomic
structure of MIL-53(Al) superimposed for positional clarity.

Figure 2. NPD patterns of MIL-53(Al) measured from 0.5 to 4.5 bar
(increasing pressure) D2 and 1.5 bar (decreasing pressure) D2 at 77 K
and after pumping out for about 30 min at 77, 100, and 120 K. The full
patterns up to 2θ = 110° are given in Figure S5 of the Supporting
Information.
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anisotropic displacement parameter (ADP) were allowed to
vary. For 0.5 bar D2, several independent SA runs commonly
suggested that only the first site, the benzene ring position, is
occupied with adsorbed D2. The refined structure model for the
lowest pressure is presented in Figure 3a (see the Rietveld
refinement, Figure S8, and crystallographic data, Tables S11
and S12, in the Supporting Information). There is no clear
experimental evidence that the second D2 site, neighboring Al−
O6 cluster, was occupied until 2.5 bar D2 was applied (Rietveld
analysis and refined structure, Figures S10 and S11,
respectively, and crystallographic data, Tables S13 and S14 of
the Supporting Information). However, this does preclude that
the second site is not occupied at lower pressure because it
could be so highly disordered along the channel direction that
its associated scattering density is lower than the detection limit
of the current NPD experiment and modeling procedure.
Above 2.5 bar D2, attempts to use the structural model with

only one D2 molecule could not satisfactorily explain the
observed NPD pattern of OP phase regardless of the number of
SA trials attempted. The second D2 site was observed in the
NPD data and was determined by SA to be similar to the
second site observed in the 3.0 D2/Al loading data at 4 K. At
the highest pressure, 4.5 bar D2, the CP phase has completely
disappeared and all the MIL-53(Al) sample has transformed
into the OP-D2 structure (Rietveld fit, Figure S12, and
crystallographic data, Table S15, in the Supporting Informa-
tion). The quality of the single-phase NPD data allowed us to
refine the ADPs of adsorbed D2 molecules whose structure is
presented in Figure 3b. The large ADP parameter indicates that
the D2 located at the second adsorption site is disordered along
the pore channel. There is evidently significant disorder here as
the 3 different adsorption sites identified at low temperatures
could not be observed, and we considered only one site in the
remaining 77 K analysis. To investigate the isotherm hysteresis,
we reduced the pressure from 4.5 to 1.5 bar and the resulting
structure did not return to the two-phase system observed
during D2 adsorption at 1.5 bar (Rietveld analysis, Figure S13
of the Supporting Information). The MIL-53(Al) structure still
retained the single phase, OP-D2 structure with D2 molecules
adsorbed, although the second D2 adsorption site is more
delocalized than that at 4.5 bar (Figure S14 of the Supporting
Information).
These structural observations clearly reveal the origin for the

prominent hysteresis effect in the D2 isotherm experiments. It is
necessary to have a certain amount of pressure to open the
structure to the OP-D2 phase because it is originally closed
when the gas loading occurs at 77 K.50 Once the structure is
opened, the interaction between gas molecules and framework
is sufficient such that even when the pressure is reduced, the
framework does not return to the original CP structure.
Therefore, the desorption branch of MIL-53(Al) can retain
more D2 gas under the same pressure after the “pore-opening”
process in the adsorption branch at 77 K.
D2 Pump Evacuation Experiments. While the temper-

ature was maintained at 77 K, a high vacuum (using a
turbomolecular pump) was applied to the MIL-53(Al) sample
for approximately 30 min. After that, the valve to the pump was
closed and NPD data were collected. The diffraction pattern
shows significant changes when compared with the 1.5 bar
desorption branch data (Figure 1). The Rietveld refinement,
presented in Figure 4a (crystallographic data, Tables S17−S20
of the Supporting Information), indicates that a portion of the
sample returned to the full OP structure with Imma symmetry

and does not contain any D2 gas molecules in the pore, while
the remainder has transformed into the CP structure with (at
least) three discernibly different lattice parameters which are
characterized primarily by large variations in the pore breathing
direction, i.e., the b-axis. Even when the model has three

Figure 3. (a) Structure view of D2 adsorbed MIL-53(Al) along the
rhombus channel direction (perpendicular view available in the
Supporting Information) at 0.5 bar D2 pressure measured at 77 K. The
AlO6 octahedra are shaded green; carbon atoms are shown as gray
spheres, and framework D atoms as white. Partially transparent yellow
sphere represents the first adsorption site for D2. (b) Structure of D2
adsorbed MIL-53(Al) view along (top panel) and perpendicular to
(bottom panel) the rhombus channel direction at 4.5 bar D2 pressure
measured at 77 K. Partially transparent yellow ellipsoids represent the
D2 molecules, with the second adsorption site defined by the ADP
being elongated along the channel axis.
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different lattice parameters for the narrow CP phase, the NPD
pattern could not be satisfactorily explained if the pore
structure is void of D2 molecules. Specifically, the Rietveld
analysis is unable to reproduce the intensities of the (200) and
(110) reflections as shown in Figure 4a (top panel). Because
the pristine CP structure model predicts almost no intensity in
the (200) reflection, the neutron scattering contribution to that
reflection from the Al−O6 planes and BDC benzene planes are

almost equal. Hence, we expect that some unaccounted for
scattering density remains in the narrow CP structure with a
periodicity of one-half of the a-axis, which gives additional
neutron scattering contrast between the Al−O6 and BDC
benzene layers. This unidentified scattering density is most
likely due to remnant D2 molecules, even though the sample
cell was pumped out for about 30 min at 77 K. Using SA, as
described previously, we can locate the D2 molecules in the CP-
1 phase. The newly added D2 molecules explained the observed
pattern, as shown in Figure 4a (bottom panel). This is the first
direct observation for trapped/clamped D2 molecules in a MOF
system resulting from a structural phase transition. The
modeled, trapped D2 molecules in the CP structure after
Rietveld refinement are presented in Figure 4b. A schematic
diagram to explain the existence of three different phases of CP
MIL-53(Al) is presented in Figure S16 of the Supporting
Information in which CP-1 has the largest pore size among the
three CP phases.
The above idea can be tested and supported by subsequent

experiments at 100 and 120 K. By heating the sample, the
trapped D2 will eventually be liberated as the thermal energy
increases and along with the framework phonons and
vibrations. After 30 min of pumping at each temperature,
NPD patterns were collected. The (200) diffraction peak in the
100 and 120 K data show very weak and no noticeable
intensity, respectively (Figure S17 of the Supporting
Information), reflecting the gradual removal of the trapped
D2 molecules at 100 K and complete removal by 120 K. The 3-
phase contribution of observed CP phases was also reduced
upon losing the trapped D2. Both patterns can be analyzed with
one phase for each OP and CP structure (crystallographic data,
Tables S21−S24 of the Supporting Information). It is
important to note that even though we modeled the D2 as
residing only in the CP-1 phase for the data collected at 77 K,
there is likely a distribution of D2 occupancies in the CP-1, -2,
and -3 phases, though a realistic modeling of such a D2
distribution would be beyond the current data.

QENS H2 Dynamics. The QENS experiments were similar
to the NPD D2 isotherm measurements in that an increasing
pressure of H2 gas was applied to the MIL-53(Al) sample at 77
K, from 0.0 to 4.74 bar, and then the H2 was evacuated from
the sample following the desorption branch of the isotherm.
QENS data were collected periodically throughout the
adsorption−desorption process (locations on the H2 isotherm
are shown in Figure S18 of the Supporting Information). The
data, at all H2 pressures and momentum transfers (Q), can be
fitted using a delta-function, a broad Lorentzian, and a narrow
Lorentzian, all convoluted with the instrument resolution
function. The resolution function used in the convolution of
the components was taken as the spectra of the bare MIL-
53(Al) at 77 K, which essentially exhibited a Gaussian
instrumental line-shape and no indications of a QENS
component. The Lorentzian peaks represent diffusive H2
motion on different time scales; the faster the motion, the
broader the Lorentzian. As the H2 pressure increases, the
overall scattering intensity increases (Figure 5a) and the broad
Lorentzian dominates the overall intensity. This is a bulklike
molecular diffusion process occurring on a time scale faster
than that of the mobile surface hydrogen, which is described by
the narrow Lorentzian. The intensity of the broad H2 rises in
proportion to the pressure in the sample cell and is likely due to
free-H2 in the cell.

Figure 4. (a) NPD patterns of MIL-53(Al) measured after pumping
out the D2 gas for ∼30 min (black circles with error bars indicating
one standard deviation) at 77 K. Pink, cyan, and orange curves
illustrate the contributions from the three modeled closed pore phases
(tickmarks given for CP-1, CP-2, and CP-3), while the green is for the
completely open pore (OP tickmarks). The arrow indicates the (200)
reflection of CP structure, whose observed intensity cannot be
explained by the structural model without residual trapped D2
molecules (top panel) but is satisfactorily predicated using a model
with residual D2 molecules in the narrow pore (bottom panel). The
blue curve is the difference between data and calculated patterns. (b)
Structure view along the rhombus channel direction (perpendicular
view available in the Supporting Information) of D2 adsorbed MIL-53
(CP-1) measured after pumping out the D2 gas at 77 K for 30 min.
Partially transparent yellow spheres represent the D2 molecules.
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The data and fits (delta and two Lorentzians) for a H2
pressure of 1.78 bar at 77 K and a momentum transfer of 0.27
Å−1 are given in Figure 5b, where the total fit reproduces both
the intensity of the elastic peak and the shape of the
broadening. There is an almost linear decrease in the elastic
intensity as Q increases, while the intensity of the narrow
Lorentzian remains relatively constant at small Q and then
decreases linearly.
Information about the dynamics of the H2 in the system is

obtained from the width of the Lorentzian versus Q2. The
widths of the narrow component generally increase at low Q
and then reach an asymptote at larger Q (Figure 6). This
behavior is characteristic of a jump-diffusion with no distinct
spatial orientation of the jump directions as reported in other
studies of H2 in porous media.84,85 The half-width at half-

maximum (HWHM) of the Lorentzian broadening as a
function of Q is given in eq 1

τ
= ℏ −

+

⎛
⎝⎜

⎞
⎠⎟Q

Q l
HWHM( ) 1

1
1o o

2 2
(1)

where τo is the residency time at a given site and the jump
length, l, has a distribution of values given by l exp(l/lo),where
lo is the characteristic jump length.85,86 The effective self-
diffusivity (Deff) is calculated from the characteristic jump
length and the residency time and is expressed as Deff = lo

2/τo.
The HWHM data were fit to this model, and the characteristic
jump lengths, residency times, and effective self-diffusion
coefficients for H2 pressures during both adsorption and
desorption are given in Table 1. As the H2 pressure increases
from 0.32 to 4.74 bar, the residency time also increases from
about 3 to 5 ps, while the jump length decreases from ca. 2.6 to

Figure 5. (a) QENS data for H2 adsorbed at 77 K in MIL-53(Al) for
various pressures and a momentum transfer of 0.27 Å−1. The solid
lines are the total fit for the spectra using the fitting model described in
the text (further details in the Supporting Information). Error bars are
shown as vertical lines at the data points for one standard deviation. All
Bragg reflections are removed from the data prior to summing in Q.
(b) Decomposition of the fit function of the QENS data (black
diamonds) for 1.78 bar H2 at 77 K and Q = 0.27 Å−1. The total fit is
shown with a black solid line, the resolution function is in red, broad
Lorentzian in green, and the narrow Lorentzian for the adsorbed H2 in
blue. Error bars are shown as vertical lines at the data points for one
standard deviation. Inset shows the full intensity scale for the same
data.

Figure 6. Half-width at half-maximum of the narrow Lorentzian for fits
to the QENS data of both the adsorption branch (top panel) and
desorption branch (bottom panel) of the H2 isotherms versus Q2.
Solid lines are fits to the data using a liquidlike jump-diffusion model
as described in the text. Error bars indicate one standard deviation of
the values from a least-squares fitting of the data to the
phenomenological fit function.

Table 1. Characteristic Lengths, Residency Times, and
Effective Diffusivity Values for the Given Pressures, along
the Hydrogen Sorption Isotherm Calculated from the
HWHM of the Narrow Lorentzian Used to Fit the QENS
Dataa

H2 pressure (bar) lo (Å) τo (ps) Deff (×10
−8 m2/s)

ads-0.32 2.6(5) 3.3(3) 2.0(9)
ads-1.78 1.9(2) 3.4(2) 1.1(3)
ads-2.5 2.0(3) 4.2(3) 1.0(3)
ads-4.74 1.9(5) 5.1(6) 0.7(3)
des-1.55 2.1(3) 3.5(2) 1.2(3)
des-0.49 2.8(3) 3.3(1) 2.3(4)
des-0.0 1.1(4) 5(1) 0.3(2)

aThe numbers in parentheses indicate one standard deviation from the
least-squares fitting of the data to the phenomenological fit function.
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1.9 Å. This is consistent with a picture of the liquidlike three-
dimensional (3D) jump diffusion of hydrogen in the pores with
the motion becoming restricted as more H2 is added to the unit
cell and causing a concomitant decrease in diffusivity from
2.0(8) × 10−8 m2/s to 0.7(3) × 10−8 m2/s. When decreasing
pressure, along the desorption branch of the isotherm, these
values begin to return to their original values; however, when
the hydrogen pressure is zero, there is a significant decrease in
lo and a dramatic increase in τo. When MIL-53(Al) is evacuated
at 77 K, it undergoes a change from the OP-D2 to the CP
structure and some residual hydrogen remains in the system.
The smaller pore volume restricts the motion of the H2
molecules, which explains the almost order of magnitude
decrease in the effective diffusivity from its most mobile at 2.0
× 10−8 m2/s to the most restricted measured at 3 × 10−9 m2/s
when the H2 pressure is decreased to 0.0 bar.
The effective diffusivity calculated here for H2 in MIL-53(Al)

at 77 K, 2.0(9) × 10−8 m2/s at 0.32 bar H2, is slightly faster
than H2 at the same temperature in porous carbon (7.7 × 10−9

m2/s at 0.5 wt % H2),
85 but these results are similar to self-

diffusivities reported in the literature for H2 in MIL-53(Cr).72,73

However, it is important to note in the latter example that
instead of using a 3D jump diffusion model, Salles et al.
employed a one-dimensional model of diffusion as described by
Jobic.87 When the system is in the OP-D2 phase, observed at
higher loadings, there are multiple adsorption sites, and we
conclude that the H2 is able to diffuse in the OP-D2 framework
in all three dimensions, justifying the Lorentzian phenomeno-
logical fitting function. The dynamics change when the
hydrogen is evacuated from the framework and residual gas is
trapped in the narrow CP phase. When H2 is trapped in the
framework, we might expect that the diffusion would be one-
dimensional; however, the 3D models employed here do
reproduce the scattered intensity quite accurately (Figure S19
of the Supporting Information) over the Q-range covered. The
instrument resolution in the MIL-53(Cr) experiments (ca. 45
μeV)73 is significantly better than that used for these
experiments (ca. 70 μeV), and the MIL-53(Cr) data were
also analyzed at a much smaller Q range (longer length-scale).
It may be possible that with a better instrument resolution, and
better statistics at the lowest Q, a 1D diffusion process in this
MIL-53(Al) system could be observable.
N2 Pressure Experiments. NPD measurements along the

N2 isotherm suggest extremely strong gas−framework inter-
actions, in contrast to similar experiments with D2. The N2 gas
was loaded at 80 K, slightly above its condensation temper-
ature, and NPD data of MIL-53(Al) were measured under
vacuum and 0.2 and 0.5 bar N2 (Figure S20 of the Supporting
Information). As there is significant disorder of the N2
molecule, using a similar super atom approach as for the D2
analysis, we can still capture the essential features of the
adsorption with a large thermal parameter (Rietveld refinement
and structure, Figures S21 and S22, respectively, and
crystallographic data, Table S25 of the Supporting Informa-
tion). The Fourier difference map is presented in Figure 7 for
the lowest loading of N2 in MIL-53(Al). As low as 0.2 bar, it is
evident that the N2 molecule caused the framework to open
completely, implying that the N2−framework interaction is
much stronger than the energy required for the conversion of
the open ↔ closed pore structure.
The adsorption scheme is similar to that of D2 in MIL-

53(Al), on top of benzene ring of BDC and around Al−O6
cluster with elongated distribution along the channel direction,

but the open structure has a fully open Imma symmetry, not the
partially closed C2/c symmetry as observed for the D2 loaded
MIL-53(Al). The benzene rings are completely parallel to the c-
axis, not canted as observed in the D2 adsorption experiments.
We speculate that this binding scheme is common when
primarily nonpolar molecules are loaded into MIL-53(Al) while
polar (or charge-separated) molecules (e.g., CO2, H2O) clearly
show a different adsorption state, i.e., in the middle of CP
structure, that maximizes the electrostatic interactions between
guest molecules and framework, causing pore closing.

He Pressure Experiments. NPD data under He pressure,
Figure 8, were collected from 0 to 10 bar at 77 K. In contrast to

D2 or N2 experiments, the NPD pattern does not change with
increasing He pressure. The unchanging powder pattern
indicates that He gas does not interact with MIL-53(Al) at
77 K and up to 10 bar pressure. This suggests that the
interaction strength between the nonpolar gas molecules and
MIL-53(Al) followed the order of condensation temperature of
each gas type when compared in the temperature range of
interest for isotherm measurements, around 77 K. The N2 gas,
with the highest boiling point (77 K), interacts most strongly
with MIL-53(Al) among the tested gases, and He gas, with the
lowest boiling point (4 K), does not interact with the
framework. D2, having an intermediate boiling point (20 K),
shows moderate interactions that cause the interesting
pressure-dependent structural responses of MIL-53(Al).

Figure 7. Fourier difference map of 0.2 bar N2 in MIL-53(Al)
measured at 80 K. Colors represent neutron densities of N2 imaged
down the length of the pore with the atomic structure of MIL-53(Al)
superimposed for positional clarity.

Figure 8. NPD patterns of MIL-53(Al) measured at 77 K under
vacuum (black), 0.5 bar (red), 4.5 bar (green), and 10 bar (blue) He
pressure. (Gaps in the pattern correspond to the aluminum Bragg
reflections from the sample container.).
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■ CONCLUSION
Because MIL-53(Al) is a crystalline, breathing (flexible) MOF,
it is an ideal system to study the structural response as a
function of gas-loading environment with diffraction and QENS
techniques. This is not only interesting for potential gas storage
purposes but also important for understanding the fundamental
physics of this type of novel breathing phenomena and
interaction between framework and guest molecules. The in
situ gas loading NPD experiments, analyzed using the Rietveld
method and quantitatively modeled, revealed the binding sites
of D2 and N2 gas in MIL-53(Al) and the structural origins of
hysteresis in the isotherm. We have shown that nonpolar and
polar (charge-separated) guest molecules adsorb in different
ways and that the framework interacts with guest molecules
with different strength resulting in rich structural behaviors.
One of the more interesting observations is that there is
residual D2 clamped by the framework that was directly
observed experimentally for the first time. QENS data showed
that the mobility of the hydrogen in this clamped mode is less
than that when the molecule is in the open structure. This
suggests that kinetic trapping of H2 may be possible with
flexible MOFs employing a structural phase transition, though
the amounts trapped may be small.
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