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FDU-1 silicas with large (∼10 nm) cage-like mesopores were synthesized under acidic
conditions using a poly(ethylene oxide)-poly(butylene oxide)-poly(ethylene oxide) triblock
copolymer template. Structural changes caused by heating in water at 373 K for different
periods of time (from 3 hours to 32 days) and by calcination at 973-1273 K were investigated
in order to assess the hydrothermal and thermal stability of FDU-1. It was shown that FDU-1
exhibits a hydrothermal stability unprecedented among ordered mesoporous silicas (OMSs),
because it retains its uniform mesopores even after 32 days of heating in water at 373 K,
which is by one or two orders of magnitude longer than in the case of typical OMSs and at
least two times longer than in the reported cases of the most stable OMSs. This exceptional
hydrothermal stability of FDU-1 can be attributed to the combination of its extremely large
average wall thickness and the continuous 3-dimensional nature of its thick wall backbone.
The boiling water appears to gradually peel off the surface layers of silica, but even the
removal of a 1-nm-thick layer does not compromise the integrity of the FDU-1 framework.
The dissolution of silica appears to take place much faster in the region of the pore entrances,
because the latter undergo a significant enlargement as the hydrothermal treatment is
prolonged, and, consequently, samples treated for very long times exhibit relatively open
pore structures. The FDU-1 structure can be made even more hydrothermally stable when
an additional layer of silica is introduced on its surface or its framework is made more
consolidated by increasing the calcination temperature to 1173 K. Moreover, the introduction
of hydrophobic surface groups can enhance the hydrothermal stability so much that the
pore structure is almost unchanged after boiling in water for 4 days. It appears that the
presence of a compact layer of hydrophobic groups on the silica surface successfully prevents
its erosion in boiling water. FDU-1 exhibits a facile thermal stability. More than 70% of the
primary mesopore volume was retained after calcination at 1173 K of the FDU-1 sample
obtained in a relatively short (30-hour), two-step synthesis.

Introduction

Over the past decade, we have witnessed an explosive
growth of research on the synthesis of ordered meso-
porous materials (OMMs),1-20 initiated by the pioneer-

ing works of Kresge and co-workers,21,22 and Kuroda,
Inagaki, and co-workers23,24 on the synthesis of ordered
mesoporous silicas (OMSs). Because of their high spe-
cific surface areas, large mesopore volumes, tailorable
pore diameters, and structure symmetry, OMMs of
various framework compositions are very attractive
from the point of view of many applications in fields
such as catalysis, separations, adsorption, immobiliza-
tion of biomolecules, and manufacturing of electronic,
sensing, and optical devices.1-20 In many of these
applications, high hydrothermal and/or thermal stability
is required. Although OMSs, which currently constitute
the most prominent group of OMMs, often exhibit a
relatively good thermal stability,24-26 their hydrother-
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mal stability (in particular, at high temperature in the
presence of water vapor or in hot aqueous media) is
often unsatisfactory.27-32 Poor hydrothermal stability,
in addition to low acidity, hinders the application of
OMSs in the petrochemical processing of heavy feed-
stocks, where OMSs are highly promising because of
their relatively large pore size.19 Therefore, the assess-
ment of the hydrothermal and thermal stability of OMSs
aimed at the identification of the stable materials, and
the elucidation of the factors that govern the stability,
as well as the synthesis of more stable OMSs have
become major areas of research on OMMs.19,24-40

Although factors that determine the hydrothermal
stability of OMSs are still to be fully elucidated,41,42

several prominent ones have been identified. It is clear
that the hydrothermal stability in boiling water tends
to be higher for materials with larger pore wall thick-
ness34 and with more condensed frameworks.35,43 Be-
cause of the fact that the collapse of OMSs in the
presence of water involves the hydrolysis of siloxane
bridges (Si-O-Si),33 the higher extent of the framework
condensation implies that a larger number of siloxanes
have to be hydrolyzed to compromise the framework
integrity. The effect of the larger pore wall thickness is
likely to be quite analogous, because in the case of
thicker walls, the thicker layer of silica has to be
ruptured or dissolved (both of which involve the hy-
drolysis of siloxane bridges) to cause the structural
disintegration. The introduction of heteroatoms, such
as aluminum, on the surface or in the framework
of OMSs often resulted in enhanced hydrothermal
stability.36,37,39,42,44-47 The presence of zeolite-like sec-
ondary structural subunits in the OMS framework or
the coating of the OMS surface with zeolite species also
improved the hydrothermal stability.19,28-30,38,40,48-53

Another way to improve the stability is to introduce a

hydrophobic coating, for instance a monolayer of orga-
nosilane ligands, on the OMS surface.33,54-56 The sta-
bilization in the above cases can be explained as an
effect of either the introduction of the protective layer
on the OMS surface,33,38,40,47,54-56 which prevents the
erosion of the silica framework, or the improvement of
the inherent stability of the silicate framework through
the introduction of more stable structural units28-30 or
the doping of heteroatoms.42 Typically, OMSs lose their
ordered porous structures during heating in water at
373 K for several hours,31,57 although in some cases
the ordered porosity was retained for much
longer.30,34-38,42-46,48-52,58-68 The most stable currently
known OMSs contain heteroatoms (primarily alumi-
num) on their surface36,38-40,44,45 or in their frame-
work,30,37,48,49,52,53 for instance in the form of zeolite-like
secondary structural subunits,30,44,48,49,52,53 or exhibit
extremely thick pore walls.35,67 In particular, a 2-di-
mensional hexagonally ordered aluminosilicate with
zeolite-like structural subunits retained its periodic
structure after 12.5 days of boiling in water, as seen
from X-ray diffraction (XRD).30 FDU-1 silica with very
thick pore walls (as will be discussed hereafter) was
reported to exhibit several peaks in its XRD pattern
after 9 days of boiling.67 Unfortunately, XRD is not
the best method to study the structural stability of
OMSs42,56,69 because it was shown to indicate a signifi-
cant retention of the periodic structure even for samples
whose porous structures underwent a dramatic struc-
tural degradation. Nonetheless, the above XRD data
suggest very high hydrothermal stability for the materi-
als mentioned above. Gas adsorption, which is consid-
ered to be more reliable than XRD for the assessment
of the structural stability,42,56,69 showed that some
aluminosilicates retained accessible uniform meso-
porosity after a week of boiling in water and some
residual accessible mesopores after a month of boiling.45
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The factors governing the thermal stability of OMSs
are also not fully elucidated. Some OMSs were found
to be inherently very thermally stable under anhydrous
atmosphere,24,26,35,66,70-72 which in certain cases ap-
peared to be clearly related to their high degree of
framework cross-linking.26,35 These OMSs were found
to be stable at 1273 K for several hours under anhy-
drous atmosphere. Their stability above 1273 K was
sometimes reported,26,73 but it is not clear whether the
thermal treatments were comparably long in these
cases. The structural collapse of OMSs at very high
temperatures is not only temperature-dependent, but
also time-dependent (see data reported in ref 70) and
thus the actual stability of these apparently more stable
OMSs26,73 may be similar to that of the aforementioned
OMSs stable at 1273 K for several hours. Many reports
focused on the hydrothermal stability under steam
atmosphere.28-31,38-40,47,53,74 In these cases, the bench-
mark stability was a retention of the structure after
steaming at 1173 K for several hours, which, on the
basis of the literature data,71 is likely to be equivalent
to heating to at least 1273 under an atmosphere of dry
nitrogen or air. High thermal stability of OMSs can be
imparted by the increase in the pore wall thickness,72,74

the recrystallization,43 or the proper introduction of
aluminum heteroatoms.39,47

Although much work has been devoted to the assess-
ment and improvement of the thermal and hydrother-
mal stability of OMSs, most studies were focused on
materials with channel-like pores, either straight or
branched. Very little work67,75-77 was focused on an
important group of OMSs with cage-like pores.78-80

These OMSs have attracted a significant attention
because of their remarkable three-dimensional (3-D)
mesopore structures that are particularly suitable for
applications requiring the use of thin films and fibers
with accessible mesoporosity.81,82 More recently, wide
opportunities in the pore size and pore entrance size
control using commercially available block copolymer
templates were reported83-85 and molecular sieving
properties of some OMSs with cage-like pores were
documented.86 OMSs with cage-like pores and multidi-

rectional pore systems are suitable as catalyst supports,
molecular sieves, templates for advanced nanostruc-
tures,11,85 and hosts for biomolecules85 and nanoobjects,
such as quantum dots.87 We are aware of only two
reports that provide some insight into the thermal
stability of OMSs with cage-like pores at temperatures
up to 1123 K,75,76 and two reports on the hydrothermal
stability of these materials,67,77 including the aforemen-
tioned work on FDU-1.67 There were several reports on
the stability of silica mesocellular foams (MCFs) with
uniform cage-like mesopores,40,53,68 but MCFs are dis-
ordered or weakly ordered materials. It is clear that
there is a need for better assessment and appreciation
of thermal and hydrothermal stability of OMSs with
cage-like pores.

The present contribution provides an account of an
unprecedented hydrothermal stability of FDU-1, in
which uniform mesoporosity is retained even after 32
days of heating in water at 373 K (longer times were
not studied). The methods suitable to enhance the
hydrothermal stability are demonstrated, including the
surface modification and high-temperature calcination.
The explanation of the unprecedented hydrothermal
stability of FDU-1 was suggested. The thermal stability
of FDU-1 was also elucidated.

Experimental Section

Materials. FDU-1 silicas were synthesized under acidic
conditions using a poly(ethylene oxide)-poly(butylene oxide)-
poly(ethylene oxide) triblock copolymer template (EO39BO47-
EO39, B50-6600, Dow Chemical), as reported in detail else-
where.67,84 FDU-1 exhibits a cubic Fm3m structure (face-
centered cubic, cubic close-packed) (see the transmission
electron microscopy image in Figure 1) with stacking faults
related to the occurrence of hexagonal close-packed (3-D
hexagonal) intergrowth.84 In this close-packed structure, each
spherical pore is expected to be connected to its twelve nearest-
neighbor pores. Sample I was synthesized at room tempera-
ture. Samples IIa-e were synthesized initially at room tem-
perature (as in the case of sample I) and subsequently the
synthesis mixture was transferred to a Teflon-lined autoclave
and heated at 373 K for 6 h. Sample III was synthesized in a
similar way, but heated at 353 K for 8 days. The as-synthesized
FDU-1 samples (that is, the copolymer-silica composites) were
calcined under air for 5 h at 813 K (the heating rate was 1 K
min-1). Alternatively, the calcination temperature was set to
a higher value in the range from 973 to 1273 K (the heating
rate and the dwell time were the same as above). The samples
calcined at temperatures higher than 813 K are denoted X-Cy,
where X stands for the sample used (e.g., I, IIa-e or III) and
y indicates the calcination temperature in Kelvin degrees.
Surfaces of selected samples were modified through the
chemical bonding of trimethylsilyl (TMS) ligands. The modi-
fication was carried out using trimethylchlorosilane in pyridine
under reflux conditions, as described elsewhere.88 The modified
samples are denoted X-TMS. One of the TMS-modified samples
(IId-TMS) was calcined under air at 813 K to eliminate the
methyl groups from the TMS ligands. The resulting sample is
denoted IId-TMS-C. Selected samples (usually about 100 mg)
were dispersed in deionized water (40 mL) and heated in a
Teflon-lined autoclave at 373 K for different periods of time
ranging from 3 hours to 32 days. Herein, this procedure will
be referred to as “boiling”. After the boiling, the samples were
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filtered and dried in an oven at 353 K. The resulting samples
are denoted X-Bt, where X stands for the symbol of the sample
used for the boiling and t denotes the boiling time in hours
(h) and days (d). For instance, IId-TMS-C-B4d denotes the
sample IId (calcined at 813 K), which was modified with TMS,
calcined at 813 K, and finally heated in water for 4 days at
373 K.

Measurements. Nitrogen and argon adsorption measure-
ments were carried out at 77 K using a Micromeritics ASAP
2010 volumetric adsorption analyzer. Before the measure-
ments, the samples were outgassed for at least 2 h at 473 K.
In the case of argon adsorption measurements, the saturation
vapor pressure corresponding to gas-solid equilibrium (mea-
sured during the adsorption run) was used to evaluate the
relative pressure.89

Calculations. Structural information about the samples
under study was determined from nitrogen adsorption data.
The BET specific surface area90 was evaluated from the
adsorption data in the relative pressure range from 0.04 to
0.2. The total pore volume90 was estimated from the amount
adsorbed at the relative pressure of 0.99. The micropore
volume (Vmi), primary mesopore volume (Vp), primary meso-
pore surface area, and external surface area were evaluated
using the Rs plot method, as described in detail elsewhere.91

The primary mesopores of FDU-1 are defined herein as the
ordered, cage-like mesopores. The pore size distributions
(PSDs) were evaluated using a method developed for cylindri-
cal pores.92 Because FDU-1 silicas exhibit spherical rather
than cylindrical pores, the pore diameters reported herein are
likely to be underestimated by about 2 nm, as can be inferred
from our earlier study.84 The pore diameter (wd) for one of the
FDU-1 silica samples synthesized using the standard proce-

dure (sample IIb) was also calculated using a geometrical
equation recently proposed by Ravikovitch and Neimark93 for
materials with face-centered cubic (fcc) structure:

where a is the unit-cell parameter (taken as 21.6 nm on the
basis of our small-angle X-ray scattering study84 of FDU-1
sample prepared under the same conditions as the sample IIb),
ν is the number of spherical pores per unit cell (ν ) 4 for the
fcc structure) and εme is the volume fraction of ordered
mesopores in the structure:

where F is the pore wall density (assumed to be 2.2 g cm-3,
which is typical for silicas with amorphous frameworks; values
of 2.2 and 2.0 g cm-3 were reported in the literature for OMSs
with cage-like pores80). The average pore wall thickness (b) in
the fcc structure is determined using the following equation:
93

The minimal wall thickness (bmin) is estimated as93

Results and Discussion

Thermal Stability. Figure 2 shows argon adsorption
isotherms for samples of an FDU-1 silica that was
synthesized in a two-step procedure involving heating
for 6 h at 373 K and which were calcined at different
temperatures from 813 to 1273 K. The capillary con-
densation (which is reflected by the step on the adsorp-
tion branch of the isotherm) took place at a quite high
relative pressure (above 0.8). Because of the fact that
the capillary condensation pressure is an increasing
function of the pore diameter, it is clear that the
mesopore diameters for these FDU-1 samples were
relatively large (on the order of 10 nm). The steepness
of the capillary condensation step is indicative of the
narrow size distribution of the ordered mesopores. All
of the isotherms featured broad adsorption-desorption
hysteresis loops that are characteristic of materials with
cage-like mesopores. The hysteresis loops closed at a
lower pressure limit of adsorption-desorption hyster-
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Figure 1. TEM image of FDU-1 structure ([100] incidence of
the cubic phase). The image area is ca. 400 nm by 300 nm.

Figure 2. Argon adsorption isotherms for FDU-1 sample IIa
calcined at temperatures 813-1273 K.
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esis, which is a pressure limit below which the adsorp-
tion-desorption process is reversible (in most cases;
there are some exceptions, but they are not relevant for
the present study), that is, the desorption branch follows
the adsorption branch of the isotherm.90,93-95 The lower
limit of hysteresis is characteristic of a given adsorbate
and temperature.90,94,95 In particular, it is located at
pressures 0.26-0.38 and 0.40-0.50 for argon and
nitrogen, respectively, at 77 K.94,95 It is known that
above the lower pressure limit of adsorption-desorption
hysteresis, the capillary evaporation in large cage-like
mesopores is delayed (often significantly) with respect
to capillary condensation.90 This is because the capillary
condensation from a given pore takes place at a pressure
governed by the diameter of the pore interiors, whereas
the capillary evaporation (which is reflected by the step
on the desorption branch of the isotherm) takes place
at a pressure that reflects the diameter of the entrances
to the pore.94,95 More specifically, the capillary evapora-
tion from a given pore connected to the surrounding
through narrower connecting pores is delayed to either
the relative pressure at which the capillary evaporation
occurs in at least one of the connecting pores, or the
lower pressure limit of hysteresis, whichever of these
two pressures is higher.95 Because the connecting pores
may in some cases be much narrower than the pore
interiors, the capillary evaporation from the connecting
pores may take place at much lower pressures than that
for the capillary condensation in the pore interiors. If
the latter capillary condensation takes place signifi-
cantly above the lower limit of hysteresis, wide hyster-
esis loops are observed, as in the case of the samples
considered herein. The occurrence of desorption at the
lower limit of adsorption-desorption hysteresis for
argon at 77 K indicates that the size of entrances to the
mesopores is below ∼4 nm. This limit was assessed in
our experimental study of desorption from model or-
dered mesoporous silicas95 and in the computational/
experimental studies of Ravikovitch and Neimark.94

As can be seen in Figure 2, the increase in the
calcination temperature from 813 to 1273 K resulted
in lowering of the adsorption capacity and in the shift
of the capillary condensation pressure toward smaller
relative pressures, which is indicative of lowering of the
mesopore diameter. This is a typical behavior of OMSs.88

The pore size changes can be seen more clearly on the
pore size distributions (PSDs) shown in Figure 3. The
pore diameter was reduced from 11.3 to 9.5 nm with a
concomitant slight reduction of the height of the PSD
peak, but there was no broadening of the PSD peak.
After the calcination at 1273 K, the specific surface area
was reduced to one-third, the total pore volume dropped
to less than half, and the micropore volume decreased
to one-fifth of their respective values after the calcina-
tion at 813 K (see Supporting Table 1S in the Support-
ing Information). On the other hand, about 60% of the
primary mesopore volume and primary mesopore sur-
face area was retained, showing that the ordered
mesopores of FDU-1 were preserved after heating at
very high temperatures (1173-1273 K). These results
on the thermal stability of FDU-1 are similar to the best
results for OMSs reported in the literature.66,70-72 The

thermal stability of two other FDU-1 samples synthe-
sized under the same conditions was tested and similar
results were obtained for temperatures up to 1173-1223
K, although a partial or even essentially complete
collapse of these samples was observed at 1273 K. It
can be concluded that the standard synthesis of FDU-1
(first step at room temperature, and the second-step
heating at 373 K for 6 h) affords materials that are
stable to 5-hour calcination at 1173-1223 K or even at
1273 K. It was found that the heating step at 373 K
during the synthesis was important in obtaining more
thermally stable FDU-1 samples. The elimination of this
step resulted in lower stability, which manifested itself
in a partial collapse at 1173 K and the loss of accessible
porosity at 1273 K (see Supporting Figures 1S and 2S
in the Supporting Information). It is anticipated that
longer heating times or higher temperatures in the
second step of the synthesis may further enhance the
thermal stability of FDU-1. From the results presented
above, it is clear that FDU-1 silicas prepared under
appropriate conditions exhibit high thermal stability.

We are aware of only one prior contribution that cast
some light on the thermal stability of ordered silicas
with large cage-like pores. Namely, it was reported that
it was possible to prepare SBA-16 and SBA-11 silica
films that were thermally stable up to 1123 K, as
inferred from XRD and TEM.76 However, this study
provided little structural information, and, moreover,
XRD is not a preferred method to study the stability of
OMSs,42,56,69 as already noted above. So our study
provides the first clear experimental evidence that
OMSs with large cage-like pores exhibit a facile thermal
stability. In general, little work has been reported on
the thermal stability of any OMSs with cage-like pores.
The only additional report known to us provided infor-
mation that the structure of SBA-1 silica with Pm3n
symmetry, which was synthesized through an organic-
modified ordered silica intermediate, was stable up to
1073 K.75 So, our results provide new, important insight
into the largely unexplored, but potentially practically
and theoretically important issues of the thermal stabil-
ity of the OMSs with cage-like pores.

Hydrothermal Stability. Study of the structural
changes caused by boiling in water for different periods
of time was carried out on an FDU-1 sample synthesized
in a standard procedure and calcined under typical
conditions (813 K). Argon adsorption isotherms for the
calcined FDU-1 silica before and after boiling for dif-
ferent periods of time ranging from 3 hours to 32 days

(94) Ravikovitch, P. I.; Neimark, A. V. Langmuir 2002, 18, 9830.
(95) Kruk, M.; Jaroniec, M. Chem. Mater. 2003, 15, 2942.

Figure 3. Pore size distributions calculated from nitrogen
adsorption isotherms for FDU-1 sample IIa calcined at tem-
peratures 813-1273 K.
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are shown in Figure 4. Structural parameters, such as
the specific surface area, pore volume, and pore size for
these samples are provided in Table 1. First, several
hours of boiling brought about a decrease in the total
pore volume and specific surface area, but the pore
diameter and the shape of the hysteresis loop remained
essentially unchanged (see Figures 4 and 5). However,
after 12 or more hours of boiling, a steep decline on the
desorption branches of the isotherms started to take
place above the lower limit of adsorption-desorption
hysteresis (that is, above the relative pressure 0.27-
0.38). As mentioned above, this behavior is indicative
of the development of pore entrances of size above about
4.0 nm. The proportion of the amounts desorbed above
and at the lower limit of hysteresis gradually increased
as the boiling was prolonged, which can be interpreted
as an evidence that a higher percentage of the ordered
mesopores developed an access to the particle’s sur-
rounding through continuous pathways of pore en-
trances wider than ∼4 nm.95 For longer boiling times,
the desorption at the lower limit of hysteresis became
less pronounced, and the position of the decline on the

desorption branch gradually shifted to higher relative
pressures, which is indicative of the gradual enlarge-
ment of the pore entrances. Under the assumption that
the pore entrances are cylindrical in shape, one can
attempt the estimation of their diameter by comparing
the position of the decline on the desorption branch of
the isotherm with the adsorption-desorption data for
ordered mesoporous materials with cylindrical pores.
This comparison suggests that the pore entrances,
which were below 4 nm before the boiling (as well as
after boiling for 6 h or shorter), were enlarged to average
diameters of ∼6 and ∼8 nm after 4 and 16 days of
boiling, respectively. This crude assessment was made
by comparing the position of the midpoint of the
capillary evaporation step for FDU-1 samples with the
positions of desorption branches of isotherms for MCM-
41 and SBA-15 silicas with approximately cylindrical
pores (data reported in refs 88 and 89). In the case of
these FDU-1 samples, the capillary evaporation ex-
tended over broad relative pressure intervals (except for
the steep decline at the lower limit of hysteresis), which
can be regarded as evidence of the broad size distribu-
tion of the pore entrances. A similar observation can be
made on the basis of nitrogen adsorption data (see
Supporting Figure 3S), but in this case, no information
about the pore entrance size enlargement during the
boiling for 12 h could be obtained. This is consistent with
an earlier conclusion that the analysis of hysteresis
loops for argon adsorption at 77 K allows one to obtain
information about pore entrances of diameters smaller
than those that can be elucidated from the hysteresis

Table 1. Structural Properties Determined from Nitrogen Adsorption Data for FDU-1 Sample IIb Before and After
Heating in Water at 373 K for Different Periods of Timea

sample
SBET

(m2 g-1)
Vt

(cm3 g-1)
w (δ)
(nm)

Vmi
(cm3 g-1)

Sp
(m2 g-1)

Vp
(cm3 g-1)

Sex
(cm3 g-1)

IIb 920 0.77 10.7 (2.3) 0.29 270 0.44 30
IIb-B3h 720 0.66 10.7 (2.3) 0.20 250 0.42 20
IIb-B6h 680 0.69 10.8 (2.2) 0.16 300 0.48 30
IIb-B12h 660 0.68 11.0 (2.2) 0.15 290 0.48 20
IIb-B1d 630 0.71 11.2 (2.2) 0.13 320 0.54 20
IIb-B2d 610 0.78 11.8 (2.2) 0.09 390 0.64 30
IIb-B4d 570 0.81 12.0 (2.4) 0.06 400 0.70 30
IIb-B8d 450 0.77 12.4 (3.2) 0.04 330 0.67 40
IIb-B16d 400 0.77 12.7 (3.8) 0.03 280 0.66 50
IIb-B32d 300 0.72 13.0 (5.2) 0.00 b b b

a Notation: SBET, BET specific surface area; Vt, total pore volume; w, primary mesopore diameter (calculated using a method developed
for cylindrical rather than spherical pores; the actual pore diameters are likely to be larger by about 2 nm); δ, the width (nm) of the pore
size distribution at the half of its height is given in brackets; 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; Vp, primary mesopore volume; Sex, external surface area.
b These parameters could not be determined with a reasonable accuracy using the Rs plot method because of the large pore size and some
tailing of the pore size distribution toward larger pore sizes for this sample.

Figure 4. Argon adsorption isotherms for FDU-1 sample IIb
before and after boiling for periods of time from 3 hours to 32
days.

Figure 5. Pore size distributions calculated from nitrogen
adsorption isotherms for FDU-1 sample IIb before and after
boiling for periods of time from 3 hours to 32 days.
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loops on nitrogen isotherms measured at 77 K (the limit
is ∼4 nm for argon and ∼5 nm for nitrogen).94,95 The
use of argon adsorption at 77 K to elucidate the pore
entrance size has also its drawbacks related to the fact
that argon at 77 K does not exhibit capillary condensa-
tion in pores of diameter above ∼15 nm.89 Because the
occurrence of complete pore filling (for instance through
the capillary condensation) is the basis for the calcula-
tion of pore size and volume from adsorption data and
the prerequisite for the pore connectivity assessment
from desorption data, argon adsorption at 77 K is not
suitable to probe structures with very large mesopores.
On the other hand, nitrogen adsorption at 77 K is free
from these limitations.89 Therefore, it is used herein to
investigate whether any very large mesopores were
developed during the boiling, for instance as a result of
the fusion of adjacent mesopores with the original
separating walls removed in the hot aqueous environ-
ment. As can be seen in Supporting Figure 3S, the
capillary condensation step leveled off quite abruptly
in all cases except for the sample boiled for 32 days.
This result indicates that the fusion of adjacent pores
did not take place to any major extent even after 16 days
of boiling, and only after 32 days does this process
appear to be pronounced.

Concomitantly with the enlargement of the pore
entrances, the mesopore diameter increased to some
extent (see Figure 5). Interestingly enough, the height
of the peak on PSD increased and there was no ap-
preciable broadening of the peak during the first 4 days
of boiling (see values of the peak width in Table 2). The
height of the PSD peak started to decline after 8 days
of boiling, which was accompanied by a gradual broad-
ening of the peak. However, the monodispersity of the
mesopore size was largely retained even after 32 days
of boiling.

For the FDU-1 samples subjected to the heating in
water at 373 K, the magnitude of the shift in the
position of the desorption branch of the isotherm sug-
gests that the pore entrance enlargement took place
much faster than the pore diameter increase. A similar
phenomenon has already been reported for silica
mesocellular foams, and explained as an effect of the
preferential removal of silica from the areas adjacent
to the pore windows, where the walls are relatively
thin.68 To this end, the average pore wall thickness of
the FDU-1 sample IIb is ∼6.8 nm, as calculated using
eq 3, whereas the minimal wall thickness in the region
of the entrances to the ordered mesopores is somewhat
higher than ∼3.1 nm (the latter being the distance
between two adjacent cage-like pores, calculated using
eq 4). On the basis of our adsorption results, it is

suggested that the boiling in water gradually peels off
the silica from the FDU-1 surface (see Scheme 1) and
this removal of the outer silica layer progresses much
faster in the pore entrance region than in the interior
of the mesopore. The exceptional stability of FDU-1 in
boiling water is likely to arise from its extremely large
wall thickness, especially in the parts of the framework
that are crucial for maintaining the integrity of the 3-D
wall structure. Similar thick-walled structures were
reported for other polymer-templated OMSs with cage-
like pores, in particular for SBA-16 with cubic Im3m
structure (body-centered cubic).57,93 Therefore, one can
expect that such OMSs should be inherently highly
hydrothermally stable. In the case of these OMSs, the
thinner parts of the wall are located at the entrance to
the uniform mesopores and its removal does not com-
promise the integrity of the framework and does not
lead to the merging of adjacent pores (as discussed
above, there was no evidence of any appreciable merging
of FDU-1 mesopores even after 16 days of boiling). On
the other hand, typical OMSs with honeycomb (2-D
hexagonal) structures (MCM-41,21,22 FSM-16,24 and
SBA-15)34 have the thinnest parts of their framework
between the adjacent pore channels. The degradation
of these thinnest parts not only leads to the merging of
adjacent mesopores (which is observed experimentally
during boiling),69 but also to the local loss of connection
between the parts of the framework, which may finally
lead to the loss of integrity of such 3-D framework

Table 2. Structural Properties Determined from Nitrogen Adsorption Data for FDU-1 Sample IIc Before and After
Stabilization and/or Heating in Water at 373 K for 4 Daysa

sample
SBET

(m2 g-1)
Vt

(cm3 g-1)
w (δ)
(nm)

Vmi
(cm3 g-1)

Sp
(m2 g-1)

Vp
(cm3 g-1)

Sex
(cm3 g-1)

IIc(-C813) 860 0.74 10.7 (2.3) 0.25 280 0.46 20
IIc-B4 510 0.84 12.3 (2.7) 0.02 410 0.74 50
IIc-TMS-C 660 0.59 10.3 (2.2) 0.18 240 0.37 20
IIc-TMS-C-B4d 410 0.65 11.6 (2.4) 0.02 310 0.56 40
IIc-C1073 600 0.58 9.9 (2.2) 0.12 300 0.51 30
IIc-C1073-B4d 470 0.70 11.3 (2.5) 0.02 380 0.62 40
IIc-C1173 440 0.47 9.6 (2.2) 0.08 250 0.35 20
IIc-C1173-B4d 400 0.56 10.0 (2.5) 0.04 280 0.47 30

a Notation: same as Table 1.

Scheme 1. Schematic Illustration of Structural
Changes in the FDU-1 Silica Structure Caused by

Boiling and High-Temperature Calcination
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structure. It is suggested that the thickness of the
framework in its parts that are necessary for maintain-
ing its integrity is an important factor that determines
the stability of OMSs in boiling water.

As far as other structural changes caused by the
boiling of FDU-1 are concerned, the specific surface area
significantly decreased and the microporosity appeared
to be eliminated. On the other hand, the primary
mesopore volume and surface area increased during the
first 4 days, and subsequently decreased for longer
boiling times. The increase in these quantities is con-
sistent with the idea that water washes out a surface
layer of silica, which, in the case of the lack of the
redeposition of silica and the collapse of the FDU-1
framework, would lead to the increased volume and
specific surface area of the ordered mesopores. The total
pore volume was relatively constant, although it as-
sumed its peak value after 4 days of boiling and
subsequently started decreasing.

It is interesting to note here that the boiling, which
enlarges the mesopores and the entrances to them,
appears to have a quite opposite effect on the pore size
than the high-temperature calcination. The latter de-
creases the mesopore diameter, as shown above. More-
over, one should note that in contrast to many of the
boiled samples, the desorption from the primary meso-
pores of the samples calcined at higher temperatures
took place primarily on the lower limit of adsorption-
desorption hysteresis. This is consistent with the con-
tention that there is no pore entrance size enlargement
during the high-temperature calcination. In fact, our
data (not shown) indicate that the pore entrance size
decreases as the calcination temperature increases. The
suggested structural changes during the high-temper-
ature calcination and the boiling in water are compared
in Scheme 1.

Further Enhancement of FDU-1 Stability. Intro-
duction of an Additional Silica Layer. As shown above,
the ordered mesoporosity of FDU-1 is exceptionally
stable in water at 373 K. On the other hand, the cage-
like character of the mesopores is compromised much
more easily. This may be a drawback in applications
that require a retention of the cage-like pore shape.
Therefore, the improvement of the stability of the cage-
like structure was attempted using several strategies.
The first known strategy is to increase the pore wall
thickness through the introduction of an additional
layer of silica on the pore surface.27,33 This can be
achieved through the reaction with organosilanes and
the subsequent burning out of their organic compo-
nents33 or through the surface reaction with TEOS.27

The first of these options has already been shown to lead
to a major hydrothermal stability enhancement for
MCM-48 and MCM-41 silicas.33 Therefore, the surface
of FDU-1 was modified with TMS ligands, which were
subsequently converted to silica through the calcination
under air. This resulted in the introduction of a mono-
layer (perhaps somewhat less than an equivalent of a
compact monolayer) of silica. As can be seen in Sup-
porting Figure 4S, this treatment resulted in a moderate
decrease in the adsorption capacity (see also Table 2).
The Supporting Figure 5S and Table 2 show that this
treatment actually appeared to result in a minor
improvement of the hydrothermal stability, because, in

this case, the boiling in water resulted in somewhat
smaller changes in the structural parameters (the
specific surface area, pore volume, and pore size).
Moreover, the fraction of cage-like pores that exhibited
the desorption on the lower limit of adsorption-desorp-
tion hysteresis increased relative to that for the un-
treated FDU-1.

High-Temperature Calcination. A stabilization effect
similar to that described above could be achieved more
easily through increasing the calcinations’ temperature
from 813 to 1073 K. Moreover, the pores of the sample
calcined at 1173 K retained much of their cage-like
character after the boiling for 4 days. However, this
more effective stabilization procedure results in a
somewhat more significant decrease in the adsorption
capacity. As can be seen in Supporting Figures 6S and
7S, stabilization through silylation/calcination or calci-
nation at 1073 K resulted in the pore size decrease, and
the extent of the pore size enlargement upon boiling was
only slightly reduced. On the other hand, the FDU-1
sample stabilized through the calcination at 1173 K,
which resulted in somewhat more substantial pore
diameter reduction, underwent only a minor pore size
enlargement during the boiling in water (see Supporting
Figure 8S). It was attempted to further increase the
stability through the calcination at above 1173 K, but
no additional stabilization was observed, and the result-
ant materials exhibited much lower adsorption capacity.
It appears that 1173 K is optimal for the stabilization
of the FDU-1 structure (synthesized in a two-step
procedure, as described above) through the high-tem-
perature calcination. It should be noted that high-
temperature calcination was proposed earlier as a
means of the stabilization of large-pore MCM-41 silica.96

Interestingly enough, in the case of this MCM-41 silica,
the indication of improved performance was the struc-
tural retention after 3 h of boiling, which is much
shorter than the typical boiling times considered herein.
Stabilization through the high-temperature calcination
is likely to be related to the increased silica framework
consolidation. First, this calcination results in an ap-
preciable decrease in microporosity88 (see Supporting
Table 1S and Table 2), which may reduce the extent of
penetration of water within the FDU-1 framework.
Second, the high-temperature calcination is likely to
significantly increase the degree of framework cross-
linking, and consequently, to increase the number of
siloxane linkages that would have to be hydrolyzed in
order to remove the silica species from the FDU-1
surface.

Surface Modification with Organic Groups. It has
been reported that surface modification with organic
groups is a facile way for the stabilization of OMSs.33,54-56

Our study showed that surface modification with orga-
nosilyl ligands was the most successful approach (among
those studied herein) for improvement of the stability
of FDU-1 in water at 373 K. Trimethylchlorosilane was
used as a modifier, which allows one to chemically bond
a monolayer of trimethylsilyl ligands onto the silica
surface. The modification led to an appreciable decrease
in the adsorption capacity (see Figure 6, Supporting
Figures 9S-11S, and Supporting Table 2S). Both modi-

(96) Huo, Q.; Margolese, D. I.; Stucky, G. D. Chem. Mater. 1996, 8,
1147.
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fied and unmodified samples were boiled for 4 days.
Boiling of the unmodified FDU-1 sample resulted in a
decrease in the specific surface area, enlargement of the
pore size, and change of the pore structure from cage-
like to much more open. On the other hand, the porous
structure of the modified material remained almost
unchanged, as can be seen from the PSD data (Figure
7) and from the significant retention of the shape of the
hysteresis loop on the argon adsorption isotherm. The
structural changes included a small increase in the
specific surface area and development of a small fraction
of pores with less cage-like character, which can be
inferred from the increased steepness of the desorption
branch of the isotherm above the lower limit of hyster-
esis.

The reproducibility of the stabilization effect was
verified on two other samples. FDU-1 silica III was
synthesized initially at room temperature and then
heated for 8 days at 353 K. This sample exhibited pore
entrance sizes larger than those for the samples I and
IIa-e, because the capillary evaporation (desorption)
from its uniform mesopores took place to some extent
above the lower limit of hysteresis (see Supporting
Figures 9S and 10S). The modification with TMS
ligands decreased the adsorption capacity and shifted
both the position of the capillary condensation step and
the part of the capillary evaporation step above the
lower limit of hysteresis to lower pressure values, which
revealed the decrease in pore diameter and pore en-
trance diameter. The unmodified sample III appeared
to be less hydrothermally stable than the other FDU-1
samples discussed above. After 4 days of boiling, the
pore structure largely lost its original cage-like charac-

ter, as seen from the narrowness of the hysteresis loop
that resembled the adsorption behavior of channel-like
rather than cage-like mesopores. Moreover, the primary
mesopores were enlarged and their distribution was
significantly broadened (see Supporting Figure 12S). On
the other hand, the adsorption properties of the TMS-
modified sample were changed to a minor extent after
the boiling, although the increased steepness of the
desorption branch indicates that a fraction of the pore
entrances underwent an enlargement. Still, the position
of the PSD peak remained essentially unchanged. A
similar result was obtained for the FDU-1 sample IIe
(see Supporting Figures 11S and 13S). Apparently, the
sample was slightly less stable than the sample IId
synthesized and modified under the same conditions.

The lack of pore diameter enlargement for the organic-
modified FDU-1 after 4 days of boiling indicates that
the layer of organosilane groups on the silica surface
effectively prevents the erosion of the silica framework.
On the other hand, ways of stabilization such as the
introduction of an additional layer of silica or high-
temperature calcination appear to slow the erosion
process to some extent.

Conclusions

FDU-1 exhibits an exceptionally high hydrothermal
stability in water at 373 K. The pore size uniformity
was retained even after 32 days of boiling, although the
pore diameter gradually increased with time of the
treatment. Despite the remarkable hydrothermal stabil-
ity of the uniform mesopores, the entrances to them
were noticeably enlarged even after 12 h of boiling, and
their size gradually increased as the boiling was pro-
longed. This resulted in the development of relatively
open pore structures after long boiling, which is quite
similar to the pore entrance size enlargement observed
during the prolonged heating at 373-413 K in a two-
step synthesis of FDU-1, which we have reported
elsewhere.84 However, adsorption data suggest that the
boiling of calcined FDU-1 results in a broader distribu-
tion of pore entrance sizes than that observed after the
aforementioned two-step synthesis. The introduction of
an additional silica layer on the FDU-1 surface allowed
us to further enhance of the hydrothermal stability, but
the improvement was small. A similar stabilization
effect was also achieved by simply increasing the
calcination temperature to 1073 K (from 813 K), whereas
the FDU-1 sample calcined at 1173 K was significantly
more stable, with its original mesopore structure pre-
served to an appreciable extent after 4 days of heating
in water at 373 K, which would essentially completely
destroy structures of the majority of currently known
OMSs. This shows that the high-temperature calcina-
tion is a facile way to improve the hydrothermal
stability of FDU-1. However, it was not beneficial to
increase the calcination temperature above 1173 K. The
most hydrothermally stable FDU-1 samples were ob-
tained after the surface modification with organosilane
ligands. This stabilization method allowed us to obtain
an FDU-1 sample with pore structure almost unchanged
after 4 days of boiling.

In addition to its remarkable hydrothermal stability,
FDU-1 exhibits a facile thermal stability. For samples
synthesized with hydrothermal treatment at 373 K, the

Figure 6. Argon adsorption isotherms for FDU-1 sample
IId: (i) calcined at 813 K, and (ii) calcined at 813 K and
modified with TMS, before and after boiling for 4 days.

Figure 7. Pore size distributions calculated from nitrogen
adsorption isotherms for FDU-1 sample IId: (i) calcined at 813
K, (ii) calcined at 813 K and modified with TMS, before and
after boiling for 4 days.

706 Chem. Mater., Vol. 16, No. 4, 2004 Kruk et al.



uniform mesopore structure was retained to at least
1223 K. In these cases, a significant fraction of the
primary mesopore volume was retained up to at least
1173 K, with no appreciable broadening of the pore size
distribution. Increase in the calcination temperature led
to a gradual reduction of the mesopore size, whereas
increase in the boiling time led to a gradual pore size
enlargement. These findings demonstrated two new and
simple ways to tailor the primary mesopore diameter
for FDU-1.
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