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arious synthetic methods have

been developed for the prepara-

tion of periodic mesoporous materi-
als," leading to different types of morphol-
ogies such as spheres,? fibers® or vesicles.*
The large internal surface of these materials
can be modified following two main strate-
gies, that is, postsynthesis functionalization
(grafting)>® or in situ functionalization
(co-condensation),”® thus extending the
use of mesoporous materials to a wide
range of applications.’® Compared to the
modification by grafting, the co-
condensation reaction can be expected to
improve the degree of bonding between
the organic groups and the pore walls and
to result in a more homogeneous distribu-
tion of the organic groups throughout the
pore structure."’

Common synthesis routes for mesopo-
rous silica materials lead to particles with
typical diameters of 500 nm to several mi-
crometers. The synthesis of nanosized me-
soporous materials has only recently re-
ceived attention. Such mesoporous
nanoparticles offer interesting features that
are useful in a number of applications such
as chemical sensors,'? chromatography,'?
catalysis,”* drug delivery,' or polymer fill-
ers.'® If the particles are homogeneously
dispersed in a solvent, these colloidal sus-
pensions exhibit unique properties such as
optical transparency. Furthermore, the utili-
zation of very small particles improves the
mass transfer of molecules into or out of the
pore system. The molecular functionaliza-
tion of the large internal surface of these
materials can extend the range of possible
applications, for example, toward selective
(ad)sorption or specific catalytic activity.

The preparation of nanosized particles
can be realized through various methods.
Brinker et al. described an aerosol-based
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ABSTRACT The synthesis and characterization of colloidal mesoporous silica (CMS) functionalized with vinyl-,
benzyl-, phenyl-, cyano-, mercapto-, aminopropyl- or dihydroimidazole moieties is reported. Uniform mesoporous
particles ranging in size from 40 to 150 nm are generated in a co-condensation process of tetraethylorthosilicate
(TEOS) and organotriethoxysilanes (RTES) in alkaline aqueous media containing triethanolamine (TEA) in
combination with cetyltrimethylammonium chloride (CTACI) serving as a structure-directing agent. The materials
are obtained as colloidal suspensions featuring long-term stability after template removal by ion exchange with an
ethanolic solution of ammonium nitrate or HCl. The spherical particles exhibit a wormlike pore system with defined
pore sizes and high surface areas. Samples are analyzed by a number of techniques including TEM, SEM, DLS,
TGA, Raman, and cross-polarized 2°Si-MAS NMR spectroscopy, as well as nitrogen sorption measurements. We
demonstrate that co-condensation and grafting methods result in similar changes in the nitrogen adsorption
behavior, indicating a successful internal lining of the pores with functional groups through both procedures.

KEYWORDS: colloidal suspension -
co-condensation - nanosized

mesoporous silica - functionalization -

process resulting in a solid dry product.'”
Another strategy utilizes the addition of a
nonionic surfactant as a suppressant of par-
ticle growth through encapsulation, lead-
ing to a gel of agglomerated small par-
ticles.”® Amoros et al.'® presented a facile
method leading to nanosized mesoporous
silica using water, tetraethylorthosilicate
(TEOS), and cetyltrimethylammonium cat-
ions in combination with triethanolamine
(TEA) which is supposed to act as a
hydrolysis-retarding agent. However, the fi-
nal product of this procedure is a gel of
fused particles which cannot be
redispersed.

There are only few publications describ-
ing synthesis methods that lead to colloi-
dal suspensions of periodic mesoporous
materials.?°~2* Their synthesis typically re-
lies on procedures applying high dilutions;
this can result in time-consuming subse-
quent processing steps. For instance, truly
colloidal suspensions of well-defined meso-
porous particles were obtained by Mann et
al2>2 by diluting and quenching the
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TABLE 1. Type and Amount of Functionalized Organotriethoxysilane
Used in the Co-condensation

sample RTES M(gmol™")  n(mmol) m(g)
CMS-VI vinyltriethoxysilane 190.3 2 0.381
CMS-PH phenyltriethoxysilane 240.4 2 0.481
(MS-BZ benzyltriethoxysilane 2544 2 0.509
CMS-CP 3-cyanopropyltriethoxysilane 2314 2 0.463
(MS-MP 3-mercaptopropyltriethoxysilane 2384 2 0.477
(MS-AP-c*  3-aminopropyltriethoxysilane 2214 0.65 0.144
CMS-IM? 4,5-dihydroimidazolepropyltriethoxysilane 2744 0.65 0.178

“Synthesized following procedure b.
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condensation reaction of TEOS in aqueous alkaline so-
lution with a large excess of water. They could manipu-
late the particle size by varying the time interval for
quenching. In a recent publication, Rathousky et al.*’
also describe a method for the preparation of colloidal
MCM-41, working with even higher dilutions. We have
recently presented a method utilizing the polyalcohol
triethanolamine that results in nonaggregated, colloi-
dal suspensions of mesoporous silicas (CMS) from con-
centrated solutions.>®> Round particles with wormhole
structures and diameters of about 100 nm with very
narrow particle size distributions were obtained in the
form of stable suspensions. Tuning the reaction condi-
tions allowed us to control particle size down to 50 nm.
Colloidal stability was even sustained after template ex-
traction, which resulted in surface areas of about 1000
m? g~ . Extraction of the template, in contrast to calci-
nation, is the method of choice when organic moieties
are introduced in the wall structure by a co-
condensation procedure. Our previous work thus pro-
vides a general basis for studying surface modifications
in nanosized, colloidal mesoporous particles. We have
further demonstrated that this approach can be applied
for the functionalization of CMS particles by inclusion
of mercapto-residues into the pore walls.*

Here we extend the above synthesis methods to-
ward the generation of functionalized, hydrophilic as
well as hydrophobic colloidal mesoporous silica with
high yields. As described in the following, various alkox-
ysilanes bearing organic moieties can be incorporated
into the pores of the colloidal nanoparticles using this
general method.

RESULTS AND DISCUSSION

Colloidal mesoporous silica was prepared
in the form of nonfunctionalized pure-silica
MCM:-like material (CMS) and as functional-
ized mesoporous materials carrying seven dif-
ferent organic groups (R) in the pore walls
(CMS-R; see Table 1). The materials were ob-
tained as colloidal suspensions with relatively
uniform particle sizes between 40 and 150 nm.
Tetraethylorthosilicate (TEOS) and organotri-
ethoxysilanes (RTES) form the MCM-like mate-
rial in combination with cetyltrimethylammo-
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Figure 1. Scheme of the co-condensation reaction of alkox-
ysilanes with a micelle-forming surfactant.

nium cations (CTMA™) as structure directing agent in a
co-condensation process (Figure 1).

This STI~ assembly takes place in an alkaline aque-
ous medium, with triethanolamine (TEA) as basic reac-
tant. TEA can also act as a complexing agent that re-
tards the hydrolysis of the alkoxides.?”~° We assume
that in these reactions the uncomplexed TEOS is hydro-
lyzed upon contact with water, followed by forming
the seeds of the mesostructure. The large excess of TEA
probably keeps the seeds separated from each other
during the condensation process giving rise finally to a
large number of particles with relatively small
diameters.

The morphology and particle size of the synthe-
sized materials was analyzed with dynamic light scatter-
ing (DLS) and electron microscopy (TEM and SEM). In
the TEM micrographs we observe discrete, near-
spherical particles with a disordered, wormlike pore ar-
rangement with either synthesis procedure a or b, dif-
fering substantially in the amount of TEA added in the
synthesis (see Experimental section).?® The particles
show a narrow particle size distribution with a polydis-
persion index (PDI) of around 0.1. This narrow size dis-
tribution is maintained after extraction of the template
by an ion-exchange method using an ethanolic solution
of ammonium nitrate (Figure 2).

The synthesis procedure developed for pure sili-
ceous nanoparticles was extended toward a simulta-

intensity

as-synthesized
dispersed in H.O

extracted
dispersed in EtOH

10 100
diameter [nm]

1000

Figure 2. TEM-micrograph and particle size distribution of sample
CMS-1 determined by dynamic light scattering.
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TABLE 2. Properties of Colloidal Mesoporous Materials As Analyzed with Different Methods®

N, sorption data

particle size TGA data
sample diameter DLS (hm)  diameter TEM (nm) TatDTG,,,, (°C)
(MS-1 100 80-120 -
CMS-VI 120 50-100 290
CMms-Cp 130 80-150 350
CMS-MP 90 50-70 350
(MS-PH 80 40-60 610
(MS-BZ 110 50-100 470
(MS-2 160 80-130 -
(MS-AP-g 170 80-130 305
CMS-IM 130 na 340

surface area (m* g~ ")

pore volume at p/p, < 0.8 (m*g~") pore diameter” (nm)

1150 1.0 2.8
1230 0.74 2.0
1200 0.72 2.2
970 0.63 23
1040 0.73 18
120 0.65 1.6
930 0.82 2.7
780 0.51 2.2
220 0.17 24

“Samples are modified via co-condensation with vinyl-(CMS-VI), benzyl-(CMS-BZ), phenyl-(CMS-PH), cyanopropyl-(CMS-CP), mercaptopropyl-(CMS-MP), and aminopropyl-
(CMS-AP-c), as well as dihydroimidazolepropyl(CMS-IM) groups. CMS-AP-g: sample CMS-2 grafted with APTES. ®Pore diameter was determined with the BJH method from the

desorption branch.

neous reaction of TEOS and a variety of organotriethox-
ysilane precursors to obtain functionalized surfaces.
Hybrid mesoporous materials incorporating the follow-
ing organic groups, namely, vinyl-(CMS-VI), benzyl-
(CMS-BZ), phenyl-(CMS-PH), cyanopropyl-(CMS-CP),
mercaptopropyl-(CMS-MP), and aminopropyl-(CMS-
AP), as well as dihydroimidazolepropyl-(CMS-IM) resi-
dues were thus synthesized. The different nanoscale
mesoporous materials are listed in Table 2. These
surface-modified mesoporous organosilicas often show
an even narrower size distribution than the pure silica
parent materials (Figure 3).

The observed mean particle size obtained from DLS
measurements varies in most cases from about 80 to
150 nm, depending on the incorporated functional
group and the synthesis method employed. The par-
ticle size observed with electron microscopy is often
slightly smaller than the hydrodynamic diameter mea-
sured by DLS. This observation can be explained with
occasional weak aggregation of the particles. The dis-
crepancy is seen clearly in the case of the organically
modified materials, especially, if hydrophobic aromatic
groups such as phenyl residues are incorporated in the
structure (Table 2).

The products with incorporated organic groups, es-
pecially CMS-PH or CMS-MP, appear as nearly perfect
spheres with diameters of about 50 nm. The narrow
particle size distribution of the mesoporous materials
can also be confirmed with scanning electron micros-
copy (Figure 4). Here, a stable colloidal suspension of
extracted CMS-BZ was used for spin-coating a gold-
sputtered glass plate resulting in a homogeneous cov-
erage of mesoporous particles. The benzyl-modified
mesoporous spheres have diameters in the range of
50 to 80 nm.

However, organosilane reagents with basic charac-
ter strongly influenced the morphology when a co-
condensation synthesis was performed. When
3-aminopropyltriethoxysilane (APTES) was added to
the reaction mixture at a molar ratio of 10 TEOS: 1
(APTES) following synthesis route b, we observed a
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large increase in particle size. Particle diameters be-
tween 250 to 400 nm were obtained as opposed to only
45-60 nm in a corresponding synthesis without (APTES)
present. As seen in Figure 5, near spherical particles
with a wormhole pore arrangement similar to the non-
functionalized samples are still present. This suspension
of larger particles showed a partial sedimentation with
time. To avoid this behavior, we used an alternative pro-
cedure for sample preparation by grafting the amino
groups into the pores of a premade mesoporous silica
support using synthesis b (TEOS: TEA = 1:4). Accessibil-
ity of the precursor pores was achieved through prior
template extraction, which resulted in a surface area of
930 m? g~ ' (sample CMS-2, see Table 2). Using this ap-
proach, the morphology and particle size (TEM: 80-130
nm; DLS: ca. 160 nm) of the precursor was now un-
changed after functionalization (see Figure 6).

An influence of organic functional surface groups
upon the morphology of mesoporous materials was
also observed by Huh et al.’ They found a strong in-

from DLS-data of samples CMS-MP (a) and CMS-PH (b).
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Figure 3. TEM micrographs and particle size distributions calculated
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Figure 4. SEM-micrograph of a mesoporous film prepared by
spin-coating, using a colloidal suspension of CMS-BZ.

intensity

10 100 1000
diameter [nm]

Figure 6. (a) TEM of sample CMS-AP-g (grafted) and (b) DLS in EtOH,
before (dotted line) and after (full line) grafting with APTES.

crease of the particle size when using hydrophilic orga-
nosilanes, especially with amino-containing residues,
while hydrophobic residues stimulated the formation
of smaller particles. They concluded that hydrophobic
groups are able to align with the organic tails of the
template, while hydrophilic residues would disturb the
Gouy-Chapman region thus causing a different growth
behavior. Our results support their findings for the hy-
drophobic functional groups. Furthermore, the orga-
nosilanes with basic character led to comparable re-
sults: we observe an increase in size with the
aminopropyl as well as the propyl-4,5-dihydroimidazole
group. In contrast, weakly acidic mercapto residues
stimulate the formation of even smaller spherical par-
ticles compared to the nonfunctionalized parent com-
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Figure 7. Thermogravimetric analysis (TG-DTG) of washed
CMS-1 with template (a), and phenyl modified, extracted
mesoporous silica CMS-PH (b).

pound, as long as a synthesis procedure with TEA is ap-
plied.?*

The presence of the organic functional groups can
be verified with several methods. Thermogravimetric
analysis (TGA) shows the decomposition behavior dur-
ing the heating of the samples in air. The decomposi-
tion temperature, more precisely the temperature when
the first derivative of the weight loss reaches a maxi-
mum, varies over a rather wide range for the different
functional groups (Figures 7 and 8). Figure 7a shows the
weight loss of the washed nonfunctionalized sample

104 o J

154 \ Tl J

204 ~~ 1

weight loss [%]

-25 T T T T T T
100 200 300 400 500 600 700 800

temperature [°C]

0fas

- - - CMS-AP-|

54

-10

-154

weight loss [%]

-20

-254

100 200 300 400 500 600 700 800
temperature [°C]

Figure 8. Thermogravimetric analysis of the surface-
modified and extracted mesoporous silica materials (start-
ing at 100 °C to compensate for different water losses).
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CMS-1, still containing the template inside the pores
with a maximum around 250 °C. This decomposition
process of the template is completed well before the
decomposition of the phenyl-residue in sample CMS-PH
starts. Figure 7b shows the decomposition of this group
around a temperature of 600 °C in a sample that was
previously template-extracted. This extreme stability is
not observed for the other functional groups. They start
to decompose at a lower temperature, which makes a
clear separation from the degradation of the template
difficult (Figure 8). However, when nonfunctionalized
samples were analyzed with TGA after template extrac-
tion we still observed a weight loss of around 4-7 wt
% between 100-500 °C. About 3% weight loss can be
accounted for by residual template fragments that were
detected by elemental analysis of nonfunctionalized
samples. Additionally, the dehydroxylation of surface
hydroxyl groups should be considered. Usually up to 3
SiOH groups per nm? are found in mesoporous
materials.?>3° With surface areas of about 1000 m?

g~ ! one can estimate a maximum 5 wt% loss due to wa-
ter release from these samples by dehydroxylation.

This loss must be taken into account when the
amount of organic residue is determined from TGA
measurements. Usually we find a TGA-weight loss be-
tween 15-25 wt % in template-extracted functionalized
samples (above 100 °C). For example, elemental analy-
sis of grafted CMS-AP-g gave a content (by weight) of
2.85% for nitrogen in these samples, which would cor-
respond to 12 wt % propylamine residue in the sample.
In comparison, the loss observed in the TGA for CMS-
AP-g was 15%. The small difference may be due to de-
hydroxylation and residual template.

The connectivity of the functional organic groups
to the silica framework is best demonstrated by cross-
polarized 2°Si-MAS NMR spectroscopy (Figure 9). The
spectra show peaks at —110 ppm (Q*) and —102 ppm
(@3 [Q" = Si(0Si),,(OH),,_,], n = 2-4, representing the
fully condensed silica and silica with one terminal hy-
droxyl group. Geminal hydroxyls are barely present in
these samples (resonance at 92 ppm; Q). One or two
additional peaks are observed owing to the T? and T*
resonances of the incorporated organosiloxanes [T"" =
RSi(OSi),,,(OH);_,,,]l, m = 2-3, at values commonly ob-
served in functionalized mesoporous materials. Propyl-
bridged functional groups display shifts around —67
and —60 ppm, while directly bound residues with C=C
bonds show resonances at more negative values (Table
3).° The prevalence of the T° peak, that is, the 3-fold co-
ordination of the siloxane indicates (near) complete
condensation of the functional groups into the wall
structure of the nanoparticles. It is interesting to note
that only in the grafted amino-functionalized sample
CMS-AP-g do we see a strong reduction of the relative
intensity of the Q* signal. This points to the difference in
synthesis procedure, which exploits the terminal hy-
droxyls for anchoring in the case of grafting. Covalent

www.acsnano.org
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Figure 9. Cross-polarized 2°Si-MAS NMR spectra of the func-
tionalized mesoporous materials.

bonding is still achieved by this method to a great ex-
tent by 3-fold coordination to the silica wall or within
the newly grafted silica-containing monolayer.

The characteristic vibrational modes of the incorpo-
rated functional groups are clearly displayed in their Ra-
man spectra, which are not obscured by hydroxyl vibra-
tions of the host as in IR spectroscopy (Figure 10).
Intensive peaks of the phenyl- and benzyl-substituted
samples CMS-PH and CMS-BZ, originating from the in-
plane C—H deformation vibrations of the aromatic ring,
are seen at about 1000 cm ™. Additionally, these
samples show the typical peaks for aromatic C—H and
ring C—cC stretching vibrations at 3060 and 1590 cm~',
respectively.3' Similar Raman bands are observed for
the propylene-bridged imidazole CMS-IM sample. The
signal for the C==N ring vibration of this sample is
shifted from 1610 cm ™' in the liquid precursor to 1660
cm ™! and substantially broadened. Both features might
point to the spatial confinement of this voluminous
group. This ring vibration is also clearly observed at
1650 cm ™" in the IR spectrum (not shown). A similar fre-
quency was observed in imidazole-functionalized SBA
mesoporous materials.>? In the vinyl-modified sample

TABLE 3. Cross-Polarized 2°Si-MAS NMR Spectroscopy
Data of Functionalized Mesoporous Materials

sample chemical shift
04 03 TS TZ
CMS-VI =110 =101 —80 =73
(MS-PH —110 —101 —179 —170
(MS-BZ =110 =101 -7 —63
(Ms-CP =110 =101 —67 —58
CMS-MP —110 =101 —67
CMS-IM —110 —101 —67
(MS-AP-g =110 =101 —67 —60
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Figure 10. Raman spectra of template-extracted functional-
ized mesoporous materials.

(CMS-VI) we find the alkene C—H vibrations and the
C==C stretching vibrations at 3070 and 1605 cm ', re-
spectively. The nitrile group of CMS-CP causes a charac-
teristic narrow band at 2250 cm ™', The typical peak
for the S—H group in the mercaptopropyl-containing
CMS-MP occurs at 2580 cm ™', and additionally we find
a band at 657 cm™ ' due to the C—S vibration. Both Ra-
man bands indicate that the mercapto groups are in-
tact and that no disulfide bridges have formed.>* Direct
spectroscopic evidence for the amino group in the
sample CMS-AP-g is difficult to obtain. We can identify
a broad band between 1600 and 1680 cm ', which is
not present in the template-extracted, nonfunctional-
ized sample. Additionally, we can identify the
aminopropyl-group through several bands that are nei-
ther present in template-containing nor template-
extracted nonfunctionalized samples: the NH, wag-
ging band at 864 cm ™', the NH, twisting at 1233 cm™ "
and the NH, stretch vibrations at 3315 and 3377 cm ™.

After extraction of the surfactant, most of the func-
tionalized porous materials show high surface areas
and pore volumes. The sorption properties were deter-
mined using nitrogen adsorption-desorption at 77 K. In
case of the unmodified materials CMS-1 or -2, a typical
type IV isotherm with a clear hysteresis from filling of
the cylindrical pores is observed. Textural pores of ~20
nm, originating from the closely packed nanospheres
in the powders are visible above a relative pressure of
0.8 p/p,. The entire surface area calculated according to
the BET-theory is 1150 m? g~ ' for CMS-1. The product
exhibits a high pore volume of 1 cm® g~ ' and a narrow
pore size distribution with an average diameter of 2.8
nm as determined with the BJH method (this method
is believed to underestimate the pore size by about 1
nm) (Figure 11).3* Calcined CMS-1 shows an even
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Desorption Dv(d) [cm® A" g]

0.004

10 100
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Figure 11. Nitrogen sorption isotherm (top) and pore size
distribution (bottom) according to the BJH theory of meso-
porous silica CMS-1.

higher surface area of 1400 m? g~ ' with pore volumes
of .1ecm3®g .

The type of adsorption isotherm is unchanged in
the functionalized nanosized materials, and the inclu-
sion of the functional groups does not significantly af-
fect the overall surface area of the materials, provided
co-condensation is performed following synthesis pro-
cedure a (Table 2). However, a significant reduction of
the pore volume and particularly the pore size give a
strong indication for a successful lining of the pores
with the organic residues (Figure 12).

To some extent the size of the functional groups in-
fluences the shrinkage of the pore diameter (all diam-
eters according to BJH theory). While the unmodified
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Figure 12. Nitrogen sorption isotherms of reference and co-
condensed materials, respectively.
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Figure 13. Changes in the pore size distribution with in-
creasing size of the incorporated organic moieties in meso-
porous silica.

mesoporous silica has an average pore diameter of 2.8
nm, in vinyl-functionalized materials (CMS-VI) we find
pores with a mean diameter of 2.0 nm, and the bulky
nature of the benzyl group in CMS-BZ causes a reduc-
tion to 1.6 nm (Figure 13). Unusually large reductions in
pore volume and surface area are observed in sample
CMS-IM; this could be related to some pore clogging by
residual template. A similar reduction in porosity was
also observed upon co-condensation of
dihydroimidazole-propyltriethoxysilane in the synthe-
sis of SBA-15.32

The changes in adsorption behavior due to the lin-
ing of the pores with functional groups can be directly
observed when grafting to the preformed pore system
is applied instead of a co-condensation synthesis. A ni-
trogen sorption isotherm comparable to the one of co-
condensed samples carrying other functional groups is
obtained for the aminopropyl-grafted sample CMS-
AP-g (see Figure 14). The shift of the condensation step
and the reduction in N, uptake indicates the location
of the aminopropyl groups inside the pores.

The surface coverage of functional groups in the
nanoscale mesoporous samples can be estimated from
thermogravimetric measurements in conjunction with
the surface area presuming that all organic groups are
located on the surface. For example, the weight-loss of
CMS-PH due to the decomposition of the organic group

EXPERIMENTAL SECTION

Synthesis. Two slightly different synthesis methods were used,
as already described in our recent publication about the synthe-
sis of nanosized pure mesoporous silicates®> and adapted for
functionalization with organic moieties. All chemicals were re-
agent grade (98% or higher) purchased from Sigma-Aldrich and
used without further purification. The water was deionized.

(a) Pure Siliceous CMS-1. 14.3 g (96 mmol) of TEA and 2 mL (9
mmol) of TEOS were combined in a 125 mL polypropylene bottle
with a lid. The two-phase mixture was heated in an oil bath at
90 °C for 20 min without stirring. Immediately after the mixture
was taken out of the oil bath, 26.7 g of an aqueous solution (2.5%
wt) of CTACI which had been heated to 60 °C was added, and
the final mixture was stirred (600 rpm) for at least 3 h at 23 °C.
The molar composition of CMS-1 is: 0.75 Si/8 TEA/0.17 CTACI/120
H,0.

www.acsnano.org
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Figure 14. Nitrogen sorption before (CMS-2) and after graft-
ing with aminopropyltriethoxysilane (CMS-AP-g)

is about 20%. The calculated surface area according to

BET-theory is 1040 m? g~ . From these data, a surface

coverage of 2.6 mmol g~ or 1.5 phenyl groups per nm?
can be calculated. Similarly, a value of 1.6 aminopropyl
groups per nm? was calculated for the grafted sample

CMS-AP-g.

CONCLUSIONS

The synthetic approach presented here can serve
as a general method for the preparation of both colloi-
dal mesoporous silica spheres (CMS) and functionalized
colloidal suspensions of nanoscale mesoporous materi-
als with high yields from concentrated solutions. Nar-
row particle size distributions in the range of about 40
to 150 nm were established with dynamic light scatter-
ing (DLS) measurements and electron microscopy be-
fore and after template extraction. Discrete nanoscale
mesoporous particles with functionalized pore surfaces
result when adding functional organoalkoxysilanes di-
rectly to the initial silica precursor solutions, or alterna-
tively, when organoalkoxysilanes are grafted to the
pore surfaces in a second step. The comparison of both
methods with nitrogen sorption analysis and spectro-
scopic data demonstrates that the functional groups
are located at the inner surfaces of the mesoporous
channel systems, while the latter retain large surface ar-
eas and significant pore volumes.

Functionalized mesoporous silica CMS-R: 14.3 g (96 mmol)
of TEA and a mixture of 2.23 mL (10 mmol) of TEOS plus the cor-
responding quantity of 2 mmol (Table 1) of organotriethoxysi-
lane (RTES) were combined in a 125 mL polypropylene bottle
with lid. The two-phase mixture was heated in an oil bath at 90
°C for 20 min without stirring. Immediately after the mixture was
taken out of the oil bath, 26.7 g of an aqueous solution (2.5%
wt) of CTACI which had been heated to 60 °C was added and the
final mixture was stirred (600 rpm) for at least 3 h at 23 °C. The
molar composition of these functionalized materials is 1 Si/8
TEA/0.17 CTACI/120 H20.

(b) Pure siliceous CMS-2. A stock solution was prepared as follows:
64 mL of water (3.55 mol), 10.5 mL of ethanol (0.179 mol), and
10.4 mL of a 25 wt % CTACI solution (7.86 mmol) were mixed and
stirred for 10 min. To the above solution, 16.5 mL (0.124 mol) of
TEA was subsequently added, and the mixture was further stirred
until all TEA was dissolved, resulting in a pH value of 11.3. Typi-
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cally, 20 mL of this stock solution was heated in an oil bath to
60 °C, to which 1.454 mL of TEOS was added dropwise (within
2-3 min) under stirring. A white suspension developed after ten
minutes. The suspension was cooled to room temperature after
2 h, at which time the pH had decreased to 9.3. Molar ratios for
this route are 1 TEOS/0.27 CTACI/4 TEA/137 H,0/6.2 EtOH.

Co-condensation (sample CMS-AP-c) with 3-aminopropyl-
(APTES) or 4,5-dihydroimidazolepropyltriethoxysilane was
achieved by the simultaneous addition of TEOS and the silane
in a molar ratio of 10:1 or 1.454 mL of TEOS (6.5 mmol) + 0.152
mL (0.65 mmol) of APTES (or the corresponding amount of dihy-
droimidazole). A molar ratio of TEOS/TEA of 1:1 was applied
here to minimize the particle size (see our former work),?® result-
ing in a final molar composition of 1 TEOS/0.1 APTES/0.27
CTACI/1 TEA/137 H,0/6.2 EtOH.

Grafting (CMS-AP-g): a sample of pure mesoporous silica CMS-2
was taken up into absolute ethanol (<0.02% water) after centrifu-
gation following template extraction. An ethanolic solution of
APTES was added to this sample in a molar ratio of 5 Si/1 APTES,
and the mixture was stirred at room temperature for 20 h. The
sample was finally centrifuged and washed two times in ethanol.

Extraction of template from the mesoporous silica: 50 mL of
ethanol were added to the translucent, colloidal aqueous suspen-
sion of the mesoporous material. The resulting precipitate was cen-
trifuged for 20 min at 40.000 RCF (g). After decantation, the sedi-
ment was redispersed through vigorous stirring in 50 mL of an
ethanolic solution of ammonium nitrate (20 g L") and then
treated for 20 min in an ultrasonic bath (35 kHz). Alternatively the
mixture can be refluxed for 1 h. This procedure was repeated until
the sediment after centrifugation was completely transparent, nor-
mally one or two times. To replace the ammonium ions in the struc-
ture, this operation was repeated with a solution of concentrated
hydrochloric acid in ethanol (5 g L™ "). After it is washed with pure
ethanol, the transparent gelatinous cake obtained after centrifuga-
tion could be redispersed in ethanol, leading to a colloidal suspen-
sion of the extracted product in ethanol.

Methods. Dynamic light scattering (DLS) data were collected
with an ALV-NIBS/HPPS high performance particle sizer in PMMA
cuvettes at 25 °C. Raman spectroscopy was performed with a
He—Ne laser (633 nm) on a LabRAM HR UV-vis (HORIBA Jobin
Yvon) Raman microscope (Olympus BX41) equipped with a Sym-
phony CCD detection system. The spectra were baseline-
corrected. For thermogravimetric analysis (TGA) 10 mg of dry
powder were heated in corundum crucibles from 30 to 800 °C
(10 °C min~") in a flow of synthetic air (25 mL min~") using a
Netzsch STA 449 C Jupiter thermobalance. For the SEM analysis,
films were prepared on a gold-covered glass slide by spin-
coating, using ethanolic suspensions of the extracted material.
Shape and dimensions of the particles were determined with a
JEOL JSM-6500F scanning electron microscope (SEM) equipped
with an Oxford EDX analysis system. Transmission electron mi-
croscopy (TEM) was carried out on a JEOL JEM 2011 instrument
with LaBg cathode at 200 kV. Samples were prepared on a Plano
holey carbon-coated copper grid by evaporating one droplet of
diluted ethanolic suspension of the extracted material. Cross-
polarized 2°Si-MAS NMR measurements were performed on a
Bruker DSX Avance500 FT spectrometer in a 4 mm ZrO, rotor.
The spinning rate was 6 kHz and a total number of 256 scans
were recorded. The nitrogen sorption isotherms (77 K) were ob-
tained using a Quantachrome NOVA 4000e Surface Area & Pore
Size analyzer. Surface area calculations were made using the
Brunauer-Emmett-Teller (BET) equation in the range of p/p, <
0.3. Pore-size distributions and pore-volumes were determined
using the BJH-method in the range of p/p, < 0.8.
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