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Abstract

We study how progressive changes in silane structure affect the synthesis and properties of organosilicas. Tetraethoxysilane (TEOS),
tetramethoxysilane (TMOS), methyltrimethoxysilane (MTMS), bis(trimethoxysilyl)ethane (BTMSE), bis(trimethoxysilyl)hexane
(BTMSH), and bis(trimethoxysilylpropyl)amine (BTMSPA) are used as precursors in non-templated base and acid-catalyzed sol–gel pro-
cesses, and in templated processes with cetyltrimethylammonium bromide (CTAB) and polyoxyethylene 10 lauryl ether (C12E10). The gel
time of materials made without templates is mainly controlled by the structure of the silane rather than its reactivity. For instance, a
dangling methyl group (MTMS) inhibits gelation, while a short bridging chain (BTMSE) promotes gelation. In basic conditions,
mesoporous materials are obtained with TEOS and TMOS, while microporous materials are obtained with organically modified silanes
without added amine. Dipropylamine, originally added as a catalyst, in fact templates mesopores in BTMSH-derived organosilica. In
acidic conditions without pore templates, all products are microporous. In the presence of CTAB, mesopore templating occurs with
TEOS, TMOS, BTMSE, and BTMSPA. With C12E10, mesopore templating occurs with TEOS, TMOS, and BTMSE. Surprisingly,
the BTMSE-based material has the most uniform mesopores of all samples in the C12E10 series. Mesopore templating fails when a dan-
gling organic limits the formation of stable pore walls (MTMS) or a large hydrophobic chain disrupts the formation surfactant micelles
(BTMSH).
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The sol–gel process is an established route to micropo-
rous and mesoporous ceramics with high surface areas
and pore volumes [1,2]. Because it can be carried out at
room temperature, this process allows the incorporation
of organic components into nanostructured organic–inor-
ganic hybrid materials [3–7]. One would expect to be able
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to prepare porous materials with controlled functionality,
porosity, and responsiveness to the environment by hydro-
lytic polycondensation of different alkoxysilanes (Eqs. (1)
and (2)). In practice, sol–gel materials often require con-
trolled drying processes (very slow or supercritical drying)
to obtain porous materials with high surface areas, and even
then the pore size distributions are relatively broad [1]:
BSiORþH2O
����!hydrolysis

BSiOH þROH; ð1Þ

BSiOHþHOSiB
�����!condensation

BSiOSiBþH2O; ð2Þ

BSiOHþOH�
������!deprotonation

BSiO� þH2O: ð3Þ
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Beginning with reports by Kresge and co-workers in 1992,
the surfactant templated sol–gel process has been widely
utilized as a way of making porous materials with well-de-
fined porosity [8–11]. A variety of templating agents can be
incorporated into a sol prior to gelation which will be
incorporated into the product as non-covalently bound
organics. Removal of the templates after gelation generates
pores with better size and structure control than the pores
normally formed in ceramic gels. Cationic and non-ionic
surfactants are the most common templates used to make
ordered mesoporous materials. With cationic surfactants,
basic conditions are used to promote the formation of
deprotonated silanols (Eq. (3)) which co-assemble with
the surfactant through electrostatic interactions [12–14].
Under these conditions, the hydrolysis reaction (Eq. (1))
is expected to be the rate-limiting step [1]. Precipitation
of co-assembled particles occurs when a sufficient concen-
tration of the nucleating species develops, as dictated by
the kinetics of hydrolysis. Differences in the properties of
products made from different precursors would therefore
be expected to be related either to differences in the kinetics
of hydrolysis, or to differences in the structures of the pre-
cursors. On the other hand, in the non-ionic surfactant-
templated process [15], the precursor is usually hydrolyzed
for some of the time in acidic solution (pH � 2). During
this step, hydrolysis proceeds until it reaches equilibrium
but condensation is rate limiting. Conditions can be se-
lected to limit the extent of condensation (Eq. (2)), since
the rate of this reaction is minimized at pH 2.0 [1]. To in-
duce rapid condensation and precipitation, a second step
is often used in which a base or NaF is added as a catalyst.
By using the two-step procedure, hydrolysis and condensa-
tion reactions can be independently controlled. However,
because hydrolysis proceeds to a large extent in the first
step, similar surfactant–precursor interactions are expected
for most precursors, so differences in kinetics are expected
to have less effect on the product pore structures than the
structure and functionality of the precursor (especially
Fig. 1. The set of precursors u
the type and arrangement of non-hydrolyzable functional
groups).

In addition to non-covalently bound pore templates, the
sol–gel method allows the incorporation of covalently
bound organics through the use of organically modified
alkoxysilane precursors. The organic groups in these
precursors can be classified as non-bridging (dangling
organics) or bridging (an organic group bridging two tri-
alkoxysilyl sites). The organic groups impart specific
functionality to the hybrid material, and mixtures of organ-
oalkoxysilanes can be used to prepare multifunctional or
stimulus-responsive materials [16,17]. Bridged silanes with
various types of bridging chains have been used to make
porous materials in both non-templated and templated
sol–gel processes [3,6,7]. In the non-templated process,
the dried products normally have large surface areas only
when they are prepared in basic conditions [3]. Under
acidic conditions, the materials are more elastic and they
tend to collapse during drying [3,18]. In the templated
sol–gel process, stiff bridging organics such as ethylene,
acetylene, phenylene and polyphenylene groups have been
used to make ordered materials [6,7,19–21]. However, no
material with a narrow pore size distribution (PSD) has
been synthesized using a silane with long flexible chain
(>C5) as the sole precursor, presumably because the flexi-
ble bridging chains make the material too soft to withstand
drying stresses after the removal of the pore template.

Here, we systematically investigate a series of materials
prepared using the series of silanes whose early-stage reac-
tion kinetics we have measured [22]. The precursors (Fig. 1)
include tetralkoxysilanes and alkoxysilanes with a dangling
methyl group, a bridging ethylene group, a bridging hexyl-
ene chain, and a bridging amine-functional chain. Materi-
als are prepared in the absence of a surfactant under
acidic or basic conditions, and using either the cationic sur-
factant cetyltrimethylammonium bromide (CTAB) or the
non-ionic surfactant polyoxyethylene 10 lauryl ether
(C12E10) as the pore template. The results are interpreted
sed for this investigation.



B. Tan, S.E. Rankin / Journal of Non-Crystalline Solids 352 (2006) 5453–5462 5455
based on what would have been expected from the kinetic
trends for the hydrolysis and condensation reactions of the
precursors, and on the structures of the precursors. This
series of precursors highlights the influence of gradual
changes in precursor structure on the pore properties of
the products, especially the roles of precursor structure in
network formation and co-assembly.
2. Experimental

2.1. Materials

Tetraethoxysilane (TEOS, 99+%), tetramethoxysilane
(TMOS, 99+%), methyltrimethoxysilane (MTMS), bis
(trimethoxysilyl)ethane (BTMSE, 95+%), bis(trimethoxysi-
lyl) hexane (BTMSH), and bis(trimethoxysilylpropyl) amine
(BTMSPA, 95%) were purchased from Gelest. CTAB (99%)
and C12E10 were purchased from Sigma. The solvents and
reagents used were deionized ultrafiltered water (Fisher Sci-
entific), anhydrous ethanol (Aaper Alcohol and Chemical),
HPLC grade methanol (Fisher), concentrated aqueous
HCl (36.5%, Fisher), and NaF (technical grade, MCB). All
chemicals were used as received.

2.2. Non-templated samples

To prepare the sol–gel materials, two solutions were ini-
tially prepared, one containing the precursor in dry metha-
nol, and the other containing water and acid or base in
methanol. The solutions were mixed together and the time
was recorded.

Seven base-catalyzed samples (B1–B7) were prepared
with the same molar compositions but with the precursors
being TEOS, TMOS, MTMS, BTMSE, BTMSH, BTMSH,
or BTMSPA, respectively. The initial molar ratios were 1
SiOCH3 (SiOCH2CH3 with TEOS):1 H2O:20 metha-
nol:0.018 NaOH:x dipropylamine (x = 0.17 for sample B6,
x = 0 for the others). Samples B6 and B7 were prepared to
compare the effect of an amine external to the bridging chain
of BTMSH (B6), or integral in the bridging chain of BTM-
SPA (B7).

Five samples (A1–A5) were prepared under acidic con-
ditions with the same series of precursors: TEOS, TMOS,
MTMS, BTMSE, and BTMSH, respectively. The molar
ratio of SiOCH3 (SiOCH2CH3 with TEOS):H2O:HCl:
methanol for all samples in this series (A1–A5) was
1:1:0.018:6.8. Samples A6 and A7 were again prepared to
compare the effect of the amine external to BTMSH or
integral within the bridging chain of BTMSPA. However,
to make the solutions acidic, an excess of HCl was added
beyond the quantity of amine present. In sample A6
(BTMSH), a quantity of dipropylamine was added compa-
rable to the amount of amine in sample A7 (BTMSPA).
The initial molar ratios of SiOCH3:H2O:HCl:dipropyl-
amine:methanol were 1:1:0.185:x:12.7 (x = 0.167 for B6,
x = 0 for B7) in samples B6 and B7.
All solutions were prepared in sealed polystyrene vials.
The solutions were aged at room temperature until the
gel point, which we defined as the time when no movement
of the meniscus of the sample could be observed within one
minute of tilting the vial at 45� from vertical.
2.3. CTAB templated samples

The procedure to prepare CTAB-templated materials
was based on the procedure of Kumar et al. [23] CTAB,
water, and concentrated ammonia were stirred together
for 10 min before the dropwise addition of the precursor.
After adding all ingredients, the solution was aged at room
temperature for 24 h with stirring. The solution was then fil-
tered and the as-synthesized sample was dried in air over-
night. The surfactant was subsequently removed by
washing/ion exchange with acidic ethanol (5 ml 36.5 wt%
HCl in 150 ml ethanol). Six CTAB-containing samples
(C1–C6) were prepared with the same molar compositions
(1 SiOCH3 (SiOCH2CH3):0.13 CTAB:2.4 NH3:138 H2O)
but with different precursors (TEOS, TMOS, MTMS,
BTMSE, BTSH, and BTMSPA, respectively).
2.4. PEO-based non-ionic surfactant templated samples

The procedure for preparing C12E10-templated materials
was similar to the procedure reported by Bossiere et al. [24]
C12E10, water, and HCl were first mixed together with stir-
ring, followed by addition of the precursor. After aging at
room temperature for one day, the desired amount of solid
NaF was added to the solution. The solution was then aged
at 55 �C for 3 days with stirring. The solution was filtered
and the C12E10 was removed from the sample by Soxhlet
extraction with 150 ml of ethanol. Five samples (N1–N5,
with TEOS, TMOS, MTMS, BTMSE, and BTMSH as
precursors, respectively) were prepared with the molar
composition of 1 SiOCH3 (SiOCH2CH3):0.12 C12E10:
0.059 HCl:329 H2O:x NaF (x = 0.06 for samples N1, N2,
N4, and N5; x = 0.60 for sample N3). Because of the amine
in BTMSPA, an excess of acid was added to sample N6; its
molar composition was 1 SiOCH3:0.12 C12E10:0.68
HCl:329 H2O:0.60 NaF.
2.5. Characterization

Powder X-ray diffraction (XRD) patterns of the prod-
ucts were recorded in the Bragg–Brentano geometry using
a Siemens 5000 diffractometer by scanning 2h at a rate of
0.1�/min from 1.5� to 7.5� in increments of 0.02�. We uti-
lized 0.15406 nm Cu Ka radiation and a graphite mono-
chromator for XRD. Nitrogen sorption was measured at
77 K with a Micromeritics Tristar 3000 automated nitrogen
adsorption apparatus. Samples were degassed under flow-
ing nitrogen at 120 �C for over 4 h before the measurement.
The KJS modified BJH method [25,26] was used to
estimate the PSDs of all samples.
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3. Results and discussion

3.1. Comparison of products made by the non-templated

base catalyzed sol–gel process

Seven samples (B1–B7) were prepared under basic condi-
tions. Hydrolysis rate coefficients (kh), gel times and prod-
uct properties of these samples are compared in Table 1.
From our study of the sol–gel kinetics of these precursors
[22], we know that the kh values in basic conditions of
TMOS, MTMS, and BTMSE are similar in magnitude,
while the kh values of BTMSH and TEOS are similar to
each other, and almost an order of magnitude lower than
the others. Gel times measured for this series of samples
(Table 1) seldom follow the trends that would have been
expected based on the differences in kh. The gel times and
reactivities follow the expected relationship only for sam-
ples B1 and B2. TEOS is less reactive than TMOS and, as
expected, the gel time of B1 is longer than that of B2. How-
ever, because transesterification plays an important role in
sample B1 [22], the difference in the gel times is not as large
as would be expected based on the difference in kh.

The expected inverse correlation between kinetics and
gelation time for samples B2–B4 is not found. While
MTMS and BTMSE have similar kh values to TMOS,
TMOS took many months to form a gel compared to only
several days for formation of a precipitate for sample B3,
and a gel for sample B4. The large difference in the gel
times cannot be explained directly by the kh trends. This
difference also is larger than would be predicted based on
differences in the number of polymerizable functional
groups on each monomer; assuming second-order kinetics
[22] and random branching theory for gel conversions
[27], the gel time ratio would be predicted to be roughly
2:4:1 for samples B2–B4, respectively. This does not match
the experimental trend.

The reason for slow gelation of TEOS and TMOS is
most likely the formation of cage-like silsesquioxane struc-
tures or siloxane rings [28]. When these structures form,
gelation happens at a much higher overall conversion than
is predicted by random branching theory, and the cages or
rings interconnect into a three-dimensional network struc-
ture very slowly [28–32]. When one of the alkoxy groups of
TMOS is replaced with –CH3 to form MTMS, cage-like
nanoparticles would still be expected to form, but their sol-
Table 1
Kinetics of formation and characteristics of products of sol–gel reaction in ba

Sample Precursor kh1
a (M�1 s�1)

B1 TEOS 0.293 ± 0.004
B2 TMOS 2.35 ± 0.03
B3 MTMS 1.97 ± 0.01
B4 BTMSE 2.69 ± 0.03
B5 BTMSH 0.305 ± 0.004
B6 BTMSH 0.369 ± 0.007
B7 BTMSPA 1.54 ± 0.02

a First hydrolysis rate coefficients for the precursors in methanol at 22 �C [2
ubility is limited [33–35]. When the concentration of cages
or rings is large enough, they will crystallize or precipitate
from the solution. When BTMSE is used instead of
MTMS, the siloxane cages or rings initially formed are
easily connected to each other because of the pre-existing
ethylene bridges. A three-dimensional network structure
is therefore more easily formed than with TMOS or TEOS.
Thus, we conclude that structural effects due to the
arrangement of non-hydrolyzable organic groups best
explain the differences in gel times among samples B2–B4.

Comparing samples B4 and B5, the kh value of BTMSE
exceeds that of BTMSH by almost an order of magnitude
[22], yet the gel time of BTMSE is significantly larger. How-
ever, the products do not look the same. While the BTMSE
gel is transparent, the BTMSH gel is opaque, indicating
phase separation. Since the bridging chain is short in sample
B4 (ethylene), the sol remains homogeneous and transpar-
ent until gelation. A long, hydrophobic bridging chain
(hexylene) causes phase separation to occur during the poly-
merization process of B5 which may accelerate the gelation
of BTMSH. An additional reason that BTMSH gels more
quickly than BTMSE is that ethylene-bridged silanes are
capable of forming 5-atom carbosiloxane rings which delay
gelation [36]. Hexylene-bridged silanes do not readily form
carbosiloxane rings, so gelation can occur without interfer-
ence from cyclization. Linear and branched chains com-
posed of alkylene groups and small siloxane clusters
should be favored by a long bridging chain.

BTMSPA has six carbon atoms and one amine group in
the bridging chain, which is slightly longer than that of
BTMSH, but because of the amine, the kh value of BTM-
SPA is much larger than that of BTMSH [22]. Surprisingly,
the gel time of BTMSPA (sample B7) is also much longer
than that of BTMSH under the same conditions (B5).
The reason is most likely the increased hydrophilicity of
the bridging chain in BTMSPA. The amine group helps
to keep the growing carbosiloxane polymers in solution,
leading to the slow formation of a homogeneous, transpar-
ent gel. Sample B6 rules out the possibility that the differ-
ence in gelation times is simply due to an inhibiting effect
of the amine. When the amine is absent from the bridging
chain but an equivalent amount of dipropylamine is pres-
ent (sample B6), the hydrolysis kinetics and gel time are
similar to those of the hexylene-bridged sample without
dipropylamine (B5).
sic conditions

Gel time Product morphology SBET (m2/g)

6 months Transparent gel 401
5 months Transparent gel 428
– Particles 261
72 h Transparent gel 727
2.5 h Opaque gel 106
2 h White powder 254
18 h Transparent gel 88

2].
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Fig. 2. Nitrogen sorption isotherm plots and pore size distributions for samples B1, B2, B4, B5, B6, and B7.
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Nitrogen adsorption isotherms of the products obtained
after drying are compared in Fig. 2. The isotherm type var-
ies widely but can be explained based on gel time and
monomer structure trends. Samples B1 and B2 have type
IV isotherms with triangular hysteresis loops typical of sil-
ica xerogels with broad imhogeneous mesopore size distri-
butions (Fig. 2) [37]. Sample B3 has a low surface area
(Table 1) and a type II adsorption isotherm with a H3 hys-
teresis loop [37]. The hysteresis loop does not close at low
relative pressure due to an artifact caused by the small sur-
face area of the sample. This isotherm is consistent with a
sample consisting of aggregates of nanoparticles with little
internal porosity formed by precipitation of the MTMS
product. Sample B5 has similar characteristics to B3
because BTMSH undergoes precipitation during gelation.
In contrast, the rigidity of BTMSE allows a large surface
area to be retained in sample B4, although the type I iso-
therm indicates that it is microporous [37]. Sample B7 also
has a type I isotherm, but a low surface area. The homoge-
neous, soft elastic network formed by BTMSPA in B7 is
able to collapse during drying [38]. Sample B6 is surprising
because, while it is made with the same precursor as B5, it
has an inflection and hysteresis loop indicating mesoporos-
ity. In this case, dipropylamine most likely acts as a meso-
pore template. Thus, we find that precursors that form
rigid networks (B1, B2 and B4) and samples with pore tem-
plates (B6) retain the highest porosity in this series. Sam-
ples B3 and B5 have low surface areas because they are
composed of particles. Sample B5 also may undergo col-
lapse during drying in ambient conditions rather than with
a low surface tension fluid [3]. Sample B7 forms a homoge-
neous soft gel which collapses during drying.

3.2. Comparison of products made by the non-templated

acid-catalyzed sol–gel process

Seven samples (A1–A7) were prepared in acidic condi-
tions without surfactants. pH values in the solutions should
have been the same assuming that all of the amines in sam-
ples A6 and A7 were titrated by HCl (this was confirmed in
our kinetic study [22]). Gel times and total surface areas of
all samples are compared in Table 2.

As in basic conditions (Table 1), transparent homoge-
neous gels formed in samples prepared from TEOS, TMOS,
BTMSE, and BTMSPA. This indicates that the growing
siloxane polymers from those precursors remained soluble
during polymerization. In contrast, the samples prepared
from MTMS and BTMSH were inhomogeneous. The trend
in the gel times was similar to that found in basic conditions.
A1 had a similar gel time to A2 because of the transesterifi-
cation reaction. Because of limited solubility of the methyl
groups, dense particles precipitated with MTMS as the pre-
cursor (A3). A4 gelled much faster than A2 because of the
pre-existing bridging ethylene chain. With an increase of
the alkylene chain length, the gel time was much shorter,
but an inhomogeneous product was obtained (A5). The
reactants in sample A6 were more dilute than those in sam-
ple A5. This may cause the difference in the gel times
between A5 and A6. It took much longer time for sample
A7 to gel than sample A6. Because the kinetics of condensa-
tion of BTMSH and BTMSPA under acidic conditions are
of the same magnitude [22], the difference in gel times is best
explained by poor solubility of the hexylene bridge (A6)
compared to the amine-containing bridge (A7).

Nitrogen isotherms of the acid-catalyzed non-templated
samples are shown in Fig. 3. Samples A1, A2, A4, and A5
have type I adsorption isotherms and are microporous.
Microporous xerogels are typically produced by acid-cata-
lyzed alkoxysilane hydrolysis [1]. Because of the flexibility
of the hexylene chain, sample A6 is virtually non-porous.
The surface area of sample A7 is also very low. However,
sample A7 has a type IV adsorption isotherm with a H2
hysteresis loop consistent with a narrow PSD (Fig. 3). Like
the samples prepared under basic conditions, the total sur-
face area decreases as the bridging alkylene chain length
increases.



Table 2
Formation kinetics and characteristics of products of sol–gel reaction in acidic conditions

Sample Precursor kac
a (M�1 s�1) Gel time Product morphology SBET (m2/g)

A1 TEOS – 8 months Transparent gel 410
A2 TMOS 1.08 ± 0.09 7 months Transparent gel 500
A3 MTMS 3.6 ± 0.2 – Few particles –
A4 BTMSE 1.05 ± 0.07 60 h Transparent gel 685
A5 BTMSH 0.18 ± 0.05 22 min Opaque gel 240
A6 BTMSH 0.41 ± 0.01 20 h Opaque gel 2
A7 BTMSPA 0.22 ± 0.01 17 days Transparent gel 37

a Water-producing condensation rate coefficients for the precursors in methanol at 22 �C [22].
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Fig. 3. Nitrogen sorption data: isotherms for samples A1, A2, A4, A5, A6 and A7 and pore size distribution of sample A7.
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To summarize the non-templated samples prepared in
either acidic or basic methanol, both TEOS or TMOS
slowly form homogeneous, transparent gels which can be
dried to form xerogels consistent with previous reports
[1]. The methyl group of MTMS promotes precipitation
rather than gelation because low molecular weight sils-
esquioxanes accumulate. The stiff bridging chain of
BTMSE allows rapid formation of gels that are stable to
drying. Thus, BTMSE can be used as an organically mod-
ified substitute for TEOS or TMOS in circumstances when
rapid gelation is desirable. Extending the organic bridge in
BTMSH produces materials that are unstable to rapid
ambient drying (although materials with a surface area of
560 m2/g can be prepared by careful drying [3]). Adding
a hydrophilic amine group to the organic bridge, in BTM-
SPA, allows homogeneous gels to form, but they are sus-
ceptible to collapse upon drying. The hydrophilic, basic
amines in BTMSPA-derived samples may also reduce their
stability.

3.3. Comparison of products made by a cationic

surfactant-templated sol–gel process

The CTAB templated sol–gel process in basic solution is a
common process used to make ordered mesoporous materi-
als, such as MCM-41 [23,39]. As discussed in Section 1, cat-
ionic surfactant templating is usually performed in basic
conditions, and electrostatic attraction results in precipita-
tion of dense aggregates of surfactant and the hydrolyzed
precursor [40]. The local density of silica species in the pre-
cipitated phase should be much higher than in non-tem-
plated sol–gel systems, which is expected to increase the
condensation rate dramatically. However, condensation
can occur in either the bulk phase or in precipitated particles.
Condensation in the absence of templates will be called ‘bulk
condensation’ in this paper to distinguish it from localized
condensation occurring among the species co-assembled
with templates.

The measured properties of all samples are shown in
Table 3. Solutions of samples C1–C4 became turbid within
several minutes after adding the precursor. For C6 (with
BTMSPA), a large amount of precipitates formed quickly.
For comparison, a solution was prepared under the same
conditions as C2 (with TEOS as the precursor) but without
CTAB, and no gel or precipitate was obtained after several
days. This indicates that localized condensation is domi-
nant over bulk condensation in the precipitated particles.
After aging, these products remained powders. In contrast,
a gel formed immediately after adding BTMSH to sample
C5, and was retained after aging. Formation and gelation
of a three-dimensional network structure suggests that bulk
condensation was important for sample C5.



Table 3
Characteristics of products prepared with CTAB as the template

Sample Precursor As-synthesized product morphology Product weight (g) d100 (nm) SBET (m2/g) Pore size (nm)

C1 TEOS White powder 0.51 3.53 853 3.5
C2 TMOS White powder 0.48 3.40 922 3.4
C3 MTMS White powder 0.60 – 696 –
C4 BTMSE White powder 0.76 3.71 1214 3.1
C5 BTMSH Gel 0.99 – 475 –
C6 BTMSPA White powder 1.44 5.52 358 3.1
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The nitrogen sorption isotherms of all CTAB-templated
samples are shown in Fig. 4. In spite of the slower hydro-
lysis rate of TEOS compared to TMOS [22], C1 and C2
precipitated at about the same time, and both samples have
reversible type IV isotherms and narrow PSDs similar to
MCM-41 [8,9]. Thus, hydrolysis kinetics have a negligible
effect on product properties in this case, perhaps due to
the dominance of localized condensation near CTAB
micelles. The replacement of one methoxy group with a
methyl group in MTMS (sample C3) disrupts the interac-
tions with CTAB and the formation of a network in the
pore walls. Therefore, the surface area is reduced, the pores
are expanded, and the uniformity of the pores is less than
in C1 and C2 (indicated by the large hysteresis loop in
Fig. 4). In contrast, the rigid ethylene bridge of BTMSE
(sample C4) allows a well-connected network to form, lead-
ing to a product similar to C1 and C2, but with a slightly
broader PSD. The situation changes with BTMSH as the
precursor (C5). The hexylene bridging chain is long, flexi-
ble, and hydrophobic. The sample gels because bulk con-
densation can easily proceed even in the presence of
CTAB. The hysteresis loop in the isotherm of this sample
(Fig. 4) indicates poor micelle templating, probably
because mixing of hexylene bridges with the tails of CTAB
discourages the formation of ordered aggregates. Adding
an amine to the bridging chain (with BTMSPA, sample
C6) allows a narrow pore size distribution to again be
obtained (inset of Fig. 4). The amine group in the bridging
chain may help to attract the surfactant headgroups
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through hydrogen bonding, or to reduce the favorable
interactions between the surfactant tail and the bridging
chain. The large yield of precipitates and the narrow mes-
opore size distribution of C6 indicate that CTAB associates
well with BTMSPA. Because of their bridging organics, the
organosilica samples with ordered pores (C4 and C6) have
a slightly smaller pore size than the silica samples (C1 and
C2).

The long-range order of the pores of all samples was
characterized by XRD. Samples C1 and C2 have typical
2D hexagonal structures (not shown). The XRD patterns
of C4 and C6 each have only one sharp reflection consis-
tent with wormhole-like/disordered hexagonal pores. Sam-
ple C6 is the first reported material that we are aware of
with uniform wormhole-like mesopores made with BTM-
SPA as the sole precursor [16,17]. XRD patterns of C3
and C5 do not show reflections, which is consistent with
the absence of narrowly distributed pores in the nitrogen
adsorption isotherms. The d100 spacing (Table 3) of C6 is
much larger than that of C4, which is again larger than that
of C2/C1. Since the pore sizes of C4 and C6 are the same
(slightly smaller than C2), we can infer that the incorpora-
tion of a bridging chain increases the pore wall thickness,
and that longer bridging chains give thicker pore walls in
CTAB-templated materials.

The investigation of CTAB templating shows that most
of the precursors co-assemble with CTAB to form ordered
mesoporous materials. Only samples C3 and C5 have no
long-range ordering and broad non-uniform PSDs. The
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reasons are most easily related to the structures of the pre-
cursors rather than to reaction kinetics. In sample C3, the
single alkyl modifier of MTMS limits the formation of
solid walls that are stable during removal of the surfactant.
The poorly connected structure of MTMS/CTAB aggre-
gates is illustrated with another sample prepared with
almost the same composition as C3, but with only half of
the MTMS. Poor yield (less than 0.02 g compared with
>0.2 g for the others) and the light, flaky texture of the
as-prepared product suggest weak wall connectivity. The
long, hydrophobic bridging chain of BTMSH is most likely
to be the reason for poor ordering in sample C5. The long
bridging chain facilitates bulk condensation. However, the
lack of mesopores is not only a result of the bridging chain
length; uniform mesopores are found in the product made
with BTMSPA (C6). The hydrophobic chain of BTMSH
also can interact with the tails of CTAB through dipolar
and hydrophobic forces, thus disrupting the formation of
the silica/surfactant aggregates. Although both C3 and
C5 lack narrow PSDs, their surface areas are still much
higher than the materials made without a surfactant (B3
and B5), which indicates that CTAB helps to form or sta-
bilize pores. When BTMSPA is used, the hydrophilic chain
helps to promote co-assembly of the precursor with CTAB
micelles, thus limiting bulk condensation. Templating is
indicated by the presence of narrowly distributed mesop-
ores (inset of Fig. 4) and a larger surface area than the sam-
ples obtained by the non-templated sol–gel processes (A7
and B7). The low specific surface area of C6 compared to
C1 and C2 may be simply because the sample has thicker
pore walls. Although it does not have an extremely high
specific pore volume, sample C6 has a combination of uni-
form mesoporosity and integral amines in the pore walls
that is ideal for selective basic catalysis, adsorption, and
for further functionalization.

3.4. Comparison of products made by the non-ionic

surfactant-templated sol–gel process

Non-ionic polymeric surfactants can be prepared in a
very wide array of molecular weights, so a wide variety
of large pores can be created which are useful for applica-
tions such as protein adsorption [41–43]. Thus, there is sig-
nificant incentive to compare the non-ionic templating
process to templating with cationic surfactants.
Table 4
Characteristics of products prepared with C12E10 as the template

Sample Precursor Solution before adding NaF Weight of ex

N1 TEOS Clear 0.15
N2 TMOS Clear 0.15
N3a MTMS Turbid 0.07
N4 BTMSE Clear 0.14
N5 BTMSH Soft gel precip. 0.31
N6a BTMSPA Clear 0.44

a NaF/Si = 0.60 in samples N3 and N6.
As discussed in Section 1, the co-assembly of non-ionic
surfactants such as C12E10 with hydrolyzed silanes is driven
by hydrogen bonding rather than electrostatic interactions
[44]. The acidic first hydrolysis step used for non-ionic sur-
factant templating creates a high concentration of silanol
groups [15] for all precursors. We hypothesize that rapid
condensation induced by NaF addition in the second step
[24] should make the product structure more dependent
on precursor structure than on the rate coefficients of the
sol–gel reactions.

Properties of samples N1–N6 are compared in Table 4.
Before the addition of NaF, all solutions were aged for
1 day at room temperature. The precursors are expected
to be completely hydrolyzed since the hydrolysis reaction
is very fast in acidic conditions [45]. Condensation is
expected to happen to some extent during this step,
although it should be slow. Weakly condensed silica/PEO
aggregates remain soluble if they have enough –OH
groups. However, the dangling methyl groups of MTMS
cause the formation of a turbid solution for sample N3
prior to the addition of NaF. The long hydrophobic chain
of BTMSH also limits the solubility of C12E10/hydrolyzed
BTMSH aggregates. Moreover, the long bridging chain
of BTMSH allows these weakly condensed structures to
form gelatinous particles during hydrolysis. All other pre-
cursors (TEOS, TMOS, BTMSE and BTMSPA) remained
soluble during the acidic hydrolysis step.

Upon the addition of a small amount of sodium fluoride
(NaF/Si = 0.06), precipitates were observed for TEOS,
TMOS, BTMSE, and BTMSH. No precipitates were
observed for MTMS or BTMSPA after 3 days. BTMSPA
has a hydrophilic chain which helps to dissolve the con-
densed material, and while the MTMS solution was turbid
after the acid step, the methyl groups of MTMS prevented
large-scale precipitation. Increasing the amount of NaF to
0.6 NaF/Si was required to obtain precipitates for BTM-
SPA and MTMS.

Isotherm plots and PSDs of the N-series samples are
compared in Fig. 5. Samples N1 and N2 have similar type
IV isotherms with hysteresis loops and sharp inflections
corresponding to the same pore size. Sample N3, prepared
with MTMS, has very low porosity either because of poor
interactions between C12E10 and the methyl groups or
because of the poor network-forming ability of MTMS.
The reversible type IV isotherm of N4 indicates a highly
tracted sample (g) d100 (nm) SBET (m2/g) Pore size (nm)

5.38 732 4.3
5.07 879 4.3
– 74 –
– 892 3.3
– 409 –
– 163 –
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uniform mesopore structure. N5 has a surface area similar
to C5, but it does not have any mesopores. Both surface
areas are much higher than what would have been obtained
without any template (samples B5 and A5). However, all
the samples made with BTMSH without adding dipropyl-
amine lack a narrow PSD. The sample prepared with
BTMSPA (N6) has a small surface area, but a broad distri-
bution of large mesopores indicated by capillary condensa-
tion at high P/P0.

XRD patterns of samples N1 and N2 only have one
sharp reflection (not shown), which indicates that both
samples have wormhole-like pore structures. No peak is
observed for sample N4, which is possibly because the
reflection is out of the range of the XRD instrument (only
reflections at >1.5� can be observed). No reflections are
observed for samples N3, N5 and N6, as expected from
their lack of uniform pores.

The results for the C12E10 templated series can, as
hypothesized, be explained mainly by the structure of the
precursor. The products formed with TMOS and TEOS
as the precursor are nearly identical. Both non-bridging
methyl-functional precursors prevent network formation,
and poor templating with C12E10 results. Long bridging
chains are also not able to make mesporous materials with
narrow PSDs with the non-ionic surfactant C12E10 because
of both the flexibility of the network and a reduction in the
driving force for ordered surfactant/precursor co-assembly.
BTMSE appears to have the optimal combination of con-
nectivity and interactions with the surfactant needed to
form a templated material, and forms a material with the
narrowest mesopore size distribution and the largest spe-
cific surface area of this series of samples.

4. Conclusions

Six silanes were used to investigate effects of small, sys-
tematic change in the precursor structure on the gel times
and product properties of materials prepared with and
without pore templates. The gel times in the non-templated
sol–gel processes depend more on the structure of the pre-
cursor than on the reactivities measured [22] at the start of
the reaction. Tetrafunctional silanes gel slowly because of
their tendency to form cage-like precursor prior to gela-
tion. A long bridging alkylene chain favors rapid gel
formation, although precipitation may occur. Ethylene-
bridged silanes and amine-containing bridged silanes gel
on a longer time scale, but they tend to remain dissolved
in solution until the gel point or until they co-assemble with
pore templates.

The materials made with TMOS and TEOS here are
similar to each other because of transesterification with
the solvent, methanol, and their products conform to
expectations. The pores of the products are disordered
and mesoporous in basic conditions, microporous in acid,
hexagonal close-packed cylindrical mesopores with CTAB,
and wormhole-like mesopores with C12E10. Adding a
methyl group to the precursor (MTMS) prevents good net-
work formation under acidic conditions either without a
template, or with C12E10. This is due to the prevalence of
siloxane cyclization in acidic solutions. Under basic condi-
tions, particles with disordered pores are formed, although
CTAB templating increases the surface area. Other precur-
sors with dangling organics are also likely to produce
poorly structured materials, especially if they are prone
to forming cage-like silsesquioxanes.

Connecting two trimethoxysilane groups with a short
ethylene group allows the precursor to gel even more
quickly than the tetrafunctional precursors do. The ethyl-
ene bridge is stiff enough to allow stable porous materials
to form. BTMSE forms high surface area, microporous
xerogels in acidic or basic conditions without surfactants.
Mesopore templating with either CTAB or C12E10 is effec-
tive because of the excellent network-forming ability and
polarity of BTMSE. Increasing the length of the bridging
chain to hexylene allows even more rapid gelation, but
the products are inhomogeneous and mostly microporous,
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even with a surfactant template. Surfactant templating is
not effective because long non-polar alkylene chains reduce
the driving force for co-assembly. However, the surfactant
still reduces the level of uncontrolled shrinkage during dry-
ing, leading to an increase in surface area of the material.

Introducing an amine into the briding chain (with BTM-
SPA) allows a homogeneous gel to form, but the pores col-
lapse during drying without surfactant templates. The
amine also enables CTAB to co-assemble with BTMSPA
to form uniform, wormhole-like mesopores. The success
of pore templating with BTMSPA indicates that other
bridged silanes with long hydrophilic chains may also be
able to make uniform mesoporous materials by surfactant
templating. However, templating by C12E10 is not effective.
This illustrates that the interactions of the bridged silane
with the template are very important in the success of the
templating process. Thus, the inability of bridged silanes
with long bridging polymethylene chains to make ordered
mesoporous materials is likely to be due to both the flexi-
bility of the organic bridge and poor co-assembly due to
the hydrophobicity of the bridge.
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