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A new approach is proposed for the synthesis of extra-large-pore (diameter > 7 nm) MCM-
41 analogues, potentially useful as hosts for the synthesis of nanowires and as model porous
solids for fundamental research. The approach is based on the recently demonstrated
opportunity for elimination of the connecting pores in the walls of SBA-15 silica during high-
temperature (about 1243 K) calcination, which afforded MCM-41 analogues, but the latter
had a limited pore size (<7 nm) and small pore volume. Herein, we propose an approach to
overcome these limitations by judiciously selecting SBA-15 silicas that exhibit a relatively
small content of connecting pores (to reduce the shrinkage upon their elimination) and
sufficiently large initial pore size. This approach allowed us to obtain materials with uniform
pores of diameter up to 8.8 nm, which is much larger than that attainable for good-quality
MCM-41, and with adsorption properties expected for MCM-41 analogues and appreciably
different from those of SBA-15 prepared using standard procedure. It is expected that MCM-
41 analogues with yet larger pore sizes can be obtained, when the proposed methodology

will be applied for some of SBA-15 silicas reported to date.

1. Introduction

After the discovery of ordered mesoporous materials,
including MCM-41 silica with hexagonally ordered
arrays of uniform disconnected pore channels,! there has
been considerable interest in the application of materi-
als with channel-like mesopores of uniform size as hosts
or templates for the synthesis of nanowires2=1! and as
model porous solids for studies of the behavior of matter
in confined space.’?718 In particular, conducting polya-
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niline filaments,? carbon wires,® germanium filaments,*
polymer mesofibers,®> and platinum nanowires® were
synthesized in the pores of MCM-41. The resultant one-
dimensional nanostructures embedded in the silica host
lattice are promising for application in nanoelectron-
ics.22 The synthesis of noble metal,”~® polymer compos-
ite,10 and silicon!! nanowires in the porous structure of
SBA-15 silica was also explored. The dissolution of the
silica host allowed one to isolate the thus-formed nano-
structures.56810 In addition to their usefulness as
hosts or templates for nanowires, materials with uni-
form channel-like pores are fascinating model solids for
studies of capillary condensation/evaporation?=17 and
freezing®*18 in confined geometries, allowing one to
investigate these phenomena in well-defined nanospaces
without pore network effects. The understanding of the
capillary condensation/evaporation and freezing phe-
nomena not only is important from a fundamental point
of view but also has far-reaching practical implications
in characterization of porous solids using gas adsorp-
tion'31617 and NMR.®

As discussed above, the availability of materials with
uniform mesoporous channels without interconnections
and with pore sizes tunable in as wide range as possible,
is important in many areas of nanotechnology. The first
material that met these expectations was MCM-41,
whose pore sizes can be tailored from about 2 to at least
10 nm.! The successful synthesis of MCM-41 with pores
up to about 10 nm was confirmed on a local level using
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transmission electron microscopy (TEM),! but samples
with diameters close to this upper limit were composed
of MCM-41 phases with appreciable variation of unit-
cell parameters.?® The results of further work on the
MCM-4121-24 and FSM-162% (structurally similar to
MCM-412%) syntheses in the presence of micelle expand-
ers confirmed that the samples with large pore sizes
(especially above 7 nm) exhibit a low degree of the global
structural ordering. The best currently known methods
for the synthesis of well-ordered large-pore MCM-41 are
based on postsynthesis hydrothermal treatments!327.28
or high-temperature (about 423 K) direct syntheses,29:30
but the resulting pore sizes were below about 7 nm,
since the largest unit-cell size (distance between the
centers of adjacent pores) reported was 7.7 nm.28
Because of the difficulties in the synthesis of MCM-
41 with pore sizes above 7 nm, the recently reported
synthesis of SBA-15 with hexagonally ordered uniform
pores similar to those of MCM-41 was widely believed
to provide MCM-41 analogues with pores well beyond
7 nm.3132 SBA-15 unit-cell size can be tailored up to at
least 19 nm using different block-copolymeric templates,
cosolvents, and/or micelle expanders.33—35 SBA-15 has
already attracted much attention as a host or template
for the synthesis of nanowires’™!' and as a model
material to study the capillary condensation and freez-
ing in uniform disconnected pores.’®> However, it has
been demonstrated that ordered large pores of SBA-15
are connected via micropores and narrow mesopores in
the pore walls.36740 These connecting pores will be
referred to as connecting micropores, keeping in mind
that some of these pores may be of diameter beyond the
micropore range and may be located in the pore walls
in such as way that they actually do not connect the
adjacent pores. The most appealing evidence for the pore
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connectivity in the SBA-15 structure came from the fact
that this silica can be used as a template for the
synthesis of platinum and carbon nanostructures with
2-D hexagonal arrangement of rods, as verified using
X-ray diffraction (XRD) and TEM.37~40 Connecting mi-
cropores of SBA-15 can be essentially completely closed
by calcining the material at temperatures above 1173
K, as inferred from nitrogen adsorption data3"4° and
from the unsuccessful attempts to prepare ordered
carbon replicas.*® However, the elimination of these
pores was accompanied by a prominent loss of the pore
volume (almost 3-fold) and marked pore size decrease
(down to below 7 nm).374% The presence of connecting
micropores in SBA-15 is a logical consequence of the
properties of the triblock copolymer template,3%-37 whose
poly(ethylene oxide) blocks are known to penetrate
silicate*?#2 and organoaluminosilicate*® templated struc-
tures. This idea was additionally confirmed by recent
work on other silicas templated using polymers with
poly(ethylene oxide) blocks, wherein the micropor-
osity was clearly detected.** It should be noted that
the presence of microporosity in SBA-15 had been
suggested*>46 pefore the pore connectivity was re-
vealed.36-40

There is currently significant interest in the synthesis
of SBA-15 without connecting micropores. In particular,
some SBA-15 samples synthesized at about 373 K were
claimed to be essentially nonmicroporous.*”48 However,
these samples were prepared under conditions highly
similar to those used in the case of SBA-15 silicas
successfully used to template ordered carbon and plati-
num nanostructures,3’~40 thus suggesting superficial
nature of these claims. Other studies suggested the
possibility of elimination of microporosity during the
treatment of calcined SBA-15 in water,*6 or as-synthe-
sized SBA-15 in alcohol solution of block copolymer
template.*® The first of these results is questionable,
since SBA-15 pore wall undergoes degradation in basic
aqueous solutions,*® but the other one appears highly
promising,*® although in both cases the ultimate test of
the disconnected pore nature would involve platinum
or carbon replication procedures.3’~0 It is demonstrated
here that the calcination of SBA-15 at temperatures of
1173 K or higher is a promising way to obtain extra-
large-pore MCM-41 analogues. In this case, a major
challenge lies in the mitigation of the pore volume loss
and pore size reduction upon the removal of connecting
micropores. Herein, we propose to achieve this goal by
judiciously choosing SBA-15 materials with low content
of connecting micropores and sufficiently large initial
pore size.

(41) Melosh, N. A.; Lipic, P.; Bates, F. S.; Wudl, F.; Stucky, G. D.;
Fredrickson, G. H.; Chmelka, B. F. Macromolecules 1999, 32, 4332.

(42) Melosh, N.; Davidson, P.; Chmelka, B. F. 3. Am. Chem. Soc.
2000, 122, 823.

(43) De Paul, S. M.; Zwanziger, J. W.; Ulrich, R.; Wiesner, U.;
Spiess, H. W. J. Am. Chem. Soc. 1999, 121, 5727.

(44) Smarsly, B.; Goltner, C.; Antonietti, M.; Ruland, W.; Hoinkis,
E. J. Phys. Chem. B 2001, 105, 831.

(45) Lukens, W. W., Jr.; Schmidt-Winkel, P.; Zhao, D.; Feng, J.;
Stucky, G. D. Langmuir 1999, 15, 5403.

(46) Yue, Y.-H.; Gedeon, A.; Bonardet, J.-L.; d’Espinose, J. B.;
Melosh, N.; Fraissard, J. Stud. Surf. Sci. Catal. 2000, 129, 209.

(47) Miyazawa, K.; Inagaki, S. Chem. Commun. 2000, 2121.

(48) Imperor-Clerc, M.; Davidson, P.; Davidson, A. J. Am. Chem.
Soc. 2000, 122, 11925.

(49) Sun, J.-H.; Moulijn, J. A.; Jansen, J. C.; Maschmeyer, T.;
Coppens, M.-O. Adv. Mater. 2001, 13, 327.



1728 Chem. Mater., Vol. 13, No. 5, 2001

Matos et al.

Table 1. Structural Properties of the SBA-15 Samples?

sample Sget (M?g™Y) Vi(emig™)  Vp(emig™) Sex (M?g71)  w (nm) W(SBeT-Sex)/Vp  W(SgeT — Sex)/Vp-W/(W — 0)
CA813 630 1.09 0.97 80 10.6 6.0 6.2
CA1073 500 0.90 0.79 70 9.7 5.3 55
CA1173 410 0.73 0.63 60 8.8 4.9 5.1
CA1223 380 0.66 0.57 60 8.4 4.8 5.0
CA1273 280 0.42 0.36 40 6.7 4.6 4.9

a Sge, BET specific surface area; Vy, total pore volume; V, primary pore volume; Sey, external surface area; w, primary pore diameter;
o, diameter of nitrogen molecule (¢ = 0.354 nm is used here). Surface areas, pore volumes, and pore sizes were rounded to the nearest

10 m? g7%, 0.01 cm® g~%, and 0.1 nm, respectively.

2. Materials and Methods

2.1. Materials. Pluronic P123 poly(ethylene oxide)-poly-
(propylene oxide)-poly(ethylene oxide) triblock copolymer (EOzo-
PO7EO2, M, = 5800) was donated by BASF, tetraethyl
orthosilicate (TEOS) was acquired from Fluka, and hydrochlo-
ric acid was purchased from Fisher Scientific. All reagents
were used as received. The synthesis of SBA-15 silica was
similar to that reported in refs 31 and 32, with slight
modifications. In our typical synthesis, 4 g of Pluronic P123
was dispersed in 28 g of water and 122 g of 1.97 M HCI solution
with magnetic stirring at 313 K. Then, 8.6 g of TEOS was
added dropwise to that homogeneous solution under mechan-
ical and magnetic stirring at 313 K. The following overall
composition was used: 1.0 TEOS/0.0167 P123/5.82 HCI/190
H,O. About 15 min after the TEOS introduction, the precipita-
tion was observed. The synthesis gel was kept under stirring
at 313 K for 24 h and then was transferred into a Teflon-lined
autoclave and heated therein at 373 K for 2 days. Then the
solid product was filtered, washed exhaustively with deionized
water, and dried in air at room temperature. Finally, the as-
synthesized sample was calcined under dry nitrogen flow (100
mL min~1) at 813 K using a heating rate of 1 K min~1. After
heating for 5 h at 813 K, the gas flow was switched from
nitrogen to dry air and the calcination was continued for
additional 3 h. The calcination of as-synthesized samples at
temperatures of 1073, 1173, 1223, and 1273 K was carried out
as described above, but in these cases the final temperature
was maintained for 3 h (instead of 5 h) before the flowing gas
was switched from nitrogen to air, and thus, the overall time
of calcination at the final temperature was 6 h. The samples
are denoted as CAx where x provides the calcination temper-
ature in kelvins. For comparative purposes, data for two SBA-
15 silica samples calcined at 823 K are included. These
materials reported in refs 38 and 40 are referred to as SBA-
15-A and SBA-15-B, respectively.

2.2. Measurements. Nitrogen adsorption measurements
were performed at 77 K using a Micromeritics ASAP 2010
volumetric adsorption analyzer. Before the measurements, the
samples were outgassed under vacuum at 473 K.

2.3. Methods. The specific surface area was evaluated using
the BET method in the relative pressure range from 0.04 to
0.2.5° The total pore volume was calculated from the amount
adsorbed at a relative pressure of about 0.99.5° The primary
pore volume (defined here as a sum of volumes of ordered pores
and connecting micropores) and external surface area were
assessed using the as plot method.>® These calculations were
performed using the reference adsorption isotherm for macro-
porous silica® in the standard reduced adsorption, as, interval
from 2 to 2.5 for CA813 sample and from 1.8 to 2.5 for the
other samples. It should be noted that os is defined as the
amount adsorbed at a given relative pressure divided by the
amount adsorbed at a relative pressure of 0.4. The primary
pore area was evaluated as a difference between the BET
specific surface area and the external surface area. The pore
size distribution (PSD) was calculated using the procedure
proposed by Barrett, Joyner, and Halenda (BJH)>? but without
the simplifying assumptions employed by these authors, and
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Figure 1. Nitrogen adsorption isotherms for the SBA-15
samples calcined at different temperatures.

08 1.0

the relation between the pore size and capillary condensation
pressure calibrated using MCM-41 silicas with pore sizes from
2 to 6.5 nm.*® The statistical film thickness curve suitable for
the PSD calculations was reported elsewhere.>! The primary
mesopore size (that is the size of ordered pores) is defined as
the maximum on PSD.

3. Results and Discussion

Nitrogen adsorption isotherms for the SBA-15 silica
calcined at different temperatures are shown in Figure
1, whereas selected structural parameters for the re-
sulting samples are listed in Table 1. The SBA-15
sample calcined under typical conditions (813 K) exhib-
ited a high degree of structural ordering, as inferred
from the steepness of the capillary condensation step
on the adsorption isotherm. The sample exhibited
relatively low BET specific surface area (630 m2 g-1),
although its adsorption capacity and the position of
capillary condensation step (and thus the primary
mesopore size) were similar to those commonly observed
for SBA-15. This combination of structural features
attracted our attention, since it was indicative of low
content of connecting pores in the pore walls. To
compare the SBA-15 CA813 sample with other pertinent
materials, including SBA-15 and MCM-41 silicas, the
value of the expression: primary mesopore diameter-
primary pore area/primary pore volume (denoted as
wS/V hereafter) was evaluated. The wS/V ratio was
found to be a useful quantity for an empirical descrip-
tion of silica structures with uniform cylindrical pores.
In the case of SBA-15 samples with ratios above about

(52) Barrett, E. P.; Joyner, L. G.; Halenda, P. P. 3. Am. Chem. Soc.
1951, 73, 373.
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Figure 2. os plots for selected SBA-15 samples.

5, it was shown to be possible to synthesize their
hexagonally ordered carbon replicas.“? In particular,
good-quality replicas were obtained where wS/V was
equal to 6.8%8 and 7.6,%C whereas a replica with only
slightly inferior properties, as seen from XRD and
nitrogen adsorption was obtained for wS/V = 5.3.40
Some residual ordering or no ordering was observed for
carbons prepared SBA-15 templates with wS/V = 4.9.40
So, wS/V below 5 appears to correspond to SBA-15
structures with essentially disconnected primary me-
sopores, whereas values above 5 appear to correspond
to the structures with primary mesopores connected by
complementary pores. It should be noted that the
aforementioned values of wS/V of 5.3 and 4.9 were
observed for SBA-15 samples calcined at temperatures
of 1153 K or higher, which resulted in such a prominent
structural shrinkage that the resulting primary meso-
pore size was below 7 nm, that is in the range attainable
for MCM-41. In addition, it is also important to realize
that MCM-41 prepared under typical conditions was not
found suitable for templating of ordered porous car-
bons.5354 Two independent groups verified that MCM-
41-templated carbon is completely disordered. The data
reported in one of these studies®* allow one to determine
that wS/V for MCM-41 template was 4.6, consistent
with the discussion presented above.

The examination of data for the sample selected for
the current study leads to the conclusion that SBA-15
CA813 had wS/V = 6.0. This value is low as for SBA-15
silicas, but is still indicative of the presence of a
significant amount of connecting micropores in the walls
of primary mesopores. It is important here to note that
comparative plot methods used by some researchers to
distinguish between SBA-15 samples with or without
micropores would suggest that the connecting mi-
croporosity for the CA813 sample is negligible. This is
because the initial part of the comparative plot exhibited
good linerity (see Figure 2) and the calculated micropore
volume (as range from 0.9 to 1.2 was used) was 0.01
cm? g1, which is well within experimental error (from

(53) Lee, J.; Yoon, S.; Oh, S. M.; Shin, C.-H.; Hyeon, T. Adv. Mater.
2000, 12, 359.

(54) Kruk, M.; Jaroniec, M.; Ryoo, R.; Joo, S. H. J. Phys. Chem. B
2000, 104, 7960.
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our experience, micropore volumes of £(0.01—0.02) cm?
g1 are commonly obtained for MCM-41, MCM-48 and
other ordered mesoporous silicas). In fact, the as plot of
similar shape and only slightly larger micropore volume
determined by as plot analysis (0.03 cm3® g~1) were
obtained using the comparative plot method for the
SBA-15 sample (denoted herein as SBA-15-A), which
was successfully used to template 2-D hexagonal carbon
with high degree of structural ordering, as seen from
XRD, TEM, and nitrogen adsorption.®® This demon-
strates that comparative analysis of adsorption data
may be grossly misleading in characterization of mi-
cropores of SBA-15, providing indications of their ab-
sence where these pores are present in significant
amounts. Consequently, the claims of the possibility to
synthesize SBA-15 without microporosity, which were
based solely*” or largely*® on the comparative plot
analysis need to be treated with caution and should be
reexamined using other techniques, preferably those
involving replication, or more conveniently but less
conclusively those based on the examination of the wS/V
ratio. In the latter case, it is of paramount importance
to determine the w, S, and V quantities using the
methods equivalent to those used in the current study;
otherwise, it would be necessary to additionally deter-
mine the threshold wS/V value.

Calcination at 1073 K resulted in a marked drop of
wS/V ratio to 5.3. However, this value is still in the
range for SBA-15 with connecting microporosity. It is
noted that in this case the comparative plot method
indicated the lack of micropores (a negative micropore
volume, which is not physical, but serves as indication
of the absence of micropores). As will be discussed below,
this result is related to the change of properties of the
silica surface upon high temperature treatment. Only
after calcination at 1173 K or higher was the wS/V ratio
below 5, and therefore, there is a good reason to expect
that the content of connecting microporosity was neg-
ligibly small and thus the obtained materials can be
regarded as those with essentially disconnected pores.
It should be noted that wS/V below 5 was attained in
the current study after pore size reduction by only 17%,
whereas in the case of SBA-15 samples with higher
initial (that is after calcination at 813 K or so) wS/V
ratio, the decrease of wS/V to 5 or lower resulted in 25%
pore size decrease.’’4° Moreover, the primary pore
volume reduction was only 34% in case of the CA1173
sample, whereas the analogous degree of elimination
of connecting microporosity resulted in the pore volume
decrease by at least 65% for the SBA-15 samples
previously studied.3”4% As seen in Figure 3 and Table
1, the samples with the wS/V value indicative of
negligible connecting microporosity exhibited pore sizes
up to 8.8 nm, which is a marked improvement when
compared with the values below 7 nm obtained for
previous SBA-15 with connecting micropores eliminated
by high-temperature calcination.3”4% To highlight the
differences between the SBA-15 samples with negligible
micropore content and typical SBA-15 samples, the
comparison of the corresponding reduced nitrogen ad-
sorption isotherms is provided in Figure 4. It is clear
that typical SBA-15 samples (data taken from refs 38
and 40) exhibit much larger reduced adsorption before
the onset of capillary condensation and smaller increase
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Figure 4. Comparison of reduced adsorption isotherms (the
amount adsorbed at given relative pressure divided by the
amount adsorbed at a relative pressure of 0.8) for the SBA-15
sample reported herein (calcined at 1173 K) with typical SBA-
15 samples calcined at 823 K.

in the reduced adsorption upon the primary mesopore
filling. This is attributable largely to the presence of
micropores, which are filled well before the onset of
capillary condensation and thus contribute primarily to
adsorption at lower relative pressures. It is thus clear
that the calcination of the judiciously chosen SBA-15
silica at sufficiently high temperature allowed us to
obtain materials, whose properties are not only dis-
tinctly different from those of typical SBA-15, but also
indicative of a negligible amount of micropores. In
addition, the pore size of thus obtained samples is above
that attainable for good-quality MCM-41. This suggests
that the methodology proposed herein is suitable for the
synthesis of extra-large-pore MCM-41 analogues with
hexagonally ordered systems of disconnected channels,
unlike those of SBA-15 calcined at lower temperatures,
which exhibit interconnected pore channels.36-40 The
starting SBA-15 materials can be selected so as to
minimize initial wS/V ratio (to reduce the shrinkage
upon elimination of connecting micropores) and to
appropriately choose the initial pore size. For instance,
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the high-temperature calcination of some of the SBA-
15 materials described in the literature333455 promises
to provide MCM-41 analogues with pore sizes of 10 nm
or larger and with primary pore volumes larger than
0.5 cm?® gL, These novel opportunities in the materials
synthesis can facilitate the production of isolated nanow-
ires and the studies of phase transitions in porous media
of well-defined pore geometry. The resultant MCM-41
analogues may be less suited for application in adsorp-
tion and catalysis, due to their unremarkable specific
surface areas and pore volumes, although they appear
to be highly attractive from the point of view of their
high thermal stability and expected remarkable hydro-
thermal stability. Further studies of the transformation
of SBA-15 into extra-large-pore MCM-41 analogues will
be needed to ascertain the disconnected nature of pores
of the materials prepared as proposed herein, but the
comparison with the already obtained results*® indicates
that this goal was successfully achieved during the
current work.

It should be noted that silicas calcined at tempera-
tures above 1073 K may have largely dehydroxylated
surfaces,®~%8 which manifests itself for instance in
somewhat smaller low-pressure adsorption of nitrogen.>8
This is expected to be responsible for a slight downward
bend of the initial part of the as plots® (see Figure 2)
and negative values of the micropore volume determined
using the os plot method for some of the SBA-15 samples
discussed herein. The modification of surface properties
may affect to some extent the accuracy of the BET
analysis and therefore may influence the values of the
wS/V ratios. In fact, extreme differences in the surface
properties may lead to large alterations of the wS/V
ratios expected for a given pore geometry. Because the
surface properties with respect to nitrogen of the silicas
calcined at high temperature were still quite close to
those for the silica reference adsorbent (as seen from
comparative plot analysis data discussed above), the
resulting bias introduced in the wS/V ratios should be
below about 5%.

Finally, it is appropriate to discuss the idea underly-
ing the wS/V calculations. So far, this quantity was
considered herein merely as an empirical factor, but in
fact, it is directly related to the pore geometry consid-
ered. For ideal cylindrical pores and accurately deter-
mined pore size, surface area and pore volume, wS/V is
equal to 4, whereas for ideal hexagonal pores this
guantity assumes the value of 4.2 under the same
assumptions. However, when one needs to evaluate this
guantity from experimental data, errors in the deter-
mination of the pore structure parameters come into
play. In particular, the BET specific surface area
calculated using typically assumed nitrogen cross-
sectional area (that is 0.162 nm?) and commonly used
ranges of relative pressures (for instance from 0.05 to
0.3) is known to be significantly overestimated,3:60.61

(55) Zhao, D.; Sun, J.; Li, Q.; Stucky, G. D. Chem. Mater. 2000, 12,
275.

(56) ller, R. K. The Chemistry of Silica; Wiley: New York, 1979.

(57) Brinker, C. J.; Scherer, G. W. Sol—Gel Science: the Physics
and Chemistry of Sol—Gel Processing; Academic Press: San Diego,
1990.

(58) Glinka, Y. D.; Jaroniec, C. P.; Jaroniec, M. J. Colloid Interface
Sci. 1998, 201, 210.

(59) Jaroniec, M.; Kaneko, K. Langmuir 1997, 13, 6589

(60) Jelinek, L.; sz. Kovats, E. Langmuir 1994, 10, 4225.
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most likely because of the overestimation of the mono-
layer capacity.1361 Consequently, the value of the spe-
cific surface area of primary pores (denoted as S) used
to calculate wS/V is markedly overestimated, and
consequently wS/V is overestimated. The degree of
overestimation will require further studies and we did
not attempt to evaluate it here, therefore we use
empirical values of the wS/V ratios, whose physical
meaning is judged on the basis of studies of the good-
quality MCM-41 samples as well as for the SBA-15
samples characterized using independent methods,
including carbon replication. The results for the SBA-
15 samples have already been discussed. In addition,
the wS/V ratios for two series of six highly ordered
MCM-41 silicas with pore sizes covering the range from
3 to 5 Nnm6283 were examined and found to be between
4.5 and 4.8. Also, the examination of data for six large-
pore (from 4.9 to 6.2 nm) MCM-41 samples!36465 of
somewhat lower quality provided wS/V between 4.6 and
5.0. This provides a general confirmation of the conclu-
sion based on carbon replication of the SBA-15 structure
that the wS/V ratio below 5 is characteristic of cylindri-
cal pores without interconnections. It also should be
noted that in the case of comparison of the samples with
a wide range of pore sizes, it is helpful to introduce a
correction pertinent to surface area calculations for
cylindrical pores. The specific surface area is usually
calculated using the monolayer capacity (the number
of molecules forming a statistical monolayer on the
surface) and the molecular cross-sectional area.®° In the
case of cylindrical pores, the multiplication of these
two quantities provides an approximate area of the
cylinder of diameter equal to the pore diameter minus
one molecular diameter.®1 Thus, to get a much better
estimate of the actual specific surface area of cylindrical
pores, the area determined from the number of mol-
ecules and their cross-sectional area (as is the case for
the BET analysis) needs to be multiplied by a factor
equal to w/(w — ¢), where ¢ is the molecular diameter.5!

(61) Kruk, M.; Antochshuk, V.; Jaroniec, M.; Sayari, A. J. Phys.
Chem. B 1999, 103, 10670.
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1999, 103, 3651.

Chem. Mater., Vol. 13, No. 5, 2001 1731

In comparative studies of samples with similar pore
sizes, this factor affects wS/V to a similar extent for all
samples, and thus can be omitted. However, when
comparing samples of appreciably different pore diam-
eters, for instance MCM-41 and SBA-15, it is better to
correct the wS/V value by multiplying it by w/(w-o) term.
The obtained values for the SBA-15 samples under
study are listed in Table 1, and the ones for the
aforementioned MCM-41 samples were found to be
within the range from 5.0 to 5.3, which confirms our
suggestions that CA1173, CA1223 and CA1273 samples
reported herein are MCM-41 analogues.

4. Conclusions

In the process of the thermal elimination of connect-
ing micropores in the SBA-15 structure, the pore size
decrease and pore volume loss is moderate, when the
SBA-15 sample is selected in such a way that it exhibits
a small content of micropores. The relation between the
primary mesopore size, primary pore surface area and
primary pore volume can serve as a useful indicator of
the micropore content, provided the structural param-
eters employed are calculated in a consistent and
reliable way. The combination of this criterion with
selection of SBA-15 with large pore size allows one to
synthesize MCM-41 analogues with uniform pores of
diameter unattainable so far for good-quality MCM-41.
Although further studies will be needed to fully examine
and refine the methodology proposed herein, it is
expected that this approach will open new opportunities
in the synthesis of hosts or templates for nanowires, in
the synthesis of nanoreactors of tailored pore size and
pore connectivity, and in fundamental studies of behav-
ior of matter in well-defined confined environments.
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