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Abstract Channel-like and cage-like mesoporous
silicas, SBA-15 (P6mm symmetry group) and SBA-16
(Im3m symmetry group), were modified by intro-
ducing single ureidopropyl surface groups, mixed
ureidopropyl and mercaptopropyl surface groups, and
single bis(propyl)disulfide bridging groups. These
hexagonal and cubic organosilicas were prepared un-
der acidic conditions via co-condensation of tetracthyl
orthosilicate (TEOS) and proper organosilanes using
poly(ethylene oxide)-block-poly(propylene oxide)-
block-poly(ethylene  oxide) amphiphilic  block
copolymer templates, P123 (EO,yPO70EOy;) and
F127 (EO;9psPO70EO;0s). The modified SBA-15 and
SBA-16 materials were synthesized by varying the
molar ratio of organosilane to TEOS in the initial syn-
thesis gel. The removal of polymeric templates, P123
and F127, was performed with ethanol/hydrochloric
acid solution. In the case of SBA-15 the P123 template
was fully extracted, whereas this extraction process
was less efficient for the removal of F127 template
from the SBA-16-type organosilicas; in the latter case
a small residue of F127 was retained. The adsorption
and structural properties of the resulting materials were
studied by nitrogen adsorption-desorption isotherms
at —196°C (surface area, pore size distribution, pore
volumes), powder X-Ray diffraction, CHNS elemen-
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tal analysis and high-resolution thermogravimetry.
The structural ordering, the BET specific surface
area, pore volume and pore size decreased for both
channel-like and cage-like mesoporous organosilicas
with increasing concentration of incorporated organic
groups.
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1 Introduction

The discovery of ordered mesoporous silicas (OMSs)
(Kresge et al., 1992; Beck et al., 1992; Yanagisawa
et al., 1990) has attracted a lot of worldwide attention
because of their potential applications as catalysts, ad-
sorbents and advanced materials for nanotechnology.
Initially, OMSs were synthesized via self-assembly
process driven by electrostatic interactions between
the anionic silica species and cationic alkyltrimethy-
lammonium surfactants possessing from eight to
twenty two carbon atoms in the alkyl chain used as
structure directing agents (Kresge et al., 1992). This
synthesis led to the formation of ordered silica, known
as MCM-41 (Kresge et al., 1992; Beck et al., 1992),
consisting of two-dimensional hexagonal arrangement
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of cylindrical channels (P6mm) with controllable pore
size in the range from 2 to 7 nm (Kruk et al., 2000).

A few years later Zhao and co-workers (1998) con-
tributed meaningfully to the field of OMSs by devel-
oping a new synthetic strategy that allowed expanding
the mesopore size of OMSs for several nanometers. The
key element of this synthesis was the use of inexpensive
nonionic block copolymers that can be easily recycled
and recovered instead of environmentally unfriendly
ionic surfactants (Zhao et al., 1998; Abu-Lebdeh et
al., 1998). Their investigation led to the discovery of
a very prominent OMS, namely SBA-15 (Zhao et al.,
1998), which is a two dimensional hexagonal structure
(P6mm) of cylindrical channel-like mesopores inter-
connected through disordered smaller complementary
pores (Kruk et al., 2000). SBA-15 has been synthe-
sized under strong acidic conditions by employing am-
phiphilic poly(ethylene oxide)-block-poly(propylene
oxide)-block-poly(ethylene oxide) triblock copolymer
P123 (EO,0PO70EOy) via controlled hydrolysis and
condensation of tetraethyl orthosilicate (TEOS) fol-
lowed by removal of polymeric template by either ex-
traction with ethanol and acid or calcination at elevated
temperatures (Zhao et al., 1998; Kruk et al., 2000; Yang
et al., 1999; Zhang et al., 2005). SBA-15 differs from
MCM-41 not only because of larger mesopores and ir-
regular interconnections but also because of higher hy-
drothermal and thermal stability caused by its thicker
mesopore walls (Yang et al., 1999; Zhang et al., 2005).

Further developments in the area of OMSs gave rise
to another important member of polymer-templated
OMS with a 3-dimensional cubic (Im3m) arrangement
of cage-like mesopores (Sakamoto et al., 2000), in
which each cage is connected with eight neighboring
cages via small apertures (Zhao et al., 1998). This
large-pore and thick-wall material (Zhao et al., 1998;
Voort et al., 2002; Wang et al., 2004; Kim et al., 2004;
Grudzien et al., 2006; Gierszal et al., 2005) was pre-
pared by employing commercial triblock copolymer
F127 (EO19sPO70EOp6), which possesses the same
number of hydrophobic poly(propylene oxide) (PPO)
blocks and much larger number of hydrophilic
poly(ethylene oxide) (PEO) blocks than P123 (106
instead of 20 in the latter). However, increasing the hy-
drophobicity of core blocks in the polymeric template
by replacing PPO blocks with poly(butylene oxide)
(PBO) led to the development of a cubic OMS with even
higher curvature. When poly(ethylene oxide)-block-
poly(butylene  oxide)-block-poly(ethylene  oxide)
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triblock copolymer B50-6600 (EO3;9BO47EO39) (Yu
et al., 2000) was used as a soft template a three di-
mensional cubic (Fm3m) OMS, FDU-1, was obtained
(Kruk et al., 2002; Matos et al., 2003). FDU-1 exhibits
even larger cage-like mesopores than its cubic counter-
part SBA-16 (Zhao et al., 1998) and four more connec-
tions (totally twelve) with neighboring cages (Yu et al.,
2000; Kruk et al., 2002; Grudzien and Jaroniec, 2005;
Grudzien et al., 2006). In general, an extraordinary
stability of 3-dimensional SBA-16 (Zhao et al., 1998)
and FDU-1 (Kruk et al., 2004) silicas exhibiting large
cage-like mesopores and much smaller connecting
apertures could be advantageous for diffusion of
molecules as well as selective adsorption and catalysis
due to their smaller susceptibility for pore blockage.
The diversity of mesoporous sieves (Kresge et al.,
1992; Yanagisawa et al., 1990; Zhao et al., 1998; Yu
et al., 2000) has been extended by constructing new
hybrid inorganic materials, referred as ordered meso-
porous organosilicas (OMOs), which feature decorated
mesopore walls and highly accessible organic groups
(Beck et al., 1992; Jaroniec, 2006). The introduction
of proper functionalities to OMSs is a convenient way
for the creation of OMOs with the desired optical,
mechanical and electrical properties, which make
them attractive materials for catalytic and adsorption
processes, sensing devices and environmental applica-
tions (Antochshuk et al., 2003; Olkhovyk et al., 2004;
Olkhovyk and Jaroniec, 2005). The synthesis of OMOs
can be done via two major routes: (i) by post-synthesis
modification of the template-free mesoporous silica
with appropriate organosilane (Beck et al., 1992; Feng
et al., 1997; Lim et al., 1997; Jaroniec et al., 1998;
Lim and Stein, 1999; Antochshuk and Jaroniec, 1999;
Kang et al., 2004; Srivastava et al., 2006; Zapilko and
Anwander, 2006) or by post-synthesis modification
of the template-containing mesoporous silica with
desired organosilane (Antochshuk and Jaroniec, 1999;
Antochshuk and Jaroniec, 2000) and by (ii) direct one-
pot synthesis, also known as co-condensation synthesis
(Kruk et al., 2002; Wang et al., 2003; Kao et al., 2006;
Fiorilli et al., 2005; Yang et al., 2004; Wang et al.,
2005, Fowler et al., 1997; Gong et al., 2001, Huh et al.,
2003; Hodgkins et al., 2005; Wei et al., 2005; Hamoudi
and Kaliaguine, 2003). The direct one-pot synthesis in
contrast to the post-synthesis grafting is particularly
prominent because of its simplicity and efficiency.
Furthermore, it affords OMOs with relatively high
loadings of functional ligands and large pore diameters
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due to the formation of functionalized mesostructure
in the presence of micelles and the elimination of cal-
cination procedure that causes the structure shrinkage.

Alternatively, the material’s framework can be
also functionalized by incorporating organic bridging
groups inside the mesopore walls (Melde et al., 1999;
Asefa et al., 1999; Inagaki et al., 1999). The resulting
materials, known as periodic mesoporous organosili-
cas (PMOs) are also prepared by co-condensation but
using bridged silsesquioxanes (R’ 0);Si-R-Si(OR’);
as silica-containing precursors instead of trialkoxy-
organosilane (R'O);Si-R as precursors (R is a func-
tional group). Furthermore, the one-pot route has been
used to incorporate a variety of bridging spacers in-
cluding small aliphatic groups (Matos et al., 2002;
Bao et al., 2004; Zhao et al., 2004; Liang et al.,
2005) like methylene, ethane and ethene as well as
large aromatic spacers such as phenylene (Inagaki
et al., 2002), thiophene, 1,3,5-benzene ring linked with
three silicon atoms (Kuroki et al., 2002), 1,4,8,11-
tetraazacyclotetradecane (Corriu et al., 2002) and re-
cently isocyanurate ring integrated with three silyls via
flexible propyl chains (Olkhovyk and Jaroniec, 2005;
Olkhovyk et al., 2005; Grudzien et al., 2006) (for de-
tails see reviews by Stein et al. (2000, 2003) and Hatton
et al. (2005) and references therein).

Overall, co-condensation was explored to attach
surface groups such as methyl (Kruk et al., 2002),
vinyl (Wang et al., 2003; Kao et al., 2006), carboxylic
(Fiorilli et al., 2005; Yang et al., 2004), aminopropyl
(Wang et al., 2005) and imidazole (Fowler et al., 1997;
Grudzien et al., 2006) into the mesopore walls of or-
dered silicas including mostly channel-like structures
such as MCM-41 and SBA-15, and to the less extent,
cage-like structures such as SBA-16 and FDU-1.

Gong and co-workers (2001) have studied the incor-
poration of ureidopropyl ligands into the 3-dimensional
wormhole-like porous MSU-X material by one-pot
route as well as the synthesis of a bi-functional MSU-X
containing ureidopropyl group along with small alkyl
and aromatic groups such as methyl and phenyl.
Later, Huh and co-workers (2003) have reported co-
condensation synthesis of ureidopropyl-functionalized
MCM-41 silicas templated by cetyltrimethylammo-
nium bromide (CTAB) ionic surfactant under basic pH.

Numerous papers have been published on the syn-
thesis of mercaptopropyl-functionalized OMSs (Huh
et al., 2003; Hodgkins et al 2005; Wei et al., 2005;
Hamoudi and Kaliaguine, 2003) by both post-synthesis

grafting and co-condensation routes because of high
affinity of this group towards heavy metal ions such
as Hg>*, Pb>*, Cd** and Zn>*. Moreover, thiol-
functionalized mesoporous materials were found to be
useful in catalysis because of their easiness to the ox-
idation, which gives sulfonic groups (Hamoudi and
Kaliaguine, 2003). There are many reported organosil-
icas with thiol surface groups for both hexagonal and
cubic symmetries.

Zhang and co-workers (2003) reported a thioether-
functionalized mesoporous silica via co-condensation
of TEOS and (1,4)-bis(triethoxysilyl)propane tetra-
sulfide in the presence of Pluronic P123. Zhang
etal. showed that the aforementioned PMO, containing
thioether spacers, selectively binds Hg>* ions. More re-
cently, Liu atal. (2005) incorporated the same thioether
to MCM-41 and showed its high adsorption affinity to
Hg?* as well as for organic pollutants such as phenols.

In particular, a lot of research has been devoted to
decorate the surfactant-templated MSU, HMS (Tanev
et al., 1994; Tanev and Pinnavaia, 1995) and MCM-41
as well as polymer-templated SBA-15 and SBA-16
silicas. However, to the best of our knowledge, there
is no report on bi-functional SBA-15 and SBA-16
OMSs with mercaptopropyl and ureidopropyl surface
groups as well as thioether-functionalized SBA-15 and
SBA-16 materials containing disulfide bridging
groups.

The main goal of the present work is to take advan-
tage of co-condensation method to decorate the internal
surface of channel-like and cage-like mesoporous sili-
cas SBA-15 (Pémm) and SBA-16 (Im3m) with single
ureidopropyl surface groups and mixed functionality
consisting of ureidopropyl and mercaptopropyl surface
groups as well as to design the framework with bridg-
ing bis(propyl)disulfide groups. Furthermore, the ob-
jective of this work is to perform a comparative study
how adsorption properties such as the specific surface
area, pore size and pore volumes and structural prop-
erties such as the unit cell and the size of pore open-
ings change with gradual incorporation of organic func-
tional groups into their hexagonal and cubic structures.

2 Experimental
2.1 Chemicals

Structure directing agents: triblock copolymers
Pluronic P123 (EO,yPO79EO,y) and Pluronic F127
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(EO196PO70EO;¢s) were purchased from BASF Cor-
poration. Silica source: tetraethyl orthosilicate (TEOS)
was received from Across Organics (98%), whereas
other organosilanes: ureidopropyltrimethoxysilane and
3-mercaptopropylsilane and bis(triethoxysilylpropyl)
disulfide (90%) were obtained from Gelest, Inc.
Deionized water (DW; resistivity < 17.5 MQcm) was
obtained using in-house Ionpure Plus 150 Service
Deionization ion-exchange purification system. All
chemicals were used as received without further
purification.

2.2 Syntheses of mesoporous channel-like SBA-15
organosilicas

Syntheses of all channel-like mesoporous SBA-15
silicas were performed in the presence of poly
(ethylene oxide)-block-poly(propylene oxide)-block-
poly(ethylene oxide) triblock copolymer (P123,
EO»)PO70EO,)) by co-condensation of tetraethyl or-
thosilicate (TEOS) and either trialkoxyorganosilanes
(R70);Si-R (where R denotes functional group) or
bridged silsesquioxane (R’0)3Si-R-Si(OR); to intro-
duce the desired surface and framework functionalities,
respectively. In general, ureidopropyl-functionalized
SBA-15 materials were synthesized by one-pot route

using ureidopropyltrimethoxysilane (U) and TEOS, bi-
functional SBA-15 containing ureidopropyl and mer-
captopropyl surface groups were prepared using ure-
idopropyltrimethoxysilane,  3-mercaptopropylsilane
and TEOS, whereas the framework-modified SBA-15
was obtained by using bis(triethoxysilylpropyl) disul-
fide and TEOS (see Scheme 1 and 2). The adopted
procedure was similar to that used for the synthesis
of SBA-15 reported elsewhere (Zhao et al., 1998). In
a typical synthesis, 2 g of polymer was dissolved in
61.2ml of 2M HCI and 10.8 ml of deionized water
(DW) under vigorous stirring at 40°C. After 4-6h of
stirring a specified volume of TEOS was added drop-
wise to this solution under vigorous mixing, and then
after 15 minutes organosilane was pipetted to achieve
the desired molar composition of both silanes (see
Table 1). The resulting mixture was stirred for 24 h fol-
lowed by aging at 100°C for 48 h. The white solid was
washed with DW, filtered and dried at 80°C. The tem-
plate was removed by extraction three times with 2 ml
of 36 wt.% HCl and 100 ml of 95% ethanol at 70°C.
The extracted ureidopropyl-functionalized SBA-15,
ureidopropyl-mercaptopropyl-functionalized SBA-15
and framework-functionalized SBA-15 samples are
denoted as SBA-15-Ux, SBA-15-U1-SHy and SBA-
15-DSz, where U, SH and DS refer to ureidopropyl and

Table 1 Molar composition for the synthesis gels used and the corresponding elemental analysis data for the organic-functionalized

channel-like SBA-15 mesoporous silicas®

Synthesis gel composition

Elemental analysis

n, (mmoles) P, (%) C, (mmoles/g) P, (%)
Sample TEOS U SH DS PN PS CU CSH or CDS PN PS
SBA-15 19.20
SBA-15-Ul 18.24 0.96 2.16 0.43 1.2
SBA-15-U2 17.28 1.92 4.04 0.79 2.2
SBA-15-U3 16.32 2.88 5.67 1.27 35
SBA-15-U4 15.36 3.84 7.12 0.92 2.5
SBA-15-U1-SH1 17.76 0.96 0.48 2.11 1.21 0.37 0.26 1.0 0.83
SBA-15-U1-SH2 16.80 0.96 1.44 2.01 3.45 0.26 0.81 0.7 2.60
SBA-15-DS1 18.72 0.24 1.30 0.31 1.99
SBA-15-DS2 17.76 0.72 3.70 0.49 3.16
SBA-15-DS3 17.28 0.96 4.81 0.46 2.69
SBA-15-DS4 16.32 1.44 6.89 0.96 6.15

nTEOS, number of mmoles of tetraethyl orthosilicate; nU, number of mmoles of ureidopropyltrimethoxysilane; nSH, number of
mmoles of 3-mercaptopropylsilane; nDS, number of mmoles of bis(triethoxysilylpropyl) disulfide, Py and Ps, nitrogen and sulfur
percentages predicted on the basis of the synthesis gel mixture; Cy, Csy or Cpgs concentration of functional groups in the resulting
materials calculated on the basis of nitrogen or sulfur percentages obtained by elemental analysis; Py and Pg, nitrogen and sulfur

weight percentages obtained from elemental analysis.
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Table 2 Molar composition for the synthesis gels used and the corresponding elemental analysis data for the organic-functionalized

cage-like SBA-16 mesoporous silicas®

Synthesis gel composition

Elemental analysis

n, (mmoles) P, (%) C, (mmoles/g) P, (%)
Sample TEOS 18] SH DS PN PS CU CSH or CDS PN PS
SBA-16 20.16
SBA-16-Ul 19.15 1.01 2.17 0.91 2.5
SBA-16-U2 18.14 2.02 4.04 0.92 2.5
SBA-16-U3 17.14 3.02 5.67 1.11 3.1
SBA-16-U1-SH1 18.14 1.01 1.01 2.06 2.36 0.40 0.69 1.1 2.21
SBA-16-U1-SH2 17.14 1.01 2.02 1.96 4.49 0.39 1.32 1.0 4.23
SBA-16-U1-SH3 16.13 1.01 3.02 1.88 6.42 0.42 1.67 1.1 5.35
SBA-16-DS1 19.66 0.5 2.45 0.45 2.92
SBA-16-DS2 18.65 1.01 4.72 0.83 5.31
SBA-16-DS3 18.14 2.02 8.12 0.98 6.26

nTEOS, number of mmoles of tetracthyl orthosilicate; nU, number of mmoles of ureidopropyltrimethoxysilane; nSH, number of
mmoles of 3-mercaptopropylsilane; nDS, number of mmoles of bis(triethoxysilylpropyl) disulfide, Py and Ps, nitrogen and sulfur
percentages predicted on the basis of the synthesis gel mixture; Cy, Csy or Cps concentration of functional groups in the resulting
materials calculated on the basis of nitrogen or sulfur percentages obtained by elemental analysis; Py and Ps, nitrogen and sulfur

weight percentages obtained from elemental analysis.

mercaptopropyl surface groups and bridging disulfide
groups, respectively. Letters x, y and z =1, 2, 3, 4 refer
to the samples with successively growing concentration
of functional groups (see Table 1). The letter ¢ refers
to the as-synthesized organic-functionalized silica.
The pure channel-like silica subjected to calcination
at 550°C in flowing air for 4 hours was denoted as
SBA-15.

2.3 Syntheses of mesoporous cage-like SBA-16
organosilicas

Cage-like mesoporous SBA-16 silicas with functional
surface and bridging groups (see Scheme 1 and 3) were
synthesized similarly to SBA-15 by co-condensation
of TEOS and proper organosilanes in the pres-
ence of poly(ethylene oxide)-block-poly(propylene
oxide)-block-poly(ethylene oxide) triblock copolymer

(Pluronic F127, EO;9psPO79EOj¢s). The procedure
adopted is a slightly modified recipe reported by Qiu
et al. (2004). In a typical synthesis, 1 g of F127 and
3.527 g of sodium chloride were dissolved in 10 ml
2M HCI and 30ml deionized water at 40°C. Af-
ter 4 hours stirring a specified volume of TEOS was
pipetted drop wise to this solution under vigorous
mixing, and next after 15 minutes organosilane was
added to achieve the desired molar composition of
both silanes (see Table 2). After further stirring for
20h at 40°C, the resulting white precipitate was trans-
ferred into a polypropylene bottle and subsequently
heated at 100°C for 24h . The product was filtered,
washed with DW, and dried in the oven at 80°C. To re-
move the polymeric template from mesopores, the as-
synthesized nanocomposites were extracted three times
with 2ml of 36 wt.% HCI and 100 ml of 95% ethanol
at 70°C. The extracted ureidopropyl-functionalized

@ % (i) (iii) y (i<)
—0—Si—o— —\Si/\/\NH NH, SH/\/\Si_ _Si\/\/s\ /\/\SI/—

7

Scheme 1 Chemical structures of (i) tetraethyl orthosilicate
(TEOS, silica source) and (ii—iv) functional silanes used in
polymer-templated co-condensation synthesis involving (ii)

ureidopropyltrimethoxysilane and (iii) 3-mercaptopropylsilane
as well as (iv) bis(triethoxysilylpropyl) disulfide
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Scheme 2 Schematic illustration of mesoporous channel-like
structure SBA-15 silica (A) and interconnected cylindrical chan-
nels (large circle with thin channels) containing ureidopropyl sur-
face ligands (B) (open circles), bifunctional ureidopropyl (open
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Scheme3 Schematic illustration of mesoporous cage-like struc-
ture SBA-16 silica (A) and interconnected spherical cages (large
circle with straight channels) containing ureidopropyl surface

SBA-16, ureidopropyl-mercaptopropyl-functionalized
SBA-16 and framework-functionalized SBA-16 sam-
ples are denoted as SBA-16-Ux, SBA-16-U1-SHy and
SBA-16-DSz, where U, SH and DS refers to ureido-
propyl and mercaptopropyl surface groups as well as
to the bridging disulfide groups, respectively. Letters
x, y and z=1, 2, 3 refer to the samples with succes-
sively growing concentration of functional groups (see
Table 2). The letter ¢ refers to as-synthesized sample,
i.e., sample containing polymeric template. The pure
silica sample subjected to calcination at 550°C in flow-
ing air for 4 h was denoted as SBA-16.

2.4 Measurements

Nitrogen adsorption measurements were performed us-
ing ASAP 2010 and ASAP 2020 volumetric analyzers
manufactured by Micromeritics, Inc. (Norcross, GA).
Adsorption isotherms were measured at —196°C over
the interval of relative pressures from 10~° to 0.995
using high purity nitrogen of 99.998% from Praxair
Distribution Company (Canton, OH, USA), which was
used to measure the amount adsorbed as a function
of the equilibrium pressure. Prior to each adsorption
measurement the pure and functionalized silicas were
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ligands (B) (open circles), bifunctional ureidopropyl (open cir-
cles) as well as mercaptopropyl (filled circles) surface ligands (C)
and bis(propyl)disulfide bridging groups (D) (filled rhombus)

outgassed under vacuum in the port of the adsorption
instrument for at least 2 h at 200°C and 110°C, respec-
tively until the residual pressure dropped to 6 or less
pumHg. Such temperature was chosen on the basis of
thermogravimetric analysis to avoid the degradation of
surface ligands and to remove adsorbed gases, ethanol
and water.

Quantitative estimation of organic groups was per-
formed by carbon, hydrogen, nitrogen and sulphur
(CHNS) analysis. Nitrogen and sulfur contents for all
organosilicas were determined using a LECO model
CHNS-932 elemental analyzer from St. Joseph, MI.
The surface coverage of functional groups expressed
per gram of the entire sample was calculated from
nitrogen and sulfur contents obtained from elemental
analysis.

Thermogravimetric analysis was carried out under
nitrogen atmosphere using a TA Instruments Inc. (New
Castle, DE, USA) model TGA 2950 high-resolution
thermogravimetric analyzer. The weight change (TG)
patterns were recorded over a temperature range from
35°C to 800°C. The instrument was equipped with an
open platinum pan and an automatically programmed
temperature controller. The high-resolution mode was
used to record the TG data. The heating rate was
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adjusted automatically during measurements to achieve
the best resolution; its maximum was 5°C min~—'. The
resolution and sensitivity parameters were 4 and 6, re-
spectively. The flow rate of nitrogen gas in the system
was 100 and 60 cm?® min~! on the furnace and balance,
respectively.

Powder X-ray diffraction (XRD) measurements
were recorded using a PANanalytical, Inc. X’Pert Pro
(MPD) Multi Purpose Diffractometer with Cu Ko
radiation, operating voltage of 40kV, 0.01° step size
and 20 s step time over a range 0.5° < 260 < 3.0° at
room temperature.

2.5 Calculations

The specific surface area (Sggr, mz/g) for the samples
under study was calculated by employing the Brunauer-
Emmett-Teller (BET) method (Brunauer et al., 1938)
in the range of relative pressures from 0.05 to 0.2 (Sing
et al., 1985). The volume of complementary pores for
the SBA-15 and SBA-16 silicas was calculated by in-
tegration the pore size distribution (PSD) up to 4 nm;
this integration limit was established on the basis of
the first peak of the distribution function represent-
ing complementary pores. This volume denoted as V,
(cm’/g) includes the volume of irregular micropores
present in the mesopore walls as well as small aper-
tures that connect ordered cage-like mesopores. The
single-point total pore volume (V,, cm?®/g) (Sing et
al., 1985) was estimated from the amount adsorbed
at a relative pressure p/p, of 0.99, where p and p,
denote the equilibrium pressure and saturation vapor
pressure, respectively. The pore size distribution was
calculated from the adsorption branch of nitrogen ad-
sorption isotherms by using the KJS (Kruk, Jaroniec
and Sayari) method (Kruk et al., 1997). This method
employs the BJH (Barrett, Joyner and Halenda) algo-
rithm (Barrett et al., 1951) with a relation between the
pore size and capillary condensation pressure derived
on the basis of adsorption data for high-quality MCM-
41 materials with cylindrical pores. The primary meso-
pore diameter (wgjs, nm) was defined at the maximum
of PSD. Since, the PSD analysis was done under as-
sumption of cylindrical pore geometry, while cage-like
mesopores are rather spherical, this method leads to
a systematic underestimation of the size of mesopore
cages by approximately 2 nm (Kruk et al., 2002; Matos
et al., 2003). Therefore, the primary mesopore diam-

eters were also evaluated by using proper geometrical
relations between the pore size (wy, nm), volume of
complementary pores (V,, cm?/g), volume of primary
mesopores (V,, cm3/g) and unit cell (¢, nm) derived
for the Im3m (Eq. (1)) (Kruk and Jaroniec, 2002) and
P6émm (Eq. (2)) (Kruk et al., 1999) symmetry groups,
respectively.

v 1/3
wy = 0.985-a - (—”) (1)
1p+V.+V,
v 1/2
wy =1.05-a- <7”> ()
1/p+V.+V,

where the symbol p denotes the organosilica density,
which was assumed to be 2.0 g/cm?. It is noteworthy
that the pure amorphous silica density is 2.2 g/cm?. The
pore wall thickness (b, nm) for [m3m and P6mm sym-
metries was assessed by using the following equations
3 and 4, respectively.

b= (av3/2 —wy) (3)
b=(a—wy) 4

The unit-cell parameter (a, nm) for SBA-16 (Eq. (5))
and SBA-15 (Eq. (6)) was evaluated using the interpla-
nar spacing (d, nm) corresponding to (110) and (100)
peaks, respectively, on the powder XRD pattern.

a=dn-V2 &)
a = dl()() -2 371/2 (6)

3 Results and discussion
3.1 Mesoporous channel-like SBA-15 organosilicas

The amounts of ureidopropyl surface groups in
SBA-15 with single organic functionality, ureidopropyl
and mercaptopropyl surface groups in bi-functional
SBA-15 as well as bridging disulfide spacers in SBA-
15 were estimated on the basis of elemental analysis
data (see Table 1). The nitrogen and sulfur contents
obtained for the resulting OMOs by elemental analysis
represent around 50-85% of the values estimated on
the basis of the initial molar composition of the syn-
thesis gel mixture, indicating quite good incorporation
efficiency.

@ Springer



300

Adsorption (2006) 12:293-308

100 ¥
S 90
&
g 80
=
o
E‘) 70
o
=
60
50
200 400 600 800 200 400 600 800 200 400 600 800
Temperature (OC) Temperature (OC) Temperature (OC)
SBA-15 SBA-15
o  SBA-15-Ul —— SBA-15-cal540 & SBA-15-DS1
4 SBA-15-U2 A4 SBA-15-Ul-SH1 v SBA-15-DS2-t
v SBA-15-U3-t v SBA-15-Ul-SH2-t v  SBA-15-DS2
v SBA-15-U3 v SBA-15-Ul-SH2 o  SBA-15-DS3
= SBA-15-U4 e SBA-15-DS4
) 0.25 2.3
% 22
< 020 :
g 2.1
.%’J 0.15 04
2 .
= 0.10 03
2 0.2
2 0.05 :
} 0.1 N F
0.00 ™= 0.0 35_"««««««mw(««3\&%{4u«««m«««« ]

200 400 600 800 200
Temperature (OC)

Fig. 1 High-resolution TG profiles (top panels) and the cor-
responding DTG profiles (bottom panels) recorded in flowing
nitrogen for channel-like SBA-15 mesoporous silicas obtained
via co-condensation route using various concentrations of ure-

The introduction of organics into channel-like
SBA-15 mesostructure was monitored by high-
resolution thermogravimetry (TG). The TG patterns
and the corresponding differential TG (DTG) pro-
files for ureidopropyl-functionalized SBA-15 silicas
(Panels A and D), ureidopropyl-mercaptopropyl-
functionalized SBA-15 silicas (Panels B and E) and
bis(propyl)disulfide-modified SBA-15 (Panels C and
F) recorded under nitrogen atmosphere are displayed in
Fig. 1, respectively. It is noteworthy that each panel for
both TG and DTG curves in Fig. 1 shows profiles for the
template-containing organosilicas (their codes contain
symbol t); see the DTG curves for SBA-15-U3-¢, SBA-
15-U1-SH2-t and SBA-15-DS2-¢ shown in Panels A, B
and C. As can be seen from these figures the ranges of
the TG patterns below 100°C and above 500°C reflect
thermodesorption of physisorbed water and ethanol as
well as the condensation of silanol groups and de-
composition of some residual organic groups, respec-
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idopropyl (U) surface ligands (A, D), bifunctional surface lig-
ands: ureidopropyl (U) and mercaptopropyl (SH) (B, E) and
bis(propyl)disulfide (DS) bridging groups (C, F), respectively

tively. The range between the aforementioned regions
reflects the template removal and decomposition of
incorporated organic groups. A complete removal of
P123 has been achieved by extraction process with hy-
drochloric acid and ethanol solution at 80°C as con-
firmed by the disappearance of the major peak (see
the DTG curve for the extracted SBA-15-U3 sample),
while the ureidopropyl ligands were remained. Simi-
larly to the ureidopropyl-modified SBA-15 materials
the extraction used was also efficient in the case of
bi-functional silicas (Panels B and E) and disulfide-
containing periodic organosilicas (Panels C and F). The
intensity of the minor decomposition peaks observed in
the range between 200 and 300°C on the DTG curves
for the template-free organosilicas with increasing con-
centration of ureidopropyl groups (SBA-15-U1, SBA-
15-U2, SBA-15-U3 and SBA-15-U4) increases grad-
ually, which indicates that the functionalization was
effective.
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Fig. 2 X-ray diffraction (XRD) patterns (A, B, C), nitrogen ad-
sorption isotherms (D, E, F) measured at —196°C and the cor-
responding pore size distributions (PSDs) (G, H, I) calculated
according to the KJS method (Kruk et al., 1997) for the channel-

Structural identification

Structural characterization of the extracted SBA-15
organosilicas containing ureidopropyl surface groups,

Pore Diameter (nm)

Pore Diameter (nm)

like SBA-15 mesoporous silicas having various concentrations of
ureidopropyl (U) surface ligands (A, D, G), bifunctional surface
ligands: ureidopropyl (U) and mercaptopropyl (SH) (B, E, H) and
bis(propyl)disulfide (DS) bridging groups (C, F, I), respectively

two different surface groups: ureidopropyl and mer-
captopropyl, and bridging bis(propyl)disulfide groups
was performed on the basis of the XRD patterns
shown in Fig. 2 (Panels A, B and C, respectively).
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Table 3 Selected structural parameters of the organic-functionalized channel-like SBA-15 mesoporous silicas®

Sample Sger, m2g~! V,, ccg™! V., ccg™! WS, M wg, NM b, nm a,nm
SBA-15 866 1.38 0.13 11.2 9.7 1.8 11.5
SBA-15-Ul 702 1.00 0.10 9.1 9.1 2.1 11.2
SBA-15-U2 731 1.00 0.14 9.1 9.5 2.4 11.9
SBA-15-U3 670 0.87 0.15 8.9 8.8 29 11.7
SBA-15-U4 525 0.42 0.19 5.8 5.4 52 10.6
SBA-15-U1-SH1 546 0.87 0.10 8.6 8.8 2.5 11.3
SBA-15-U1-SH2 334 0.42 0.09 6.0 6.2 3.8 10.0
SBA-15-DS1 909 1.18 0.16 8.7 9.2 2.3 11.5
SBA-15-DS2 958 1.16 0.22 7.4 7.8 2.5 10.3
SBA-15-DS3 952 0.88 0.22 5.6 6.9 2.8 9.7
SBA-15-DS4 935 0.99 0.21 52 7.0 2.3 93

4Sper, BET specific surface area; V;, single-point pore volume; V., volume of interconnecting pores of the diameter below 4
nm; wgjys, mesopore diameter calculated by the KJS method (Kruk et al., 1997); w,, mesopore diameter calculated on the ba-
sis of the unit cell parameter and pore volumes according to the relation derived for the hexagonal Pémm structure (Kruk et al.,
1999) assuming 2.0 g/cm3 density of silica; b, pore wall thickness; a, unit cell calculated from the observed chracteristic Bragg’s

reflection (100).

The unit cell parameters for the samples studied are
summarized in Table 3. As can be seen from Fig. 2A,
the diffraction profile for the extracted ureidopropyl-
functionalized SBA-15-UT silica exhibits one sharp re-
flection at 26 ~ (.75 indexed as (100) and two minor
reflections (110) and (200); this pattern resemblances
that for a purely siliceous SBA-15 (P6mm symmetry
group). The XRD patterns for the remaining samples
of this series (Panel A) were also analyzed accord-
ing to the P6mm symmetry group. The XRD study
shows that an increase in the concentration of urei-
dopropyl ligands (SBA-15-U4) meaningfully affected
the XRD profiles, which is manifested by a reduction
of the major and minor peak intensities suggesting a
gradual deterioration of the mesostructural ordering.
Analogous changes in the structural behavior were ob-
served for bi-functional silicas (Fig. 2B) and bridged
silicas (Fig. 2C). In all cases the major peaks showed
a tendency to shift towards higher values of 20 an-
gles suggesting a slight decrease in the unit cell (see
Table 3).

Pore structure characterization

Shown in Fig. 2 are nitrogen adsorption-desorption
isotherms measured at —196°C (Panels D, E and
F) and pore size distributions (Panels G, H and I)
for the extracted SBA-15 silicas with various urei-
dopropyl, ureidopropyl-mercaptopropyl and disulfide
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groups. The PSD curves were calculated according to
the KJS method (Kruk et al., 1997), which was es-
tablished for the cylindrical pore geometry. The nitro-
gen adsorption isotherms measured were used to ob-
tain the BET specific surface area (Brunauer et al.,
1938), the volume of complementary pores, the single-
point pore volume (Sing et al., 1985), the mesopore
channel diameter and pore-wall thickness, which are
summarized in Table 3. For the purpose of compari-
son, nitrogen adsorption isotherms measured on cal-
cined SBA-15 samples are also shown. In general, all
materials synthesized with the lowest content of all
types of organic groups exhibit type IV adsorption-
desorption isotherms. They have sharp capillary con-
densation steps, which reflect capillary condensation of
adsorbate in uniform mesopore channels, and evapora-
tion steps related to the evacuation of adsorbate from
these pores. It is noteworthy that the lack of coinci-
dence between adsorption and desorption branches of
the isotherm generates a hysteresis loop, which for the
aforementioned isotherms exhibits H1 type according
to the JUPAC classification. In addition, the steeper
capillary condensation branch is, the narrower the pore
size distribution is observed. As can be seen in Panels
D, E and F of Fig. 2 the position of capillary conden-
sation step is shifting towards the smaller values of the
relative pressure with increasing content of the intro-
duced functionalities, which reflects a gradual reduc-
tion of the diameter of mesopore channels (see Panels
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G, H and I in Fig. 2). For the SBA-15-U4, SBA-15-
U1-SH2 and SBA-15-DS4 samples with the highest
concentration of organics, the mesopore KJS diameters
(see Table 3) were 5.8, 6.0 and 5.2 nm, respectively,
whereas the PSDs were still narrow except that for
SBA-15-U4, which was broad. Not only the KJS pore
size, but also other adsorption parameters such as
the BET specific surface area and single-point pore
volume decreased with increasing content of organ-
ics. In the case of ureidopropyl-functionalized and bi-
functional SBA-15 materials, the BET surface area was
reduced from 866 m?/g (calcined SBA-15) to 525 m*/g
for ureidopropyl-modified SBA-15 and to 334 m?/g for
bifunctional SBA-15, whereas the total pore volume
was reduced from 1.38 cm®/g to 0.42 cm?3/g (for both
types of surface groups). As far as the disulfide groups
incorporated into the silica framework, the BET sur-
face area and the total pore volume almost did not
change; even a slight increase was observed in the case
of the BET surface area. This behavior is associated
with the nature and structure of periodic mesoporous
organosilicas because they possess bridging groups in-
stead of surface ligands. However, it needs to be kept
in mind that the content of bridging groups in this case
was slightly lower in comparison to the content of sur-
face ligands in the samples studied. In addition, for all
SBA-15 silicas the pore wall thickness increased with
increasing concentrations of U, U1-SH, DS groups and
its highest value was obtained for materials modified
with ureidopropyl surface ligands.

The information about complementary porosity of
the functionalized silicas was assessed on the basis of
PSDs; the volumes of complementary small pores are
listed in Table 3. It is noteworthy that these fine pores
are originated from the penetration of hydrophilic ethy-
lene oxide blocks (EO) into the silica walls. Among
the organosilicas studied the relatively high volumes
of these pores were obtained for silica with disulfide
bridging groups (see Panel I and Table 3), which can
be due to the fact that the silica walls containing these
organic spacers favor interactions with ethylene oxide
blocks (EO). Moreover, these materials (DS2, DS3 and
DS4) exhibit some higher fractions of textural pores,
which are evidenced by the lack of plateau at higher
pressures. In addition, desorption for SBA-15-DS2 and
the samples with higher content of bridging groups tend
to be much broader that reflects non-uniformity of pore
openings.

3.2 Mesoporous cage-like SBA-16 organosilicas

Similarly to the SBA-15 organosilicas, elemental anal-
ysis was used to evaluate the introduction of surface and
bridging groups into cage-like mesoporous SBA-16 sil-
icas templated by block copolymer F127; the values of
nitrogen and sulfur percentages as well as the estimated
group coverages are listed in Table 2. These values
are progressively increasing with increasing concen-
trations of incorporated groups.

The TG patterns and the corresponding differen-
tial TG (DTG) profiles for ureidopropyl-functionalized
SBA-16 silicas (Panels A and D), ureidopropyl-
mercaptopropyl-functionalized SBA-16 silicas (Panels
B and E) and bis(propyl)disulfide-modified SBA-16
(Panel C and F) recorded under nitrogen atmosphere are
displayed in Fig. 3, respectively. The TG study shows
that the extraction of the block copolymer F127 tem-
plate from cage-like SBA-16 organosilicas with acidi-
fied ethanol solution was incomplete. This is especially
visible on the DTG curve for the first sample (SBA-
16-U1) in the series of silicas containing ureidopropyl
groups when compared with the corresponding DTG
curve for the template-containing SBA-16-U1-t sam-
ple (see Fig. 3D). As can be seen from this figure the
thermogravimetric event at ~400°C for the extracted
SBA-16-U1 sample, which is related to the decompo-
sition of the F127 template, is still quite visible; it is
possible that this sample has smaller pore openings.
For the remaining ureidopropyl samples the extraction
process was much better. However, it should be noted
that the removal of polymeric templates from cage-
like mesostructures is more difficult than in the case of
channel-like mesostructures, especially when the cage
openings in the former structures are small and the at-
tached surface groups are relatively large.

Structural identification

The extracted cage-like SBA-16 samples were stud-
ied by powder X-ray diffraction. The XRD profiles for
ureidopropyl-functionalized SBA-16, ureidopropyl-
mercaptopropyl-functionalized SBA-16 and SBA-16
with disulfide bridging groups are shown in Fig. 4 (Pan-
els A, B and C, respectively). The unit cell parameters
are listed in Table 4. As can be seen from Fig. 4, the
diffraction patterns for extracted functionalized SBA-
16 materials exhibit a strong reflection at 26 ~ 0.8 and

@ Springer



304

Adsorption (2006) 12:293-308

Weight change (%)

200 400 600 800 200 400 600 800 200 400 600 800
Temperature (°C) Temperature (°C) Temperature (°C)
—— SBA-16 SBA-16 SBA-16
o SBA-16-Ul e SBA-16-UI-SH1 4 SBA-16-DSI
A SBA-16-U2-t A SBA-16-Ul1-SH2-t v SBA-16-DS2
A SBA-16-U2 A SBA-16-Ul-SH2 = SBA-16-DS3-t
v  SBA-16-U3 v SBA-16-U1-SH3 o SBA-16-DS3

- Deriv. Weight (% / °C)

200 400 600 800 200
Temperature (°C)

Fig. 3 High-resolution TG profiles (top panels) and the corre-
sponding DTG profiles (bottom panels) recorded in flowing ni-
trogen for cage-like SBA-16 mesoporous silicas obtained via co-
condensation using various concentrations of ureidopropyl (U)

some less-resolved minor reflections. The XRD pro-
files for these samples were assigned according to the
cubic Im3m symmetry group (body-centered-packing)
and thus the reflections were indexed as (110), (200)
and (211). The major and minor peaks show a ten-
dency to decrease with increasing concentration of in-
troduced organic groups in SBA-16. For instance, a
high concentration of ureidopropyl groups in the SBA-
15-U4 sample caused a significant reduction in the
intensity of major and minor XRD peaks in compar-
ison to those observed for the SBA-16 samples with
small amount of surface groups. This change in the
XRD profile suggests visible structure deterioration in
the samples with high concentrations of surface groups.
Analogous structural changes were observed for bi-
functional SBA-16 silicas (Fig. 4B) and the SBA-16
samples with bridging groups (Fig. 4C). Similarly to
SBA-15, the position of the major peak for the DS-
modified SBA-16 sample is offset towards higher val-
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surface ligands (A, D), bifunctional surface ligands: ureidopropyl
(U) and mercaptopropyl (SH) (B, E) and bis(propyl)disulfide
(DS) bridging groups (C, F), respectively

ues of 260 suggesting a slight reduction in the unit cell
(see Table 4).

Pore structure characterization

Nitrogen adsorption-desorption isotherms measured
at —196°C for extracted SBA-16 silicas contain-
ing different amounts of ureidopropyl, ureidopropyl-
mercaptopropyl surface groups and disulfide bridging
groups are shown in Fig. 4 (Panels D, E and F, re-
spectively). These isotherms were used to evaluate the
following adsorption parameters: the BET specific sur-
face area (Brunauer et al., 1938), single-point pore vol-
ume (Sing et al., 1985), mesopore diameter and pore
wall thickness, which are listed in Table 4. Similarly
to SBA-15, these panels show also nitrogen adsorp-
tion isotherms measured for calcined purely siliceous
SBA-16 sample. The SBA-16 silicas with ureidopropyl
groups and bi-functional samples with the smallest
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Fig. 4 X-ray diffraction (XRD) patterns (A, B, C), nitrogen ad-
sorption isotherms (D, E, F) measured at —196°C and the cor-
responding pore size distributions (PSDs) (G, H, I) calculated
according to the KJS method (Kruk et al., 1997) for the cage-
like SBA-16 mesoporous silicas having various concentrations of
ureidopropyl (U) surface ligands (A, D, G), bifunctional surface
ligands; ureidopropyl (U) and mercaptopropyl (SH) (B, E, H)

concentration of these groups, SBA-16-Ul (Panel
D) and SBA-16-U1-SH1 (Panel E), exhibit type
IV adsorption-desorption isotherms with sharp capil-
lary/evaporation steps and pronounced H2 hysteresis
loops. The condensation step starts at a relative pres-
sure of about 0.7, whereas the evaporation step ends
suddenly at about 0.45, which is typical for meso-

Pore Diameter (nm)

Pore Diameter (nm)

and bis(propyl)disulfide (DS) bridging groups (C, F, I), respec-
tively. The isotherms in Panel D for SBA-16, SBA-16-U1l and
SBA-16-U2 were offset vertically by 90, 165 and 50 cc STP g~ 1.
The isotherms in Panel E for SBA-16-U1 and SBA-16-U1-SH1
were offset vertically by 75 and 50 cc STP g~!. The isotherms
in Panel F for SBA-16-DS1 and SBA-16-U1-DS2 were offset
vertically by 50 and 10 cc STP g~!

porous materials containing cage-like pores and nar-
row PSDs (see PSDs in Panels G and H). The value of
relative pressure at which capillary evaporation takes
place can be used to evaluate the size of pore open-
ings. However, for the samples studied the hysteresis
loops close at the limiting pressure value for nitrogen
at —196°C, i.e., at relative pressure of about 0.45. In
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Table 4 Selected structural parameters of the organic-functionalized cage-like SBA-16 mesoporous silicas®

Sample Sper, m2g ™! V,, ccg™! V., ccg™! wkJs, NM wy, NM b, nm a,nm
SBA-16 932 0.60 0.35 7.0 9.0 3.6 15.0
SBA-16-Ul 494 0.32 0.18 6.5 8.1 4.4 14.8
SBA-16-U2 613 0.41 0.23 6.8 8.4 3.7 14.6
SBA-16-U3 553 0.38 0.20 6.7 8.5 3.6 14.7
SBA-16-U1-SH1 360 0.24 0.14 5.7 72 4.5 14.3
SBA-16-U1-SH2 357 0.20 0.09 4.7 7.0 4.4 13.2
SBA-16-U1-SH3 225 0.14 0.07 3.6 6.1 5.1 13.0
SBA-16-DS1 549 0.36 0.18 5.1 8.1 3.9 13.8
SBA-16-DS2 557 0.33 0.20 4.2 6.8 4.3 12.9
SBA-16-DS3 508 0.22 0.13 29 6.1 4.6 12.4

4Sger, BET specific surface area; V;, single-point pore volume; V., volume of micropores and interconnecting pores of the diameter
below 4 nm for SBA-16, SBA-16-U1, SBA-16-U2, SBA-16-U3, SBA-16-U1-SH1, whereas for other materials V. was calculated
below 3 nm; wg;s, mesopore cage diameter calculated by the KIS method (Kruk et al., 1997); w,, mesopore cage diameter calculated
on the basis of the unit cell parameter and pore volumes according to the relation derived for the cubic Im3m structure (Kruk and
Jaroniec, 2002) assuming 2.0 g/cm3 density of silica; b, pore wall thickness; a, unit cell calculated from the observed chracteristic

Bragg’s reflection (110).

the case of disulfide-modified SBA-16 silicas (Panel
F), the sample with lowest content of bridging groups
(SBA-16-DS1) shows less steep capillary condensation
and evaporation steps indicating broader PSD (Panel I)
and larger non-uniformity of pore openings. As can be
seen from Fig.s 4D, 4E and 4F, an increase in the con-
centration of organic groups reduces the steepness of
the evaporation steps for bi-functional (Fig. 4E) and
disulfide-modified SBA-16 silicas (Fig. 4F), which is
not the case for U-functionalized materials (Fig. 4D).
This example illustrates that the structural properties
of cage-like materials are quite sensitive on the type of
surface and bridging groups as well as their concen-
tration. For instance, an increase in the concentration
of U-SH and DS groups shifts the position of capil-
lary condensation step towards lower values of relative
pressure indicating a gradual reduction in the mesopore
size (see PSDs in Figs. 4H and 41, respectively). It is
worth to mention that pore size distributions shown in
Fig. 4 (G, H and I) were obtained by using the KJS
method (Kruk et al., 1997) calibrated on the basis of
adsorption data for channel-like mesopores with diam-
eter between 2 and 6.5 nm. Since this calibration was
done using MCM-41 materials with cylindrical pores,
this method leads to the underestimation of the diame-
ter of cage-like mesopores by about 2—3 nm. Therefore,
Table 4 lists also the pore diameters calculated using
geometrical relation between the pore volumes and the
unit cell derived for cubic Im3m symmetry group (Kruk
and Jaroniec, 2002).
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Similarly to SBA-15-type organosilicas, adsorption
parameters such as the BET surface area and single-
point pore volume for the SBA-16-type organosil-
ica samples decrease with increasing concentration
of organic groups, except the SBA-16-Ul sample,
which possesses some residue of the template. In
the case of U-decorated SBA-16, bi-functional SBA-
16 and DS-functionalized SBA-16, the BET sur-
face area decreased from 932m?/g (calcined SBA-
16) to 553m?/g, 225m?/g and 508 m?/g, respec-
tively, whereas the total pore volume decreased from
0.6cm3/g to 0.38 cm®/g, 0.14cm?/g and 0.22 cm’/g,
respectively. Note that for DS-functionalized SBA-
15 an opposite trend was observed. Furthermore, the
thickness of mesopore walls shows a tendency to in-
crease with increasing concentrations of U, U1-SH, DS
groups.

As can be seen from PSDs in Fig. 4 (all panels),
all functionalized silicas show larger volumes of com-
plementary pores in relation to the volume of ordered
pores, which can be calculated by subtracting the for-
mer from the total pore volume (see Table 4). It is inter-
esting to notice that the relation between the volumes of
complementary and ordered pores in SBA-15 is oppo-
site because for this channel-like material the volume
of ordered mesopores is large. However, the triblock
copolymer F127 used to synthesize SBA-16 possesses
5.3 times more hydrophilic ethylene oxide blocks (EO)
than the P123 polymer used to obtain SBA-15; there-
fore, for functionalized SBA-16 silicas the penetration
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of EO blocks into pore walls can be more extensive than
in the case of SBA-15. Also, in the case of cage-like
materials the complementary porosity includes small
ordered pores that interconnect large ordered cages.

4 Conclusions

Comparative studies of mesoporous materials of
hexagonal (SBA-15) and cubic (SBA-16) symmetry
with increasing concentrations of ureidopropyl surface
groups, ureidopropyl and mercaptopropyl surface
groups and bridging disulfide groups have been pre-
pared by co-condensation of proper organosilanes and
TEOS in the presence of poly(ethylene oxide)-block-
poly(propylene oxide)-block-poly(ethylene oxide) tri-
block copolymers Pluronic P123 (EO»)PO7oEO»)
and Pluronic F127 (EO;9psPO70EO;06) as structure
directing agents. It is shown that in the case of channel-
like SBA-15 organosilicas the P123 template can be
removed completely by extraction with hydrochloric
acid-ethanol solution. In contrast, the removal of the
F127 template from cage-like SBA-16 organosilicas
was in some cases more difficult. The incorporation of
various surface ligands and disulfide bridging group
into SBA-15 and SBA-16 mesostructures was relatively
successful. Both functionalized mesoporous channel-
like and cage-like silicas showed long-range crystallo-
graphic ordering that was reduced systematically with
increasing concentration of the introduced functional-
ity. All cage-like SBA-16 organosilicas showed higher
volume ratio of complementary pores to ordered meso-
pores in comparison to that observed for channel-like
SBA-15 silicas. In contrast to the SBA-15 organosil-
icas, the SBA-16 organosilicas with higher contents
of functional groups tended to have smaller volume
of mesopores. This study shows that the incorporation
of various surface and bridging groups into cage-like
mesostructures is more difficult than in the case of
channel-like mesostructures, for which this incorpora-
tion can be performed without significant diminishment
of the pore volume and surface area. Since the afore-
mentioned functionalized mesoporous organosilicas
possess high affinity toward metal ions such as
mercury, lead and cadmium there are promising ad-
sorbents for removal of these pollutants from aqueous
solutions.
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Nomenclature
a unit cell parameter (nm)
b pore wall thickness (nm)
Sger  BET specific surface area (m?/g)
Ve volume of micropores and interconnecting

pores of the diameter below 4 nm for
SBA-15 and SBA-16, (cc/g)

Vi single-point pore volume (cc/g)

Wy mesopore diameter calculated on the
basis of the unit cell parameter and pore
volumes according to equations 1 and
2 derived for the cubic and hexagonal
structures, respectively (nm)

wgys mesopore diameter at the maximum
of pore size distribution calculated by the
KIJS method (nm)
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