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Abstract Two series of ordered mesoporous organosil-
ica (OMO) SBA-15 materials with surface and bridg-
ing groups were fabricated by varying the organic pre-
cursor addition at different synthesis stages. The conse-
quence of the delayed introduction of organic precursor
on the structural and adsorption properties of the result-
ing OMOs was investigated. The OMOs studied were
synthesized via co-condensation of tetraethyl orthosilicate
(TEOS) and ureidopropyltrimethoxysilane (UPS) as well
as TEOS and bis(triethoxysilylpropyl) disulfide (BTDS) in
the presence of poly(ethylene oxide)-poly(propylene oxide)-
poly(ethylene oxide) triblock copolymer Pluronic P123
(EO20PO70EO20). The aforementioned OMOs were char-
acterized by nitrogen adsorption-desorption isotherms at
−196 °C and powder X-ray diffraction (XRD). Nitrogen
adsorption isotherms were used to estimate the pore vol-
ume, mesopore diameter and the BET specific surface area,
whereas the XRD data provided information about structural
ordering and unit cell of the samples studied.
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Abbreviations
a unit cell parameter (nm)
PN/S nitrogen or sulfur weight percentages obtained from

elemental analysis (%)
SBET BET specific surface area (m2/g)
Vc volume of micropores and interconnecting pores of

the diameter below 4 nm (cc/g)
Vp volume of primary pores (cc/g)
Vt single-point pore volume (cc/g)
wKJS mesopore diameter calculated by the KJS

method (nm)

1 Introduction

The incorporation of organics into ordered mesoporous
silicas (OMSs) (Kresge et al. 1992; Beck et al. 1992;
Grudzien and Jaroniec 2005; Grudzien et al. 2006a, 2006b)
has recently become the focus of considerable attention
because it introduces additional properties to those orig-
inated from a change in the surface polarity. Ordered
mesoporous organosilicas (OMOs), which are of great
importance for nanoscience and nanotechnology, create
tremendous opportunities for catalysis (see reviews and
references therein; Taguchi and Schuth 2005; Hoffmann
et al. 2006; Hatton et al. 2005), adsorption, and sens-
ing (Sayari and Hamoudi 2001; Olkhovyk and Jaroniec
2005a).

There are two major routes for the introduction of or-
ganic functionalities into OMSs. The first approach known
as post-synthesis modification involves the surface function-
alization of the surfactant-free OMSs (Beck et al. 1992;
Feng et al. 1997; Jaroniec et al. 1998; Lim and Stein 1999),
i.e., OMSs, in which the template was removed by calcina-
tion or extraction, and the surfactant-containing OMSs (An-
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tochshuk and Jaroniec 1999, 2000). An important advantage
of the post-synthesis modification is the possibility of tai-
loring of the pore diameter in OMOs by varying the size
of the attached ligand (Beck et al. 1992; Feng et al. 1997;
Jaroniec et al. 1998; Lim and Stein 1999).

The second approach involves co-condensation (one-pot
synthesis) of appropriate organosilanes often along with
either tetraethyl orthosilicate (TEOS) (Kruk et al. 2002;
Gong et al. 2001; Hamoudi and Kaliaguine 2003; Lim et al.
1997) or sodium metasilicate. The latter approach became
the most popular route, which yields OMSs with high con-
centration of functional ligands without substantial sacrific-
ing not only mesoscopic ordering but also structural shrink-
age caused by controlled calcination, which may lead to a
significant decrease in the mesopore diameter, even up to
25%. The co-condensation is applied to decorate not only
the surface of the pore walls but also the framework (Ja-
roniec 2006; Olkhovyk and Jaroniec 2005b; Grudzien et
al., 2006c, 2006e); the latter materials are known as peri-
odic mesoporous organosilicas (PMOs) (Inagaki et al. 1999;
Melde et al. 1999; Asefa et al. 1999).

The main difference between the co-condensation syn-
thesis and the post-modification of the surfactant-containing
OMSs is that in the first case all precursors participate in
the structure formation, while in the second case the silica-
surfactant mesostructure is formed before introduction of
the reactive organosilane in order to displace the surfac-
tant template and to introduce the surface ligand. There-
fore, it would be interesting to monitor the adsorption prop-
erties of OMOs prepared by adding the reactive organosi-
lane at different stages of the mesostructure formation using
the second approach, i.e., co-condensation synthesis route.
It is noteworthy that a purely siliceous mesostructure of
SBA-15 (silica having hexagonal arrangement of cylindri-
cal mesopores; p6m symmetry group) (Zhao et al. 1998;
Abu-Lebdeh et al. 1998) is formed within one hour after
TEOS addition (Fulvio et al. 2005). Recently, SBA-15 with
aminopropyl surface groups was synthesized using differ-
ent periods (between 0 and 6 hours) for the TEOS pre-
hydrolysis (Wang et al. 2005); the best samples were ob-
tained by delaying the addition of organosilane from 1 to 3
hours after TEOS addition.

The current work takes advantage of adsorption tech-
nique to study the effect of a delayed addition of reactive
organosilane into the synthesis gel on the adsorption proper-
ties of the resulting OMOs. This study involves the synthesis
of two series of the silica-based samples with ureidopropyl
surface groups and disulfide bridging groups, respectively.
In addition, powder X-ray diffraction (XRD) was used to
identify the structure symmetry of the resulting organosili-
cas.

2 Experimental

2.1 Chemicals

Poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene
oxide) triblock copolymer Pluronic P123 (EO20PO70EO20)

was donated from the BASF Corporation. Tetraethyl or-
thosilicate (TEOS) was purchased from Across Organics
(98%), whereas ureidopropyltrimethoxysilane and bis(tri-
ethoxysilylpropyl)disulfide (90%; the remaining 10% con-
tains silanes with sulfide and tetrasulfide groups) were pur-
chased from Gelest, Inc. Deionized water (DW) was ob-
tained using in-house Ionpure Plus 150 Service Deioniza-
tion ion-exchange purification system. All chemicals were
used as received without further purification.

2.2 Syntheses of mesoporous organosilicas

Ordered mesoporous organosilicas were synthesized
in the presence of poly(ethylene oxide)-poly(propylene
oxide)-poly(ethylene oxide) triblock copolymer (P123,
EO20PO70EO20) by co-condensation of tetraethyl orthosil-
icate (TEOS) and either ureidopropyltrimethoxysilane or
bis(triethoxysilylpropyl)disulfide to functionalize the sur-
face and framework, respectively. The recipe incorporated
here was analogous to the synthesis of the SBA-15 silica
reported elsewhere (Zhao et al. 1998). In general, triblock
copolymer P123 (2 g) was mixed with 2 M HCl (61.2
ml) and distilled water (10.8 ml) under rapid stirring at
40 °C until its complete dissolution was achieved. After 4–6
hours of mixing, either 3.858 ml or 4.07 ml of TEOS was
added dropwise to the P123-HCl-DW mixture under vigor-
ous stirring, and next 0.371 ml or 0.22 ml of ureidopropyl-
trimethoxysilane and bis(triethoxysilylpropyl) disulfide was
added after 0, 10, 15, 20, 40, 60 and 120 minutes, respec-
tively. The slurry was further stirred for 24 hours and aged
for 48 hours at 100 °C. The powder was washed with DW,
filtered and dried overnight at 80 °C. The polymeric tem-
plate was extracted with 2 ml of 36 wt.% HCl and 100 ml of
95% ethanol at 70 °C. Two series of the template-free meso-
porous SBA-15 silicas with ureidopropyl surface groups and
bridging disulfide groups were designated as Ux and DSx,
where U, DS and x relate to ureidopropyl surface groups,
bridging disulfide groups and time of the organosilane ad-
dition. The name SBA-15 sample refers to unmodified cal-
cined ordered mesoporous silica SBA-15 (see Table 1).

2.3 Measurements

Nitrogen physisorption measurements were carried out on
ASAP 2010 volumetric analyzer manufactured by Mi-
cromeritics, Inc. (Norcross, GA). Adsorption isotherms
were obtained in the range of relative pressures from 10−6
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Table 1 Selected adsorption and structural parameters for the SBA-15 silicas with ureidopropyl and disulfide groupsa

Sample SBET, m2 g−1 Vc, cc g−1 Vp, cc g−1 Vt, cc g−1 wKJS, nm a, nm

SBA-15 866 0.11 1.18 1.38 9.78 11.5

U0 520 0.06 0.69 0.81 8.29 11.5

U10 600 0.10 0.75 0.90 8.70 11.3

U15 730 0.12 0.76 0.99 8.47 11.9

U20 625 0.14 0.64 0.90 8.27 11.7

U40 510 0.07 0.66 0.76 8.24 11.3

U60 550 0.11 0.61 0.77 8.10 11.1

U120 505 0.08 0.63 0.77 8.47 10.0

DS0 1000 0.26 0.60 1.00 6.76 10.2

DS10 970 0.23 0.78 1.07 7.68 10.0

DS15 865 0.20 0.69 0.99 7.50 9.6

DS20 930 0.22 0.67 1.02 7.00 9.9

DS40 965 0.23 0.78 1.09 7.54 10.0

DS60 750 0.17 0.66 0.90 8.27 10.8

DS120 900 0.12 1.00 1.27 9.49 11.0

aSBET, BET specific surface area; Vc, volume of complementary pores (including micropores) of the width below 4 nm present in the mesopore
walls; Vp, volume of ordered mesopores; Vt, single-point pore volume; wKJS, mesopore diameter calculated by the improved KJS method (Jaroniec
and Solovyov 2006); a, unit cell calculated from the observed characteristic Bragg’s reflection (100). The data for SBA-15, U-15 and DS-15 samples
were taken for comparison from the following reference (Grudzien et al. 2006d)

to 0.995 using high purity nitrogen at −196 °C. Prior to each
adsorption measurement all functionalized silicas were de-
gassed under vacuum for at least 2 hours at 110 °C until the
residual pressure dropped to 6 or less µmHg.

Powder X-ray diffraction (XRD) measurements were
recorded at room temperature using a PANanalytical, Inc.
X’Pert Pro (MPD) Multi Purpose Diffractometer with Cu
Kα radiation, operating voltage of 40 kV, 0.01° step size
and 20 s step time over a range 0.5◦ < 2θ < 3.5◦, in which a
series of characteristic peaks originating from ordered meso-
porosity is observed.

2.4 Calculations

The specific surface area (SBET, m2/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 Vc (cm3/g) for
the SBA-15 organosilicas was calculated by integration the
pore size distribution (PSD) up 4 nm, whereas the volume
of ordered pores Vp (cm3/g) was obtained by integration
between 4 and the end of the PSD peak. The single-point
total pore volume (Vt, cm3/g) (Sing et al. 1985) was esti-
mated from the amount adsorbed at a relative pressure p/po

of 0.99, where p and po denote the equilibrium pressure and
saturation vapor pressure, respectively. The pore size distrib-
ution was calculated from the adsorption branch of nitrogen

adsorption isotherms by using the improved KJS (Kruk, Ja-
roniec and Sayari) method (Jaroniec and Solovyov 2006).
This approach employs the BJH algorithm (Barrett, Joyner
and Halenda) (Barrett et al. 1951), in which the statistical
film thickness and the relation between the pore size and
capillary condensation pressure (derived on the basis of ad-
sorption data for high-quality MCM-41 materials with cylin-
drical pores) are used (Kruk et al. 1997). The primary meso-
pore diameter (wKJS, nm) was defined at the maximum of
PSD. The unit-cell parameter (a, nm) for the samples stud-
ied was evaluated using the XRD interplanar spacing (d, nm)
values for the p6m symmetry group.

3 Results and discussion

3.1 Structural identification

The effect of organosilane addition at different stages of
the OMO synthesis on the structural characteristics of
the extracted organosilicas containing ureidopropyl surface
groups and bridging disulfide groups was studied by the
powder XRD in the range of 2θ from 0.5 to 3.5o. The
XRD patterns for the extracted ureidopropyl-functionalized
and disulfide-functionalized OMOs are shown in Figs. 1A
and 2A, respectively, whereas the unit cell parameters cal-
culated using (100) Bragg’s reflection are listed in Table 1.
As can be seen from Figs. 1A and 2A, an increasing de-
lay (from 0 and 120 minutes) between the TEOS addition
and the addition of reactive organosilane did not lead to any
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Fig. 1 X-ray diffraction (XRD) patterns (A), nitrogen adsorption isotherms (B) measured at −196 °C and the corresponding pore size distributions
(PSDs) (C) calculated according to the improved KJS method (Jaroniec and Solovyov 2006) for the channel-like SBA-15 mesoporous silicas with
ureidopropyl surface groups synthesized by delaying the addition of ureidopropyltrimethoxysilane (U ) into the TEOS-polymer mixture from zero
to 120 minutes; numbers at the samples codes denote the delay time in minutes. The adsorption isotherms and PSD curves for U60, U40, U20,
U15, U10, U0 and SBA-15 were offset by 210, 440, 615, 800, 1100, 1390, 1500 cc STP g−1 and 1.0, 1.8, 2.6, 3.4, 4.2, 5.3, 6.4 cc g−1 nm−1,
respectively

meaningful changes in the XRD patterns, indicating that the
structural quality of all samples studied is similar. Thus, a
delay in adding the reactive organosilane into the TEOS-
polymer gel mixture does not affect the structural ordering
of the resulting OMOs.

The XRD patterns for both series of organosilicas
(Figs. 1A and 2A) fulfill the relations for a 2D hexagonal
structure (p6m symmetry group). These patterns exhibit one
major peak indexed as (100) and two less intensive peaks
indexed as (110) and (200). Since the OMO samples stud-
ied were obtained by employing the same block copolymer

as that used for the synthesis of SBA-15 and their XRD
patterns resemblance those for the SBA-15 mesostructured
silicas, we will consider them as SBA-15 materials with in-
corporated ureidopropyl and disulfide groups, respectively.

3.2 Pore structure characterization

Shown in Figs. 1B, 2B and 1C, 2C are nitrogen adsorption-
desorption isotherms measured at −196 °C for the ex-
tracted ureidopropyl-functionalized and disulfide-function-
alized SBA-15 silicas and the corresponding pore size dis-
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Fig. 2 X-ray diffraction (XRD) patterns (A), nitrogen adsorption isotherms (B) measured at −196 °C and the corresponding pore size distributions
(PSDs) (C) calculated according to the improved KJS method (Jaroniec and Solovyov 2006) for the channel-like SBA-15 mesoporous silicas with
disulfide bridging groups synthesized by delaying the addition of bis(triethoxysilylpropyl) disulfide (DS) into the TEOS-polymer mixture from
zero to 120 minutes; numbers at the samples codes denote the delay time in minutes. The adsorption isotherms and PSD curves for DS60, DS40,
DS20, DS15, DS10, DS0 and SBA-15 were offset by 420, 550, 820, 1080, 1280, 1520, 1750 cc STP g−1 and 1.1, 2.1, 3.6, 4.6, 5.6, 7.0, 7.8
cc g−1 nm−1, respectively

tributions calculated from adsorption branches of the afore-
mentioned isotherms by using the improved KJS (Kruk-
Jaroniec-Sayari) method (Jaroniec and Solovyov 2006). In
addition, these isotherms were used to obtain the BET spe-
cific surface area (Brunauer et al. 1938), the volume of
complementary pores, the single-point pore volume (Sing
et al. 1985) and the mesopore diameter, which are listed
in Table 1. Similarly to unmodified SBA-15 silica, all ex-
tracted organosilicas exhibit type IV adsorption-desorption
isotherms with a distinct H1 hysteresis loop typical for
the materials with cylindrical mesopores. A comparison
of the isotherms shown in Figs. 1B and 2B indicates that

an increasing delay in the addition of reactive organosi-
lane does not influence the shape of adsorption isotherms
except for the SBA-15 sample with disulfide bridging
groups, DS0, which was synthesized by adding TEOS and
bis(triethoxysilylpropyl) disulfide at the same time. The
pore size distributions (Figs. 1C and 2C) are narrow for
all ureidopropyl- and disulfide-modified SBA-15 silicas ex-
cept the DS0 sample. Moreover, the pore diameters do not
change significantly for all ureidopropyl-modified SBA-15
samples, whereas for the samples with disulfide bridges
there is a clear tendency of the pore size enlargement with
increasing delay of organosilane addition.
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The BET specific surface area for the OMOs studied is
between 500–730 and 750–1000 m2 g−1 for ureidopropyl-
and disulfide-modified SBA-15 materials, respectively; thus,
the values for the former series of OMOs, which have sur-
face ligands are slightly lower than those for OMOs having
organic groups incorporated into the framework. A similar
trend is observed for a single-point volume, which is in the
range from 0.76 to 0.99 cc g−1 as well as from 0.90 to 1.27
cc g−1 for ureidopropyl- and disulfide-modified SBA-15 sil-
icas, respectively.

A comparison of the complementary pore volumes for
both functionalized silicas obtained by integration of PSDs
in the range of pore widths up to 4 nm reveals that these val-
ues are within ranges from 0.06 to 0.14 as well as from 0.12
to 0.26 cc/g for ureidopropyl- and disulfide-modified SBA-
15 samples, respectively. It is noteworthy that these small
pores originate from the penetration of hydrophilic ethylene
oxide blocks into the siliceous walls. It can be noticed that
higher values of the complementary pore volumes were ac-
quired for the disulfide bridging spacers (see Table 1). In ad-
dition to ordered mesopores reflected by steep condensation
steps, some of the isotherms such as those for U-15, U-20,
U-60, DS-0, DS-15, DS-120 display the lack of plateau at
higher relative pressures; their adsorption branch increases
with pressure approaching the saturation vapor pressure, in-
dicating the presence of secondary disordered mesopores
also known as textural porosity.

4 Conclusions

Ureidopropyl- and disulfide-functionalized OMOs with p6m
symmetry were prepared via co-condensation of TEOS and
appropriate organosilane in the presence of poly(ethylene
oxide)-poly(propylene oxide)-poly(ethylene oxide) triblock
copolymer Pluronic P123 (EO20PO70EO20) by gradually
delaying the addition of reactive organosilane in relation to
the TEOS addition. The XRD studies showed that all sam-
ples exhibited a long-range crystallographic ordering anal-
ogous to that in SBA-15 (p6m symmetry group), whereas
adsorption analysis concluded that all materials possess uni-
form mesopores. This work shows that the time of addi-
tion of reactive organosilane to the synthesis gel does not
play such a crucial role in the formation of organosilicas
with both surface and bridging groups. However, the case
of the DS0 sample suggests that the use of a short de-
lay for the addition of organosilane (at least 15 min after
TEOS addition) may be beneficial for the sample quality;
this short delay is sufficient for the formation of the silica-
polymer template mesostructure, which is flexible enough
to accommodate organosilane units. A simultaneous addi-
tion of TEOS and organosilane precursors may disturb the
formation of ordered structures. Thus, a delayed addition of

reactive organosilane can be positive in achieving better uni-
formity of pores and pore openings.
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