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Impressive progress has been made in the area of ordered
mesoporous materials since the first report on the self-
assembly of cationic surfactants and silica species.1 One of
the most exciting achievements in this area was the discovery
of periodic mesoporous organosilicas (PMOs).2 They form
a unique class of hybrid materials synthesized by using ionic
surfactants,2 oligomeric surfactants,3 and nonionic block
copolymers4,5 as structure directing agents, in which organic
moieties are integrated into a silica framework. As a result
of a great easiness of incorporation of various organic
bridging groups into silica framework and their uniform
distribution inside walls of ordered mesopores, PMOs2-5

became very promising materials for the design of highly
selective adsorbents, catalysts, and sensing devices as well
as for immobilization and encapsulation of biomolecules. So
far, research on PMOs was mainly focused on the incorpora-
tion of small aliphatic and aromatic bridging groups such as
methylene, ethane, ethylene, phenylene, and thiophene into
PMOs by using both ionic surfactants and nonionic block
copolymers.2-7 Later, numerous attempts have been made
to incorporate larger organic spacers into PMOs such as
bipyridine, biphenylene, teraazacyclotetradecane, and the
benzene ring linked to three silicon atoms.8 These attempts

stimulated others9 to synthesize PMOs with large bridging
groups such as isocyanurate ring by co-condensation of tri-
[3-(trimethoxysilyl)propyl]isocyanurate (ICS) with tetraethyl
orthosilicate (TEOS) in the presence of block copolymer
under highly acidic conditions. The resulting materials
exhibited high surface area, high concentration of incorpo-
rated bridging groups, and good structural ordering.9

There is a growing interest in the synthesis of PMOs that
contain more than one functional group because a proper
selection of these groups allows one to design multifunctional
nanomaterials for specific catalytic, environmental, and
related applications. Bifunctional PMOs with one small
bridging group and one surface ligand have been already
prepared by either post-synthesis grafting or co-condensa-
tion;10 however, there are only a few reports on the synthesis
of bifunctional PMOs with two relatively small bridging
groups, for example, ethane and benzene.11 Recently, a
bifunctional PMO with a large isocyanurate bridging group
and mercaptopropyl surface group was synthesized by co-
condensation of two organosilanes containing those groups
and TEOS.12

Here we report the synthesis of a new bifunctional PMO,
which was synthesized without TEOS and contains two types
of bridging groups, ethane and isocyanurate (see Scheme 1).
The core of the latter large group is an isocyanurate ring
integrated with three silicon atoms through flexible propyl
chains. The aforementioned PMO was synthesized by co-
condensation of ICS and 1,2-bis(triethoxysilyl)ethane (BTSE)
in the presence of a triblock copolymer as the structure
directing agent at low acid concentrations.

Bifunctional ethane- and isocyanurate-bridged PMOs were
prepared by co-condensation using BTSE (97%, Gelest) and
ICS (Aldrich) in the presence of poly(ethylene oxide)-poly-
(propylene oxide)-poly(ethylene oxide) triblock copolymer
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(Pluronic P123, EO20PO70EO20, BASF) at low acid concen-
trations. In a typical synthesis, analogous to that by Bao et
al.,5 7 mL of deionized water (DW) was combined with 0.5
g of triblock copolymer P123 and stirred at 40°C to form a
clear solution. A specified amount of BTSE (see Table 1)
was added to a solution containing 1.8 mL of DW and 0.6
mL of 2 M HCl at 40°C. The P123-DW solution was then
slowly added to the BTSE-DW-HCl mixture under vigor-
ous stirring, and then after 15 min, ICS was added dropwise
to achieve the desired molar composition of both silanes.
After further stirring for 24 h at 40°C, the resulting white
precipitate was transferred into a polypropylene bottle and
subsequently heated at 100°C for 48 h. The product was
filtered, washed with DW, and dried in the oven at 80°C.
The molar composition of the BTSE and ICS in the syn-
thesis gel was (1- x) BTSE:x ICS, wherex denotes the
mole fraction of ICS. The amount of the BTSE used was
adjusted to maintain the Si/polymer ratio at the same level
for the samples studied. The as-synthesized nanocomposites
were extracted twice with 2 mL of HCl and 100 mL of 95%
EtOH at 70°C to remove the polymeric template from the
mesopores. The extracted PMOs are denoted as EI-z, where
E and I denote ethane and isocyanurate bridging groups,
respectively, andz denotes the sample number. PMO with
z ) 0 refers to the pure ethane-silica. For the samples
with growingz the ICS mole fraction increases as shown in
Table 1.

The structure of the extracted bifunctional PMOs was
studied by small-angle X-ray scattering (SAXS). The SAXS
profiles are shown in Figure 1. As can be seen from Figure
1 the SAXS pattern for the pure ethane-bridged PMO
depicted as EI-0 shows three sharp reflections indexed as
(100), (110), and (200) that are typical for two-dimensional
hexagonal structure (P6mmsymmetry group). For the sample
with a small concentration of ICS (EI-1) the SAXS pattern

is still characteristic for theP6mmsymmetry group although
the intensity of the (110) peak decreased (see Supporting
Information, Table 1S). However, for PMOs with a higher
amount of ICS (samples EI-2 and EI-3) the SAXS patterns
are different. In this case a complete lack of the (110) peak
characteristic for theP6mmsymmetry group, important for
its identification, is observed. In addition, a new reflection
at the scattering vectorq ) 1.5 is visible on the SAXS
patterns for the EI-2 and EI-3 samples, which is not present
on the pattern for EI-0, despite a general deterioration of
the quality of these patterns. Thus, the SAXS data suggest a
structural change in the symmetry group with increasing
concentration of ICS in PMO. Analogous structural changes
were observed for other PMOs.12 Because only three reflec-
tions are present on the SAXS patterns for the EI-2 and EI-3
PMOs, a precise determination of the symmetry group can-
not be made. On the other hand, the lack of a (110) re-
flection characteristic forP6mm and the appearance of a
new reflection for these PMOs permits the existing reflections
to be assigned as (110), (220), and (321) according to the
I4132 cubic symmetry group (see structural parameters in
Supporting Information, Table 2S).

A comparison of nitrogen adsorption isotherms measured
at -196 °C for the bifunctional PMOs studied is shown in
Figure 2A. These isotherms are type IV with steep capillary
condensation/evaporation steps and H1 hysteresis loops. They
were used to evaluate the BET specific surface area, volume
of fine pores (i.e., pores below 4 nm), volume of primary
mesopores, and mesopore diameter, which are in Table 2.
The corresponding pore size distributions (PSDs; Figure 2B),
evaluated by the KJS (Kruk, Jaroniec, and Sayari) method,13

are narrow, indicating high uniformity of ordered mesopores.
As can be seen from Figure 2 and Supporting Information,
Figure 1SA, the isotherm curves and the corresponding PSDs

(13) Kruk, M.; Jaroniec, M.; Sayari, A.Langmuir1997, 13, 6267.

Scheme 1. Schematic Illustration of Bifunctional PMO with
Ethane and Isocyanurate Bridging Groupsa

a The triangles illustrate isocyanurate bridging groups incorporated into
the ethane-silica framework, whereas curved pipes represent microporous
interconnections between ordered mesopores.

Table 1. Synthesis Gel Compositions, Elemental Analysis Data, and
TG Weight Loss Data for the PMOs Studieda

elemental analysis

sample x ICS nt (mmol) %C %N TG wt loss (%)

EI-0 0 5.16 19.12 0 17.42
EI-1 0.07 4.99 22.28 2.42 26.85
EI-2 0.14 4.82 23.94 2.74 28.22
EI-3 0.22 4.65 26.73 4.37 34.96

a Notation: x, mole fraction of ICS in the synthesis gel;nt, total number
of mmoles of BTSE and ICS in the synthesis gel; TG, weight loss recorded
in flowing air in the range from 100 to 950°C.

Figure 1. Comparison of SAXS patterns for a series of the extracted PMOs
studied.
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change gradually for the PMOs studied from EI-0 to EI-3.
For this series of PMOs the BET surface area, pore volume,
and pore size decrease with increasing concentration of the
ICS bridging groups. In addition, the condensation/evapora-
tion steps become less sharp with increasing concentration
of ICS, which suggests a gradual deterioration of the
mesoporous structure. This is expected because of the
geometrical constrictions to accommodate a large number
of bulky ICS bridging groups in the mesopore walls.
Moreover, adsorption isotherms (see Figure 2A and Sup-
porting Information, Figure 1S) do not level off at relative
pressures above 0.8 but rise, and this rising intensifies with
increasing concentration of ICS, which reflects a gradual
development of textural porosity, that is, secondary disor-
dered mesopores. Note that PSDs (see Figure 2B and
Supporting Information, Figure 2S) contain also a distinct
peak in the pore range below 4 nm indicating the presence
of micropores and small mesopores that are formed because
of penetration of some polyethylene (EO) blocks into the
silica wall.14 As a result of the large size of ICS, at its higher
concentration the ICS groups occupy more space of the
mesopore walls of ethane-silica, which results in the
reduction of space available for the aforementioned EO
penetration14 that is equivalent to the reduction of micropore
volume (see Table 2).

While a gradual change in the adsorption properties was
observed for a series of PMOs from EI-0 to EI-1, this was
not the case for two PMOs synthesized using the ICS
concentration lower than that for EI-1. As can be seen from
Supporting Information, Figures 1SB and 2S, the isotherm
and PSD curves for those samples do not lie between that
for EI-0 and that for EI-1. The pore volume and pore size
for the EI-a and EI-b PMOs are smaller than the correspond-
ing values for EI-1 (see Supporting Information, Table 3S).
Also, there was a tendency to create higher textural (second-
ary) mesoporosity at low concentrations of ICS. Because
analogous irregularity (unpublished data) was observed for
other PMOs with large bridging groups, we hypothesize that
a threshold concentration of these groups is required to
achieve their uniform distribution in the entire sample. To
achieve a relatively good uniformity of PMOs at low
concentrations of large bridging groups their mesopore walls
should be thicker and the volume of primary mesopores
should be smaller. Although these features are observed for
the EI-a and EI-b samples, further studies are required to
verify the aforementioned hypothesis.

The incorporation of large heterocyclic groups to the
ethane-silica was monitored by high resolution thermo-
gravimetry (TG) for the EI-0, EI-3, and EI-3-P123 samples;
the latter contains polymer template. The TG profiles and
the corresponding differential TG (DTG) curves recorded
in flowing air are shown in Figure 3. The TG weight loss
data for the extracted bifunctional PMOs are given in Table
1. The DTG curves for the extracted bifunctional PMOs (see
curve for EI-3 in Figure 3B) exhibit two decomposition peaks
appearing in the temperature ranges of 180-250 °C and
250-400 °C, which can be attributed to the thermal
degradation of cross-linked heterocyclic rings and ethane
bridging groups, respectively. A successful removal of P123
triblock copolymer by extraction is confirmed by the
disappearance of the characteristic decomposition peak at
about 160°C (see the DTG curve for the EI-3-P123 sample
in Figure 3B).

To determine the effect of thermal degradation of isocya-
nurate and ethane bridging groups on the mesostructure, the
extracted sample (EI-2) calcined in flowing air at 550°C
was investigated by nitrogen adsorption and powder X-ray
diffraction (see Supporting Information, Figures 3S, 4S, and
5S). As can be seen from these figures the thermal removal
of bridging groups did not lead to the collapse of mesoporous

(14) Ryoo, R.; Ko, C. H.; Kruk, M.; Antochshuk, V.; Jaroniec, M.J. Phys.
Chem. B2000, 104, 11465.

Figure 2. (A) Comparison of nitrogen adsorption-desorption isotherms
at -196 °C for a series of the extracted PMOs. The isotherms for EI-2,
EI-1, and EI-0 were offset vertically by 86, 263, and 437 cm3 STP g-1,
respectively. (B) The corresponding PSDs calculated according to the KJS
method; PSDs for EI-2, EI-1, and EI-0 were shifted by 0.3, 0.88, and 1.58
cm3 g-1 nm-1, respectively.

Table 2. Adsorption Properties of PMOs Determined from Nitrogen
Adsorption Dataa

sample
SBET

(m2 g-1)
Vm

(cm3 g-1)
Vp

(cm3 g-1)
Vt

(cm3 g-1)
wKJS

(nm)

EI-0 1068 0.33 0.75 1.14 9.43
EI-1 997 0.30 0.69 1.05 8.86
EI-2 933 0.27 0.61 1.05 7.56
EI-3 773 0.21 0.51 0.85 7.44

a SBET, BET specific surface area;Vm, volume of pores below 4 nm;Vp,
volume of primary pores calculated between 4 and 12 nm;Vt, single-point
pore volume;wKJS, mesopore diameter.

Figure 3. (A) Comparison of the TG weight change curves measured in
flowing air for as-synthesized (EI-3-P123) and extracted (EI-0 and EI-3)
PMOs and (B) the corresponding DTG curves.
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structure and even retained its ordered nature; however, a
substantial reduction in the pore volume, pore width, and
surface area was observed, which is not surprising as a result
of the structure shrinkage and a complete elimination of
bulky isocyanurate bridging groups as well as ethane groups
from the PMO framework caused by calcination of the sam-
ple in flowing air (see Supporting Information, Table 4S).

The concentration of incorporated isocyanurate rings in
the mesopore walls of ethane-silica was estimated by
elemental analysis (see %N and %C values in Table 1).
Nitrogen and carbon percentages obtained from elemental
analysis, for example, for EI-3 (%N) 4.37 and %C)
26.73), are very close to the values estimated on the basis
of the synthesis gel composition (%N) 4.83 and %C)
26.21), which confirms a good incorporation of a large
bridging ICS group to the ethane-silica framework.

In summary, this work shows that bifunctional PMOs can
be synthesized by incorporation of large bridging groups such
as isocyanurate rings into ethane-silica. The high quality
PMOs with relatively large concentration of bulky bridging
groups were obtained in terms of the framework periodicity,
high pore volume, and high surface area.
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