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ABSTRACT: An ordered mesoporous MFI zeolite material (Meso-MFI) was
prepared by using CMK-type mesoporous carbons as a hard template. The MesoMFI exhibits both structural and adsorption diﬀerences compared to the
conventional bulk MFI zeolite. To study the argon (Ar) adsorption process in
Meso-MFI, an in situ gas adsorption powder X-ray diﬀraction (XRD) analysis was
performed using synchrotron X-ray source. Structural rearrangement of the
mesoporous MFI zeolite upon Ar adsorption at low temperature (83 K) was
intensively studied together with Ar adsorption process in Meso-MFI. We
observed that a structural transition of the Meso-MFI zeolite framework from
monoclinic (P21/n) to orthorhombic (Pnma) occurred at around 126 Pa at 83 K.
Positions of Ar atoms are determined as a function of the Ar gas pressure through
Rietveld reﬁnement of powder XRD data. Ar atoms are observed at straight
channels, sinusoidal channels, and the intersection of these channels at low
pressure. As gas pressure increases, Ar atoms in the pore intersection are pulled oﬀ
from the intersection toward the straight and sinusoidal channels. The pore shape of the straight channel is changed accordingly
with the amount of adsorbed Ar atoms within the pores from circular to oval. These results indicate that Ar adsorption induces
not only continuous rearrangement of framework atoms but also symmetry change in the Meso-MFI. A molecular simulation
study combined with Rietveld reﬁnement of in situ XRD data provided a full understanding of the adsorption process of Ar in
Meso-MFI.

■

INTRODUCTION
Zeolite MFI has been of great interest because of its diverse
applications in heterogeneous catalysis, separation, puriﬁcation,
and environmental applications.1−3 Its unit cell contains 96 T
atoms (generally Si or Al), 192 O atoms, and a number of
compensating cations depending on the number of Al atoms
(the Si/Al ratio ranging from ca. 12 to inﬁnity). The MFI
zeolite consists of a three-dimensional network of interconnected pores. The pore network is composed of straight
channels that are intercepted by sinusoidal channels. Two
stable structures of MFI have been reported: (1) the crystal
symmetry of as-synthesized MFI zeolite is orthorhombic, with a
space group (SG) Pnma, and (2) after removal of templates
from channels by calcination, the symmetry changes from the
© 2012 American Chemical Society

orthorhombic to a monoclinic with a SG P21/n. It is also well
studied that loading the zeolite channels with various organic
molecules induces a reversible transition from a monoclinic to
an orthorhombic structure.4−6 This phase transition from
monoclinic to orthorhombic symmetry involves only minor
changes of the framework atom positions and cell parameters.
Detailed understanding of gaseous physisorption process in
MFI-type zeolite has been actively sought through theoretical
and experimental research.7−10 This is not only for the optimal
design of novel adsorbents, catalysts, and separation memReceived: June 26, 2012
Revised: November 13, 2012
Published: November 13, 2012
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branes, but also for a comprehensive understanding of
adsorption process in microporous materials based on the
well-deﬁned and chemically simple nature of MFI zeolite. In
particular, the chemical/physical origin of a kink/step in the
loading curve of argon (Ar) into MFI zeolite at low
temperature (77−87 K) and low relative pressure (P/P0 ≈
10−4−10−3)11−16 is still under debate. Saito and Groen cited an
Ar phase transition from the disordered ﬂuid phase to a more
ordered crystalline phase as the origin;12,13 Maglara claimed
that it is due to the speciﬁc interaction between Ar atoms and
́
rez contended that a
the zeolite framework;14 Garcia-Pé
framework structural change from monoclinic to orthorhombic
symmetry is responsible for the presence of the kink/step8,15
based on Ar adsorption experiments combined with molecular
dynamics simulations.
In situ X-ray diﬀraction (XRD) is one of the most powerful
characterization tools, allowing the monitoring of the structures
of crystalline materials during chemophysical adsorption
processes and has been applied to study gas adsorption
processes in mesoporous crystals.17−21 This technique can also
be applied for crystalline MFI zeolites to attain direct
information about the structure of the MFI zeolite framework
and Ar position during Ar adsorption.22
In the present study, we investigate the atomic structure of a
mesoporous MFI zeolite framework during Ar physisorption at
cryogenic temperature (83 K) by using an in situ XRD analysis.
We focused on the gas adsorption process of a mesoporous
MFI zeolite. Mesoporous zeolites have been investigated with
the aim of improving molecular accessibility and diﬀusion in
zeolite materials.23,24 It is expected that zeolite with additional
mesopores will show characteristics of both the crystalline
zeolite and mesoporous aluminoslicate material. Moreover,
mesoporous zeolites show unique gas adsorption behavior even
in the microporous zeolite framework due to the existence of
mesopores. Hence, it is important to study the gas adsorption
process of mesoporous zeolites to understand this phenomenon. For the experiment, we investigated an ordered mesoporous
MFI zeolite that we recently reported.25 The ordered
mesoporous MFI zeolite was prepared by using mesoporous
carbon as a hard template followed by application of a dry-gel
conversion method under a controlled humidity condition. The
ordered mesoporous structure with a crystalline zeolite
framework was conﬁrmed by XRD, electron microscopy, and
nitrogen adsorption isotherms, indicating the presence of both
mesopores and zeolitic micropores in the product. The wellordered mesostructure with a crystalline MFI zeolite framework
shown from the product enables us to examine the process of
gas adsorption onto both the micropores and mesopores of
same zeolite by an in situ XRD analysis and unveil the atomic
scale rearrangement of mesoporous MFI zeolite framework
atoms and the locations of Ar atoms corresponding to the Ar
gas pressure. By using in situ synchrotron powder XRD
experiment with Rietveld reﬁnement, we determined the
detailed positions of adsorbates in the unit cell and structural
change of the zeolite framework. To the best of our knowledge,
there have been no previous reports on the structural
investigation of MFI zeolite during Ar adsorption. Combining
grand canonical Monte Carlo (GCMC) with the in situ XRD
experiment data, we show how the adsorption of Ar atoms and
the existence of mesopores aﬀect the physical properties of the
mesoporous MFI zeolite.

Article

EXPERIMENTAL SECTION

Materials. The mesoporous MFI zeolite was prepared by a
steam assisted conversion method using CMK-type mesoporous carbon as a hard template.24 A large-mesopore carbon
sample with a tetragonal I41/a structure (CMK-L) was
synthesized with furfuryl alcohol and KIT-6.26 CMK-L was
then inﬁltrated with a zeolite precursor sol, which was
composed of tetrapropylammonium hydroxide (TPAOH),
tetraethoxysilane (TEOS) and H2O. The porous carbon with
the zeolite precursor was heated inside an autoclave at 85%
humidity. After the autoclave was heated at 443 K for 6 days
under a static condition, the sample was collected and calcined
at 873 K in air for 6 h. The sample obtained in this manner is
denoted as “Meso-MFI”.
A conventional MFI zeolite was prepared by following a
conventional hydrothermal synthesis process.27 TPAOH and
TEOS were dissolved in distilled water to obtain a molar
composition of 1 TPAOH/4 SiO2/360 H2O. The transparent
solution was further aged for 2 h at room temperature under
magnetic stirring. Subsequently, the gel mixture was transferred
into a Teﬂon-coated stainless-steel autoclave and hydrothermally treated at 443 K for 2 days under a static condition.
The hydrothermal synthesized suspension was thoroughly
washed with deionized water and subsequently calcined in air
at 823 K. This sample is hereafter referred as “Conv-MFI”.
Electron Microscopy. Scanning electron microscopy
(SEM) was performed with a JSM-7600F (JEOL) operated at
1 kV (accelerating voltage 3 kV, sample bias 2 kV). Powder
samples were dispersed on a copper support using water
soluble paste without metal coating. For transmission electron
microscopy (TEM) imaging, the powder sample was suspended
in acetone (99.5 vol.%) by ultrasonication. The acetone was
dropped and evaporated on a carbon microgrid. TEM image
was taken at room temperature using a JEM-4010 (JEOL)
operated at 400 kV.
Mechanical Stability Study. The mechanical stability of
samples was examined by following a procedure from the
literature.28 A calcined powder sample (50 mg) was compressed in a stainless steel die that was 10 mm in diameter. The
mechanical stability was judged from the losses of the powder
XRD intensity or the N2 adsorption capacity that occurred
because of structure corruption.
X-ray Diﬀraction. In situ powder XRD measurements for
Ar adsorption on Meso-MFI were conducted at BL02B2 in a
synchrotron radiation facility SPring-8, Japan. A Debye−
Scherrer type detector was used with an imaging plate at a
wavelength of 0.099746 nm. Si ﬁne powder (NIST SRM 640d)
was used as the standard to calibrate wavelength. The powder
sample was mounted in a fused soda capillary (diameter = 0.3
mm). The sample was outgassed at 450 K for 1 h before a series
of measurements. The capillary tube with the sample is cooled
by a jet of evaporated liquid nitrogen, and hence the sample
temperature at the capillary tube has a little uncertainty. The
average value of the measured temperature is 83 K. Ar gas was
introduced during the in situ XRD experiment, where the gas
pressure was changed stepwise and kept for ∼2 min to let the
system reach equilibrium at each measurement. The powder
XRD patterns of sample were collected in a 2θ range of up to
76° (step = 0.01° and exposure time for each measurements =
30 min).
Le Bail and Rietveld reﬁnements29,30 were performed using
the JANA program31 over the full sampled angular range based
25301
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on SG Pnma and P21/n for the orthorhombic and monoclinic
structure, respectively. The Bragg peaks were modeled by a
pseudo-Voigt peak-shape function modiﬁed for asymmetry,
with six reﬁnable coeﬃcients. The background was treated
using a Legendre polynomial with six reﬁnable parameters for
the orthorhombic and monoclinic samples. The starting atomic
coordinates for the two MFI zeolite frameworks were adopted
from the International Zeolite Association (IZA) database32,33
and starting positions for Ar atoms were obtained from a
diﬀerence Fourier analysis.34 Ar atom positions were kept to
follow the SG of the corresponding Meso-MFI to reduce the
variables for reﬁnement. Because of the complexity of the
structural model, constraints on Si−O distances were applied.
Their weight was totally removed in the ﬁnal cycles. An
isotropic atomic displacement parameter was imposed for
individual atoms of Si, O, and Ar.
Theoretical Details. To ﬁnd the adsorption sites and the
number of loadings of Ar gas in the MFI zeolite framework
theoretically, we carried out GCMC simulations35,36 using the
Sorption module of Cerius2.37 Since the chemical potential of
the adsorbed phase equals the chemical potential of the bulk
gas at an equilibrium condition, the GCMC simulation makes
multiple attempts to add one Ar atom according to the
probability

from SEM and TEM analyses are summarized in Figure 1. The
SEM images of Meso-MFI exhibit particle morphologies that

⎡
⎛ ΔU ⎞⎤
V
Padd = min⎢1,
exp⎜ −
⎟⎥
3
⎢⎣ (N + 1)Λ
⎝ kBT ⎠⎥⎦

Figure 1. (a, b, c) SEM micrographs of (a) Conv-MFI, (b, c) MesoMFI, and (d) TEM and FFT image of Meso-MFI.

or subtract one with the following probability
are composed of much more numerous domains of
interconnected MFI zeolite nanocrystals compared with
Conv-MFI. The size of the zeolite particles typically ranges
from 1 to 2 μm. From the high resolution SEM image of MesoMFI, these nanocrystal domains show fully mesoporous
structure. TEM image of Meso-MFI conﬁrms that the ordered
mesoporous matrix of Meso-MFI is composed of crystalline
MFI frameworks. These results indicate that the Meso-MFI
product has characteristics of both a well-ordered mesostructure and a crystalline MFI zeolite framework.
Figure 2 shows the XRD patterns of Conv-MFI and MesoMFI at room temperature. The XRD pattern of Meso-MFI
exhibited similar peak positions to those of Conv-MFI zeolite,
but the peak shapes of the two products are slightly diﬀerent.
For example, the 3 1 3 and −3 1 3 reﬂections are readily
resolved in the monoclinic phase of Conv-MFI. However, the

⎡ N Λ3
⎛ Δ ⎞⎤
exp⎜ −
Psub = min⎢1,
⎟⎥
⎢⎣
V
⎝ kBT ⎠⎥⎦

where V is the pore volume, N is the number of Ar atoms in the
simulated system, Λ is the thermal de Broglie wavelength, and
ΔU is the change in potential energy. For each GCMC
simulation, we carried out 5 × 107 Monte Carlo steps (MCS),
during which the zeolite framework was ﬁxed and Ar atoms
were moved following the Metropolis sampling rule.38 We used
two diﬀerent zeolite framework structures: (1) a zeolite
structure from the IZA database and optimized using the
Burchart force-ﬁeld39 at given cell parameters precisely
determined from the experimental XRD patterns at given
pressure, and (2) zeolite framework determined by in situ XRD
reﬁnement. The interaction between the framework and the Ar
atoms and the interaction between Ar gas atoms (the most
important parameters determining the Ar absorption) are
chosen to reproduce the experimental vapor−liquid equilibrium
of Ar and experimental isotherms at 83 K by using the 12−6
type Lennard-Jones potential; Ar−Ar interaction is described
with ε = 0.248 kcal/mol and σ = 3.38 Å, and Ar-MFI
interaction is described only with the O−Ar interaction with ε
= 0.214 kcal/mol and σ = 3.15 Å.15 After we determined the
number of Ar atoms inside the MFI zeolite from GCMC
simulations, we further carried out Monte Carlo simulations
with a ﬁxed number of loadings while ﬁxing the zeolite
framework structures optimized without Ar inside. From 1000
Ar conﬁgurations sampled from 5 × 107 MCS, we evaluated the
mean force exerted on the MFI by the Ar uptake.

■

RESULTS AND DISCUSSION
MFI Zeolite with Ordered Mesostructure. Characterization results of Conv-MFI and Meso-MFI samples obtained

Figure 2. XRD patterns of Conv-MFI and Meso-MFI measured at
room temperature.
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Table 1. Crystallite Size, D (in nm), and Microstrain, ε (in
%), for Conv- and Meso-MFI Samples

two peaks of Meso-MFI are not fully resolved and only a
broadening of the 15.7° 2θ peak can be appreciated. Lattice
parameters of Meso-MFI calculated by Le Bail whole pattern
ﬁtting reﬁnement and measured at room temperature are also
diﬀerent compared with Conv-MFI and previously reported
data for calcined MFI zeolite.27,29 We performed Le Bail
reﬁnement by adopting both the P21/n and Pnma SGs for
ﬁnding the cell parameters of Meso-MFI. The calculated lattice
parameters of Meso-MFI from our powder diﬀraction data are
a = 19.906(8) Å, b = 20.099(3) Å, c = 13.388(3) Å, and β =
90.19(1)° for P21/n SG, and a = 20.097(1) Å, b = 19.913(1) Å,
c = 13.392(8) Å for Pnma SG. From the Le Bail reﬁnement
results, the GOF and Rwp value for Meso-MFI is 1.37, 1.42 for
P21/n SG, and 1.53, 1.59 for Pnma SG, respectively. The
diﬀerences of GOF and Rwp for P21/n and Pnma are small but
meaningful. Because the trend of fwhm as a function of two
theta based on TCH scheme can be better-explained when
Meso-MFI with P21/n SG is presumed rather than Pnma SG,
GOF, and Rwp values for Meso-MFI (P21/n) are smaller than
Meso-MFI (Pnma). This data indicate that Meso-MFI at room
temperature is P21/n SG and the β angle of Meso-MFI is very
close to 90°.
Detailed study of the microsturucture of both samples was
performed by a Rietveld reﬁnement analysis, which was carried
out by adopting the P21/n SG as a model. The atomic
displacement parameters (Uiso) for silicon and oxygen in MesoMFI and Conv-MFI exhibit reasonable values for a general
metal oxide. The atomic coordinates of Meso-MFI are not
identical, but show good agreement with the Conv-MFI and
MFI structures reported in the literature (See Suppoting
Information Table S1 and S2).31,32 This structural diﬀerence
can be seen by the slight pore shape dissimilarity of the straight
channel of Meso-MFI as compared with Conv-MFI (See
Supporting Information Figure S1). These data indicate that
the existence of mesopores in Meso-MFI causes the small
microstructural diﬀerence from Conv-MFI.
Coherent crystallite size and lattice strain of the Conv-MFI
and Meso-MFI products were investigated to obtain
information on the microstructure and morphology of both
products. A Williamson−Hall analysis can be employed to
quantify crystallite size and strain by examining the full width at
half-maximum of the XRD peaks as a function of diﬀraction
angle.40 These structural parameters can also be estimated from
the Lorentzian and Gaussian terms in the Thompson−Cox−
Hastings (TCH) pseudo-Voigt function.41 The parameters for
crystallite size and lattice strain are summarized in Table 1. The
calculated data for Meso-MFI show a large lattice strain
parameter as compared with Conv-MFI, which can be
explained by the stress ﬁeld produced induced by the large
surface area in the lattice boundaries due to mesostructure.
Interestingly, the lattice domain size of Meso-MFI is smaller
than that of Conv-MFI, as shown in Figure 1, but the calculated
crystallite sizes of both products are similar. It is possible to
share structural information for separated lattice domains, if
their structure is coherent. Coherent crystallite size can be
calculated as the coherent lattice domain size. In the case of
Meso-MFI, MFI nanocrystalline domains oriented in the same
direction are conﬁrmed by TEM studies. Therefore, we can
conclude that the lattice domains of Meso-MFI, which are
separated by mesopores, are structurally coherent.
Mechanical stability of Meso-MFI was studied through
changes in powder XRD patterns after loading to the diﬀerent
external pressure ranging from 0 to 500 MPa (Figure 3). Figure

LeBail reﬁnement
Williamson−Hall

Lorentzian

Gaussian

sample

Da
(nm)

εb
(×103)

Dc
(nm)

εd
(×103)

De
(nm)

εf
(×103)

Meso-MFI
Conv-MFI

121.3
122.3

0.103
0.054

119.2
114.2

0.097
0.045

117.1
118.5

0.114
0.067

a
Crystallite size calculated by Williamson−Hall analysis. bLattice strain
calculated by Williamson−Hall analysis. cCrystallite size calculated
from Lorentzian terms in the TCH pseudo-Voigt function. dLattice
strain calculated by Lorentzian terms in the TCH pseudo-Voigt
function. eCrystallite size calculated by Gaussian terms in the TCH
pseudo-Voigt function. fLattice strain calculated by Gaussian terms in
the TCH pseudo-Voigt function.

3 shows that most of mesostructural order of Meso-MFI was
preserved even the sample was compressed to 500 MPa. The
mechanical stability of Meso-MFI is similar to that of the ConvMFI from comparison of wide angle XRD patterns of MesoMFI with diﬀerent pressure. High stability of Meso-MFI
structure may come from coherently connected crystalline
zeolite framework. Mechanical stability of Meso-MFI and
Conv-MFI was also investigated by studying BET surface area
and total pore volume with the mechanical compression (See
Supporting Information Figure S2). The data shows that the
BET surface area and total pore volume of Meso-MFI are larger
than Conv-MFI after the sample was compressed at 500 MPa.
All results reveal that mechanical stability of Meso-MFI is
comparable to conventional Conv-MFI.
In Situ XRD Study of Meso-MFI Corresponding to the
Ar Pressure. The structure of Meso-MFI according to the Ar
gas pressure was determined by an in situ XRD experiment.
Figure 4 shows the evolution of XRD peaks as a function of the
Ar pressure from 0 to 4000 Pa. The XRD data in the 2θ range
from 14.0° to 16.0° indicated that the 0 5 1 and −5 0 1 peaks of
the monoclinic phase start merging to a 5 0 1 orthorhombic
peak at 126 Pa. Complete separation between the −3 1 3 and 3
1 3 reﬂections of the monoclinic phase can be observed at 0
and 40 Pa, but the two peaks disappeared and only a 3 1 3
orthorhombic peak is found with increasing gas pressure. For
Meso-MFI at 126 Pa, we observed XRD peaks from both the
monoclinic and orthorhombic structures (see Supporting
Information Figure S4). This indicates that a monoclinic to
orthorhombic phase transition occurred at around 126 Pa at 83
K. The lattice parameters for the samples measured at each gas
pressure were calculated by LeBail reﬁnement. The reﬁnement
was performed by adopting both the P21/n and Pnma SGs as
models for ﬁnding the cell parameters and SG, precisely. The
reﬁned data also conﬁrmed that the samples from 400 to 4000
Pa are orthorhombic phase. The reﬁned lattice parameters for
all samples are summarized in Table 2.
We attempt to elucidate the presence of an additional kink/
step of the Ar adsorption isotherm at low pressure by studying
the in situ XRD. The monoclinic-orthorhombic structural
transition pressure based on the in situ XRD data measured at
83K is around 126 Pa. Because the samples are cooled by a jet
of evaporated liquid nitrogen, the average measurement
temperature is 83 K, which is higher than the liquid nitrogen
temperature. It is diﬃcult to obtain experimental data of Ar
adsorption at the temperature of in situ XRD measurement,
because there is no suitable coolant to attain a temperature of
25303
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Figure 3. Powder XRD patterns of (a) Meso-MFI and (b) Conv-MFI analyzed after diﬀerent external pressures ranging from 0 to 500 MPa.

increase of Ar adsorption isotherm is attributed to the structural
transition of MFI zeolite from monoclinic to orthorhombic.
To further investigate atomic structure of the framework,
Rietveld reﬁnement was performed to study the atomic
structural rearrangement of the samples measured according
to Ar gas pressure. The calculated data show that the adsorbed
Ar atoms are located at the straight channels, sinusoidal
channels, and their intersection at 40 Pa (Figure 5a). The total
number of Ar atoms per unit cell is 20, calculated by reﬁned
occupancy. 8.1, 7.8, and 4.1 Ar atoms were homogeneously
distributed in the straight channel, sinusoidal channel, and the
intersection thereof, respectively. With an increasing number of
adsorbed Ar atoms in the MFI zeolite framework, the Ar atoms
start to move from the intersection toward the straight channel
and sinusoidal channel. 13.7 Ar atoms are located at the straight
channel and 12.3 atoms are placed in the sinusoidal channel of
a unit cell at 400 Pa. Unfortunately, it was not possible to reﬁne
the parameters for the atomic structure of the sample measured
at 126 Pa, because this sample is close to the intermediate state
from the monoclinic to orthorhombic phases. Therefore, it is
diﬃcult to obtain information pertaining to the average atomic
structure due to the unstable state. The calculated number of
adsorbed Ar atoms in the Meso-MFI unit cell increase to 31
with increasing gas pressure up to 4000 Pa. All Ar atoms occupy
both the straight and the sinusoidal channels.
The deviation of the Ar positions within the Meso-MFI
zeolite micropores was investigated by studying the atomic
displacement parameter of Ar. Because of the complexity of the
structural model, it was assumed that Ar atoms took the
positions with same SG as that of the corresponding MFI
zeolite. The distribution of Ar atoms in the MFI zeolite
framework can thus be estimated by the atomic displacement
parameter of Ar. The Uiso for Ar atoms in the sample measured
at 40 Pa is 0.21. In the case of silicon and oxygen atoms, they
are tightly bound in the MFI zeolite framework. However, Ar
atoms are able to move freely compared with framework atoms.
Therefore, the Uiso value for Ar is much larger than that of
silicon and oxygen atoms. The Uiso of the Ar atoms of the
sample measured at 400 Pa is 0.35, which adopts a Pnma SG. In
general, an increase in adsorption in the zeolite pores provokes
a decrease in the molecular diﬀusion. However, the Uiso of the
400 Pa sample is larger than that of the 40 Pa sample. In the
case of the SG P21/n, there are 4 equivalent general positions.

Figure 4. (A) XRD patterns of Meso-MFI with various Ar pressures in
the 2θ range from 5.0° to 50.0°and (B) in the 2θ range from 14.0° to
16.0°: (a) 0, (b) 40, (c) 126, (d) 400, (e) 1260, and (f) 4000 Pa.

83 K. Therefore, the Ar adsorption isotherm at 83 K can be
studied by using the data at 77.4 K (liquid nitrogen) and 87.3 K
(liquid Ar). Ar adsorption isotherms of Meso-MFI at 77.4 K
and 87.3 K shows that substeps appeared at 10−20 Pa and
100−200 Pa, respectively (see Supporting Information Figure
S5). The step of the Ar adsorption isotherm at 83 K appears in
the Ar pressure range of 10−200 Pa, which is in good
agreement with the phase transition pressure by the in situ
XRD data. From the results, we may conclude that the step
25304
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Table 2. Reﬁned Unit-Cell Parameters of Meso-MFI Zeolite with Adsorbed Ar Atoms at 83 K
pressure (Pa)
0
40
126
400
1260
4000

a (Å)
19.862
19.873
19.894
19.998
19.958
19.971

(3)
(4)
(7)
(7)
(3)
(3)

b (Å)
20.083
20.083
20.004
19.906
19.888
19.898

(4)
(7)
(1)
(4)
(3)
(9)

c (Å)
13.368
13.358
13.360
13.360
13.363
13.372

(2)
(5)
(5)
(3)
(4)
(2)

β (deg)

Vunitcell (Å3)

space groupab

90.53 (5)
90.73 (4)
90.05 (8)
90
90
90

5332.4
5331.1
5316.8
5318.3
5304.2
5313.8

M
M
I
Ob
O
O

a
M, O, and I stand for P21/n and Pnma space groups and intermediate structure between them, respectively. ba, b axis of unit-cell for MFI zeolite
with P21/n SG is exchanged to b, a axis of MFI with Pnma SG, respectively.

of adsorbed Ar atoms. By adding Ar atoms in the zeolite
framework, randomly distributed Ar atoms start to gather at
speciﬁc positions, and the atomic displacement factor of Ar is
hence decreased.
Figure 6 shows the pore shape change of the straight channel
according to the amount of adsorbed Ar atoms within the

Figure 6. Pore shape of straight channel of Meso-MFI measured at
various argon pressures: (a) 0, (b) 400, and (c) 4000 Pa. The straight
channel pore is elongated diagonally on the x−z plane by increasing
argon pressure.

Meso-MFI zeolite framework. The straight channel of MesoMFI exhibits a fully circular pore shape at a vacuum condition.
The mean pore size of the straight channel is 5.16 Å. The pore
shape starts to change by adsorbing Ar atoms within pores. The
radius of the pores for the long direction is changed to 5.81 and
4.60 Å for the short direction as the Ar gas pressure is increased
up to 4000 Pa. As shown in Figure 6, pores are elongated
diagonally on the x−z plane. This change does not correspond
to the orthorhombic crystal symmetry, which is conﬁrmed by
investigating the atomic structure of as-synthesized MFI zeolite.
Even though the as-synthesized MFI zeolite is in an
orthorhombic phase, the pore shape of the straight channel is
circular. Therefore, the change of the straight channel pore
shape from circular to oval and the variation of the pore radius
is obviously the consequence of the absorption of Ar atoms
within the MFI zeolite framework. We discuss this change in
the pore shapes on the basis of computational simulations in
the next section.
Molecular Simulations of Meso-MFI According to Ar
Pressure. The atomic structure of Meso-MFI with adsorbed
Ar atoms also has been investigated by a GCMC simulation to
determine the zeolite framework structure and the position of
Ar atoms according to the Ar pressure via a theoretical
approach. Figure 7 shows both the adsorbed Ar binding energy
distribution from the GCMC simulation and the position of Ar
atoms calculated by Rietveld reﬁnement within the MFI zeolite
framework according to the Ar gas pressure. The GCMC
simulation data shows similar results to Rietveld reﬁnement of

Figure 5. Conﬁguration of adsorbed argon atoms within the MesoMFI zeolite framework along straight channel with various argon
pressures: (a) 40 (monoclinic structure), (b) 400, (c) 1260, (d) 4000
Pa (orthorhombic structure). Atoms with pink color are located on the
straight channel and atoms with purple color are placed on the
sinusoidal channel. Green colored atoms are located at their
intersection. By moving from the P21/n SG of the monoclinic phase
to the Pnma SG of the orthorhombic one, an interchange of a and b
axes occurs. This reﬂects in the interchange of the x and y atomic
coordinates of Meso-MFI zeolite framework and Ar atoms.

Therefore, the position of 20 Ar atoms in the 40 Pa sample was
calculated by using the reﬁned parameters of 5 Ar atoms. There
are 8 equivalent general positions in the SG Pnma, and thus the
degrees of freedom are small as compared with the SG P21/n.
Therefore, the actual atomic displacement parameter for
individual Ar atoms of the 400 Pa sample is smaller than that
for the 40 Pa sample. The Uiso of Ar decreases to 0.14 by
increasing the gas pressure up to 4000 Pa. This indicates that a
disordered phase of Ar with low adsorption density becomes a
more ordered phase with high density by increasing the number
25305
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Figure 8 shows the Ar adsorption calculated from the GCMC
simulation and Rietveld reﬁnement data at 83 K. The amount

Figure 8. Number of adsorbed argon atoms in the unit cell calculated
from GCMC simulation and Rietveld reﬁnement data at 83K. (a)
GCMC simulation data based on the MFI zeolite structure of IZA
database, (b) GCMC simulation data based on the MFI zeolite
structure derived from in situ XRD data of Meso-MFI, and (c)
Rietveld reﬁnement data from in situ XRD data of Meso-MFI.

Figure 7. Adsorbed argon binding energy distribution from GCMC
simulation of Meso-MFI along straight channel according to the argon
gas pressure: (a) 40, (b) 126, (c) 400, (d) 1260 Pa, (e) 4000 Pa. Color
scale indicates normalized binding energy between Ar atoms and
Meso-MFI zeolite framework. Yellow spheres indicate the argon atoms
calculated by Rietveld reﬁnement of Meso-MFI.

of adsorbed Ar atoms within a MFI framework unit cell is
calculated from two diﬀerent MFI atomic structures: (1) an
atomic structure based on the standard MFI zeolite structure of
the IZA database and (2) an atomic structure derived from the
in situ XRD data of Meso-MFI. The structure from the IZA
database corresponds to the standard MFI zeolite without
mesoporosity. To apply structural distortion of MFI zeolite
framework due to the Ar adsorption, ﬁrst MFI zeolite structure
was optimized by using the Burchart force-ﬁeld and force-ﬁeld
reported by Garcia-Perez et al.15 As shown in Figure 8, the
amount of adsorbed Ar atoms within the MFI zeolite unit cell
of two diﬀerent framework structures calculated by the GCMC
simulation shows a signiﬁcant diﬀerence. Even with the same
pressure range of adsorption in the micropores of the MFI
zeolite (0−4000 Pa), the GCMC simulation shows that Ar
adsorption loading of Meso-MFI is higher than that of ConvMFI. This is conﬁrmed by the Ar uptake in Meso-MFI and
Conv-MFI from Ar adsorption isotherm experimental data (see
Supporting Information Figure S7). As previously described,
the existence of mesostructure in Meso-MFI causes the
microstructural diﬀerence from Conv-MFI. Because of this
structural diﬀerence, Meso-MFI shows diﬀerent Ar adsorption
behavior. Moreover, the GCMC simulation shows that the
Meso-MFI framework structure is diﬀerent from an energetically stable structure. This can explain why Meso-MFI shows a
larger strain factor than Conv-MFI. The number of adsorbed Ar
atoms in Meso-MFI calculated by Rietveld reﬁnement of in situ
XRD data also exhibits a similar value to the GCMC simulation
data of Meso-MFI. This conﬁrms that GCMC simulation data
show good agreement with Rietveld analysis data. The Ar
loading data of MFI zeolite with diﬀerent structures and
methods are summarized in Table 3.

in situ XRD data, except for the data measured at 40 Pa. Some
Ar atoms are located on the pore intersection according to the
calculation by Rietveld reﬁnement of in situ XRD data at 40 Pa.
However, all GCMC simulation results show that Ar atoms are
placed on the straight and sinusoidal channels. In the GCMC
simulation, framework−argon interaction and argon−argon
interaction are important factors for determining the adsorption
site calculated by using the 12−6-type Lennard-Jones
potential.42 Compared with both channels, Ar atoms in the
pore intersection are close to framework atoms. Therefore, the
Lennard-Jones potential scheme may not be suitable approach
to evaluate Ar atoms in the pore intersection. Except for this,
the GCMC simulation data show good agreement with the in
situ XRD experimental data. The Ar position distribution
becomes sharper by increasing the Ar pressure. This indicates
that the density of Ar increases according to the loading, which
is consistent with the decrease of the atomic displacement
parameter seen via the in situ XRD analysis.
The pore shape change of the straight channel induced by
adsorbed Ar atoms is also studied by calculating the force
vector of the MFI zeolite framework induced by adsorbed Ar
atoms (see Supporting Information Figure S6). The induced
force was calculated by the interaction between the MFI zeolite
framework optimized without Ar inside and a ﬁxed number of
Ar atoms, where the positions from the sample are measured at
4000 Pa. The data exhibit that the pore shape change
corresponds to the force vector induced by Ar atoms within
the MFI zeolite framework. On the basis of an in situ XRD
analysis and computational simulation, the adsorption of Ar
causes structural rearrangement including a transition from
monoclinic to orthorhombic and a pore shape change.

■

CONCLUSION
In conclusion, we have presented the Ar adsorption process
within a MFI zeolite framework with ordered mesoporosity.
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Table 3. Argon Adsorption Loading in MFI Zeolite
Calculated by XRD Data and GCMC Simulations
pressure (Pa)

XRD

0
40
126
400
1260
4000

0
20
26
29
31

b

*E-mail: terasaki@kaist.ac.kr (O.T.); rryoo@kaist.ac.kr (R.R.).
Notes

c

GCMC (S)

GCMC (M)

0
20.0
22.4
24.3
26.7
31.1

0
20.0
24
25.6
29.3
31.5
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ABBREVIATIONS
Meso-MFI, ordered mesoporous MFI zeolite; Conv-MFI, MFI
zeolite synthesized by conventional hydrothermal method

The structural investigation with Rietveld reﬁnement of in situ
XRD data and a GCMC simulation shows structural framework
rearrangement including a monoclinic−orthorhombic structural
transition and pore shape change of Meso-MFI induced by Ar
adsorption. At low pressure, the ordered mesoporous MFI
zeolite framework structure belongs to the SG P21/n and the Ar
atoms are located at the straight and sinusoidal channels and
their intersection. At higher loading of Ar, the SG is changed to
Pnma and the atoms in the pore intersection move toward both
the straight and sinusoidal channels. In situ XRD data show
that the monoclinic to orthorhombic transition occurred at
around 126 Pa at 83K. Because of good agreement between the
pressure at which the structural transition occurs and the steep
increase of the Ar adsorption isotherm at low pressure, we
proposed that the structural transition induces this substep of
Meso-MFI.
We also found that the existence of mesopores causes the
microstructural diﬀerence between Meso-MFI and Conv-MFI.
Because of this diﬀerence, Meso-MFI shows large strain and
enhanced adsorption properties compared to Conv-MFI. For
better understanding of the adsorption process of Ar in the
mesopores of a MFI zeolite with an ordered mesostructure, the
mesostructure according to Ar uptake will be investigated in
future studies.
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