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MCM-48 and SBA-1 samples were characterized using powder X-ray diffraction and
nitrogen adsorption in a wide range of relative pressures. X-ray diffraction provided direct
evidence for the high degree of pore structure ordering for the materials under study.
Nitrogen adsorption showed that highly ordered MCM-48 materials exhibited sharp steps
of capillary condensation and narrow pore size distributions, whereas capillary condensation
steps for highly ordered SBA-1 samples were broad, which may be related to a cage-like
pore structure of these materials. Surface properties of MCM-48 and SBA-1 with respect to
nitrogen molecules were found to be similar to those of macroporous silica gels and thus
close to those of MCM-41. High values of the surface area and mesopore volume for MCM-
48 silicas indicate that both of the enantiomeric channel systems separated by the silica
wall in the structure are fully accessible for nitrogen molecules. Moreover, the absence of
detectable microporosity indicates that there are no holes on the nanometer length scale in
the pore walls of MCM-48. It was demonstrated that MCM-48, MCM-41, and SBA-1 samples,
which exhibited capillary condensation at approximately the same relative pressure, have
markedly different ratios for the amount adsorbed on the pore surface to the total adsorption
capacity (or alternatively, different pore volume/surface area ratios). As this behavior was
attributed to differences in porous structures of these materials, such ratios may provide
information which would allow one to differentiate between pore geometries of ordered
mesoporous materials.

Introduction

The discovery of ordered mesoporous materials (OM-
Ms)1,2 opened a new and rapidly growing field of modern
science and technology, expanding the range of periodic
porous materials into the mesopore region. Initially, two
distinct types of OMM structures were identified: hex-
agonal (p6m) and cubic (Ia3d). The hexagonal materials
with honeycomb arrays of nonintersecting channels, i.e.,
MCM-411 and FSM-16,2 were shown to be the easiest
to synthesize. The cubic MCM-48 materials were also
obtained under more specified synthesis conditions.1
Their structure was later identified as consisting of an
enantiometic pair of 3-D channel systems, which were
separated by the silica wall corresponding to the periodic
G-surface. Further studies led to discovery of several
other types of mesoporous silicas with narrow pore-size
distributions and well-defined structures. A cubic phase

SBA-1, which was synthesized in acidic media, was
suggested to have an ordered 3-D structure with two
types of globular cages,3 forming a continuous porous
network.4 SBA-2 was shown to exhibit a three-dimen-
sional periodic hexagonal array of mesoporous cages.4
HMS silicas synthesized via a neutral templating route
were claimed to exhibit honeycomb structures similar
to that of MCM-41, but with lower degree of structural
ordering.5 Disordered materials,6-9 for instance KIT-1,7
were also reported to have uniform channels. Moreover,
hexagonal mesoporous silicas SBA-15 with pore sizes
from 5 to as large as 30 nm, and a variety of cubic
structures were synthesized using oligomers and tri-
block copolymers as templates.10,11
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Cubic ordered mesoporous materials are currently
attracting a lot of attention.12 Thus, there is a rapidly
growing number of studies devoted to MCM-48,1,4,8,12-61

which were focused on (i) improvement of the synthesis
procedure,4,8,14,17-30 (ii) determination of the structure
the three-dimensional porous network,14-16,31-35 (iii)
characterization of the surface and porous properties,36-40

(iv) assessment41,42 and improvement26,43 of the hydro-
thermal and mechanical stability, (v) synthesis and
catalytic application of MCM-48 with framework-
substituted,17,21,30,44-56 grafted,57-59 or immobilized metal
heteroatoms or their complexes,60 (vi) surface modifica-
tion via bonding of organosilanes,43,53 and (vii) prepara-
tion of polymer-silica composites.61 It is also interesting
to note here that the structure of MCM-48 has recently
been resolved using single-crystal electron diffraction.35

SBA-1 has been studied less often than MCM-48,
which can be attributed in part to the fact that its
synthesis requires specific conditions involving acidic
media, surfactants with large headgroups (e.g., alkyl-
triethylammonium surfactants) and low tempera-
tures.3,4,12,13,22,62,63 Only recently has preparation of
SBA-1 been accomplished using common alkyltrimethy-
lammonium surfactants.63 Some preliminary work was
reported on heteroatom incorporation in the structure
of SBA-1.12,50

The aim of the current work is to study highly ordered
MCM-48 and SBA-1 silicas using nitrogen adsorption
in a wide range of relative pressures in order to gain a
better understanding of porous structures of these
materials.

Materials and Methods

Materials. Three MCM-48 samples designated as C16-
MCM-48, C16-MCM-48 LP, and C14-MCM-48 were obtained
in the pure silica form, following a hydrothermal synthesis
procedure using sodium silicate as the silica source, n-
alkyltrimethylammonium bromides as the surfactant, and
ethanol as an additive for the mesophase control.26 Briefly, the
C16-MCM-48 sample was synthesized by hydrothermal crys-
tallization for 4 days at 373 K, with a starting mixture
consisting of 1 mol of SiO2:0.25 Na2O:0.65 hexadecyltrimethyl-
ammonium bromide (C16TMABr):5 ethanol:100 H2O. The
crystallized product was treated in the following sequence:
filtered, washed with doubly distilled water, dried at 413 K in
oven, washed with a mixture of ethanol-HCl-H2O, and finally
calcined at 823 K under a static air condition. This sample
consisted of irregular particles less than 1 µm in diameter as
shown previously by scanning electron microscopy.26 The C16-
MCM-48 LP sample was synthesized under the same condi-
tions, except that hydrothermal crystallization was carried out
for 20 h at 413 K. The sample consisted of particles with crystal
morphologies 1-3 µm in diameter.26 The C14-MCM-48 sample

(10) Zhao, D.; Feng, J.; Huo, Q.; Melosh, N.; Fredrickson, G. H.;
Chmelka, B. F.; Stucky, G. D. Science 1998, 279, 548.

(11) Zhao, D.; Huo, Q.; Feng, J.; Chmelka, B. F.; Stucky, G. D. J.
Am. Chem. Soc. 1998, 120, 6024.

(12) Morey, M. S.; Davidson, A.; Stucky, G. D. J. Porous Mater.
1998, 5, 195.

(13) Stucky, G. D.; Huo, Q.; Firouzi, A.; Chmelka, B. F.; Schacht,
S.; Voigt-Martin, I. G.; Schuth, F. Stud. Surf. Sci. Catal. 1997, 105, 3.

(14) Monnier, A.; Schuth, F.; Huo, Q.; Kumar, D.; Margolese, D.;
Maxwell, R. S.; Stucky, G. D.; Krishnamurty, M.; Petroff, P.; Firouzi,
A.; Janicke, M.; Chmelka, B. F. Science 1993, 261, 1299.

(15) Vartuli, J. C.; Schmitt, K. D.; Kresge, C. T.; Roth, W. J.;
Leonowicz, M. E.; McCullen, S. B.; Hellring, S. D.; Beck, J. S.;
Schlenker, J. L.; Olson, D. H.; Sheppard, E. W. Chem. Mater. 1994, 6,
2317.

(16) Stucky, G. D.; Monnier, A.; Schuth, F.; Huo, Q.; Margolese,
D.; Kumar, D.; Krishnamurty, M.; Petroff, P.; Firouzi, A.; Janicke, M.;
Chmelka, B. F. Mol. Cryst. Liq. Cryst. 1994, 240, 187.

(17) Zhao, D.; Goldfarb, D. J. Chem. Soc., Chem. Commun. 1995,
875.

(18) Fyfe, C. A.; Fu, G. J. Am. Chem. Soc. 1995, 117, 9709.
(19) Schmidt, R.; Stocker, M.; Akporiaye, D.; Torstad, E. H., Olsen,

A. Microporous Mater. 1995, 5, 1.
(20) Lujano, J.; Romero, Y.; Carrazza, J. Stud. Surf. Sci. Catal.

1995, 97, 489.
(21) Koyano, K. A.; Tatsumi, T. Chem. Commun. 1996, 145.
(22) Huo, Q.; Margolese, D. I.; Stucky, G. D. Chem. Mater. 1996, 8,

1147.
(23) Romero, A. A.; Alba, M. D., Zhou, W.; Klinowski, J. J. Phys.

Chem. B 1997, 101, 5294.
(24) Gallis, K. W.; Landry, C. C. Chem. Mater. 1997, 9, 2035.
(25) Chen, F.; Huang, L.; Li, Q. Chem. Mater. 1997, 9, 2685.
(26) Kim, J. M.; Kim, S. K.; Ryoo, R. Chem. Commun. 1998, 259.
(27) Corma, A.; Kan, Q.; Rey, F. Chem. Commun. 1998, 579.
(28) Van Der Voort, P.; Mathieu, M.; Mees, F.; Vansant, E. F. J.

Phys. Chem. B 1998, 102, 8847.
(29) Xu, J.; Luan, Z.; He, H.; Zhou, W.; Kevan, L. Chem. Mater.

1998, 10, 3690.
(30) Schumacher, K.; Grun, M.; Unger, K. K. Microporous Meso-

porous Mater. 1999, 27, 201.
(31) Ko, C. H.; Ryoo, R. Chem. Commun. 1996, 2467.
(32) Alfredsson, V.; Anderson, M. W. Chem. Mater. 1996, 8, 1141.
(33) Anderson, M. W. Zeolites 1997, 19, 220.
(34) Alfredsson, V.; Anderson, M. W.; Ohsuna, T.; Terasaki, O.;

Jacob, M.; Bojrup, M. Chem. Mater. 1997, 9, 2066.
(35) Carlsson, A.; Kaneda, M.; Sakamoto, Y.; Terasaki, O.; Ryoo,

R.; Joo, S. H. J. Electron Microsc., in press.
(36) Schmidt, R.; Stocker, M.; Ellestad, O. H. Stud. Surf. Sci. Catal.

1995, 97, 149.
(37) Landmesser, H.; Kosslick, H.; Storek, W.; Fricke, R. Solid State

Ionics 1997, 101-103, 271.
(38) Sayari, A.; Danumah, C.; Liu, P.; Jaroniec, M. In Characteriza-

tion of Porous Solids IV; McEnaney, B., Mays, T. J., Rouquerol, J.,
Rodriguez-Reinoso, F., Sing, K. S. W., Unger, K. K., Eds.; Royal Society
of Chemistry: Cambridge, 1997; p 557.

(39) Springuel-Huet, M. A.; Fraissard, J.; Schmidt, R.; Stocker, M.;
Conner, W. C. In Characterization of Porous Solids IV; McEnaney, B.,
Mays, T. J., Rouquerol, J., Rodriguez-Reinoso, F., Sing, K. S. W., Unger,
K. K., Eds.; Royal Society of Chemistry: Cambridge, 1997; p 453.

(40) Schulz-Ekloff, G.; Rathousky, J.; Zukal, A. Microporous Me-
soporous Mater. 1999, 27, 273.

(41) Kim, J. M.; Ryoo, R. Bull. Korean Chem. Soc. 1996, 17, 66.
(42) Tatsumi, T.; Koyano, K. A.; Tanaka, Y.; Nakata, S. Chem. Lett.

1997, 469.
(43) Koyano, K. A.; Tatsumi, T.; Tanaka, Y.; Nakata, S. J. Phys.

Chem. B 1997, 101, 9436.
(44) Schmidt, R.; Junggreen, H.; Stocker, M. Chem. Commun. 1996,

875.
(45) Morey, M.; Davidson, A.; Stucky, G. D. Microporous Mater.

1996, 6, 99.
(46) Zhang, W. Z.; Pinnavaia, T. J. Catal. Lett. 1996, 38, 261.
(47) Pu, S. B.; Kim, J. B.; Seno, M.; Inui, T. Microporous Mater.

1997, 10, 25.
(48) Zhang, S. G.; Fujii, Y.; Yamashita, H.; Koyano, K.; Tatsumi,

T.; Anpo, M. Chem. Lett. 1997, 659.
(49) Echchahed, B.; Moen, A.; Nicholson, D.; Bonneviot, L. Chem.

Mater. 1997, 9, 1716.
(50) Ryoo, R.; Jun, S.; Kim, J. M.; Kim, M. J. Chem. Commun. 1997,

2225.
(51) Hartmann, M.; Racouchot, S.; Bischof, C. Chem. Commun.

1997, 2367.
(52) Romero, A. A.; Alba, M. D.; Klinowski, J. J. Phys. Chem. B

1998, 102, 123.

(53) Tatsumi, T.; Koyano, K. A.; Igarashi, N. Chem. Commun. 1998,
325.

(54) Kosslick, H.; Lischke, G.; Landmesser, H.; Parlitz, B.; Storek,
W.; Fricke, R. J. Catal. 1998, 176, 102.

(55) Kawi, S.; Te, M. Catal. Today 1998, 44, 101.
(56) Anpo, M.; Yamashita, H.; Ikeue, K.; Fujii, Y.; Zhang, S. G.;

Ichihashi, Y.; Park, D. R.; Suzuki, Y.; Koyano, K.; Tatsumi, T. Catal.
Today 1998, 44, 327.

(57) Morey, M.; Davidson, A.; Eckert, H.; Stucky, G. D. Chem.
Mater. 1996, 8, 486.

(58) Walker, J. V.; Morey, M.; Carlsson, H.; Davidson, A.; Stucky,
G. D.; Butler, A. J. Am. Chem. Soc. 1997, 119, 6921.

(59) Van Der Voort, P.; Morey, M.; Stucky, G. D.; Mathieu, M.;
Vansant, E. F. J. Phys. Chem. B 1998, 102, 585.

(60) Eswaramoorthy, M.; Neeraj; Rao, C. N. R. Chem. Commun.
1998, 615.

(61) Moller, K.; Bein, T.; Fischer, R. X. Chem. Mater. 1998, 10, 1841.
(62) Huo, Q.; Margolese, D. I.; Ciesla, U.; Demuth, D. G.; Feng, P.;

Gier, T. E.; Sieger, P.; Firouzi, A.; Chmelka, B. F.; Shüth, F.; Stucky,
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was synthesized by the same hydrothermal procedure used
for C16-MCM-48, except for use of tetradecyltrimethylammo-
nium bromide (99%, Acros) instead of C16TMABr.

A high-quality SBA-1 sample was prepared in the pure silica
form by a synthesis procedure using tetraethyl orthosilicate
(98% TEOS, Aldrich) as the silica source and C16TEABr as
the surfactant.63 The molar composition of the starting mixture
was 1 TEOS:0.2 surfactant:56 HCl:700 H2O. Briefly, C16TEABr,
HCl, and distilled water were mixed homogeneously. The
surfactant solution was cooled in an ice bath. Precooled TEOS
was added to the surfactant solution while being vigorously
stirred. Precipitation of the silica-surfactant assembly was
completed within 4 h of stirring. Precipitate formed at 273 K
was aged in the reaction mixture for 1 h at 373 K, to improve
cross-linking of the silica framework. The framework was still
so weak that the structural order was lost during washing with
distilled water or organic solvents. Hence, the precipitate was
filtered without washing. The framework was cured further
through vacuum-drying at room temperature and subsequent
drying in air at 433 K. This material was washed with an
ethanol-HCl-H2O mixture and calcined at 823 K in the same
way used for MCM-48.

Measurements. Powder X-ray diffraction (XRD) spectra
were acquired on a Rigaku D/MAX-III instrument using Cu
KR radiation. Nitrogen adsorption isotherms were measured
at 77 K using an ASAP 2010 volumetric adsorption analyzer
(Micromeritics, Norcross, GA). Before the measurements,
samples were outgassed for 2 h at 473 K in the degas port of
the adsorption analyzer.

Calculations. The BET specific surface area, SBET,64 was
calculated using adsorption data in the relative pressure range
from 0.04 to 0.1. The total pore volume, Vt,64 was estimated
on the basis of the amount adsorbed at the relative pressure
of about 0.99. The primary mesopore volume, Vp, external
surface area, Sex, and micropore volume, Vmi, were evaluated
using the Rs-plot method.64,65 Vp and Sex were assessed on the
basis of data in the standard reduced adsorption, Rs, range
from 1.3 to 2.0. A chromatographic silica gel LiChrospher Si-
1000 (EM Separations, Gibbstown, NJ) was used as a reference
adsorbent in the Rs-plot analysis.65 The BJH mesopore size
distributions were calculated from adsorption branches of
isotherms employing the corrected Kelvin equation for cylin-
drical pores66 and the statistical film thickness curve for silicas,
66 both calibrated using a series of MCM-41 silicas with pore
sizes covering a wide range of values. The BJH pore size is
defined as the maximum of the BJH pore size distribution.

Results and Discussion

Powder XRD spectra for the cubic mesoporous mate-
rials under study are shown in Figure 1. The XRD
patterns are well-resolved and characteristic of high-
quality MCM-48 and SBA-1 silicas.

Nitrogen adsorption isotherms for the samples are
shown in Figure 2. Selected pore structure parameters
are listed in Table 1. Adsorption isotherms for the MCM-
48 samples featured narrow steps of capillary condensa-
tion, which provides clear evidence for narrowly defined
diameter range for mesoporous channels of these ma-
terials. In contrast, the adsorption isotherm for SBA-1
exhibited a broad capillary condensation step, despite
high periodicity of the structure of this material, as
inferred from the XRD data. Other highly ordered
SBA-1 samples studied had very similar nitrogen ad-
sorption isotherms, sometimes with even broader capil-

lary condensation steps. As can be seen in Figure 3, the
BJH mesopore size distribution (PSD) for SBA-1 was
broad and featured a noticeable shoulder at about 2.6
nm. This shoulder may arise from the presence of
smaller mesoporous cages in addition to larger ones, as
already suggested,3 but since the BJH calculations are
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Figure 1. Powder XRD spectra for the MCM-48 and SBA-1
silicas. The lattice parameters obtained from XRD for C16-
MCM-48, C16-MCM-48 LP, C14-MCM-48, and SBA-1 are 9.28,
8.62, 7.80, and 7.87 nm, respectively.

Figure 2. Nitrogen adsorption isotherms for the MCM-48 and
SBA-1 silicas.

Table 1. Structural Parameters of the MCM-48 and SBA-1
Materials under Study

sample
d

(nm)
SBET

(m2/g)
Vp

(cm3g)
Vt

(cm3/g)
Sex

(m2/g)
wBJH
(nm)

C16-MCM-48 3.79b 1100 0.88 1.17 120 3.7
C16-MCM-48 LP 3.52b 1110 0.88 0.98 70 3.5
C14-MCM-48 3.18b 1220 0.90 0.98 60 3.2
SBA-1 3.52c 1180 0.67 0.69 20 3.0

a Abbreviations: d, XRD interplanar spacing; SBET, BET specific
surface area; Vp, primary mesopore volume; Vt, total pore volume;
Sex, external surface area; wBJH, BJH pore size. b d211. c d210.
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based on the assumption of cylindrical pore geometry,
the BJH data are not sufficient to draw a definite
conclusion about the presence of two types of cage-like
pores. In the case of the MCM-48 samples, pore size
distributions were remarkably narrow. The results
presented above suggest that variation of the pore
diameter is an inherent feature of SBA-1, possibly due
to its cage-like pores,3,12,13,62 in contrast to MCM-48,
which exhibits a three-dimensional system of uniform
interconnected channels.14,32,35

All the cubic mesoporous materials under study
exhibited high BET specific surface areas (more than
1000 m2/g). Moreover, the MCM-48 samples have rela-
tively large primary mesopore volumes of about 0.9 cm3/
g, which are higher than those of many MCM-41 silicas
with comparable pore sizes.65,67 Recently, it was specu-
lated that only one of the two disconnected channel
systems in the structure of the MCM-48 particles may
be accessible from the exterior of the particles, whereas
the other channel system may be closed.33,34 If this is
the case, the MCM-48 samples under study would
actually have BET surface areas of mesoporous channels
larger than 2000 m2/g and primary mesopore volumes
as large as 1.8 cm3/g. These values of structural param-
eters would exceed by a factor of 2 the values reported
for MCM-41 silicas (if one excludes incorrect estimates
related mostly to the application of the BET method in
the capillary condensation region or to the use of grossly
inaccurate calculation procedures), which are known to
have fully accessible pores.68 Thus, these exceptionally
large values of the specific surface area and primary
mesopore volume would imply the presence of extremely
thin pore walls and thus do not seem to be likely. This
in turn strongly suggests that both of the channel
systems in the MCM-48 particles are accessible from
the exterior. In addition, one needs to keep in mind that
pores of the MCM-48 materials become accessible after
removal of the surfactant during calcination. If one of
the channel systems of as-synthesized MCM-48 is
closed, it can be expected that the products of surfactant
decomposition formed during calcination would have no
possibility of leaving the particle of the material without
causing coke formation and some damage to the pore

walls. Yet, the structures of the calcined MCM-48
particles were often found to be highly ordered without
dark coloration,26,33-35 which makes such a possibility
highly unlikely. The closing of one of the channel
systems during calcination, after the structure has
already been freed of the surfactant, is also rather
improbable. The surfactant content of as-synthesized
MCM-48 is similar to that of MCM-41. Besides, more
than 95% of the surfactant can be easily removed by
washing with ethanol-HCl. Thus, it is evident that both
of the channel systems in the MCM-48 structure are
freely accessible for molecules of at least the size of the
surfactant.

Nitrogen adsorption isotherms for most of the cubic
mesoporous silicas under study were rather flat at
relative pressures above the capillary condensation
pressure characteristic of primary mesopores. This
indicates small secondary mesoporosity. Only C16-
MCM-48 had an appreciable secondary mesopore vol-
ume (Vt - Vp) of about 0.3 cm3/g, and its nitrogen
adsorption isotherm featured a pronounced hysteresis
loop at relative pressures above 0.48, resulting from the
capillary condensation in secondary mesopores. It is
interesting to note that C16-MCM-48 LP prepared
under conditions facile for growth of large truncated
rhombic dodecahedron particles (several micrometers in
diameter) had an external surface area much higher
than that expected for uniform particles of such a size.
The adsorption isotherm for this material featured a
poorly pronounced, yet noticeable hysteresis loop. These
findings suggest the existence of a certain amount of
structural defects in the micrometer-sized particles and/
or the presence of a fraction of smaller particles in this
material.

In general, low-pressure nitrogen adsorption proper-
ties of MCM-48 and SBA-1 samples were found to be
similar to those of macroporous chromatographic silicas.
As can be seen in Figure 4, the Rs plots for the samples
described in the current study exhibited good linearity
in the low-pressure range, which indicates that surface
properties of these materials were similar to those of
the macroporous reference silica. The comparative plots
were linear from the origin, which provides a clear
indication of the lack of microporosity. The Rs plots for
other MCM-48 materials described in the current study
were very similar to that for C16-MCM-48. It was
recently noted by Anderson that it is not fully clear
whether the MCM-48 walls contain holes.33 Since no

(67) Kruk, M.; Jaroniec, M.; Kim, J. M.; Ryoo, R. Langmuir 1999,
15, 5279.
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Figure 3. BJH mesopore size distributions for the MCM-48
and SBA-1 silicas.

Figure 4. Rs plots for the MCM-48 and SBA-1 silicas.
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microporosity was detected in the MCM-48 samples
under study, it is suggested that their walls are free of
holes of the size below 1-2 nm. This is also in accord
with the recently elucidated single-crystal structure of
MCM-48.35 It should be noted that some SBA-1 materi-
als were found to exhibit slightly different low-pressure
nitrogen adsorption properties in comparison to those
of macroporous silicas and ordered mesoporous materi-
als such as MCM-41, MCM-48, and KIT-1. This behavior
might have been due to some structural defects or
differences in concentration of silanols on the surface,
and the samples carefully prepared as reported re-
cently63 usually exhibited low-pressure nitrogen adsorp-
tion properties similar to those of other ordered meso-
porous silicas.

One can expect that differences in porous structures
of ordered mesoporous materials would be reflected in
their different pore volume/surface area ratios for
materials with similar pore sizes. For instance, in the
case of interconnected system of cylindrical pores (an
approximation of the MCM-48 structure), pore volume/
surface area ratio is expected to be higher than that for
disconnected cylindrical pores (an approximation of
MCM-41 structure) of the same diameter. Moreover,
both of these ratios should be higher than the ratio for
connected cage-like pores (for instance, a hypothetical
SBA-1 structure) of the same diameter as the intercon-
nected or disconnected cylindrical pores. To examine
this problem in more detail, MCM-48, MCM-41, and
SBA-1 samples were selected, which exhibited very
similar capillary condensation pressures and thus are
expected to have comparable pore sizes. To compare the
adsorption data for periodical silicas of different struc-
tures, adsorption isotherms for primary mesopores were
evaluated by subtracting the amounts adsorbed on the
external surface area from the adsorption isotherms.66

To calculate the degrees of mesopore filling (as functions
of relative pressure), the obtained adsorption isotherms
for primary mesopore were normalized by dividing them
by the corresponding amounts adsorbed at the relative
pressure of 0.8. The MCM-41 sample used here was
described in detail elsewhere (the material was denoted
there as MCM-41-12).67

As can be seen in Figure 5, the heights of capillary
condensation steps on the adsorption isotherms for the
C14-MCM-48, MCM-41, and SBA-1 samples are mark-
edly different. It should be noted that amounts adsorbed

below the capillary condensation (in this case, relative
pressure about 0.15-0.2) are related to the specific
surface areas of the materials, whereas the heights of
the capillary condensation steps are related to the
volume of the pore space confined by adsorbate film on
the pore walls. It is thus clear that SBA-1 and MCM-
48 exhibited the lowest and the highest pore volume/
surface area ratios, respectively, among the three
samples considered. More specifically, primary meso-
pore volume/primary mesopore surface area ratios (Vp/
(SBET - Sex)) were 0.78, 0.65, and 0.58 nm for MCM-48,
MCM-41, and SBA-1 samples, respectively. Thus, the
order of these ratios was consistent with expectations
based on the pore geometry of these materials, as
discussed above. It can be concluded that the course of
adsorption in the capillary condensation region reflects
the pore geometry, and the pore volume/surface area
ratio in particular. Thus, our study shows that MCM-
41 and MCM-48 indeed have markedly different nitro-
gen adsorption properties and are clearly distinguish-
able, in contrast to earlier claims40 that adsorption
isotherms of such materials are indistinguishable.
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Figure 5. Degrees of mesopore filling for highly ordered
MCM-48, MCM-41, and SBA-1 samples with similar pressures
of capillary condensation in primary mesopores.
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