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Abstract: FDU-1 silicas with large cage-like pores (diameter about 10 nm) were synthesized under acidic
conditions from tetraethyl orthosilicate in the presence of a poly(ethylene oxide)-poly(butylene oxide)-poly-
(ethylene oxide) triblock copolymer template B50-6600 (EO39BO47EO39). High-resolution transmission
electron microscopy and small-angle X-ray scattering provided strong evidence that FDU-1 silica synthesized
under typical conditions is a face-centered cubic Fm3m structure with 3-dimensional hexagonal intergrowth
and is not a body-centered cubic Im3m structure, as originally reported. Samples synthesized in a wide
range of conditions (initial temperatures from 298 to 353 K; hydrothermal treatment at 333-393 K) exhibited
similar XRD patterns and their nitrogen adsorption isotherms indicated a good-quality cage-like pore
structure. The examination of low-pressure nitrogen adsorption isotherms for FDU-1 samples, whose pore
entrance diameters were evaluated using an independent method, allowed us to conclude that low-pressure
adsorption was appreciably stronger for samples with smaller pore entrance sizes. This prompted us to
examine low-pressure adsorption isotherms for a wide range of samples and led us to a conclusion that
the FDU-1 pore entrance size can be systematically enlarged from about 1.3 nm (perhaps even lower) to
at least 2.4 nm without an appreciable loss of uniformity by increasing the temperature of the hydrothermal
treatment or the initial synthesis. Further enlargement of pore entrance size was achieved for sufficiently
long hydrothermal treatment times at temperatures of 373 K or higher, as seen from the shape of nitrogen
desorption isotherms. This allowed us to obtain samples with uniform pore sizes, high adsorption capacity,
and with pore entrances enlarged so much that their size was similar to the size of the pore itself, resulting
in a highly open porous structure. However, in the latter case, there was evidence that the pore entrance
size distribution was quite broad.

1. Introduction

The discovery of supramolecular-templated ordered meso-
porous silicas (OMSs)1-4 was a milestone in the synthesis of

porous materials, providing an extension of ordered microporous
structures of zeolites and zeotypes into the mesopore range (pore
size 2-50 nm). Initially discovered OMSs, such as MCM-41,1,2,5

MCM-48,1,2,6 and FSM-16,4 as well as many other important
OMS,7-12 such as SBA-3,7 HMS,8 KIT-1,9 MSU-x,11 and SBA-
1512 exhibit channel-like pore structures. These include a
2-dimensional (2-D) hexagonal (honeycomb) array of nonin-
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tersecting pores (e.g., the structure of MCM-41 and FSM-16)
and 3-D cubicIa3d structure with branched pore channels
characteristic of MCM-48. The later discovery of ordered silicas
with cage-like mesoporous structures (OSCMSs)7,13 was a
further major achievement in the synthesis of porous materials,
extending the cage dimensions attainable for zeolites and
zeotypes into the mesopore range. The amorphous character of
pore walls of OSCMSs results in a lower degree of structural
perfection and makes the structures less well-defined when
compared to zeolites and zeotypes, but on the other hand, this
character imposes less restrictions on the structure, which is
expected to open wider opportunities in the tailoring of such
properties as the pore size and pore connectivity. There are
several well-documented and relatively well-defined structure
types of OSCMSs, which include cubicPm3n structure char-
acteristic of both SBA-17,14and SBA-6,14 cubicIm3mstructure
of SBA-16,12,14and cubicFm3m (cubic close-packed) structure
of organic-modified SBA-12.15 In addition, there is a range of
OSCMSs that are mixtures of cubic close-packed and hexagonal
close-packed (P63/mmc) structures with different contents of
the two phases, different sizes of domains of pure phases, and
so on.15-17 SBA-213 and SBA-1212 were found to belong to this
group of mixed-phase materials with close-packed structures,15-17

although they were initially identified as 3-D hexagonal (P63/
mmc) materials.12,13 The problems in SBA-2 and SBA-12
identification show that the structural assignment of a given
OSCMS to a particular structural type is often difficult. This is
because of the structural complexity of these materials, which
in addition to sometimes limited size of their ordered domains
and degree of structural perfection, causes that a substantial
amount of information, such as transmission electron microscopy
(TEM) images and electron diffraction (ED) patterns, X-ray
diffraction (XRD) or small-angle X-ray scattering (SAXS)
patterns, is required to complete the assignment. Other OSCMS
structures were also reported,12,18-21 some of which were poorly
defined or weakly ordered, but they do not appear to be fully
understood, and will require further studies.

There has been a long-standing interest in the synthesis of
OSCMSs in the form of thin films,22-25 fibers26 and hierarchi-
cally ordered patterns,27 because the 3-D pore structure of

OSCMSs is expected to ensure the accessibility of the pores
from the surface of the film, fiber, or pattern, which is often
difficult to achieve in unidirectional pore systems. This ben-
eficial property of OSCMS films has been taken advantage of
in the development of a gas sensing system.28 OSCMSs have
recently attracted much interest as prospective catalysts, because
their 3-D pore structures are expected to be less prone to
blockage than channel-like structures. Therefore, the possibility
of incorporation of catalytically active heteroatoms in silica
frameworks of OSCMSs has been actively pursued.29-36 The
introduction of organic groups of catalytic or selective adsorption
properties on the surfaces of OSCMSs is another new area of
research.37-39 Structures with cage-like pores are attractive as
media for adsorption or immobilization of biomolecules,40,41

such as enzymes. OSCMSs are also highly promising templates
for the synthesis of quantum dots42 and 3-D inverse replicas,
including ordered mesoporous carbons,43-45 and can be used
to direct the growth of carbon nanotubes.46

Much work has recently been devoted to the development of
methods to synthesize OSCMSs with tailored unit-cell dimen-
sions, pore sizes, and pore connectivity.31,47-58 In particular,
the syntheses that use oligomer and block copolymer tem-
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plates,48-62 which are viable for a commercial production of
OSCMSs, especially when cheap silica sources are used,48,54

attracted a lot of interest. Block copolymer templates open an
avenue for the synthesis of large-pore OSCMSs.12,25,26,52,54,56,58

Oligomer and block copolymer templates are known from their
ability to direct the formation of pores of appreciably different
sizes depending on the temperature12,50,54,63,64and promising
evidence for the temperature control of the pore entrance size
was recently provided for copolymer templates.55 Moreover,
some copolymer-templated OSCMSs were found to lose the
cage-like character of some of their pores during hydrothermal
treatments,54,57 especially at longer treatment times, leading to
the development of more open pore structure, which was found
to be beneficial from the point of view of the use of OSCMSs
as templates and adsorption media.45 The development of a more
open structure may be similar to that reported recently for a
polymeric-templated SBA-15 silica with 2-D hexagonally
ordered structure of large mesopores connected via pores in the
silica walls. These connecting pores were found to be markedly
enlarged under high-temperature hydrothermal treatment condi-
tions.65

Herein, results of the structure determination and an extensive
exploration of the opportunities in the pore structure tailoring
for a prominent member of OSCMS family are reported. The
study was devoted to FDU-1 silica,52,54,55,61,62which is a highly
ordered, large-pore OSCMS synthesized from TEOS in the
presence of poly(ethylene oxide)-poly(butylene oxide)-poly-
(ethylene oxide) template. FDU-1 was reported to exhibit a large
adsorption capacity,52,54,62 a remarkable hydrothermal stabil-
ity,52,61 a uniform, narrowly defined pore entrance size,55 and
can be synthesized using a cost-efficient silica source.54 The
current work shows that FDU-1 is not a cubicIm3m structure,
as reported earlier,52,61 but a cubicFm3m structure with 3-D
hexagonal intergrowth, similar to SBA-1215 and SBA-2.16,17 It
is demonstrated that the temperature and time control during
the synthesis allows one to gradually change cage-like pores of
FDU-1 to a highly open and accessible porous system with
narrow pore size distribution. Evidence for the feasibility of
tailoring the FDU-1 pore entrance size between 1.3 and at least
2.4 nm is also presented.

2. Experimental Section

Materials. The synthesis of FDU-1 silicas was carried out using
the same synthesis gel composition as reported by Yu et al.:52 1 TEOS:
0.00735 B50-6600:6 HCl: 155 H2O, where TEOS stands for tetraethyl
orthosilicate and B50-6600 is a poly(ethylene oxide)-poly(butylene
oxide)-poly(ethylene oxide) triblock copolymer (EO39BO47EO39) from
Dow Chemicals. A typical synthesis procedure was as follows.54 2 g

of B50-6600 copolymer was dissolved in 120 g of 2 M HCl and stirred
at room temperature until a homogeneous mixture was obtained.
Subsequently, 8.32 g (8.92 mL) of TEOS was added and the resulting
mixture was stirred vigorously in an open beaker for 1 day at room
temperature. The precipitation was usually observed 30-40 min after
the addition of TEOS. In several syntheses, the first step of the synthesis
was carried out at a higher temperature (313-363 K), which in some
cases required the mitigation of the loss of water, for instance by
attaching a condenser to a flask in which the mixture was stirred. If
needed, the mixture obtained after the first step of the synthesis was
subjected to an additional hydrothermal treatment by transferring it to
a Teflon-lined autoclave and heating at temperature in the range from
333 to 413 K for a period of time in the range from 3 h to 24days
without stirring. Finally, the precipitate was filtered out, washed with
water, dried at 298 K, and calcined under nitrogen, which was then
switched to air, at 813 K. Samples synthesized in a one-step procedure
are denoted Tx, wherex is the synthesis temperature in degrees Kelvin,
whereas samples synthesized in a two-step procedure are denoted TxHy-
t, wherex is the temperature of the first step,y is the temperature of
the second step,t is the time of the second-step treatment in hours
(“h”) or days (“d”). When different samples synthesized under the same
conditions are referred to, the number of the sample is appended to
the end of the sample symbol. For instance, T298H373-6h2 denotes
the second sample among samples synthesized at 298 K and hydro-
thermally treated at 373 K for 6 h.

Measurements.For TEM observations, the samples were studied
using a JEM-3010 (Cs) 0.6 mm, resolution 0.17 nm) at 300 kV. High-
resolution transmission electron microscopy (HRTEM) images and
electron diffraction (ED) patterns were recorded with film (MEM) and
a slow scan CCD (Gatan 794, 1k× 1k, pixel size 25× 25 microns)
using low-dose conditions. Films were scanned by AGFA Select Scan
Plus. Small-angle powder X-ray scattering (SAXS) profiles were
recorded on a homemade camera with imaging plate at transmission
mode under vacuum. X-ray radiation was generated by Rigaku Rotating
Anode (Cu KR, 50 kV, 290 mA) with Graphite monochromator and
the exposure time was 1 h.66 Powder X-ray diffraction (XRD) patterns
were recorded on a Rigaku Rotaflex diffractometer equipped with a
rotating anode and Cu KR radiation. Nitrogen adsorption measurements
were carried out on a Micromeritics ASAP 2010 volumetric adsorption
analyzer. Before the adsorption measurements, samples were outgassed
at 473 K in the port of the adsorption analyzer.

Calculations.The BET specific surface area67 was calculated from
adsorption data in the relative pressure range from 0.04 to 0.2. The
total pore volume67 was estimated from the amount adsorbed at a
relative pressure of 0.99. The micropore volume and the mesopore
surface area were evaluated from a linear segment of theRs plot67,68

below the onset of the capillary condensation.54 The external surface
area and the sum of the micropore volume and the primary pore volume
were evaluated from a linear segment of theRs plot following the
completion of the capillary condensation step.54 The micropore volume
estimated in the above way includes the contribution from the volume
of the pores that connect the ordered cage-like mesopores, but this
contribution is likely to be relatively small. The pore size distribution
(PSD) was calculated by employing an algorithm based on the concept
of Barrett, Joyner, and Halenda (BJH)69 using a relation between the
pore size and capillary condensation pressure for cylindrical pores
derived on the basis of studies of the MCM-41 silicas with cylindrical
pores.70 The pore size is defined as a position of the maximum on PSD.
Because of the fact that the geometry of primary mesopores of FDU-1

(57) Fan, J.; Yu, C.; Wang, L.; Sakamoto, Y.; Terasaki, O.; Tu, B.; Zhao, D. In
Abstracts of 3rd International Mesostructured Materials Symposium, July
8-11, 2002, PA-22, p 72.

(58) Tattershall, C. E.; Aslam, S. J.; Budd, P. M.J. Mater. Chem.2002, 12,
2286-2291.

(59) Kipkemboi, P.; Fogden, A.; Alfredsson, V.; Flodstrom, K.Langmuir2001,
17, 5398-5402.

(60) El-Safty, S. A.; Evans, J. J. Mater. Chem.2002, 12, 117-123.
(61) Yu, C.; Yu, Y.; Miao, L.; Zhao, D.Micropor. Mesopor. Mater.2001, 44-

45, 65-72.
(62) Tian, B.; Liu, X.; Yu, C.; Gao, F.; Luo, Q.; Xie, S.; Tu, B.; Zhao, D.Chem.

Commun.2002, 1186-1187.
(63) Prouzet, E.; Pinnavaia, T. J.Angew. Chem., Int. Ed. Engl.1997, 36, 516-

518.
(64) Kruk, M.; Jaroniec, M.; Ko, C. H.; Ryoo, R.Chem. Mater.2000, 12, 1961-

1968.
(65) Fan, J.; Yu, C.; Wang, L.; Tu, B.; Zhao, D.; Sakamoto, Y.; Terasaki, O.J.

Am. Chem. Soc.2001, 123, 12 113-12 114.

(66) Kamiyama, T.; Kimura, H. M.; Sasamori, K.; Inoue, A.Scr. Metall.2001,
1297-1301.

(67) Sing, K. S. W.; Everett, D. H.; Haul, R. A. W.; Moscou, L.; Pierotti, R.
A.; Rouquerol, J.; Siemieniewska, T.Pure Appl. Chem.1985, 57, 603-
619.

(68) Jaroniec, M.; Kruk, M.; Olivier, J. P.Langmuir1999, 15, 5410-5413.
(69) Barrett, E. P.; Joyner, L. G.; Halenda, P. P.J. Am. Chem. Soc.1951, 73,

373-380.
(70) Kruk, M.; Jaroniec, M.; Sayari, A.Langmuir1997, 13, 6267-6273.

Mesoporous Silica with Large Cage-Like Pores A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 125, NO. 3, 2003 823



can be approximated by a sphere rather than a cylinder, this method is
likely to lead to a systematic underestimation of the diameter of cage-
like pores by about 2 nm, as discussed in more detail later. The primary
mesopore cage diameter,wd, of FDU-1 was also evaluated using the
following equation for a cubic structure with spherical cavities71

where a is the unit-cell parameter,ν is the number of cavities in the
unit cell (ν ) 4 for face-centered cubic structure),Vp is the primary
mesopore volume, andVmi is the volume of the pores in the walls of
the primary mesopores.

3. Results and Discussion

TEM. A calcined sample T298H373-6h2 synthesized at
room temperature and subjected to the hydrothermal treatment
at 373 K (typical FDU-1 synthesis), and a calcined sample T303
synthesized at room temperature were extensively studied using
HRTEM to determine the ordered structure type for the FDU-1
silicas. These two samples were shown earlier to exhibit a
uniform pore entrance diameter, which was in the mesopore
range (above 2 nm) for T298H373-6h2, and in the micropore
range (below 2 nm) for T303.55 The results for T298H373-
6h2 are briefly described below, whereas the results for T303
are provided as Supporting Information. T298H373-6h2 be-
longs to the crystal system of either cubic or tetragonal
symmetry, because its electron diffraction (ED) pattern (Figure
1A) showed a 4-fold axis of symmetry. 3-fold symmetry was
also confirmed from Fourier transform of HRTEM image. If
both of these symmetry elements correspond to the same
structure, the structure is cubic. Both ED and SAXS (see below)
patterns can be indexed on a cubic lattice of face-centered cubic

type (F-type) and the results are given in Supplementary Tables
1S and 2S. The unit-cell parameters determined from ED
patterns and SAXS pattern were 23.6 and 21.6 nm, respectively.
Taking into account errors related to the camera length, which
is not precise, the difference between unit cell parameters
obtained from SAXS and ED is acceptable. Some ED patterns
for T298H373-6h2 clearly showed strong diffuse streaks (see
inset in Figure 2). The diffuse streaks are likely to arise from
the presence of an intergrowth of hexagonal close packed (hcp)
and cubic close packed (ccp) phases.15 This identification was
confirmed by examining the corresponding HR TEM image
(Figure 2), which revealed narrow bands of cubic F-type
structures that are in twin relation with each other, similar to
those observed in SBA-12 silica15 and discussed elsewhere.15,72,73

It should be noted that SBA-12 exhibited a poorly resolved XRD
pattern with a single well-pronounced peak,15 whereas FDU-1
exhibited SAXS and XRD patterns with multiple peaks (see
below). ED patterns shown in Figure 1, parts A, B, and C, were
identified, respectively, as ED patterns of [100], [211], and [01-
1] incidence of a cubic phase, with a lattice constant (unit-cell
parameter) of 23.6 nm. ED pattern shown in Figure 1D cannot
be indexed as an ED pattern for a cubic phase. If Figure 1D is
regarded as an ED pattern for [001] incidence of a hexagonal
phase, the resulting lattice constant,ah, for such a hexagonal
phase is 16.7 nm, which is consistent with the relationship in
the intergrowth of hcp and ccp structures:ac ) 1.414ah.15 This
provides a strong evidence for the presence of an intergrowth
of hcp and ccp structures in the FDU-1 T298H373-6h2 sample.
Figure 1A is an ED pattern of [100] incidence of a cubic phase
and the corresponding HRTEM image is shown in Supporting
Figure 1AS. Figure 1B is an ED pattern of [211] incidence of
a cubic phase and the corresponding HREM image is shown in
Supporting Figure 1BS. Figure 1C is an ED pattern of [01-1]
incidence of a cubic phase and the corresponding HREM image
is shown in Supporting Figure 1CS. Figure 1D is an ED pattern

(71) Ravikovitch, P. I.; Neimark, A. V.Langmuir2002, 18, 1550-1560.

(72) Terasaki, O.; Ohsuna, T.; Alfredsson, V.; Bovin, J.-O.; Watanabe, D.; Carr,
S. W.; Anderson, M. W.Chem. Mater.1993, 5, 452-458.

(73) Ohsuna, T.; Terasaki, O.; Alfredsson, V.; Bovin, J.-O.; Watanabe, D.; Carr,
S. W.; Anderson, M. W.Proc. R. Soc. London A1996, 452, 715-740.

Figure 1. Electron diffraction patterns of FDU-1 (sample T298H373-
6h2).

wd ) a( 6
πν
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Figure 2. Transmission electron microscopy image of FDU-1 (sample
T298H373-6h2).
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of [001] incidence of the 3-D hexagonal phase and the
corresponding HREM image is shown in Supporting Figure
1DS. Reflections that can be indexed as 111, 200, 220, 311,
222, 420, 333, 422, and 440 are observed in ED patterns.
Observed conditions:{hkl: h+k, k+l, l+h even}, {0kl: k, l
even}, {hhl: h+l even}, {00l: l even} suggest thatF43m, F432,
Fm3, F23 andFm3mare possible space groups.Fm3m is chosen
as the highest space group for T298H373-6h2. The FDU-1
structure determined above is similar to that of organic-modified
SBA-12 silica15 and consequently, it is expected that each
mesopore in FDU-1 structure (except for the pores adjacent to
the surface of FDU-1 particles) is connected with its twelve
nearest-neighbor mesopores, as in the structure of organic-
modified SBA-12.15 TEM images and ED patterns recorded for
T303 sample synthesized without a hydrothermal treatment were
generally similar to those for the T298H373-6h2 sample, and
it was clear that this sample was also a face-centered cubic
material, which appeared to contain 3-D hexagonal intergrowth
(see Supporting Information).

SAXS. SAXS patterns for calcined T303 and T298H373-
6h2 samples are shown in Figure 3, whereas the peak positions,
peak assignment and the corresponding lattice parameters are
provided in Supplementary Tables 2S and 4S. The SAXS pattern
for the T303 FDU-1 sample featured at least eight reflections
that can be indexed as 111, 220, 311, 400, 420, (333, 511),
(600, 442), and (622, 533) reflections of a face-centered cubic
phase. The SAXS pattern recorded for the T298H373-6h2
FDU-1 silica was very similar to that for T303, but in the former
case, the reflections were shifted to lower angles, which indicate
larger unit-cell dimensions, and were somewhat less resolved.
Nonetheless, reflections that can be indexed as 111, 220, 311,
420 and (600, 442) peaks, were clearly seen. The SAXS patterns
for these two samples were quite similar to powder XRD
patterns reported earlier for the FAU zeolite structure of face-
centered cubic symmetry.73 The estimation of the unit-cell size
on the basis of positions of particular reflections was quite
consistent (see Supporting Tables 2S and 4S, and Supporting
Figure 4S), especially when one takes into account the presence
of stacking faults and 3-D hexagonal intergrowth, as revealed
by HR TEM and ED studies. It should be noted that in the case
of the Fm3m cubic structure, which was determined for
T298H373-6h2 sample on the basis of its TEM images and
ED patterns, the occurrence of (200) reflection is expected.

However, the (200) reflection would be located close to the
most prominent (111) reflection and might not be strong enough
to emerge as a separate peak, especially as the intensity of the
background appears to be high for lowq values.

XRD. Powder XRD patterns for calcined FDU-1 samples
prepared in a wide range of conditions were generally very
similar to one another (see Supporting Figure 5S) and to the
SAXS patterns, the latter being better resolved (see Figure 3).
In the case of some samples with larger unit-cell dimensions,
main (111) peaks appeared to be located at angles below the
lower angular limit of the powder X-ray diffractometer used,
and thus were not recorded. Nonetheless, the XRD patterns
shown in Supporting Figure 5S clearly indicate that very
similarly structured materials formed in a wide range of
conditions, including the initial synthesis temperature from room
temperature to 363 K, and the second-step synthesis tempera-
tures in the range from 333 to 413 K. The above findings
corroborate earlier findings that FDU-1 forms in the temperature
range from 273 to 333 K,52 but extend the upper limit of this
range to about 363 K. On the basis of the XRD and SAXS
data, the unit-cell parameter for the calcined FDU-1 samples
tended to increase as the synthesis temperature was increased.
A similar trend was reported earlier for the SBA-16 silica with
cage-like mesopores.50

Nitrogen Adsorption. Samples Prepared in One-Step
Synthesis.Nitrogen adsorption isotherms for silica samples
synthesized at different temperatures in a one-step procedure
are shown in Figure 4. With an exception for T363, the
isotherms were characteristic of materials with large, uniform,
cage-like mesopores,25,26,53,54that is, mesopores with entrances
much narrower than the pore interiors,54,55,71,74,75because the
capillary evaporation (at a relative pressure of 0.45-0.5) was
significantly delayed with respect to the capillary condensation.
This gave rise to a broad hysteresis loop.67,71,75 If the pore
structure is more open, for instance channel-like (with no
constrictions), then hysteresis loops are also observed above
the lower pressure limit of adsorption-desorption hysteresis

(74) Mason, G.J. Colloid Interface Sci.1992, 88, 36-46.
(75) Kruk, M.; Jaroniec, M.Chem. Mater.2001, 13, 3169-3183.

Figure 3. Small-angle X-ray scattering patterns for FDU-1 silica samples
T303 and T298H373-6h2.

Figure 4. Nitrogen adsorption isotherms for FDU-1 samples synthesized
at different temperatures. Data for T298, T313, and T333 are taken from
ref 44. Data for T303 are taken from ref 55. The isotherms for T303, T313,
T333, T353, and T363 samples were offset vertically by 100, 200, 300,
400, and 500 cm3 STP g-1, respectively.
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(relative pressure of 0.4-0.5 for nitrogen at 77 K), but are
usually narrow.67,70 The prominent delay in the capillary
evaporation observed for cage-like pores is related to the lack
of direct access of the adsorbate (gas) condensed in the pore
interiors to the surrounding gas phase, because of the presence
of the adsorbate condensed in the narrower connecting
pores.71,74-77 It is known that the capillary evaporation from
the interior of a cage-like pore takes place either at pressure at
which the capillary evaporation from any of the connecting pores
takes place, or at the lower limit of adsorption-desorption
hysteresis, whichever of these pressure values is higher.54,75This
leads to the occurrence of broad hysteresis loops for cage-like
pores that are large enough to exhibit capillary condensation at
pressures significantly higher than the lower limit of adsorption-
desorption hysteresis and are connected with the surrounding
with constrictions that exhibit capillary evaporation below this
limit.

The behavior observed for the T298-T353 samples corre-
sponds to the above description, which provides evidence that
the pores are cage-like and the pore entrance size is relatively
small. On the basis of earlier studies of adsorption and
desorption from cylindrical pores,70,78 one can conclude that
when the nitrogen capillary evaporation at 77 K from a cage-
like pore is delayed to the lower pressure limit of hysteresis,
the pore entrance diameter has to be below about 5 nm. This is
because the connecting pores of size above 5 nm would exhibit
capillary evaporation above this pressure limit, with concomitant
capillary evaporation from the interiors of the cage-like pores.
T363 sample exhibited adsorption properties different from those
of the T298-T353 samples, because the capillary evaporation
for the former sample began at relative pressures much higher
than the lower limit of adsorption-desorption hysteresis (see
Figure 4). On the basis of the discussion presented above, this
earlier onset of the capillary evaporation can be attributed to
the existence of percolation pathways77 consistent of pore
entrances of sizes larger than about 5 nm, which would provide
a direct access of the adsorbate condensed in the interiors of
cage-like pores to the surrounding gas phase. This would lead
to the capillary evaporation from mesopores above the lower
pressure limit of hysteresis. The broadness of the relative
pressure range at which the capillary evaporation took place
for T363 (from about 0.75 to 0.45) suggests a broad distribution
of pore entrance sizes. Capillary evaporation from some

mesopores of the T363 sample took place at the lower limit of
hysteresis (0.45-0.5), which provides evidence that this sample
also exhibits an appreciable fraction of pore entrances of size
below 5 nm. The broad distribution of the pore entrance sizes
was not expected from the XRD pattern for T363 (Supporting
Figure 5DS), which was similar to the XRD patterns for the
T298-T353 samples synthesized at lower temperature (see
Supporting Figure 5AS). It can be concluded that the one-step
synthesis allows one to obtain ordered silicas with cage-like
pores when the synthesis temperature is not higher than 353 K,
whereas a more open porous structure is formed at 363 K. It
should be noted that argon adsorption studies,79,80 which will
be reported elsewhere,81 indicated that the T353 sample
exhibited a small fraction of pore entrances of diameter above
about 4 nm, whereas the samples synthesized at lower temper-
atures (298-333 K) did not exhibit pore entrances of size above
4 nm.

As can be seen in Table 1, an increase in temperature in the
one-step synthesis generally resulted in an increase in the BET
specific surface area, pore cage diameter (see PSDs in Sup-
porting Figure 6S), and total pore volume. This is in contrast
to the behavior recently reported for SBA-16,56 for which a
decrease in the total pore volume and relatively constant
mesopore cage diameter was observed as the temperature of
the one-step synthesis increased. All samples from the one-step
synthesis were microporous to a significant extent, as inferred
from theRs plot analysis (see an illustrativeRs plot for T303 in
Supporting Figure 7S). The micropore surface area and mi-
cropore volume constituted a significant fraction of the total
pore volume and specific surface area. For samples synthesized
at lower temperatures, the micropore volume was only slightly
lower than the primary mesopore volume.54 As was discussed
elsewhere, the occurrence of microporosity of FDU-154 and other
copolymer-templated silicas64,82 is a result of the occlusion of
the poly(ethylene oxide) chains (EOn) of the copolymer template
in the walls of the as-synthesized ordered silica. The micropores
in the template-free silicas can be identified as voids in the silica
framework where the EOn chains of the template were lo-
cated.64,82 Obviously, the size and volume of these voids may
change upon the template removal, and some may even become
inaccessible. For some FDU-1 samples, the pores that connect
the large cage-like mesopores may also be in the micropore

(76) Ball, P. C.; Evans, R.Langmuir1989, 5, 714-723.
(77) Liu, H.; Zhang, L.; Seaton, N. A.J. Colloid Interface Sci.1993, 156, 285-

293.
(78) Kruk, M.; Jaroniec, M.; Sakamoto, Y.; Terasaki, O.; Ryoo, R.; Ko, C. H.

J. Phys. Chem. B2000, 104, 292-301.

(79) Jaroniec, M. InAbstracts of 3rd International Mesostructured Materials
Symposium, July 8-11, 2002, KL-14, p 36.

(80) Jaroniec, M.; Kruk, M. InAbstracts of 3rd International Mesostructured
Materials Symposium, July 8-11, 2002, PB-12, p 130.

(81) Kruk, M.; Jaroniec, M.Chem. Mater., submitted.
(82) Ryoo, R.; Ko, C. H.; Kruk, M.; Antochshuk, V.; Jaroniec, M.J. Phys.

Chem. B2000, 104, 11 465-11 471.

Table 1. Structural Properties of the Samples Synthesized in a One-Step Procedurea

sample
SBET

(m2 g-1)
Vt

(cm3 g-1)
w

(nm)
Vp

(cm3 g-1)
Sex

(m2 g-1)
Vmi

(cm3 g-1)
Sp

(m2 g-1)

T298b 640 0.49 8.7d 0.27 20 0.20 190
T303c 650 0.49 9.0d(10.6)e 0.26 10 0.21 170
T313b 760 0.59 9.5d(11.2)f 0.31 20 0.24 220
T333b 570 0.49 9.3d(11.1)f 0.29 20 0.16 200
T353 800 0.71 10.5d(12.1)f 0.42 30 0.23 270
T363 940 0.92 11.6d 0.57 50 0.25 440

a SBET, BET specific surface area;Vt, total pore volume;w, primary mesopore diameter;Vp, primary mesopore volume;Sex, external surface area;Vmi,
micropore volume (including the volume of the connecting pores, if the latter are of diameter below about 4 nm);Sp, primary mesopore surface area.b The
data were reported in ref 54.c Pore entrance size of this sample was determined in ref 54.d Pore cage diameter was estimated using a method developed for
cylindrical rather than spherical pores.e Pore cage diameter calculated using eq 1 from the unit-cell parameter determined on the basis of SAXS data.f Pore
cage diameter calculated using eq 1 from the unit-cell parameter determined on the basis of XRD data.
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size range, as shown elsewhere55 and will be further discussed
below. Except for the T363 sample that was found to exhibit
highly nonuniform pore window size, the primary (ordered)
mesopore surface area constituted only about 25-35% of the
specific surface area for the FDU-1 samples from the one-step
synthesis, whereas the primary mesopore volume did not exceed
0.42 cm3 g-1.

Samples Prepared in a Two-Step Synthesis.A typical way
to increase the mesopore volume and the pore size of polymer-
templated silicas is to subject them to a hydrothermal treatment
at higher temperature.12,50,54,56,64The evolution of nitrogen
adsorption isotherms for samples synthesized at room temper-
ature and hydrothermally treated at 373 K can be seen in Figure
5, whereas the corresponding structural parameters are listed
in Table 2. The hydrothermal treatment for as short as 6 h
already led to an appreciable increase in the specific surface
area, pore volume, and pore cage diameter with the retention
of a cage-like nature of the mesopores, as seen from the shape
of the adsorption-desorption hysteresis loop.54 As reported
elsewhere, the discussed hydrothermal treatment conditions (373
K, 6 h) led to a marked enlargement of the pore entrance
diameter, which was found to be about 2.4 nm for the
T298H373-6h2 sample, and was almost twice as large as that
of the T303 sample synthesized at room temperature (about 1.3
nm).55 For both T303 and T298H373-6h2, there was evidence
that the pore entrance size was relatively uniform.55 As the time
of the hydrothermal treatment at 373 K was increased, the same
shape of the adsorption isotherm was observed for the first 12
to 24 h (see Figure 5), whereas for longer times, the onset of
capillary evaporation shifted from the lower limit of hysteresis
to higher pressures. This indicates the development of a more
open pore structure. The shape of the isotherm for a sample
obtained after 4 d of thetreatment still suggested the retention
of an appreciable fraction of cage-like pores, although there was
clear evidence for the formation of pore entrances of diameter
5 nm or larger. We have already reported similar, although less
extensive, changes in adsorption isotherms for the FDU-1
samples synthesized using sodium silicate or TEOS as a silica
source and hydrothermally treated for periods of 1 day or less.54

Longer treatment times (12 and 24 d) resulted in an almost
complete loss of a cage-like character of the porosity. For these
samples, upper parts of the hysteresis loops were as narrow as
those for channel-like pores or other open pore systems, but
there was also some broadening and tailing of the hysteresis
loops, which indicates the presence of some constrictions in
the porous structure. In principle, in the case of the FDU-1 silica,
the open pore structure may develop as a result of (i) the
enlargement of the pore entrance size with retention of the

original pore structure, (ii) the fusion of adjacent pore entrances,
(iii) the development of large holes in the pore walls, and (iv)
the transformation to a different structure. As far as the
enlargement of the pore entrance size with retention of the
original structure is concerned, some limitations on the maxi-
mum pore entrance size are expected because of the pore
structure geometry. In particular, if each pore in the close-packed
structure of FDU-1 is connected to all of its twelve neighbors
and the diameters of all these connections are the same, the
diameter of each pore entrance should not exceed the radius of
the cage-like pore, otherwise the connections would coalesce.
The pore radius for the FDU-1 samples studied herein was about
5-7 nm (see Tables 1, 2 and Supporting Table 5S), so the
structures as open as those for samples hydrothermally treated
for 4-24 days at 373 K are not likely to develop merely through
the enlargement of the existing pore entrances. Therefore, the
coalescence of adjacent pore entrances and the development of
large holes in pore walls, as reported for SBA-15 heated at 403
K,65 are both likely to contribute to the development of a more
open pore structure for longer hydrothermal treatment times.
As far as the possibility of phase transformation is concerned,
the examination of the XRD patterns (Supporting Figure 5CS
and 5DS) suggests the lack of any prominent phase transforma-
tion, although it appears that additional single peaks developed
for some samples between the 111 and 220 reflections of the
cubic F-type structure. This additional reflection may possibly
be identified as the (102) reflection of the 3-D hexagonal

Table 2. Structural Properties of the Samples Synthesized in a Two-Step Procedure with the First Step at Room Temperaturea

sample
SBET

(m2 g-1)
Vt

(cm3 g-1)
w

(nm)
Vp

(cm3 g-1)
Sex

(m2 g-1)
Vmi

(cm3 g-1)
Sp

(m2 g-1)

T298H373-6h1b 930 0.78 10.6d 0.46 30 0.27 300
T298H373-6h2c 820 0.68 10.6d(12.0)e 0.39 20 0.25 240
T298H373-12h 820 0.72 10.8d 0.44 20 0.25 260
T298H373-1d1b 880 0.90 11.4d 0.65 30 0.20 430
T298H373-1d2 770 0.73 11.3d 0.48 20 0.20 300
T298H373-4d 720 0.85 12.2d 0.71 30 0.12 440
T298H373-12d 610 0.90 13.4d 0.77 30 0.09 390
T298H373-24d 610 0.98 13.7d 0.85 40 0.07 420

a See Table 1.

Figure 5. Nitrogen adsorption isotherms for FDU-1 samples synthesized
at room temperature and hydrothermally treated for different periods of
time ranging from 6 h to 24days. Data for T298H373-6h1 are taken from
ref 54. The isotherms for T298H373-1d2,-4d,-12d, and-24d samples
were offset vertically by 150, 300, 450, and 600 cm3 STP g-1, respectively.
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intergrowth. These XRD data suggest us that the enlargement
of pore entrances in the FDU-1 structure is likely to involve no
phase transformation, despite the fact that phase transformations
involving OSCMSs are feasible.83 It should be noted that Zhao
et al. recently presented results that suggest the retention of the
pore structure symmetry, as seen from XRD and TEM, during
the development of open pore structure of the SBA-16 silica
(typically with cage-like pores) at temperatures of 373-413 K.57

Zhao et al. also used a hydrothermal treatment at 403 K to
enlarge the pore entrance size of FDU-1, to make it more
suitable as a template for the synthesis of an ordered mesoporous
carbon replica.45,57

As seen in Table 1, the hydrothermal treatment allowed us
to obtain the FDU-1 samples not only with a good reproduc-
ibility of the pore diameter, but also with reasonable reproduc-
ibility of other structural parameters, such as the pore volume
and specific surface area. Longer treatment times led to a
reduction of the specific surface area and micropore volume,
with a concomitant increase in the total pore volume, primary
mesopore volume, area and diameter (for the latter, see also
PSDs in Supporting Figure 8S).

The onset of the transition from a cage-like to a more open
porous structure depends on the temperature of the hydrothermal
treatment. Nitrogen adsorption isotherms for the FDU-1 samples
hydrothermally treated at 333 and 353 K provide evidence of
the lack of development of a more open porous structure even
after 48 and 24 h, respectively. On the other hand, the
development of pore entrances above 5 nm was already apparent
after 6 h of treatment at 393 K (see Supporting Figure 9S),
although there was no evidence for it after 3 h (see Figure 6).
The hydrothermal treatment at 413 K for 3 h was sufficient to
develop a more open pore structure (Figure 6), which appears
to be similar to that obtained after hydrothermal treatment at
393 K for 12 h and at 373 K for 4 d. A very open porous
structure was obtained after heating at 413 K for as short as 12
h (Supporting Figure 9S), whereas a similar porous structure

was found to develop after 12-24 days of heating at 373 K
(Figure 5). Interestingly, the materials with both cage-like pores
and open pore structures were found to exhibit relatively narrow
PSDs (see Supporting Figures 8S, 10S, and 11S), so the pore
entrance enlargement appeared to be accompanied by neither
the decrease of the pore diameter uniformity, nor the loss of
the pore structure symmetry. When compared with the samples
with uniform cage-like pores, the materials with more open
structures usually exhibited larger total pore volumes and
primary mesopore volumes, and lower specific surface areas
and micropore volumes (seeRs plot for the T298H373-24d
sample in Supporting Figure 7S).

As can be seen in Figure 6 and Supporting Table 5S, an
increase in temperature of the second-step hydrothermal treat-
ment from 333 to 393 K can be used to systematically increase
the adsorption capacity, primary mesopore volume (up to 0.46
cm3 g-1) and the pore diameter of the FDU-1 silica (see PSDs
in Supporting Figure 10S). The samples synthesized in the two-
step procedure exhibited appreciable microporosity (seeRs plot
for T298H373-6h2 in Supporting Figure 7S) and the primary
mesopore area constituted significantly less than half of the
specific surface area (see Table 2 and Supporting Table 5S).
The external surface area of all samples studied herein was low.
If one wants to obtain a material with large cage-like pores, the
treatment time needs to be controlled to avoid the loss of cage-
like character of the pore structure, which was discussed above.
On the other hand, if the development of a highly open, ordered
pore structure with narrow PSD is intended, extended treatment
times at higher temperatures should be used. It is also possible
to synthesize FDU-1 above room temperature and subject it to
a further hydrothermal treatment at higher temperatures (see
data in Supporting Table 5S). However, no apparent benefits
of this more complicated synthesis procedure were found, when
carefully compared to the results of the two-step synthesis with
initial step at room temperature.

It should be noted that the PSDs shown in Supporting Figures
8S, 9S, and 11S were calculated using a procedure for cylindrical
pores and thus underestimated the diameter of cage-like pores.54

This is clear when the pore cage diameters evaluated from PSDs
are compared with those calculated using eq 1 (see Tables 1, 2,
and Supporting Table 5S). It is concluded that the PSD
calculation method used herein, which was calibrated for
cylindrical pores, underestimates the diameter of large cage-
like pores by about 2 nm, as expected from earlier studies.54,71

Low-Pressure Adsorption on FDU-1 and the Pore En-
trance Size Estimation.An experimentally measured adsorption
branch of the isotherm for a given sample is a superposition of
contributions from adsorption in all kinds of accessible pores
present in the sample. Because of that, in principle it should be
possible to obtain information about the pore entrance size not
only from the desorption branch of the isotherm in the hysteresis
region, but also from the adsorption branch. However, it is not
easy to explore this opportunity in the case of FDU-1, as this
silica features different kinds of pores, including abundant
micropores in the pore walls, in addition to the ordered cage-
like mesopores and the connecting pores between the cages.
Moreover, the pores that connect the mesopore cages may
exhibit a shape appreciably different from cylindrical, and thus,
their narrowest part (referred to as the pore entrance) may have
a diameter appreciably different from the average diameter of

(83) Che, S.; Kamiya, S.; Terasaki, O.; Tatsumi, T.J. Am. Chem. Soc.2001,
123, 12 089-12 090.

Figure 6. Nitrogen adsorption isotherms for FDU-1 samples synthesized
at room temperature and hydrothermally treated at different temperatures
ranging from 333 to 413 K. Data for T298H373-6h2 are taken from ref
55. The isotherms for T298H353-12h,-373-6h2,-393-3h, and-413-
3h samples were offset vertically by 150, 300, 450, and 600 cm3 STP g-1,
respectively.
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the connecting pore. To examine if one can estimate the pore
entrance size from adsorption branches of isotherms, nitrogen
adsorption data at relative pressures below 0.4, which reflect
the micropore filling and capillary condensation in pores of
diameter up to about 4 nm,70,75 were carefully examined. This
arbitrarily chosen pressure range is expected to be suitable for
FDU-1 silicas, because earlier studies indicated the pore entrance
sizes of about 1.3 and 2.4 nm in two typical FDU-1 prepara-
tions,55 and in addition, the existence of pore entrance sizes
larger than 4 nm can be inferred from the shape of desorption
branches of argon and nitrogen isotherms. To facilitate the
comparison, the adsorption data are shown in Figure 7 and
Supporting Figure 12S in a logarithmic scale as reduced
adsorption curves, that is, as amounts adsorbed divided by the
amount adsorbed at a relative pressure of 0.4. The samples
synthesized at room temperature and then subjected to further
hydrothermal treatments at different temperatures, as well as
the samples synthesized in one step at different temperatures
were examined. It was found that the reduced adsorption was
the highest for the T298 and T303 samples synthesized at room
temperature (see Figure 7). As mentioned above, T303 was
reported to exhibit an average pore entrance size of about 1.3
nm. The reduced adsorption was systematically decreased as
the synthesis temperature was increased, and in particular, it
was much lower for the T298H373-6h2 sample that was
reported to exhibit an average pore entrance size of about 2.4
nm. The T333 sample was an exception (see Supporting Figure
12S), but it also exhibited exceptionally low pore diameter and
adsorption capacity (see Table 1), so it is likely not to be
representative and thus can be disregarded. T363 and T298H413-
3h samples that featured a fraction of pore openings above 5
nm clearly exhibited the lowest reduced adsorption. Interest-
ingly, several samples were found to exhibit reduced adsorption
intermediate between that of the T298/T303 samples and that
of the T298H373-6h2 sample. This strongly indicates that for
the T298H333-12h, T298H353-12h, and T313 samples that
exhibited these intermediate behaviors, the average pore entrance
size is between about 1.3 and 2.4 nm. Moreover, the average
pore entrance size for the T298H393-3h sample is likely to be
slightly above 2.4 nm, as this sample exhibited a reduced
adsorption lower than that of the T298H373-6h2 sample. It
should be noted that this purely empirical way of obtaining

information about pore entrance sizes on the basis of the
comparison of reduced adsorption for the FDU-1 samples with
those for the FDU-1 silicas of otherwise known pore entrance
sizes has its justification in the current knowledge of adsorption
behavior in micropores and mesopores. Namely, it is known
that the micropore filling or capillary condensation pressure
gradually increases as the pore diameter increases (for pores
that are wider than the dimensions of adsorbed molecules).84

Because of that, the micropore filling or capillary condensation
takes place at lower pressures in samples with smaller pore
entrance sizes, leading to an enhanced reduced adsorption at
lower pressures.

4. Conclusions

On the basis of extensive TEM and SAXS characterization,
FDU-1 silica was identified as a cubic face-centered structure
with intergrowths of 3-D hexagonal structure, thus being similar
to SBA-2 and SBA-12 silicas, whose structures were elucidated
earlier by using TEM. No evidence of the formation of theIm3m
structure, which was originally reported to be characteristic of
FDU-1, was found on the basis of TEM, SAXS, and XRD.
FDU-1 silicas with very similar XRD patterns form in a wide
range of temperatures, and after formation at a lower temper-
ature, they can be subjected to a hydrothermal treatment at a
higher temperature. The increase in temperature typically results
in an increase of the unit-cell size, pore diameter and pore
entrance size. However, the uniformity of the pore entrance size
deteriorates at excessively high temperatures in a one-step
procedure or during overly long hydrothermal treatments at
sufficiently high temperatures. The most convenient way to tailor
the pore size of FDU-1 with good-quality cage-like pore
structure is to synthesize this material at room temperature and
then subject it to a hydrothermal treatment at judiciously chosen
temperature for an appropriate period of time. Ordered materials
with uniform pore size and more open pore structures without
uniform pore entrance size can be obtained using a one-step
synthesis at above 353 K, or a two-step procedure with the
second step at or above 373 K.
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Figure 7. Low-pressure reduced adsorption curves (amounts adsorbed
divided by the amount adsorbed at a relative pressure of 0.4) for FDU-1
samples synthesized at room temperature and hydrothermally treated at
different temperatures ranging from 333 to 413 K.
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