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Structural parameters for ordered mesoporous materials are shown to be strongly
interrelated as a result of their well-defined structures. Equations for mesoporous materials
with hexagonal arrays of uniform pores (e.g., MCM-41 and SBA-15) are presented, which
can be used to calculate the pore size, pore wall thickness, and specific surface area on the
basis of several quantities, which are easily available from X-ray diffraction and gas
adsorption data (i.e., the interplanar spacing, primary mesopore volume, and micropore
volume). The influence of assumptions about the pore shape, pore wall density, and the
presence of microporosity or disordered nonmesostructured domains on the evaluation of
structural parameters is examined. It is suggested that because of very large specific surface
areas and primary mesopore volumes for many MCM-41 materials, the existence of extensive
disordered domains is not a common feature of MCM-41. Examination of X-ray diffraction
(XRD) patterns and nitrogen adsorption isotherms led to a conclusion that a detailed
characterization of ordered mesoporous materials requires application of both gas adsorption
and XRD, since these techniques provide complementary information. To facilitate a
comparison of experimental results from different laboratories, some recommendations are
made for the reporting of adsorption data and their application in the calculations of specific

surface areas and pore size distributions.

Introduction

Recently, synthesis and application of mesoporous
molecular sieves have received a lot of attention. Many
of these materials, such as MCM-41,! MCM-48,1 FSM-
16,2 SBA-1,3 SBA-2,4 and SBA-15° exhibit a remarkable
degree of structural ordering, which is manifested in
periodicity of their structures and uniformity of their
pores. Others have partially® or fully disordered’ porous
structures with narrow pore size distributions. MCM-
41 with a honeycomb structure of uniform pores has
been studied much more extensively than other meso-
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porous molecular sieves and its structure is relatively
well-understood. 2°Si NMR,18 IR, and Raman spectros-
copy® were used to demonstrate that the MCM-41 pore
walls exhibit properties highly similar to those of
amorphous silica. The pore wall density of MCM-41 was
in most cases found to be close to that of amorphous
silica® ! (i.e., about 2.2 g/cm3) 12 and, only in a few
studies, much higher®® or much lower* values were
reported. It was demonstrated that, under the assump-
tion of an amorphous structure of the pore walls,
experimental X-ray diffraction (XRD) patterns of MCM-
41 or similarly structured FSM-16 can readily be
reproduced using proper simulation procedures.15-18
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Moreover, low-pressure nitrogen adsorption measure-
ments indicated similarity between surface properties
of MCM-41 and chromatographic-grade amorphous
silica gels.1®~21 Transmission electron microscopy (TEM)
and XRD181516.18 provided clear evidence that the
porous structure of MCM-41 consists of hexagonal
arrays of uniform pores. TEM studies also indicated that
pores of MCM-41 may exhibit a certain degree of
curvature along their main axis.?2 Moreover, TEM
imaging of platinum wires deposited inside the MCM-
41 pores®® demonstrated that the pores are straight or
curved to some extent, uniformly sized (diameter of
about 3 nm), and parallel, and are without branching.
Similarly, polymer mesofibers grown inside MCM-41
channels?* were shown to have diameters of about 2 nm
and could be isolated as either single fibers or bundles
of fibers, depending on preparation conditions, confirm-
ing the lack of connectivity between the MCM-41 pores.
The length of these fibers exceeded their diameter by
about 3 orders of magnitude. Gas adsorption provided
convincing evidence that some MCM-41 materials ex-
hibit remarkably narrow pore size distributions,19-2%.25-27
This method was also used to show that although most
MCM-41 materials do not have micropores,20.21.25-28
certain synthesis methods may afford samples which
exhibit detectable microporosity.29-3

The presence of large and easily accessible pores in
the structure of MCM-41 was additionally confirmed by
suitability of these materials as catalysts as well as
supports for catalytically active species®'—32 and chemi-
cally bonded ligands.?*~37 Thus, MCM-41 materials were
shown to be promising catalysts and catalyst supports
suitable for carrying out reactions of large molecules,
which are often diffusion-limited or impossible to per-
form in significantly narrower pores of zeolites and other
ordered microporous materials.31-3% Moreover, the oc-
currence of large pores together with the siliceous
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nature of MCM-41 pore walls opened wide opportunities
for modification of the MCM-41 surface via bonding
organosilanes of desirable structures and function-
alities.®*37 Despite the fact that such modifications
cause a considerable pore size decrease, especially in
the case of the introduction of high coverages of large
ligands,3>2%7 the pores of the obtained inorganic—organic
composites were still accessible for various molecules,
which made the obtained materials suitable as cata-
lysts36 and highly efficient adsorbents for environmental
cleanup.34

Although it is clear that MCM-41 exhibits hexagonal
arrays of uniform and disconnected mesoporous chan-
nels with diameters above about 2 nm, there is still
some uncertainty about certain details of its structure.
First, it is unclear whether the pore cross-section is
circular, hexagonal, or intermediate between these two
extremes. The circular pore model was adopted by
Mobil's researchers who discovered MCM-41%15 and
later by many other scientists. However, there also is
evidence that the pore shape is hexagonal.'®38 Trans-
mission electron microscopy is a method of choice in
determination of the pore shape, but in the case of
MCM-41 and similarly structured materials, TEM
results were not conclusive, since it was reported that
hexagonal pores can be imaged as circular!® and circular
pores can be imaged as hexagonal®® under certain
experimental conditions. The next question about the
MCM-41 structure is whether the hexagonal ordering
extends over essentially the whole material or there are
some disordered domains and, if so, what is their
relative abundance. Lamellar constituents were ob-
served by TEM in structures of MCM-41 materials,1838
but it was demonstrated that these results may be
artifacts caused by misalignment of the specimens and/
or by curvature of mesoporous channels of the samples.??
There is also some uncertainty about the thickness of
pore walls of MCM-41. In this case, TEM results also
need to be treated with caution since improper defocus
during the measurements may lead to severe overesti-
mation of the pore wall thickness.1840 Thus, the pore
wall thickness of about 1 nm appears to be typi-
cal 815161920 The existence of somewhat thicker pore
walls was reported for MCM-41 materials prepared
under certain conditions,?°4%42 but much larger values
of the wall thickness, such as 2.6 nm,* are rather
unlikely.** Finally, it is not fully understood whether
single pores in the MCM-41 structure exhibit uniform
or modulated diameter.*24546 High-quality MCM-41
samples have extremely narrow pore size distributions,
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which manifests itself in the presence of almost vertical
capillary condensation steps on their adsorption iso-
therms*20.26.2847 gand consequently significant variations
of the diameter along the pores are improbable. In
addition, the feasibility of catalytic reactions for large
molecules, the lack of pore blocking after surface modifi-
cations with large ligands, and the results of imaging
of platinum wires and polymer fibers formed in the
structure indicate that pores of MCM-41 usually do not
exhibit appreciable modulation.

It was recognized?13.19-21,2530,48-53 that the ordered
structure of MCM-41 imposes severe constraints on
possible values of its pore structure parameters. First,
it was proposed to use relations between the pore
volume, specific surface area, and pore diameter for
cylindrical or hexagonal pores to reliably estimate the
pore size of MCM-41.2551 Unfortunately, in this case,
surface areas were assessed from nitrogen adsorption
at 77 K on the basis of the standard BET method and
thus may be expected to be overestimated by 10% or
more,?149:54 which would lead to a pore size underesti-
mation of the same magnitude. Later, it was recognized
that the XRD interplanar spacing and the primary
mesopore volume (volume of ordered pores) constitute
more reliable parameters for evaluation of the pore
Size919-21,48-50,52.53 gnd pore wall thickness®~2! or even
for the estimation of the specific surface area of MCM-
41.22149 The aim of the current study is to examine
further the relations between parameters of the MCM-
41 structure and to show how assumptions about the
pore shape, pore wall density, and the possible presence
of disordered nonmesostructured or microporous do-
mains influence the accuracy of characterization of
MCM-41 on the basis of experimental gas adsorption
and XRD data. In addition, comments about the ap-
plication of these techniques in studies of mesoporous
molecular sieves and recommendations about reporting
results derived from gas adsorption measurements are
presented.

Experimental Section

Nitrogen adsorption measurements were performed on an
ASAP 2010 volumetric adsorption analyzer (Micromeritics,
Norcross, GA) as described elsewhere.'®~2! X-ray diffraction
spectra were recorded on a Siemens D5000 diffractometer
using nickel-filtered Ka radiation. MCM-41 samples A and B
were synthesized via a one-step high-temperature (423 K)
synthesis procedure similar to that described in ref 55. MCM-
41 samples C and D were obtained via postsynthesis restruc-
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turing in the emulsion of hexadecyldimethylamine at 343 K
for 3 days (sample C) or at 373 K for 6 h (D), as described in
detail elsewhere.’® MCM-41 E was prepared using the postsyn-
thesis restructuring in water for 20 h at 423 K.#

Results and Discussion

Calculations of the Pore Size and the Pore Wall
Thickness. Recently, simple analytical equations to
evaluate the pore diameter of MCM-41 (denoted here
as wq) using the XRD (100) interplanar spacing (denoted
as d) and primary mesopore volume (volume of ordered
pores; denoted as Vp) were proposed on the basis of
geometrical considerations of infinite hexagonal array
of uniform pores.®197214849 AJ| of these equations are
equivalent and can be expressed as follows:19-21

oV, 2
Wy = Cd(rpvp) (1)

where p is the density of pore walls and c is a constant,
which depends on the pore shape and is equal to 1.213
for circular?®—21.48 and 1.155 for hexagonal pores.5” The
d-spacing is related to the distance between pore centers
a in the MCM-41 structure: a = 2-37Y2d. The pore size
wy for the hexagonal pore geometry is defined in the
current study as the distance between opposite sides of
the hexagonal cross-section of the pore, but if one defines
it as the diameter of a circle, which has the same area
as the hexagonal cross-section, the constant for circular
pores (c = 1.213) should be used for the hexagonal
model.*® Thus, the apparent difference in pore sizes
predicted for these two pore geometries using eq 1 arises
from the definitions of the pore diameter. It is also
important to note here that the term pVp/(1 + pV,) =
Vpl(1lp + V) is simply the ratio of the primary mesopore
volume to the volume of both primary mesopores and
pore walls.

Because of the form of eq 1, the accuracy of XRD data
is crucial for the evaluation of the pore size, since the
latter is directly proportional to the d-spacing. The
assessment of the pore size is less dependent on the
accuracy of determination of the primary mesopore
volume and the pore wall density. Shown in Figures 1
and 2 are (pore diameter)/(pore-center distance) ratios
as functions of (i) the primary mesopore volume and (ii)
the pore wall density. It can be seen that, except for
unrealistically low values of primary mesopore volumes,
even large changes in these quantities lead to relatively
small changes of the calculated pore diameter. Relative
differences in the pore size values calculated using
primary mesopore volumes between 0.5 and 1 cm3/g (i.e.,
in the range typical for MCM-41) for p = 2.2 g/cm? do
not exceed about 15% (see Figure 1). Moreover, relative
differences for pore wall densities between 2 and 2.4
glcm? (i.e., within the range expected for amorphous
MCM-41 pore walls) are below about 4% (Figure 2). This
insensitivity to the density changes makes eq 1 par-
ticularly suitable for practical applications since a
routine characterization of MCM-41 usually involves
XRD studies, which provide the d-spacing as well as

(56) Sayari, A.; Kruk, M.; Jaroniec, M.; Moudrakovski, I. Adv.
Mater. 1998, 10, 1376.
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Figure 1. (a) The ratio of the primary mesopore size to the
unit-cell parameter (wg/a) as a function of the primary meso-
pore volume for the circular pore geometry; (b) the ratio of the
pore wall thickness to the unit-cell parameter (bs/a) as a
function of the primary mesopore volume for circular and
hexagonal pore geometries. The density of the pore walls was
assumed to be 2.2 g/cm3.

adsorption measurements, which provide the primary
mesopore volume, but often does not involve determi-
nation of the pore wall density. Indeed, our work
showed!9-21.29.42 that, under the assumption of the
MCM-41 pore wall density being equal to that of
amorphous silica (2.2 g/lcm?3), eq 1 provides results highly
consistent with the values of capillary condensation
pressures for various MCM-41 materials as well as for
FSM-16. The capillary condensation pressure is known
to reflect the size of pores present in materials.®® It is
also interesting to note that the relations between
capillary condensation/evaporation pressures and the
pore size?! determined using eq 1 confirmed recent
predictions based on the density functional theory?27-28
and computer simulations,!3 especially in the region of
adsorption—desorption reversibility.

The pore wall thickness for MCM-41 (denoted here
as bg) can also be calculated on the basis of the XRD

interplanar spacing and the primary mesopore volume:
19,20

2 PV, )1/2]
by=a—w =d——c(— )
d d ’31/2 1+pV,

where a = 2-:37Y2d,q, is the distance between the pore
centers in the structure of MCM-41. Equation 2 is very
useful since the evaluation of the pore wall thickness
for MCM-41 using other techniques is not easy, as was
mentioned in the Introduction. For instance, gas ad-
sorption can be used to evaluate the pore diameter from
data in the capillary condensation/evaporation pressure
region and the obtained pore size can be subtracted
from the unit-cell parameter a in order to assess the
pore wall thickness. However, such an estimate of the
pore size is model-dependent and often very in-
accurate,1319-21.27.28 ynless properly calibrated calcula-
tion procedures are used.?!

As can be seen in Figures 1 and 2, the assumption
about the pore geometry (circular vs cylindrical) ap-
preciably influences estimated values of the pore wall
thickness (expressed as a ratio between the pore wall

(58) Gregg, S. J.; Sing, K. S. W. Adsorption, Surface Area and
Porosity; Academic Press: London, 1982.
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Figure 2. (a) The ratio of the primary mesopore size to the
unit-cell parameter (wg/a) as a function of the pore wall density
for the circular pore geometry; (b) the ratio of the pore wall
thickness to the unit-cell parameter (bg/a) as a function of the
pore wall density for circular and hexagonal pore geometries.
The primary mesopore volume was assumed to be 0.7 cm3/g.

thickness bq and the pore-center distance a, i.e., bg/a).
It should be noted that the pore wall thickness for
circular pores provides the width of the thinnest part
of the wall, whereas the pore wall thickness for hex-
agonal pores is uniform. On the basis of eq 2, wqy
predicted for the hexagonal model are about 10—30%
larger than those predicted for the circular model
(depending on particular values of the primary meso-
pore volume and the pore wall density). For instance,
the MCM-41 sample with the pore-center distance of 4
nm and primary mesopore volume in the range 0.5—
1.0 cm?3/g is expected to exhibit the pore wall thickness
from 0.52 to 0.96 nm for circular pores and from 0.68 to
1.1 nm for hexagonal pores. Despite these differences,
both of these models indicate that the pore wall thick-
ness for MCM-41 is considerably smaller than the pore
diameter, unless the primary mesopore volume is very
small. For instance, the pore wall thickness of 1.5 nm
(circular pore, a =4 nm) would lead to V, of about 0.25
cmd/g, which is excessively low.

Influence of the Presence of Disordered Do-
mains on the Pore Size Estimation. Equation 1 can
be modified to account for the presence of a disordered
nonmesostructured phase in the MCM-41 sample. Let
us assume that the disordered phase exhibits pores
significantly larger than the primary mesopores of
MCM-41. In such a case, the primary mesopore volume
V,, can be determined on the basis of gas adsorption data
using for instance the comparative plot method,20.2526.29
but the obtained value actually provides the volume of
ordered pores per gram of the sample rather than per
gram of the honeycomb structure. If the mass fraction
of the hexagonal phase is equal to x (x < 1), the volume
of pore walls in the hexagonal phase per gram of the
sample will be x/p rather than 1/p. Thus, analogous to
eq 1, the pore diameter for the ordered part of the MCM-
41 material can be expressed as

( Vp )1/2 ( PVp )1/2
wy=cd|—-| =cdl———F 3
d xlp +V, X+ pV, 3)

It can be seen that eq 3 reduces to eq 1 for x =1 (i.e.,
when the sample is composed exclusively of the MCM-
41 phase). Shown in Figure 3 are (pore size)/(unit-cell
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Figure 3. (a) The ratio of the primary mesopore size to the
unit-cell parameter (wg/a) for circular pore geometry as a
function of the mass fraction of the MCM-41 phase in the
sample with disordered domains; (b) the ratio of the pore wall
thickness to the unit-cell parameter (bg/a) as a function of the
mass fraction of the MCM-41 phase in the sample assuming
circular and hexagonal pore geometries. The primary mesopore
volume and the pore wall density were assumed to be 0.7 cm?3/g
and 2.2 g/cm?, respectively.

parameter) ratios (wg/a) and (pore wall thickness)/(unit-
cell parameter) ratios (bg/a) as functions of the mass
fraction of the MCM-41 phase. One can notice that the
application of eq 1 (i.e., eq 3 with x = 1) for a partially
amorphous MCM-41 sample characterized by x < 1
would lead to an underestimation of the primary me-
sopore size and overestimation of the pore wall thick-
ness for the hexagonally ordered part of the material.
It can be expected since the presence of disordered
domains lowers the primary mesopore volume and thus
suggests a higher volume fraction or equivalently,
thickness, of the pore walls, which in turn indicates a
lower pore diameter for the material with a given
d-spacing. As can be seen in Figure 3, the inaccuracy
in the pore size evaluation due to the presence of the
disordered phase is small, but relative differences in the
pore wall thicknesses obtained are much larger. How-
ever, it should be noted that the presence of considerable
amounts of disordered nonmesostructured phases in
MCM-41 samples is usually quite unlikely, since these
materials exhibit very high surface areas and pore
volumes. For instance, if V; is equal to 0.7 cm3/g, the
unit-cell parameter is equal to 4 nm and 50% of the
mass of the sample would be disordered, one can find
that the actual primary mesopore volume for the
ordered phase would be 1.4 cm3/g and the pore wall
thickness would be as small as 0.36—0.52 nm (depend-
ing on the pore shape), which does not appear to be
realistic. Later, it will be shown that considerations of
the specific surface area of MCM-41 lead to similar
conclusions. Thus, it can be expected that MCM-41
materials with appreciable amounts of amorphous
impurities would exhibit low primary mesopore vol-
umes. It is interesting to consider here two MCM-41
materials obtained using a direct synthesis under high-
temperature conditions.?®> As can be seen in Figure 4,
samples A and B exhibited similar XRD patterns with
almost identical d-spacings of 5.66 (A) and 5.45 nm (B).
As calculated from nitrogen adsorption data,?! pore sizes
of samples A and B are 5.5 and 4.9 nm, respectively (see
Figure 5). Primary mesopore volumes for samples A and
B are considerably different: 0.97 and 0.29 cm?/(g,
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Figure 4. XRD spectra of MCM-41 materials of different
degrees of the structural ordering.
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Figure 5. Nitrogen adsorption isotherms and pore size
distributions for two MCM-41 materials with similar d-
spacings. The sample with significantly lower adsorption
capacity (B) is expected to have disordered domains.

respectively. The pore size of sample A estimated using
eq 1 (i.e.,, 5.7 nm) is in a good agreement with that
obtained using gas adsorption, but eq 1 fails to provide
a good estimate of the pore size for sample B, as the
value of 4.1 nm is obtained. These results can be
explained as follows. Sample A is essentially fully
ordered and has a quite typical pore wall thickness (0.9
nm calculated using eq 2). In contrast, sample B has
not only thicker pore walls but also a significant amount
of amorphous nonmesostructured domains. Since eq 1
does not hold, eq 2 cannot be used to estimate the pore
wall thickness for sample B. Instead, one can use the
d-spacing and the pore size assessed from adsorption
data to calculate the pore wall thickness of 1.4 nm,
which is quite large. The value of the pore size assessed
on the basis of adsorption data (i.e., 4.9 nm) can be
explained using eq 3, when one assumes that ~50% of
the mass of sample B constitutes disordered domains.
Such a large content of the latter is quite likely since
the BET specific surface area and the primary mesopore
volume for this sample are exceptionally small (415 m3/g
and 0.29 cm3/g, respectively). Sample B also exhibits a
relatively large external surface area (=100 m?/g), which
constitutes as much as about 25% of its total surface
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area, which is not typical for good-quality MCM-
41.19.2029 Moreover, one can notice that the shape of the
hysteresis loops for samples A and B are markedly
different. The hysteresis loop for the former is confined
to relative pressures between 0.4 and 0.6 and clearly
reflects the irreversibility of adsorption—desorption
behavior in primary mesopores. However, in the case
of sample B, the hysteresis loop spans from the relative
pressure of 0.4 to the saturation vapor pressure and is
very pronounced above the pressure range of capillary
condensation in primary mesopores (above 0.55), which
can be related to the presence of a considerable amount
of secondary mesopores. Some of them might be pores
between particles of the hexagonally ordered phase, but
there is probably an appreciable fraction of secondary
mesopores located within disordered domains formed
during the synthesis or later as a result of the collapse
of the hexagonal phase during the calcination. It can
be concluded that disordered domains may indeed be
present in some MCM-41 materials, but their occurrence
is likely to manifest itself in lower surface areas and
mesopore volumes and/or in pronounced broad hyster-
esis loops on nitrogen adsorption isotherms. On the
other hand, XRD data may not provide clear indications
of the partially disordered nature of the sample.

Influence of the Presence of Microporosity on
the Pore Size Estimation. If a disordered phase
present in an MCM-41 sample is microporous, calcula-
tions of the primary mesopore volume from adsorption
data may be somewhat more difficult, since the mi-
cropore volume also would need to be determined,29:30
but eq 3 is still valid. Thus, the pore size estimated for
such a sample using eq 1 would be underestimated. It
is also interesting to note that, in the course of our
studies of the postsynthesis hydrothermal restructuring
of the MCM-41 samples prepared in the presence of
octyltrimethylammonium bromide, materials with large
d-spacings, small primary mesopore sizes, and consider-
able amounts of micropores were obtained.3° These
anomalous properties were explained on the basis of the
assumption that the micropores were located in the pore
walls and there was no separate microporous phase.
Under these assumptions, the following equation was
derived:3°

\V; 12
wy =cd ( ) 4)

P
Up+V,+ Vy,

On the basis of eq 4, it can be inferred that, for a sample,
which exhibits certain values of d, Vp, and Vp, the
assumption of the presence of microporosity in pore
walls leads to smaller primary mesopore sizes and
larger pore wall thicknesses than those assessed using
eq 1 (i.e., without correction for the micropore volume).
In contrast, the assumption about the presence of a
separate microporous phase leads to larger primary
mesopore sizes and smaller pore wall thicknesses than
those calculated on the basis of eq 1. Thus, if an
independent estimate of the primary mesopore size (e.g.,
from gas adsorption data) is available, it may be possible
to use geometrical considerations to provide some
insight about the location of micropores in the structure
of microporous—mesoporous MCM-41 samples. This is
potentially very useful in the light of recent attempts
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to recrystallize pore walls of MCM-41, which may be
accompanied with the development of microporosity in
the pore wall structure.5®

Other Relations between Structural Parameters
for MCM-41. Equation 2 can be easily rearranged in
order to obtain the primary mesopore volume as a
function of the interplanar spacing and the pore wall
thickness:0

Vo=l - 1f]T  ®
P 2/3"% — py/d

Likewise, the surface area of primary mesopores Sy can
be expressed as a function of some convenient variables,
such as Vp and wq or d and bg:2%:50

4\ 2 -1
S . =—P=14[p@2R"d - b)|[—S— ) -1
P W, (p ( 9|27 by/d ©

As shown in our previous experimental study,?! the
surface areas of primary mesopores obtained on the
basis of the standard BET method®® (or alternatively,
from the as-plot method?%2°) using nitrogen adsorption
data are usually 10% or more higher than the values
calculated from geometrical considerations using eq 6.2
The reason for these differences is not fully understood,
but may be related to the roughness of the MCM-41
surface or, more likely, to overestimation of the BET
specific surface area using a nitrogen adsorbate.?149.54
Such an overestimation may result from the incorrect
assessment of the monolayer capacity (possibly due to
inadequacy of one or more of the assumptions of the
BET model, e.g., those about an energetically homoge-
neous?! and flat surface) or overestimated value of the
cross-sectional area for nitrogen molecules on a silica
surface.*®* In finding a relation between S, and Sger,
one also needs to keep in mind that MCM-41 samples
usually exhibit nonnegligible external surface areas Sex
up to about 100—200 m?/g. Consequently, the experi-
mentally measured nitrogen BET specific surface area
for MCM-41 is related to S, (calculated through eq 6)
as follows: Sget = ySp + Sex. Let us assume that y is
1.1 (corresponding to the 10% difference mentioned
above) and Sex = 100 m?/g. Using the above relation and
the assumed values of y and Sex, one can study the effect
of structural parameters, such as d-spacing, pore wall
thickness, pore size, and pore volume, on the BET
specific surface area. The effect of d-spacing and pore
wall thickness on the primary mesopore volume can be
examined using eq 5. It can be seen in Figure 6 that,
for a constant pore wall thickness (assumed here to be
0.8 nm), the primary mesopore volume increases by a
factor of 4 as the d-spacing increases from 2.5 to 10 nm.
The corresponding changes in Sger are of a much
smaller magnitude, and for d-spacing values above 3
nm, there is a small gradual decrease in Sgger. It can be
concluded that if MCM-41 materials exhibit similar pore
wall thicknesses, large-pore samples would have ap-
preciably higher primary mesopore volumes and only
slightly lower surface areas than the samples with
typical d-spacings of 3—4 nm. Thus, it is not surprising

(59) Kloetstra, K. R.; van Bekkum, H.; Jansen, J. C. Chem.
Commun. 1997, 2281.
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Figure 7. The primary mesopore volume V, and the BET
specific surface area Sget for MCM-41 as functions of the pore
wall thickness for a constant interplanar spacing dig of 4.0
nm, assuming the circular pore model.

that the highest values of the primary mesopore volume
were reported in the literature for MCM-41 materials
with d-spacings exceeding 5 nm.456

It is also interesting to note that an increase in the
pore wall thickness of MCM-41 for a constant interpla-
nar spacing value leads to a dramatic lowering in the
BET specific surface area and the primary mesopore
volume (Figure 7). As was shown in Figure 1, the
primary mesopore volume for MCM-41 and similar
materials determines the ratio of the pore wall thickness
to the unit-cell parameter. Thus, both thick pore walls
(above 1.5 nm) and large pore volumes (above 0.5 cm?/
g) can be achieved only for samples with very large
d-spacings (such as SBA-155).

The presence of a disordered nonmesostructured
phase is expected to lead to the lowering of both the
primary mesopore volume and BET specific surface area
of MCM-41 since usually disordered siliceous materials
have much smaller surface areas than ordered meso-
porous materials. If a disordered phase constitutes a
part of an MCM-41 sample, V, and Sy values calculated
using egs 5 and 6 would have to be multiplied by the
mass fraction of the hexagonal ordered phase in the
sample. Thus, an appreciable fraction of disordered
domains in the MCM-41 material would significantly
lower its primary mesopore surface area and volume.
Many MCM-41 materials exhibit an Sget of 1000 m?/g
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or more. It can be seen in Figure 7 that such surface
areas can be achieved when the pore walls are thin (i.e.,
about 0.7 nm (for a cylindrical pore model)). If one
assumes that a sample with an Sget of about 1000 m?/g
has a significant fraction of disordered domains, the
surface area of ordered domains would have to be much
higher than 1000 m?/g, implying very thin walls (see
Figure 7), which would probably render the material
less stable.’>2041 It also needs to be noted that BET
specific surface areas significantly larger than 1000 m?/
g, which were reported for some MCM-41 materials,
may be markedly overestimated. Possible sources of
such unrealistic results were discussed elsewhere.1921

In the context of the considerations presented in the
current work, it should be mentioned that a new model
of the MCM-41 structure has recently been proposed
primarily on the basis of synchrotron XRD data.'*4” This
model assumed that the pore walls of noncalcined and
calcined MCM-41 consist of two distinct regions: an
internal higher density part and lower density lining
of pore walls. Densities of 0.99 and 0.87 g/cm3 were
obtained for higher and lower density regions, respec-
tively, of a calcined highly ordered MCM-41, which led
to the conclusion that there is a significant amount of
void space in the pore walls. The pore diameter of this
MCM-41 material (d of about 3.9 nm) was claimed to
be as small as 1.4 nm. The proposed model and its
implications are in contradiction with essentially all
reported data regarding MCM-41 materials. Moreover,
its derivation is questionable, since it was based on
simulations of XRD diffraction spectra and it was
demonstrated by others'5~18 that conventional models
of MCM-41 with amorphous pore walls of normal
density can be used to accurately reproduce experimen-
tally observed XRD patterns. The authors of the new
model have recently acknowledged that their XRD
results can also be explained, if one assumes that pore
walls of MCM-41 have densities equal to that of
amorphous silica, but (i) the structure resembles that
of highly defective MCM-4847 or (ii) the channels are
nonintersecting and have smooth walls, whereas the
walls or the channel centroids exhibit appreciable
displacements with respect to the hexagonal lattice.*®
Similar to the originally proposed two-layer pore wall
model,1447 these alternative explanations, and the first
one in particular, are difficult to be reconciled with a
vast amount of experimental data reported in the
literature and therefore appear to be unrealistic, espe-
cially as these models were proposed to explain the
experimental findings about the structure of high-
quality MCM-41.14.46.47

Recommendations for Adsorption Data Analysis
and Reporting. The relations between the pore struc-
ture parameters for MCM-41 and other ordered meso-
porous materials can be verified if reliable values of
these parameters are determined experimentally. More-
over, these relations can be effectively used only if the
required parameters are readily available. These two
issues point to the need for development of a standard
procedure to report adsorption data and derived quanti-
ties (e.g., pore volumes, sizes, and size-distributions as
well as surface areas, etc.) for ordered mesoporous
materials. Such a standardization would allow for an
easy and effective comparison of results obtained in
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different laboratories. It is recommended to use common
adsorbates, such as nitrogen (at 77 K) or argon (at 77
or 87 K) to characterize structural properties of ordered
mesoporous materials. Adsorption isotherms constitute
a primary source of information about the surface area
and porosity, and therefore, reporting adsorption iso-
therm data (e.g., in graphical form) allows for a simple
and model-independent qualitative comparison of prop-
erties of porous materials. In most cases, qualitative
information is not sufficient and adsorption data need
to be used for calculations of the surface area, pore
volume distributions, and so forth. In reporting such
results, it is essential to specify what method, param-
eters, and range of data points were used in the
calculations. To estimate surface areas of ordered me-
soporous materials, application of either the standard
BET method>® or the comparative plot methods20.2529
is recommended. Comparative plot methods are also
convenient for the detection of microporosity??3° and
assessment of primary mesopore volume and external
surface area for ordered mesoporous materials.202526.29,30
Macroporous silica gels appear to be suitable as refer-
ence adsorbents for silica-based samples.20:25.2629.60 Cg|-
culations of the surface area using the standard Barrett—
Joyner—Halenda (BJH) method®! and similar approaches®®
are discouraged since the results may be strongly
dependent on the form of the Kelvin equation and
statistical film thickness used, the choice of adsorption
or desorption data, and range of data points.

In the case of good quality MCM-41 materials, the
pore diameter and pore wall thickness can conveniently
be obtained on the basis of XRD spacing and primary
mesopore volume using eqs 1 and 2. A similar formula
(eq 4) was also found to be useful in studies of MCM-41
materials with microporosity in pore walls.2® The pri-
mary mesopore size can also be assessed using the
Horvath—Kawazoe method®? or the version of the DFT
software developed for porous carbons,®® but these
methods are not expected to be accurate and the pore
size distributions obtained may be grossly misleading,
for example, indicating the presence of nonexisting
microporosity.3° On the other hand, a careful application
of methods based on the Kelvin equation may allow one
to obtain meaningful pore size distributions.?! However,
it needs to be remembered that the Kelvin equation
underestimates the pore size of mesopores in the range
commonly encountered for ordered mesoporous materi-
als (i.e., below ~7.5 nm) and is not valid in the
micropore range.?1-27:58 Moreover, for many adsorbates,
such as nitrogen and argon, there is some limiting
pressure, for which adsorption—desorption hysteresis
loops close®® and desorption branches are often quite
steep when this pressure is approached. Consequently,
the pore size distribution calculations based on desorp-
tion data often produce maxima at very similar pore size
values.5® For example, the lower closure point of hys-
teresis loops for nitrogen at 77 K was found to be at a
relative pressure of ~0.4, which happens to be in the

(60) Kruk, M.; Jaroniec, M. In Surfaces of Nanoparticles and Porous
Materials; Schwarz, J. A., Contescu, C., Eds.; Marcel Dekker: New
York, 1998; p 443.

(61) Barrett, E. P.; Joyner, L. G.; Halenda, P. P. 3. Am. Chem. Soc.
1951, 73, 373.

(62) Horvath, G.; Kawazoe, K. J. Chem. Eng. Jpn. 1983, 16, 470.

(63) Olivier, J. P. In Fundamentals in Adsorption; LeVan, M. D.,
Ed.; Kluwer: Boston, 1996; p 699.
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Figure 8. Nitrogen adsorption isotherms and pore size
distributions (PSDs) for two MCM-41 materials with similar
d-spacings and similar positions of the maxima on PSDs, but
with significantly different shapes of adsorption isotherms and
PSD curves.

pressure range of capillary condensation in primary
mesopores of many ordered mesoporous materials.?1:26:27
Therefore, to avoid the presence of artificial maxima on
the pore size distributions and other undesirable effects,
the use of adsorption branches of isotherms is recom-
mended. Recently, a corrected form of the Kelvin equa-
tion for nitrogen adsorption in cylindrical pores and the
statistical film thickness curve for silica-based mesopo-
rous materials were reported.?! These equations were
developed using a series of good-quality MCM-41 ma-
terials with pore sizes in the range from 2 to 6.5 nm
and therefore promise to be especially accurate and
useful in studies of ordered mesoporous materials. The
corrected Kelvin equation and the statistical film thick-
ness curve can be used in the BJH method or other
similar calculation procedures, allowing for accurate
assessment of pore size distributions not only for small
mesopores typical for ordered mesoporous materials but
also in the whole mesopore range.

Comments on Relations between the Pore Struc-
ture of MCM-41 and the Features of Their XRD
Spectra. Although the powder X-ray diffraction method
is an invaluable tool in determining the symmetry and
structure of ordered mesoporous materials, application
of this technique as the only source of structural
information may be grossly misleading.6 The XRD
technique provides information about the presence of
structural ordering in the material studied, but ordered
structures may actually constitute only a part of the
sample.18:38.84 For instance, our studies showed that it
is possible to synthesize materials which exhibit good
XRD patterns characteristic of MCM-41 and yet have
very broad pore size distributions. Shown in Figures 4
and 8 are XRD spectra and nitrogen adsorption iso-
therms for two MCM-41 samples. Both of the adsorption
isotherms exhibited capillary condensation steps at
relative pressures of about 0.45, which correspond well
to their pore sizes expected on the basis of the XRD
spacings. In contrast to the adsorption isotherm for the

(64) Ciesla, U.; Grun, M.; Isajeva, T.; Kurganov, A. A.; Neimark,
A. V,; Ravikovitch, P.; Schacht, S.; Schuth, F.; Unger, K. K. In Access
in Nanoporous Materials; Pinnavaia, T. J., Thorpe, M. F., Eds.;
Plenum: New York, 1995; p 231.
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sample C; the amount adsorbed for sample D steeply
increased at relative pressure above 0.55, which reveals
an extensive broadening of the pore size distribution
(see Figure 8). The presence of larger pores may be
responsible for an increased background intensity at
very low 20, but otherwise it is difficult to predict from
the XRD pattern shown in Figure 4 that sample D has
a very broad pore size distribution.

There is also an interesting correlation between the
relative intensity of (110) and (200) XRD peaks and the
pore wall thickness for ordered mesoporous materials
with honeycomb structures. It was already reported on
the basis of simulations of XRD patterns of MCM-4115
that an increase in the thickness of pore walls leads to
an increased intensity of the (200) peak with respect to
that of the (110) peak. Usually, experimentally observed
XRD spectra for MCM-41 exhibit (110) peaks larger
than the (200) peaks (see, for instance, XRD spectra for
samples A—D shown in Figure 4). One of our MCM-41
materials (sample E) showed a (200) peak that was more
pronounced than the (110) peak (see Figure 4).42 The
material exhibited a very low primary mesopore volume
(0.46 cm?3/g) and BET specific surface area (600 m?/g).
Using eq 1, the pore size was determined and found to
be consistent with the pressure of nitrogen capillary
condensation. Thus, on the basis of considerations
presented above, the sample was not very likely to be
disordered to an appreciable extent and its structural
parameters pointed to the presence of very thick pore
walls (=1.5 nm). Similar inversion of intensity of (110)
and (200) peaks can be seen on the XRD spectra for
SBA-15, which were reported to have thick pore walls
in comparison to those for MCM-41.5 Thus, both simula-
tion and experimental data suggest that the relative
intensity of XRD peaks may provide information about
the pore wall thickness for certain ordered mesoporous
materials.

As was already discussed, adsorption methods provide
a significant amount of information about ordered
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mesoporous materials. However, these methods appear
to be insensitive to some details of mesoporous struc-
tures (i.e., they do not discriminate between arrays of
the pores of different symmetry). For instance, uniform
mesopores of hexagonal and disordered arrangements
appear to be indistinguishable by very carefully per-
formed nitrogen adsorption experiments.?® Therefore,
in studies of ordered mesoporous materials, it is usually
advantageous to use both XRD (to determine the sym-
metry of the pore structure) and gas adsorption methods
(to obtain information about porosity (pore size distribu-
tion, pore connectivity, and surface area)).
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Notation

a = distance between pore centers in the hexagonal
structure

by = pore wall thickness evaluated on the basis of geo-
metrical considerations

¢ = constant (1.213 for circular and 1.155 for hexagonal
pore geometry)

d = XRD (100) interplanar spacing

Sger = BET specific surface area

Sex = external surface area

Sp = specific surface area of primary mesopores evaluated
on the basis of geometrical considerations

Vmi = micropore volume

Vp = primary mesopore volume

Wg = primary mesopore size evaluated on the basis of
geometrical considerations

x = mass fraction of the hexagonal phase in a sample with
disordered nonmesostructured domains

y = ratio of primary mesopore surface areas estimated
using the BET method and geometrical considerations

p = pore wall density
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