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Abstract

Mimicking enzymes is one of the biggest goals of current catalysis research. They have defined
micro environments that enable high enantioselectivities and thus can produce targeted products.
With organometallic catalysts, especially when immobilized on solid supports, often low enantios-
electivities are achieved compared to enzymes. In addition, the costs of producing and recovering
dissolved catalysts are often high. Considering environmental issues and resource scarcity, it is
important to develop catalysts for enantioselective and efficient chemical reactions. The combina-
tion of the advantages of homogeneous catalysis, with similarly high enantioselectivities as well as
productivities as enzymes show, with the positive aspects of heterogeneous catalysis is a promis-
ing concept. Behind this approach is the immobilization of highly selective complex catalysts on
porous support materials like mesoporous silica materials. By confining the reaction space in the
pore and channel structure of the support material, shape selectivity can be achieved in desired
product configurations. To enable shape selectivity through confinement, it is necessary to ensure
that the immobilized metal complexes are located exclusively in the mesopores and channels of the
support material. Therefore, the efficient and spatially controlled functionalization of mesoporous
silica materials as support materials for catalytically active metal complexes is very important and
can significantly advance heterogeneous catalysis.
Precise knowledge of properties of the support material is required to ensure efficient and spatially
controlled functionalization to mimic the functioning of enzymes. Various methods are available
for determining characteristic properties such as the lattice parameter and pore size of mesoporous
silica materials. In this work, four different mesoporous silica materials with an average pore size
of 3 to 11 nm were used to compare commonly used characterization methods with alternative
methods. Determination of lattice parameters by small angle X-ray (SAXS) measurements and
from images from the transmission electron microscope yields similar values. Considering that
errors during the evaluation of transmission electron microscopy (TEM) images may occur due
to pore orientation, the determination of lattice parameters from TEM images is an alternative
method that provides equivalent results. The pore size of various mesoporous silica materials was



Abstract

determined using physisorption measurements and SAXS studies. In addition, a new method was
presented in which electron density maps were generated from SAXS data and used to determine
pore sizes. Since it is difficult to determine the transition between the pore wall and the pore
when viewing small pores in TEM images due to the different gray levels, the tractability of the
open pore network was investigated in proof of principle experiments using gold nanoparticles
(Au-NPs) as probe particles. The values for the pore size determined by different characterization
methods agree well, although it should be noted that Au-NPs can only determine a range of pore
sizes and not an exact value. Nevertheless, the comparison shows that the two new characterization
methods - generation of electron density maps and use of Au-NPs as probe particles to determine
the pore size - have the potential to become alternatives to the established methods. [1]

The characterization of possible carrier materials is followed by functionalization, the most im-
portant step for mimicking enzymes. In order to ensure that catalytically active species are located
exclusively in the mesopores, all freely accessible silanol groups on the external surface of the
support material must be inertized before the functionalization of the pore walls. Various meth-
ods for controlled functionalization of porous silica have been reported in literature, but do not
unequivocally demonstrate that selective functionalization of pore walls was achieved while the
external surface was left inert. The procedure used in this work for selective functionalization of
SBA-15 develop the selective functionalization procedures described in literature further. The in-
troduction of a separate and independent control step ensures that the functionalization procedure
results in a material in which the organic groups - in this case azide groups - are located exclusively
on the pore walls. Click chemistry can then be used to attach linkers and noble metal complexes
to the azide groups and provide the actual catalysts. Before the control step, the external sur-
face of SBA-15 was previously functionalized with 1,1,1-trimethyl-N-(trimethylsilyl)silanamine
(HMDS). In the following independent and separate control step, this material is treated with 3-
azidopropyltriethoxysilane (AzPTES). When silanol groups on the external surface are accessible
to the AzPTES molecules on the putatively fully functionalized external surface of SBA-15, they
react with them. The azide groups on the external surface are then detectable by IR spectroscopy
and elemental analysis after the control step. If all freely accessible silanol groups are indeed inert
after functionalization of the external surface with HMDS, treatment with AzPTES has no effect.
Both the infrared (IR) spectrum and the elemental analysis results show that SBA-15 functional-
ized with HMDS has a completely inert external surface. This ensures that only the silanol groups
on the pore walls of SBA-15 are functionalized with AzPTES. [2]

Another important aspect in the preparation of selectively functionalized catalysts is their prepa-
ration and use in reactors. Since mesoporous silica materials are often produced as powders,
they must be shaped e.g. by tableting or extrusion. In addition, pressures act on catalysts when
reactors are loaded and reactions take place. For example, pressures of up to 40 MPa prevail in
laboratory-scale reactors and ultra-fast high-performance liquid chromatography (HPLC) systems.
With this in mind, calcined SBA-15 and SBA-15, whose pores were opened by Soxhlet extraction
with ethanol and subsequent heating in nitrogen were subjected to a pressure of 39 MPa for 10 min.
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Results of different surface areas and pore volumes obtained from nitrogen physisorption measure-
ments showed that both materials were stable up to this pressure. At higher pressure of 156 MPa,
both samples lose parts of their porosity, as shown by the nitrogen physisorption measurements.
The broadening of the characteristic SAXS reflections as well as the decrease in intensity confirm
a partial destruction of the nanostructure of the samples pressed at 156 MPa. [3]

Thus, the three publications of this cumulative dissertation are the basis for an efficient use of
mesoporous silica materials as support for the immobilization complex catalysts and an unam-
biguous determination of confinement effects.

3





Zusammenfassung

Die Nachbildung von Enzymen ist eines der wichtigsten Ziele der aktuellen Katalyseforschung.
Denn Enzyme verfügen über definierte Mikroumgebungen, die hohe Enantioselektivitäten er-
möglichen. Somit ist es ihnen möglich gezielt Produkte herzustellen. Mit metallorganischen
Katalysatoren, insbesondere wenn sie auf festen Trägern immobilisiert sind, werden im Vergle-
ich zu Enzymen oft geringe Enantioselektivitäten erreicht. Darüber hinaus sind die Kosten für die
Herstellung und Rückgewinnung gelöster Katalysatoren hoch. In Anbetracht von Umweltprob-
lemen und Ressourcenknappheit ist es wichtig, Katalysatoren für enantioselektive und effiziente
chemische Reaktionen zu entwickeln. Die Kombination der Vorteile der homogenen Katalyse,
mit ähnlich hohen Enantioselektivitäten sowie Produktivitäten, wie sie Enzyme aufweisen, mit
den positiven Aspekten der heterogenen Katalyse ist ein vielversprechendes Konzept, um gezielt
enantiomerenreine Produkte kostengünstiger und umweltschonender herzustellen. Hinter diesem
Ansatz steht unter anderem die Immobilisierung von hochselektiven Katalysatoren auf porösen
Trägermaterialien wie mesoporösem Siliziumdioxid. Durch die räumliche Eingrenzung der Reak-
tion in der Poren- und Kanalstruktur des Trägermaterials kann eine formselektive Reaktion zu
gewünschten Produktkonfigurationen erreicht werden. Um Formselektivität zu ermöglichen, muss
sichergestellt sein, dass sich die immobilisierten Katalysatoren wie beispielsweise Metallkom-
plexe ausschließlich in den Mesoporen und Kanälen des Trägermaterials befinden. Daher ist
die selektive und räumlich kontrollierte Funktionalisierung von mesoporösem Siliziumdioxid als
Trägermaterial für katalytisch aktive Metallkomplexe sehr wichtig und kann die heterogene Katal-
yse erheblich voranbringen.
Um eine selektive und räumlich kontrollierte Funktionalisierung zur Nachbildung der Funktion-
sweise von Enzymen zu gewährleisten, ist die genaue Kenntnis der Eigenschaften des Trägerma-
terials erforderlich. Für die Bestimmung charakteristischer Materialeigenschaften wie des Git-
terparameters und der Porengröße mesoporöser Siliziumdioxide stehen verschiedene Methoden
zur Verfügung. In dieser Arbeit wurden vier mesoporöse Siliziumdioxide mit durchschnittlichen
Porengrößen von 3 bis 11 nm verwendet, um gängige Charakterisierungsmethoden mit alternativen
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Methoden zu vergleichen. Die Bestimmung der Gitterparameter durch Röntgenkleinwinkelmes-
sungen (SAXS) und aus Bildern des Transmissionselektronenmikroskops ergab ähnliche Werte.
Unter Berücksichtigung der Tatsache, dass bei der Auswertung von Aufnahmen mit dem Trans-
missionselektronenmikroskop (TEM) durch die Porenorientierung Fehler auftreten können, liefert
die Charakterisierungsmethode gleichwertige Ergebnisse. Die Porengröße verschiedener meso-
poröser Siliziumdioxide wurde klassisch mit Hilfe von Physisorptionsmessungen und aus den
Daten von SAXS-Messungen bestimmt. Darüber hinaus wurde eine neue Methode vorgestellt,
bei der Elektronendichtekarten aus SAXS-Daten erstellt und zur Bestimmung der Porengrößen
verwendet werden. Da es bei der Betrachtung kleiner Poren in TEM-Aufnahmen aufgrund der
unterschiedlichen Graustufen schwierig ist, den Übergang zwischen Porenwand und Pore zu bes-
timmen, wurde in Proof-of-Principle-Experimenten unter Verwendung von Gold-Nanopartikeln
(Au-NPs) als Sondenpartikel untersucht, ob die Siliziumdioxide als offene Porennetzwerke vor-
liegen. Die mit den verschiedenen Charakterisierungsmethoden ermittelten Werte für die Poren-
größe stimmen gut überein, obwohl zu beachten ist, dass Au-NPs nur einen Bereich von Poren-
größen und keinen exakten Wert bestimmen können. Dennoch zeigt der Vergleich, dass die beiden
neuen Charakterisierungsmethoden - die Erstellung von Elektronendichtekarten und die Verwen-
dung von Au-NPs als Sondenpartikel zur Bestimmung der Porengröße - das Potenzial haben, Al-
ternativen zu den etablierten Methoden zu werden. [1]

Nach der Charakterisierung der möglichen Trägermaterialien folgt deren selektive und räumlich
kontrollierte Funktionalisierung, der wichtigste Schritt bei der Nachbildung von Enzymen. Um
sicherzustellen, dass sich die katalytisch aktive Spezies ausschließlich in den Mesoporen befindet,
müssen vor deren Aufbringen auf das Trägermaterial alle frei zugänglichen Silanolgruppen auf der
Partikeloberfläche des Trägermaterials inertisiert werden. Verschiedene Methoden zur slektiven
und räumlich kontrollierten Funktionalisierung von porösem Siliziumdioxid sind in der Literatur
beschrieben, zeigen aber nicht eindeutig, dass eine selektive und räumlich kontrollierte Funktion-
alisierung der Porenwände erreicht wurde, während die äußere Oberfläche inert blieb. Das in
dieser Arbeit verwendete Verfahren zur selektiven und räumlich kontrollierten Funktionalisierung
von SBA-15 als Trägermaterial entwickelt die in der Literatur beschriebenen Verfahren weiter. Es
unterscheidet sich durch die Einführung eines separaten und unabhängigen Kontrollschritts, der
sicherstellt, dass das Funktionalisierungsverfahren zu einem Material führt bei dem sich die or-
ganischen Gruppen - in diesem Fall Azidgruppen - ausschließlich an den Porenwänden befinden.
Mittels Klick-Chemie können im Anschluss Linker und Edelmetallkomplexe an die Azidgrup-
pen gebunden werden, um eine spezifische katalytisch aktive Spezies bereitzustellen. Vor dem
Kontrollschritt wurde die äußere Oberfläche, bestehend aus Partikeloberfläche und den Porene-
ingängen von SBA-15 zuvor mit 1,1,1-Trimethyl-N-(trimethylsilyl)silanamin (HMDS) funktion-
alisiert. In dem folgenden, unabhängigen und separaten Kontrollschritt wird dieses Material
mit 3-Azidopropyltriethoxysilan (AzPTES) behandelt. Sind noch Silanolgruppen auf der ver-
meintlich voll funktionalisierten äußeren Oberfläche von SBA-15 zugänglich, reagieren sie mit
dem AzPTES. Die Azidgruppen auf der äußeren Oberfläche sind nach dem Kontrollschritt durch
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IR-Spektroskopie (IR) und Elementanalyse nachweisbar. Wenn alle frei zugänglichen Silanol-
gruppen nach der Funktionalisierung der äußeren Oberfläche mit HMDS tatsächlich inert sind,
hat die Behandlung mit AzPTES keine Auswirkungen. Sowohl das IR-Spektrum als auch die
Ergebnisse der Elementanalyse zeigen, dass das mit HMDS funktionalisierte SBA-15 eine völlig
inerte äußere Oberfläche aufweist. Dies gewährleistet, dass in einem nachfolgenden Schritt nur
die Silanolgruppen an den Porenwänden von SBA-15 funktionalisiert werden. Im Rahmen dieser
Arbeit wurden die Silanolgruppen der Porenwände mit AzPTES funktionalisiert, um im Anschluss
mittels Klick-Chemie katalytisch aktive Metallkomplexe in das Porensystem einzubringen. [2]

Ein weiterer wichtiger Aspekt bei der Herstellung von selektiv funktionalisierten Katalysatoren
ist die Herstellung und Verwendung in Reaktoren. Da mesoporöse Siliziumdioxide häufig als
Pulver hergestellt werden, müssen sie beispielsweise durch Tablettierung oder Extrusion in Form
gebracht werden. Außerdem wirken bei der Beladung der Reaktoren sowie bei der Durchführung
von Reaktionen darin Drücke auf die Katalysatoren ein. So herrschen beispielsweise in Reak-
toren im Labormaßstab und in ultraschnellen Hochleistungsflüssigkeitschromatographiesystemen
(HPLC) Drücke von bis zu 40 MPa. Vor diesem Hintergrund wurden kalziniertes SBA-15 und
SBA-15, deren Poren durch Soxhlet Extraktion mit Ethanol und anschließendem Erhitzen in Stick-
stoff geöffnet wurden, einem Druck von 39 MPa für 10 min ausgesetzt. Die Ergebnisse der ver-
schiedenen Oberflächen und Porenvolumina, die aus Stickstoffphysisorptionsmessungen ermittelt
wurden, ergaben, dass beide Materialien bis zu diesem Druck stabil sind. Bei höherem Druck von
156 MPa verlieren beide Proben einen Teil ihrer Porosität, wie die Ergebnisse der Stickstoffph-
ysisorptionsmessungen zeigen. Die Verbreiterung der charakteristischen SAXS-Reflexe sowie die
Abnahme der Intensität bestätigen eine teilweise Zerstörung der Nanostruktur der bei 156 MPa
gepressten Proben. [3]

Somit bilden die drei Publikationen dieser kumulativen Dissertation die Grundlage für eine ef-
fiziente Nutzung von mesoporösem Siliziumdioxid als Trägermaterial für die Immobilisierung
komplexer Katalysatoren zur eindeutigen Durchführung formselektiver Reaktionen.
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1
Introduction

1.1 Porous Materials

Porous materials are solids with cavities or channels, which are deeper than wide. [4;5] Since their
introduction, various porous materials have been developed, differing in pore size, properties and
applications. In everyday life, porous materials can be found almost everywhere. For example,
foams with pores in millimeter range are used for heat [6;7] and sound insulation [8]. The remarkable
properties of GoreTex® membranes for clothing are based on micropores. [9] A further application
for nanoporous silica gels as desiccants are the small pouches included with many electronic de-
vices and clothing. [10] In addition, mesoporous silica materials are used in separation processes
or as sensors, as well as in other electro-optical technologies. [11;12] Common materials with even
smaller pore sizes are zeolites. Zeolites are used in detergents as ion exchangers. [13] The wide
range of properties complicates the classification of porous materials. [10] According to the IUPAC
technical report, porous materials are classified by their pore size. Porous materials are divided
into microporous materials with a pore size <2 nm, mesoporous materials with a pore size be-
tween 2 nm and 50 nm and macroporous materials with pore sizes >50 nm. [14] This work deals
with mesoporous silica materials.

1.2 Mesoporous Silica Materials

In 1971, literature described the synthesis of mesoporous silica for the first time. The genera-
tion of mesoporous silica materials was achieved by using self-assembled molecules. [15;16] The
lack of analytical capabilities for characterization meant that remarkable properties of these ma-
terials initially remained undiscovered during this time. [17;18] Later on, with advanced analytical
techniques, the essential properties were recognized. Today, it is possible to prepare a variety of
mesoporous silica materials with the use of triblock copolymers as structure-directing template.
In this context, mesoporous silica with pore sizes ranging from 5 nm to 30 nm are feasible. [19]

Due to their large surface area, silica materials have a large number of surface-active centers. The
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functionalization of these surface-active centers leads to a change and multiplication of physical
and chemical properties. Consequently, porous silica materials are not only used as catalytically
active materials, but their function as support materials is also of great interest.

1.2.1 Mobil Composition of Matter Materials

The Mobil Oil Corporation described the first mesoporous silica material with an ordered pore
structure in 1992 under the name M41S. [20;21] For the production of these materials, a self-
assembling template was surrounded by silica precursor molecules. The silica precursor molecules
react with each other via condensation reactions and build the structure of the mesoporous silica
material. In general, M41S materials are prepared in an alkaline environment using a quater-
nary ammonium salt or gemini surfactants. [18] Quaternary ammonium salts behave like a classical
surfactant in solution. Predictions about the morphology of an M41S material prepared with a
quaternary ammonium salt can therefore be made via the dimensionless packing parameter g.
The packing parameter is calculated from the quotient of the effective volume of the hydrophobic
chain, the surface area of the hydrophilic head group and the critical hydrophobic chain length.
Spherical micelles are formed when g < 0.3, rod-shaped micelles when g = 0.5 and lamellar mi-
celles when g= 1. [22] The surface area of the head groups of the ammonium salt can also influence
the morphology. If the surface area is large, spherical structures are preferentially formed, while
rod-like and lamellar structures are formed when the head groups can be densely packed and have
a high aggregation number. Different reaction conditions can affect the packing parameters and
thus the order of M41S materials. M41S materials can be synthesized as powders, thin film layers
on various substrates or as monoliths. [18;23;24] The M41S family groups together all porous materi-
als with uniformly defined and highly ordered pores. The different Mobile Composition of Matter
(MCM) materials are assigned by a sequential number after their respective acronym. [21] The best
known materials of the M41S family are MCM-41 [22;25–30], MCM-48 [30–34] and MCM-50 [35–37].
MCM-41, with the space group p6mm, is a well-known material and is used within this work.
The pores of MCM-41 are arranged in a honeycomb shape and separated by amorphous pore
walls, yielding to a large surface area and high pore volume. Figure 1.1 shows the characteristic
particle shape and pore structure of MCM-41. The uniform pores can be tuned to a diameter be-
tween 1.5 nm and 20 nm during the synthesis and exhibit a narrow pore size distribution. [18] To
obtain large pores, swelling agents must be added during synthesis. The pore walls are 1 nm to
1.5 nm thick which is relatively thin compared to other mesoporous silica materials resulting in
low chemical and hydrothermal stability. [18;38;39]

1.2.2 Santa Barbara Amorphous Materials

Santa Barbara amorphous (SBA) materials are mesoporous silica materials with various pore
sizes, which can be prepared by using the nonionic triblock copolymer consisting of blocks
of poly(ethylene oxide) (EO) and poly(propylene oxide) (PO). Depending on the block sizes n
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(a)

(b)

Figure 1.1: (a) Image from the scanning electron microscope of the MCM-41 particles as well as
(b) TEM images of the honeycomb pore structure of MCM-41. [18]

and m, different triblock copolymers poly(ethylene oxide)m-poly(propylene oxide)n-poly(ethylene
oxide)m (EOmPOnEOm) are known. [40;41] These kind of silica materials find use as support for
metals in nanowire shape [42–46], as template for the synthesis of (inverse) carbon replicas [47–51],
for immobilization of enzymes [52;53] and in lithium batteries [54]. SBA materials are used as cat-
alysts in reactions [17;55–64], for the controlled release of active ingredients or antioxidants from
support materials [65;66] and for recovery of heavy metals [67]. In general, SBA materials are clas-
sified as relatively neutral structures since the interactions between structure-directing template
and silica lattice are very weak. [11] The different SBA materials are distinguished from each other
by structural properties. These properties can be adjusted by varying the number of polypropy-
lene oxide and polyethylene oxide blocks in the triblock copolymer. This allows the control of
the morphology, the pore structure and size during the production process. Accordingly, the ac-
tual structure in each SBA material is determined by the composition of the structure-directing
template or more specifically by the quotient of the number of polyethylene oxide blocks and
polypropylene oxide blocks in the triblock copolymer. This results in SBA materials with lamel-
lar, hexagonal or cubic mesophase structure. [18]

A well-known SBA material is SBA-15, whose mesopores are hexagonally arranged, indicating
the space group p6mm. [18] The worm-like particles of SBA-15 can be seen in Figure 1.2 as well
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(a)

(b)

Figure 1.2: (a) Images of the worm-like particle structure of SBA-15 from the scanning electron
microscopy (SEM) as well as (b) TEM images of the parallel channels within the
particles and the hexagonal pore structure of SBA-15. [18]
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as the typical pore and channel structure. The pore walls, which are 3 nm to 6 nm thick, con-
sist of micropores, which are responsible for the hydrothermal stability. [68] Varying the number
of polyethylene oxide blocks causes a change in the number and proportion of micropores in the
pore walls, as well as the pore wall thickness. [51;69–73] The smaller the polyethylene block m, the
smaller the micropores are. [69–71] By shortening or lengthening the polypropylene blocks n in the
triblock copolymer, the size of the mesopores can be controlled by their hydrophobic properties.
Concluding from this, it is possible to influence the size of mesopores as well as the microporos-
ity of pore walls by varying the ratio of polyethylene and polypropylene blocks of the triblock
copolymer. This is attributed to the fact that polypropylene blocks form agglomerates in solu-
tion and represent the negative of the later mesoporous tunnel structure. [40;69;70;72;74] The larger
the polypropylene oxide block, the larger the agglomerates in the aqueous phase leading to larger
pores. [69;71] In addition to the template and the inorganic precursor molecules, reaction conditions
such as temperature [68;69;75], pH value [76], and additives influence the material. [18;77] Solvents,
swelling agents such as alkanes and organic compounds like mesitylene or electrolytes can be
used as additives. [78–84] Depending on the additive, different functionalities of the additives are in-
corporated into the material. In the case of short-chain alkanes, literature describes that molecules
attach themselves between the tails of the template molecules. For longer-chain alkanes, such as
decane, a core-shell structure is formed with molecules of the additive as the core and an enclosed
layer of the template molecules as shell. [85;86]

Another SBA material is SBA-16, which has hydrothermal properties similar to the ones of SBA-
15. The difference between SBA-15 and SBA-16 is the use of different templates during synthesis.
For example, triblock copolymers with large polyethylene oxide blocks such as EO106PO70EO106

are used for synthesis of SBA-16. [87] SBA-16 has a three-dimensional cubic cage structure consist-
ing of two non-intersecting three-dimensional channel systems with the space group Im3m. [87;88]

The intersections of both channel systems form spherical cavities. [18] The nature of the hysteresis
loop within the sorption isotherms suggests bottle-shaped pores. [88;89] In general, as with SBA-15,
changes in the morphology of SBA-16 are controllable by the reaction conditions. [90–97]

1.2.3 Plugged Hexagonal Templated Silica Material

An analog to SBA-15 is plugged hexagonal templated silica (PHTS) material. Compared to SBA-
15, the ratio of silicon source to structure-directing template is higher for PHTS. [51;98–100] The
difference between both materials is the fact that amorphous nanoparticles are in the mesoporous
channels of PHTS. The nanoparticles in the pore channels have a positive effect on the stability of
PHTS through their support function. [101;102] Despite the nanoparticles in the channel system, the
hexagonal pore structure of PHTS as well as the pore size remains similar to SBA-15 (Figure 1.3).
Just like SBA-15, the pore walls are interspersed with micropores. The amount of grafted pores
can be adjusted by varying the synthesis conditions from only open to only grafted pores. [98;103;104]

Moreover, by changing reaction conditions, size and stability of the nanoparticles located in the
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(a)

(b)

Figure 1.3: (a) SEM images of the worm-like particle structure of PHTS as well as (b) a TEM im-
age of the channels within the particles and the hexagonal pore structure of PHTS. [18]

pore channels can be varied. [102;105] The pore size and the size of the nanoparticles can be ad-
justed, for example, via the synthesis temperature, means the higher the temperature, the larger
the pore size and nanoparticles. Another difference of PHTS compared to SBA-15 is the larger mi-
cropore volume. This is because the micropores in the nanoparticles increase the total micropore
volume of PHTS. [99] Furthermore, the morphology of PHTS can be influenced by the proportion
of the silica precursor and by different reaction temperatures. Possible morphologies are smooth
fibers, rough fibers, and spherical particles. At low temperatures and low silica precursor concen-
trations, smooth PHTS fibers are formed, while high temperatures form spherical particles. The
relationship between reaction temperature and morphology can be found in the cloud point of the
template. The cloud point is the temperature at which a clear liquid becomes turbid by crystalliza-
tion under defined conditions. Other factors why there could be different morphologies for PHTS
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are the degree of polymerization of the silica matrix and the amount of mesoporous silica material
already formed. [100]

1.2.4 Mesostructured Cellular Foam

Another mesoporous silica material is the mesostructured cellular foam (MCF). This material
has a sponge-like structure (Figure 1.4) with thick pore walls responsible for its hydrothermal
stability. [18] The pores of MCF are bottle-shaped and are accessible through 5 nm to 20 nm wide
openings. [18] By adding ammonium fluoride during the synthesis, the openings can be selectively
enlarged by 50 % to 80 %. [106;107] As a result of the large pores, rapid kinetic mass transport
is possible to transport large molecules such as polymers or enzymes. [108–111] Other structural
properties can be influenced during the production of MCF by changing the reaction conditions
such as temperature, reaction time, adjusted pH value, as well as additives and swelling agents
such as mesitylene. [18;106–108;112–116] The swelling agent causes the micelles to expand, creating
larger micelle radii in the sponge-like foam structure. MCF can be produced as a powder or
monolith. [117–119] The material can be modified to find use in biocatalysis, catalysis, sorption, and
controlled release of sorbed substances. [83;109–111;120–124]

(a) (b)

Figure 1.4: (a) SEM and (b) TEM images of the sponge-like structure of MCF. [18]

1.3 Process for the Preparation of Mesoporous Silica Materials

1.3.1 Synthesis of Mesoporous Silica Materials

In general, preparation of most inorganic mesoporous materials is based on the use of organic
template molecules. These are brought into solution and form micelles due to their composition.
The subsequently added inorganic precursor molecules enclose the template micelles. During hy-
drothermal treatment, condensation reactions take place to build a lattice around the micelles of
the structure-directing template (Figure 1.5). [18] In the literature, simple oligomers or liquid crys-
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Figure 1.5: Schematic representation of the synthesis route of mesoporous silica materials ac-
cording to the cooperative self-assembly mechanism.

talline phases are used as templates for the preparation of mesoporous silica materials. Using such
liquid crystalline phases consisting of neutral, cationic and anionic diblock copolymers, meso-
porous silica materials with large spherical pores [125], hexagonally arranged cylindrical pores [126]

and lamellar vesicular pores [127] are successfully prepared in acidic environment. Besides diblock
copolymers, triblock copolymers are suitable for producing mesoporous silica materials in acidic
environment. [41;87;128–130] One of the most useful groups of surfactants are triblock copolymers
of poly(ethylene oxide)m-poly(propylene oxide)n-poly(ethylene oxide)m (EOmPOnEOm). These
triblock copolymers consisting of polyethylene oxide and polypropylene oxide blocks arrange mi-
celles in aqueous reaction solutions and have the ability to form liquid crystal structures. In the
case of micelle formation, the interior of the micelles consist of polypropylene oxide blocks, while
the shell of the micelles consist of polyethylene oxide blocks. [17;18] Depending on the template,
the structural properties of mesoporous silica materials can be influenced by the number of re-
peat units of individual polymer blocks. [18] When the structure of the formed mesoporous silica
materials is sufficiently built up by condensation reactions of the precursor molecules, the pores
are filled with structure-directing template (Figure 1.5, as-synthesized). The structure-directing
template molecules are no longer needed and can be removed in a further step. As a result, the
pores are open and a porous structure is built (Figure 1.5, mesoporous silica material). [11;131] The
mechanistic consideration of the pore structure formation of mesoporous materials bases on dif-
ferent pathways. In the following, the mechanism of cooperative self-assembly, true liquid crystal
templating (TLCT) and nanocoasting are considered. [131]

In the mechanism of cooperative self-assembly, the lyotropic liquid crystalline phase is already
present but at low surfactant concentrations. This is possible if there is cooperative self-assembly
of the structure-directing template and the already added inorganic precursor. As with the TLCT
mechanism, liquid crystalline phases with hexagonal, cubic or lamellar arrangement can be formed
in the cooperative self-assembly process. [132;133] The cooperative self-assembly formation mecha-
nism was first observed under basic reaction conditions, but can also occur in acidic environments
as in the synthesis of SBA-15. Regardless of the pH value during preparation of mesoporous sil-
ica materials, this formation mechanism requires the occurrence of attractive interactions between
molecules of the structure-directing template and the silica precursor molecules. Inclusion of the
structure-directing template is only guaranteed without phase separation in this case. [131] The pos-
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sible interactions between inorganic precursor molecule (I) and structure-directing template, the
surfactant (S), are shown in Figure 1.6. [131;134;135]

The direct co-condensation of mesoporous materials takes place in an alkaline environment. The
quaternary ammonium surfactant molecules used as structure-directing template are present as
cations (S+), while the silica precursor molecules are in their anionic form (I– ). This formation
mechanism is referred to as the S+I– pathway. [131;135]

The formation mechanism according to the S+I– pathway can be carried out in acidic reaction
solutions. This means that the pH value is below the isoelectric point of the silanol groups of
the silica precursor. In this case, the silica precursor molecules are positively charged (I+). Since
the structure-directing template molecules are positively charged by the acidic environment (S+),
negatively charged counter ions (X– ) are required to ensure interactions between surfactant and
inorganic species. This formation mechanism is referred to the S+X– I+ pathway. [131;135]

Another possible formation mechanism is the S– I+ pathway. In this case, the formation of meso-
porous materials takes place in acidic environment, which is why the structure-directing template
molecules are negatively charged (S– ). In contrast, the silanol groups of the silica precursor are
positively charged (I+). A counterion is not necessary in this formation mechanism. [131;135]

In the S– X+I– pathway, both the structure-directing template and the silica precursor molecules
are present in their anionic form in an alkaline environment ((S– ) and (I– )). Thus, a positively
charged counter ion (X+) is required during this formation mechanism. [131;135]

In addition to the ionic formation mechanisms, non-ionic mechanisms are also known. In this
case, the interactions are hydrogen bond interactions instead of electrostatic interactions between
the structure-directing template and the silica precursor molecules, as it is the case with ionic for-
mation mechanisms. Hydrogen bond interactions occur when nonionic surfactants (S0) are used.
The silanol groups of the silica precursor molecules are neutral (I0), so this formation mechanism
is called the S0I0pathway. If the silanol groups of the silica precursor molecules are positively
charged, charge equalization must occur via a free electron pair. As a result, an ion pair is present
and the formation mechanism is called the S0(XI)0 pathway. [131;135]

Another process for the preparation of mesoporous silica materials is the true liquid crystal tem-
plating (TLCT) process. In the TLCT mechanism, the template concentration is so high that an
ordered lyotropic liquid crystal phase is formed as a function of temperature and pH value. During
the formation process, the structure-directing template molecules form spherical micelles initially.
Afterwards, the micelles agglomerate into rod-shaped micelles. In the next step, template rods
aggregate to form a lyotropic liquid crystal phase, which determines the structure of the meso-
porous silica material. The precursor molecules for the inorganic silica material are added to the
surface-active liquid crystalline phase and condensate to the silica matrix during the hydrothermal
treatment. The formation process following the TLCT mechanism was proposed in the early 1990s
as a possible mechanism for the formation of MCM-41. [20] Later, the mechanism was confirmed
by the hydrolysis of tetramethyl orthosilicate (TMOS) within a liquid crystalline phase. [136] It was
shown that the lyotropic liquid crystal phase was destroyed when methanol was formed as side
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product. After the evaporation of alcohol, the lyotropic liquid crystal phase was reformed. There-
fore, it is difficult to make a sharp distinction from the mechanism of cooperative self-assembly. [17]

In contrast to the TLCT mechanism, the cooperative self-assembly mechanism described above
relies on cooperative interactions between the surfactant and the inorganic species, yielding an
organic-inorganic mesostructured composite. [131]

Overall, various synthetic routes for mesoporous silica materials are known and it is quite pos-
sible that a material can be produced via several synthetic routes. However, independent of the
production process of mesoporous silica materials, the cavities and channels must be opened by
removing the template (Chapter 1.3.2).

1.3.2 Template Removal

Organic template molecules are usually used as structure-directing template to produce meso-
porous silica materials (Chapter 1.3.1). They are often dissolved in an acidic solution before in-
organic precursor molecules are added. Inorganic precursor molecules arrange themselves around
the micelles, formed by the structure-directing template. During hydrothermal treatment, conden-
sation reactions of the precursor molecules take place and build a negative of the micelles. [18] After
formation of the inorganic matrix of the mesoporous silica material, the structure-directing tem-
plate is no longer needed and must be removed to make the pores accessible. [11] Template removal
from the inorganic matrix is not trivial, because it is possible that characteristic properties of the
mesoporous silica material will change significantly as a result of the template removal method. [11]

Various methods are available in the literature describing how to remove the structure-directing
template from pores and channels. [19;103;137;138] Depending on the interactions between template
molecules and the embedded matrix and the adaptation of the template to the matrix, different
approaches are suitable for an efficient and gentle removal of the template molecules. Ideally, the
organic template molecules are removed without changing the properties of the host structure. This
means that the inorganic precursor remains as a negative of the template micelles structure and the
surface properties of the mesoporous silica material are still preserved. It is important to ensure the
removal of the entire structure-directing template. [137] As described in the literature, the amount
of removed template as well as the change of the mesoporous silica structure depends on the cho-
sen method. [11;18;139] It should be noted that the removal of the structure-directing template is not
always the same owing to the structural properties of different mesoporous silica materials. [11]

The most commonly used method to open the pores of as-synthesized mesoporous silica materials
is calcination. In this process, the as-synthesized mesoporous silica materials are heated up to
temperatures of 550 ◦C in a stream of oxygen or air, and the temperature is maintained for 4 h to
8 h. [11] At these temperatures, organic structure-directing template molecules burn and make the
pores of the mesoporous silica material accessible. However, if the combustion is not complete,
carbon species can be formed. These can block pores and channels. The multistage decomposition
process of the structure-directing template of as-synthesized SBA-15 can be illustrated by thermo-
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analytical investigations. At temperatures below 150 ◦C, the physisorbed water molecules firstly
desorb in an endothermic process from the surface of SBA-15. Between 150 ◦C and 280 ◦C, ther-
mal decomposition of the template molecules occurs in an exothermic step. All fragments detected
by the mass spectrometer during the exothermic process can be assigned to the structure-directing
template. [11;140] The mass loss of this decomposition step is more than 40 % and is assigned to
carbon dioxide and water. At temperatures above 280 ◦C, a further mass loss of 10 % is observ-
able, which is attributable to the removal of water and residues of the carbon species. This leads
to a total mass loss of more than 50 %. [11;19;68;87]

Temperature-dependent X-ray analytical studies show structural changes of SBA-15 during calci-
nation. When as-synthesized SBA-15 is heated up to 200 ◦C, an increase in the intensity of the
scattering reflections can be observed. This means that no changes in the hexagonal structure
are observed up to this temperature. Between 200 ◦C and 250 ◦C, the intensities of the scattering
reflections are initially weaker than at temperatures below 200 ◦C. The intensities again become
stronger when the temperature increases above 250 ◦C. At temperatures above 250 ◦C, addition-
ally a shift of the scattering reflections to smaller angles can be observed. Shifts of the scattering
reflections to smaller angles are equivalent to the shrinkage of the silica lattice compared to the as-
synthesized SBA-15. [11;141–143] Accordingly, calcined SBA-15 shrinks by about 13 % after cooling
to room temperature. [11]

Shrinkage means the decrease of the lattice parameter of the mesoporous silica material. The ef-
fect can be explained by the restructuring of the silica lattice during the thermal treatment. The
rearrangement of the silica lattice is possible as not all possible condensation reactions take place
during the synthesis of mesoporous silica materials, causing structural defects. The high tem-
perature during the calcination enables restructuring and quenching of defects within the silica
lattice. [141–143] Since the structure shrinkage differs between various mesoporous silica materials
such as SBA and MCM materials, it is assumed that silica materials catalyze the thermal decom-
position and oxidation of the template molecules in presence of the oxygen, even at low temper-
atures. [11;68] Carbon species and water formed in these reactions are removed from the pores and
channels only at higher temperatures. In this process, condensation reactions are still possible,
which shrink the structure further. [11]

Another template removal method is extraction of the structure-directing template with an extract-
ing agent. In the literature, solvents such as ethanol or propanol are used for this purpose. The
use of sulfuric acid or hydrochloric ethanol solutions and the use of neutral salts in ethanol are
also described to remove the structure-directing template from the pores and channels of meso-
porous silica materials. [139;144–146] Regardless of the extraction agent, mesoporous silica materials
are treated under reflux or by Soxhlet extraction to make the pores and channels accessible. [11]

When as-synthesized mesoporous silica materials are treated with up to 60 wt% sulfuric acid in
ethanol, polypropylene oxide blocks are removed. Due to the treatment with sulfuric acid, ether
groups are cleaved. The built fragments are removed by diffusion from the channel and pore
structure, resulting in opened mesopores whereas the micropores remain closed. [147] The influ-
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ence of acid concentration during the extraction process as well as the extraction time were in-
vestigated. [139] The X-ray analytical studies show that the hexagonal structure shrinks at a con-
centration of 60 wt% sulfuric acid solution in the same way as during the calcination process. At
the same time, it should be noted that high concentrations are not necessary, as a concentration of
48 wt% sulfuric acid solution is sufficient to remove the polypropylene oxide blocks completely.
The micropores sealed after the treatment with sulfuric acid can be accessed by a subsequent tem-
perature treatment. [147]

Compared to the calcined samples, the samples treated with sulfuric acid have larger cell constants
and larger pore sizes, but thinner pore walls. Reaction time studies showed that both the amount
of removed template and the structural properties of SBA-15 are affected. Regardless of the con-
centration and reaction time, the micropores remain closed and can only be opened by thermal
treatment. The micropore volume of mesoporous silica materials treated with sulfuric acid and
then calcined at 200 ◦C is about twice that of silica materials, which are calcined at 540 ◦C. Even
when sulfuric acid treated mesoporous silica materials are additionally calcined at 540 ◦C, the
micropore volume is significantly larger than that of a mesoporous silica material calcined exclu-
sively at 540 ◦C. The gradual removal of the structure-directing template is confirmed by nitrogen
physisorption measurements of the silica material treated with 60 wt% sulfuric acid solution. [139]

Another alternative for removing the structure-directing template from the pores of silica materials
is microwave digestion. Microwave digestion has the same effect as calcination, but shortens the
reaction time for template removal significantly compared to the calcination process. [148] Major
advantages of this method are the smaller structural shrinkage and the retention of a higher degree
of freely accessible silanol groups. Furthermore, higher surface areas and pore volumes are ob-
tained by removing the structure-directing template with microwave digestion. This is clearly
demonstrated by nitrogen physisorption measurements. At the same time, elemental analysis
shows that more than 99.5 % of the template is removed by microwave digestion. [137]

In summary, it is shown that the calcination process removes the structure-directing template com-
pletely but at the expense of the mesopore structure. Extraction of structure-directing template
with sulfuric acid showed that the sulfuric acid concentration and the treatment time influence the
degradation of the structure-directing template and thus the structural properties of SBA-15. The
comparison of silica materials that are exclusively calcined with those, whose structure-directing
template is removed by extraction in a first step and then thermally treated, shows that template
removal via extraction is a good alternative. Further advantages of extraction arise from an ecolog-
ical and economic point of view when the triblock copolymer used as a template and the solvents
used for extraction are recycled. A big disadvantage of extraction of the template molecules is
that during the extraction often not the entire structure-directing template from the channel-pore
system is removed. [18]
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1.4 Properties of Mesoporous Silica Materials

1.4.1 Silanol Groups on Surfaces of Mesoporous Silica Materials

When the structure-directing template is removed from the as-synthesized mesoporous silica ma-
terial, silanol groups (SiOH) are on the whole surface. These are either isolated silanol groups or
silanol groups interacting via hydrogen bridges with each other or geminal silanol groups (Figure
1.7). [140] Type and number of accessible silanol groups on the surface of mesoporous silica ma-
terials are of enormous importance for various fields of applications. For example, the number of
accessible silanol groups decide how many catalyst complexes can be anchored to the surface.

Figure 1.7: Schematic representation of the single, geminal and hydrogen bridged silanol groups
on silica surfaces [140] and the assignment of Q2, Q3 and Q4 sites in 29Si MAS NMR
spectra of MCM and SBA materials [149].

Acidic properties introduced via silanol groups depend, among other things, on the nature of the
accessible silanol groups on the silica surface. [150;151] Isolated or geminal silanol groups have
higher acid strength compared to silanol groups connected by hydrogen bridges, which exhibit
a non-acidic character. [150;152] For this reason, only isolated and geminal silanol groups can be
functionalized, whereas the non-acidic silanol groups do not react with the molecules of the func-
tionalization reagents. [140] Therefore, knowledge about the nature of accessible silanol groups on
the surface of silica materials is important depending on the application. Various analytical meth-
ods are known to investigate the nature of silanol groups on the silica surface. [92;149–151;153]

Among other methods, the 29Si magic angle spinning (MAS) nuclear magnetic resonance (NMR)
measurement is one of them. [149;153] The 29Si MAS NMR measurement is a bulk method. This
means that the 29Si MAS NMR measurement examines not only the silanol groups on the surface
of the silica materials, but also silicon atoms of the SiO4 tetrahedra in the lattice structure of the
silica material. [149] The 29Si MAS NMR spectrum shows signals for isolated and geminal silanol
groups as well as for silanol groups, which are connected by hydrogen bridges. Accordingly, the
spectrum of a silica material exhibits the signal of Q4 groups at −110 ppm. The signal is charac-
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teristic for four bonded SiO4 tetrahedra in the lattice structure of silica materials (Figure 1.7). The
silanol groups on the silica surface are observed at −101 ppm and −92 ppm. They are assigned
to the silicon atoms to which one silanol group SiOH (Q3 groups) or two isolated silanol groups
Si(OH)2 (Q2 groups) are bound. [149;151;153] In the 29Si MAS NMR spectrum of as-synthesized
MCM-41, the signal from Q3 groups has the highest intensity compared to the signals for Q2 and
Q4 groups.
Calcination, which removes the structure-directing template from the pores, alters the 29Si MAS
NMR spectrum. Corresponding to this aspect, the 29Si MAS NMR spectrum no longer shows a
splitting of the individual signals. Rather, a broad, fuzzy signal is observed exclusively at a chemi-
cal shift of −107 ppm. [153] A possible reason for this is that free silanol groups in the pore walls of
mesoporous silica materials of the M41S family combine by condensation reactions. [154] Broad-
ening and shifting of signals occur from changes in Si-O bond length and Si-O-Si angle. When
calcined mesoporous silica materials of the M41S family are treated hydrothermally, the signals of
Q2 and Q3 groups reappear in the 29Si MAS NMR spectrum instead of the broadened signal. [153]

The 29Si MAS NMR spectrum of calcined SBA-15 shows a different distribution of signal inten-
sities of Q2, Q3, and Q4 groups compared to the 29Si MAS NMR spectrum of calcined MCM-41.
The signal from Q4 groups exhibits the highest intensity. If the 29Si cross polarization (CP) MAS
NMR spectra are considered, it can be seen that most of the silicon atoms are surrounded by O-Si
units. This indicates that most of the silicon atoms are in the pore walls rather than on the surface
of SBA-15. [155] The ratio of the signals from Q3 and Q4 groups is 1 : 3 for MCM-41 and 1 : 4 for
SBA-15. Differences in the ratios can be attributed to various pore sizes and pore wall thicknesses.
The Q3:Q4 ratio confirms that SBA-15 has thicker pore walls compared to MCM-41. [156]

In addition to the investigations of silanol groups by 29Si MAS NMR measurements, it is possible
to distinguish them by IR spectroscopy. [149;150;153] Overlaps of the individual bands sometimes
make assignment difficult. This complicates the quantitative determination of different types of
silanol groups. [157] The presence of isolated and geminal silanol groups can be evidenced by the
band between 3760 cm−1 and 3735 cm−1. The band between 3620 cm−1 and 3200 cm−1 is as-
signed to interacting silanol groups. This band often overlaps with bands of isolated silanol groups
and Si-O bonds in the silica lattice. [157] It is described that silanol groups connected by hydrogen
bridges appear as a shoulder of the band of isolated silanol groups at 3710 cm−1. [149]

Besides the knowledge of the nature of silanol groups, it is important to characterize the number
of accessible silanol groups on the silica surfaces in terms of the chemical properties of silica
materials. Quantification is difficult because water from air is easily adsorbed onto the silanol
groups. Accurate quantification by MAS NMR, Fourier-transform infrared spectroscopy (FTIR),
selective chemisorption, deuterium exchange, or mass spectroscopy (MS) is usually hampered by
the need of very controlled conditions for sample preparation and the measurement itself. [149] It
is impossible to localize silanol groups on different surfaces using these methods. [151] Another
problem is the comparability of data known from the literature about the silanol group density
on silica surfaces. Table 1.1 lists exemplary silanol group densities from literature. The silanol
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Table 1.1: Silanol group densities on surfaces of MCM- and SBA-type materials reported in the
literature.

silanol group density of silanol group density of
reference MCM-type materials SBA-type materials

[SiOH/nm2] [SiOH/nm2]

ZHAO ET AL. [140] 2.5 - 3 6 - 8
RAMÍREZ ET AL. [150] not investigated 3.4 - 6.5
KOZLOVA AND KIRIK [158] 3 - 4 5 - 6

group density on surfaces of MCM-41 reported by ZHAO ET AL. ranges from 2.5 SiOH/nm2

to 3 SiOH/nm2, while the silanol group density on surfaces of SBA-15 ranges from 6 SiOH/nm2

to 8 SiOH/nm2. [140] For comparison, KOZLOVA AND KIRIK indicated a silanol group density
on surfaces of MCM-41 ranging from 3 SiOH/nm2 to 4 SiOH/nm2 and a silanol group density
on the surface of SBA-15 ranging from 5 SiOH/nm2 to 6 SiOH/nm2. [158] Differences in the data
can be explained by various reaction conditions and parameters used during the determination of
the silanol group density. [149] For example, an influence on the quantification is the temperature
dependency of silanol groups. With increasing temperature, a decrease of the silanol group con-
densation is visible as result of random condensation reactions. Silanol groups, which interact via
hydrogen bridges convert into free silanol groups. At temperatures above 600 ◦C, the number of
free silanol groups decreases. This is due to the formation of siloxane bridges by further conden-
sation reactions. The formation of these siloxane bridges can lead to the collapse of surface and
pore structure. [92;159] Various approaches for determining silanol group densities on silica surfaces
and their accessibility are discussed in the literature. One possibility is the determination based on
hydrated and dehydrated silica and the investigation with IR spectroscopy. According to this, the
bands of water in the IR spectrum occur at 1630 cm−1 and 5260 cm−1, while the ones for silanol
groups occur in the ranges of 3800 cm−1 to 3000 cm−1 and of 4800 cm−1 to 4200 cm−1. [160]

The quantification of silanol groups using diffuse infrared reflectance Fourier transform (DRIFT)
spectroscopy is possible. DRIFT measurements using pyridine as probe molecules are suitable for
this purpose. [150] The band appearing in the DRIFT spectrum at 1595 cm−1 can be attributed to
pyridine molecules interacting with silanol groups via hydrogen bridges. In contrast, the band at
1446 cm−1 is characteristic for weaker interactions between isolated silanol groups and pyridine
molecules. [92;161] The broad band at 3050 cm−1 in the DRIFT spectrum masks the vibrational
bands of isolated and hydrogen bridged silanol groups interacting with pyridine molecules. [150]

For determining the number of isolated silicon groups and via hydrogen bridges connected ones,
the peak areas of pyridine bands, the surface area of the silica material from nitrogen physisorption
measurements, and the amount of desorbed pyridine are needed. The amount of desorbed pyri-
dine is determined by thermogravimetric measurements. In the literature, silanol group densities
between 3.4 SiOH/nm2 and 6.5 SiOH/nm2 are indicated for SBA-3. [150] Another discussed way
to determine silanol group densities is treating silica materials with benzylamine. Afterwards,
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the amount of benzylamine adsorbed by the silica material is determined spectroscopically. As
for nitrogen physisorption measurements, the adsorption isotherms show the typical behavior of
forming a monolayer before reaching a plateau at higher benzylamine concentrations (1.7 µmol
benzylamine per m2 for SBA-15). Thus, the estimated silanol group density is approximately
equal to 1 SiOH/nm2. It should be noted that a considerable part of the surface determined by
nitrogen physisorption measurements is inaccessible to benzylamine molecules. The microporous
wall of SBA-15 is the reason for this. The micropores are accessible for nitrogen molecules, but
not for benzylamine molecules, which is why no conclusions can be drawn about the proportions
of various silanol groups. [151]

It is also possible to determine silanol group densities by thermogravimetric measurements. As
with IR spectroscopic investigations, the silica material is loaded with pyridine. Depending on the
interaction of pyridine molecules with various silanol groups, thermogravimetric measurements
yield expected peaks between 50 ◦C and 100 ◦C and between 120 ◦C and 170 ◦C. The desorp-
tion features ranging between 50 ◦C and 100 ◦C are attributed to desorption of pyridine molecules
interacting with hydrogen bridged silanol groups. [150] Pyridine desorbing from isolated silanol
groups is classified within the peak between 120 ◦C and 170 ◦C. [162] However, thermogravimetric
studies identify three peaks rather than just two. The first two peaks at 50 ◦C and 100 ◦C are also
assigned to desorption processes of pyridine molecules interacting with hydrogen bridged and iso-
lated silanol groups during the study. In contrast, the peak in the temperature range between 140 ◦C
and 150 ◦C is assigned to desorption of pyridine molecules from both isolated silanol groups and
silanol groups connected by hydrogen bridges in small cavities. Depending on how small the
cavities or their entries are, the penetration of pyridine is hindered, giving rise to a broad band.
Determining the number of silanol groups, one pyridine molecule is assumed to interact with each
pair of silanol groups connected by hydrogen bridges. Using the findings of thermogravimetric
measurements, silanol group densities between 3 SiOH/nm2 and 5 SiOH/nm2 are observed as a
function of calcination temperature and duration. Most of the identified silanol groups are silanol
groups linked by hydrogen bridges. [150]

The comparison of silanol group densities determined from IR spectroscopic and thermogravi-
metric investigations reveals that silanol group densities determined by IR spectroscopy are higher
than these determined by thermogravimetric measurements. The pyridine loss of the third peak is
assigned to free silanol groups and, therefore, only one pyridine molecule is counted per silanol
group, which might be the reason for the observed discrepancy. [150]

In summary, it can be stated that especially the quantification of the silanol group density of silica
materials poses a challenge. Overlaps of the individual bands sometimes make assignment diffi-
cult. Since the density of silanol groups depends on many factors, literature values can only be
used as estimates.
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1.4.2 Characterization of the Pore Size of Mesoporous Silica Materials

After the synthesis of mesoporous silica materials, the structure-directing template must be re-
moved. The hexagonal structure of mesoporous silica materials remains, whereby the thickness of
the pore walls depends on the material itself and the conditions during the synthesis. The structure
of mesoporous silica materials is of great interest in determining the most suitable material for
various applications. Mesoporous silica materials consist of voids, i.e. pores or channels, sepa-
rated by the silica matrix. Depending on the pore sizes and the associated pore walls of different
thicknesses, the hydrothermal, mechanical, and chemical stabilities of the materials differ (Chapter
1.4.3). [163] Various methods are known for determining pore sizes as well as pore wall thicknesses
of silica materials.
Based on nitrogen physisorption measurements, the detection of micro- and mesopores is possible
using various methods. [14] For sorption studies, gases such as nitrogen, carbon monoxide, and
argon, or vapors like water vapor are used as adsorptives. [164] Depending on the pore size and the
surface properties, the appropriate adsorptive must be selected. In physisorption measurements,
the micropores are initially filled with the adsorptive at low relative pressures. The exact range of
the relative pressure depends on the shape and size of the micropores as well as on the size of the
adsorptive molecules and the interactions between the molecules of the adsorptive and between
adsorbent and adsorptive.
When filling, a distinction is made between ultra micropores, which are no more than two or three
molecular diameters in size, depending on the pore geometry and larger micropores. After filling
the ultra micropores, which is called "primary micropore filling", the larger micropores are filled in
a secondary process at higher relative pressures. In this process, the interactions between adsorp-
tive and adsorbent decrease, while the cooperative interactions between adsorptive and adsorbate
increase in a confined space. Thus, the choice of adsorptive is important. Nitrogen is frequently
used for the analysis of micropores and mesopores in the standard measurement at 77 K. However,
due to the quadrupolar properties nitrogen is not optimal, since it leads to specific interactions with
a variety of surface functional groups and exposed ions. This affects the orientation of the adsorbed
nitrogen molecules on the surface of the adsorbent and strongly influences the filling pressure of
the micropores, which is why extremely low relative pressures are required. In this pressure range,
the diffusion rate is slow, which makes it difficult to measure equilibrium adsorption isotherms. It
must be considered that nitrogen molecules can be adsorbed at the entrances of narrow micropores
and close them. As a result, the pore filling pressure does not correlate uniquely with pore size
and structure. Despite the potential difficulties, the literature mainly contains data on nitrogen
physisorption measurements.
Aside from nitrogen, argon is a relatively common adsorptive. It does not have quadrupolar prop-
erties and therefore does not exhibit specific interactions with surface functional groups. When
argon physisorption measurements are performed at a temperature of 77 K, the analysis of the
isotherms is difficult, while the cryogenic temperature is 87 K. [14] One reason why the advantages
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of argon in determining pore size and surface area do not yield the expected benefits is that argon
physisorption measurements at 77 K make it impossible to characterize the pores in the microp-
orous and mesoporous regions. At 77 K, the measurement temperature is about 6.5 K below the
triple point temperature of bulk argon. Therefore, only pores with a pore size of less than 12 nm
can be characterized. This can be avoided by performing argon physisorption measurements at
87 K. [165] Another reason why argon physisorption measurements at 77 K are not optimal is that
although the argon adsorption isotherms at 77 K are shifted to higher relative pressures compared
to those of nitrogen physisorption measurements, the shift is not large enough compared to argon
physisorption measurements at 87 K. Accordingly, adsorption in the narrow micropores occurs
at relative pressures lower than 10−5. At these pressures, the adsorption kinetics are very slow,
so the supercooled state of argon in the micropores should be assumed. [166] For these reasons,
argon physisorption measurements are performed usually at 87 K. [5;166;167] The higher tempera-
ture allows the narrow micropores to be filled with argon at much higher relative pressures. This
accelerates equilibration and enables the measurement of adsorption isotherms with high resolu-
tion. Furthermore, it leads to measurements with a more direct correlation between the pore filling
pressure and the confinement effect (despite the dependence on pore size and shape). For zeolitic
materials, metal-organic frameworks (MOFs), and some oxides, as well as for activated carbon,
this is particularly important.
Another adsorptive that is used rather infrequently is carbon dioxide. Kinetic limitations at cryo-
genic temperatures (87 K, 77 K) limit the adsorption of argon and nitrogen for the characterization
of very narrow micropores. This can be circumvented by using carbon dioxide as adsorptive at
277 K. [14] With the correct choice of the adsorptive, the determination of the micropore volume
from type I physisorption isotherms is relatively straightforward. This is caused by the horizontal
plateau of the isotherm which corresponds to the limited uptake for the micropores. Thus, the
capacity can be considered as the adsorption of the gas at the corresponding measurement temper-
ature as the micropore volume. For the conversion of the capacity to the micropore volume, the
pores are assumed to be filled with the condensed adsorptive in the normal liquid state (Gurvich
rule). [5;167] The problem is that the plateau of the adsorption isotherm is rarely horizontal, most
microporous materials having a large external surface area and additional mesopores. This means
that the Gurvich rule for determining the micropore volume is not always applicable. Several pro-
posed solutions are known to circumvent this problem. For example, an empirical comparison of
an isotherm with a suitable standard is performed. The standard must be a non-porous reference
material with a similar chemical composition.
The t-plot method is a standard multilayer thickness curve and depends on the application of the
Brunnauer-Emmett-Teller (BET) method, which cannot be always applied. This problem can be
circumvented with the αs-plot method. It does not require evaluation of monolayer capacitance
and is more adaptable compared to the t-plot method. [5;167] Effects of micropore size and shape
on molecular packing are not considered in this method.
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In many cases, it is useful to apply methods related to molecular simulation (MC) and density
functional theory (DFT) to determine the micropore volume. These methods describe the config-
uration of the adsorbed phase at molecular level and are superior to empirical and semi-empirical
methods. They offer a more reliable approach to pore size analysis over the entire nanopore range.
The basic principle of these methods is to describe the distribution of adsorbed molecules in the
pores at the molecular level. This provides detailed information about the local fluid structure near
the adsorbent surface. A pore model depends on the interaction potential between liquid and solid,
so various pore shape models (e.g., slot, cylindrical, spherical, and hybrid geometries) have been
developed for different classes of materials such as carbons, silicas, and zeolites. For this reason,
the application of methods relying on MC and DFT is only useful if a given nanoporous system is
compatible with the chosen MC/DFT kernel. [14]

Besides the micropores, the pore volume and pore size of mesopores can be derived from ph-
ysisorption measurements. If the material is free of macropores, a type IV isotherm is obtained
that is nearly horizontal at high relative pressures. The pore volume can then be derived from
the amount of adsorbent at a relative pressure close to the relative pressure of one. The pores are
assumed to be filled with the adsorbent in the liquid state. [5;167] The analysis of the mesopores
is based on the modified Kelvin equation (Barrett, Joyner, and Halenda (BJH) and Broeckhoff
and de Boer). It should be noted that these methods significantly underestimate the pore size for
narrow mesopores. [14;168] By adding MC or DFT, these inaccuracies can be corrected, and a more
reliable assessment of the pore size distribution over the entire domain is obtained. [14] With the
pore sizes determined from physisorption measurements and the lattice parameters determined
from X-ray analytical studies, the pore wall thickness of mesoporous silica materials can be asti-
mated. [25;169;170]

The standard method for characterizing macropores is mercury porosimetry. Mercury porosimetry
can also be used to study small mesopores (dpore,DFT >3 nm). In addition, mercury porosimetry is
used to obtain information on pore shape as well as network effects. [171;172] The main assumption
of mercury porosimetry is a cylindrical pore shape of the porous materials. This assumption is
used to describe the relationship between pressure difference at the curved mercury interface and
the corresponding pore size using the surface tension of the mercury and the contact angle between
solid and mercury. The relationship is known as the Washburn equation. If the pore shape of the
material is not cylindrical, there may be large differences between the pore size determined from
mercury porosimetry and the actual pore size. During the analysis process, mercury is pressed
into the pores, which is why pressure is one of the most important measured variables. This is ex-
plained by the fact that an incorrect pressure measurement automatically means an incorrect pore
size. The capacitance measurement is almost always made between a metal shield on the outside
of a measuring cell and the length of the mercury column inside, so the pore volume is another
important parameter. This is because if the inside or the outside of the measuring cell is not uni-
form or some other external factors affect the capacitance, this will lead to inaccurate values. [173]

The unique feature of mercury porosimetry is the non-wetting characteristic. This means that the
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contact angle between mercury and the sample surface is >90°. For this reason, the mercury must
be forced into the pores with pressure. With increasing pressure, the mercury can penetrate pores
with decreasing pore size. Accordingly, there is an inverse relationship between pressure and pore
size, thus the pore size distribution can be determined. [4] Although the contact angle is a param-
eter that significantly affects the results, a fixed value is usually chosen, regardless of the sample
material. [173]

As an alternative technique for determining pore size distributions, thermogravimetric analysis
was described in the early 1990s. In this method, the porous materials are first loaded with an
adsorbate. Then, thermogravimetric analysis is performed and the pore size is determined indi-
rectly by mass loss. At the beginning of the measurement, the desorption of liquid outside the
pores is detected. The second stage of mass loss corresponds to the capillary condensed liq-
uid inside the pores together with the adsorbed film on the pore walls. This corresponds to the
measurement of the total pore volume. The inflection point of the step in the desorption curve
corresponds to the maximum of the pore size distribution. With the Kelvin equation, it is possible
to convert the pore size distribution from sample mass loss as a function of temperature to the
volume loss as a function of the pore radius. [174] Various publications discuss the optimization of
the technique for determining the pore size distribution with respect to the conditions during the
desorption process and the choice of adsorptive for different samples. [175–178] Benzenes [175;177],
alcohols such as n-butanol [176;178], acetone, diethyl ketone [177] and aliphatic hydrocarbons such
as n-heptane [177;178] were used as adsorptive. It was found that it made a difference whether the
program was a heating program (constant heating rate) or a quasi-isothermal program (no constant
heating rate). Depending on the adsorptive, the optimum desorption conditions must be selected.
The optimum desorption conditions are determined by the heating rate where the shape of the
distribution curve approximates those of the nitrogen physisorption measurement. Thereby, the
changes in heating coefficients in the quasi-isothermal program only slightly affect the maximum
of the distribution curves. [176;178] With the selection of the appropriate adsorbate, it is possible to
determine the total pore volume as well as the pore size distributions from the thermogravimet-
ric studies. [175;177] However, corrections must be made owing to surface film effects. The degree
of interference depends on the choice of adsorptive. [177] Overall, the differences from the values
determined from nitrogen physisorption measurements as well as from mercury porosimetry are
large. [178]

Another technique for determining the pore size distribution is nuclear magnetic resonance (NMR)
spectroscopy. The 1H NMR measurement is proving particularly useful for in situ experiments.
The reason is that characterization of porous materials with standard methods requires dry samples
during the measurement. For low-field spin-lattice NMR relaxation measurements, dry samples
are not required. [179] The relaxation time of water molecules is faster or slower depending on
where they are located in the porous material. Enhanced interactions of water molecules at liquid-
solid interface that disrupt molecular motion are one reason for the different behavior. Due to the
externally applied high-frequency voltage, water molecules, in the pores relax faster than water
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molecules in the bulk phase. This leads to a decrease in the decay constant of the relaxation rate,
which is directly related to the pore volume to surface area ratio. [180;181]

An alternative to characterize pores by means of nitrogen physisorption measurements as well
as X-ray analytical examinations is the measurement of the pore size by taking TEM images.
Determination in this manner should be used with caution, as the measurement is error prone.
Inaccuracies can occur in the measurement of pore size and wall thickness and during the acquisi-
tion of the TEM images. This is because it cannot be guaranteed that the frontal view on the pore
entrances of the porous silica particle is always available for measurement. A non-frontal view
creates an incorrect determination. Similar to the determination of the pore size, the lattice param-
eter and the pore wall thickness can be detected with the help of TEM images. The procedure is
not or only little explained in the literature. [103;170;182]

In addition to the methods already described for determining pore size, inverse size exclusion
chromatography (ISEC) is another option. [183] This method has been used to characterize various
materials to determine pore size and pore size distribution. [184–187] In ISEC, the material to be
characterized is often packed as a monolith into a column, which is then treated with solutes of
different particle sizes. [188;189] It is important that the mobile phase and solvent do not interact
with the stationary phase, i.e., the material under study. If the solute is chosen correctly, the corre-
sponding chemical interactions between the stationary and mobile phases are suppressed, so that
exclusion is based on a physical sieving process. Information about the pore size as well as its dis-
tribution can then be obtained from the resulting retention time. [189;190] ISEC is usually performed
using standard monodisperse solutions. However, there are also studies showing that the same
information about pore structure can be obtained with polydisperse suspensions. In this case, care
must be taken to minimize dispersive mass transfer effects. [191]

1.4.3 Stability of Mesoporous Silica Materials

Mesoporous silica materials modified with different functionalities can be used in heterogeneous
catalysis. [192;193] For the study of confinement effects in catalytic applications, spatially controlled
functionalization of mesoporous silica materials is necessary. At the same time, it is important that
the developed catalysts can be used in larger reactors and synthesized on a larger scale. Therefore,
the catalysts, which are often prepared as powder, must be formed, e.g., by tableting or extrusion.
For this reason, mechanical stability of the catalysts is of interest.
The mechanical stability of calcined SBA-15 as a function of pressures between 16 MPa and
260 MPa was investigated. [194;195] The X-ray diffractograms showed a loss of intensity of the
characteristic reflections d100, d110, and d200 for the calcined and pressed SBA-15. The decrease
of the intensities was attributed to loss of long-range order within the mesoporous silica mate-
rial. The lattice parameters and the main pore size of the SBA-15 treated with pressures between
16 MPa and 260 MPa did not change compared to the unpressed sample. However, the pore size
distribution widened with increasing pressure. The widening of the pore size distribution is ex-
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plained by a deformation of the pores under pressure. The change in the pores reduced surface
area and mesopore volume. [194;195] Literature has dealt with the difference of various silica ma-
terials with regard to their mechanical stability. The findings regarding the mechanical stability
in air of MCM-41 and MCM-48 are similar to those of SBA-15. When the investigations were
done in nitrogen, the samples are more stable against pressure having removed physisorbed water
molecules prior to mechanical testing. This results in fewer Si-O-Si bonds being hydrolyzed dur-
ing compression. 29Si MAS NMR spectroscopic measurements show that the unpressed materials
have Q2, Q3 and Q4 species, while the Q2 and Q3 species increase at the expanse of the Q4 for the
samples pressed in air (compare Chapter 1.4.1). This effect is not visible for the samples pressed
in nitrogen. [163;196]

Investigations done by GALARNEAU ET AL. [197] suggest, that mechanical and thermal degrada-
tion follow different mechanisms. A decrease in surface area and pore volume is visible by both
influences, but a change in intergranular porosity is observed only under pressure. Considering
thermal stability of mesoporous silica materials, pore wall thickness has an important influence
onto their mechanical stability. Results from nitrogen physisorption measurements suggest that
the thicker the pore walls the more stable the mesoporous silica material is against high tempera-
tures. [197]

Studies on the stability against hydrothermal treatment show that surface areas and pore volume
decrease while the pore size distribution for MCM-41 broadened. X-ray analysis shows a deteri-
oration of the structure after the hydrothermal treatment. The reason for these observations is the
partial hydrolysis of Si-O-Si bonds within the silica matrix caused by the hydrothermal treatment.
Owing to the thicker pore walls of SBA-15 compared to MCM-41, the structural loss of SBA-15
is lower as more Si-O-Si bonds need to be hydrolyzed to destroy the porous structure. The higher
the temperature during the hydrothermal treatment, the greater the destruction of the mesoporous
silica structure. [163]

Since mesoporous silica materials are stable in aqueous solutions with a pH value of seven or
less, the chemical stability studies are conducted in an alkaline environment. [198] For the chemi-
cal stability studies, the mesoporous silica materials were treated with 0.5 mol sodium hydroxide
solution. This treatment completely hydrolyzed the silica lattice of MCM-41 and SBA-15 within
one hour. Not even the change from a hydrophilic to a hydrophobic surface makes the mesoporous
silica material more stable. After two hours, the sample has dissolved to such an extent that the
particles are too small for characterization. [163]

It is shown that various mesoporous silica materials are stable to different influences. Structural
properties such as pore wall thickness or surface properties play an important role and enable the
stability of the materials to be influenced during production and subsequent modification.
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1.5 Functionalization of Mesoporous Silica Materials

In general, surfaces of mesoporous silica materials are functionalized in many cases to multi-
ply their catalytic properties. Functionalization of porous materials describes the modification of
surface properties and thus their activity. This makes materials suitable for a wider range of ap-
plications, because functionalization with specific groups improves the range of properties of the
porous materials without deteriorating the already existing positive properties such as porosity or
large surface areas. [12;199;200] Porous materials with a large surface area are particularly suitable as
support materials. In principle, it is possible to introduce active sites directly during the synthesis
of the support materials or to add them in a further step after preparation. [17;201–203] X-ray ana-
lytical studies show that the insertion and anchoring of active sites do not significantly affect the
structure of the material. [12;201] However, functionalization of porous materials leads to a reduc-
tion in surface area. [201] Porous silica materials like SBA-15 are particularly suitable as support
material for surface modifications thanks to their large pore sizes and thick walls resulting in a
high hydrothermal stability. [204]

1.5.1 Catalytically Active Species

Depending on the field of application, the surface silanol groups can be active species. But com-
pared to zeolites, silanol groups of mesoporous silica materials as active centers are no that defined
due to the relatively thick pore walls. However, with the functionalization of mesoporous silica
materials, active centers are generally introduced into the lattice structure or on the surface of a
support material.
In many cases, metals in form of ions, particles or oxides are introduced into a support materi-
als as active centers. [17] By introducing heteroatoms such as aluminum, boron, fluorine, titanium,
gallium, or oxide groups, silicon atoms are replaced in the lattice structure of the support mate-
rial. [17;205] When this creates a charge imbalance, cations must be introduced into the pores for
charge balancing. Replaced ions, which are introduced, act as acidic or redox active centers on
the pore walls of the support material. The concentration of heteroelements in the structure is
significantly lower, when they have been introduced into an as-synthesized support material. [17]

Rather, different centers are present in various local environments and are more similar to metal-
substituted amorphous silica materials. When the lattice atoms are replaced during the synthesis,
relatively homogeneous incorporation and uniform distribution of heteroatoms in the support ma-
terial are achieved. [17;205] Furthermore, it is possible to exchange heteroatoms after the synthesis
of support materials, but mainly the pore walls are then functionalized. [17]

Another method for the introduction of catalytic active centers is the deposition of nanoparticles
on surfaces of support materials. The introduction of active species in form of nanoparticles is
possible in various ways. On the one hand, nanoparticles can already be introduced into the gel
during the synthesis. [146;206–211] On the other hand, it is possible to apply active species to support
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materials by impregnation or vacuum evaporation. [146;209;211–214] The advantage of the deposition
of nanoparticles is the large catalytically active surface area, which is introduced by the high sur-
faces of nanoparticles. [215] A disadvantage is the risk of pore blocking if, e.g., agglomerates of the
nanoparticles are formed due to their high loading. [17;205]

A third way to modify porous materials is to anchor molecular catalysts on surfaces of a sup-
port material. [17] The simplest method is to physically adsorb the molecular catalyst on the sur-
face. [216;217] However, the interactions between the catalytically active component and the support
material are relatively weak. Leaching of the active species in the presence of solvents is thus
possible. [17] An alternative to the adsorption of catalyst complexes on surface-active groups of
the support material is the attachment by forming chemical bonds. The introduction of functional
groups bound to the surface of the silica material via a chemical bond is possible in various ways.
One of them is the possibility to introduce functional groups as active centers into a lattice struc-
ture already during the synthesis of the mesoporous silica material used as a support material by
adding an organosilane. [204] The advantage of this method is to achieve a relatively homogeneous
distribution of the functional groups on the surface. [17] Alternatively, anchoring the functional
groups on the surface of the support material after synthesis can also be realized. [17] In this case,
the functional groups are subsequently applied to the surface via covalent bonds. [204] Afterwards,
catalyst complexes can be attached to the functional groups, which are then called anchor groups,
applied to the surface of the support material, regardless of the type of modification. In this way,
molecular catalysts are immobilized onto the surface of the support material. [218] Literature-known
organosilanes serve as anchor groups. [200;219]

1.5.2 Introduction of Functional Groups

The introduction of functional groups into the structure of mesoporous silica materials is possi-
ble already during the preparation. [220] In this approach, referred to co-condensation approach
or one-pot synthesis, hydrolysis and co-condensation of tetraalkoxysilanes with one or more
organoalkoxysilane take place in a single reaction mixture in presence of the structure-directing
template. Organic residues introduced in this way are mainly located on the silica surface or
protrude from the walls into the pores. There are two reasons for this. Firstly, incompatibil-
ity of the hydrophobic organic residues with the polar silica lattice results in a large portion of
the organosilane being enclosed in the pore walls. Secondly, lower hydrolysis and condensation
rate of the organosilane component in a basic environment compared to pure mesoporous silica
materials plays an important role. This leads to a slower polycondensation process. [221] By inte-
grating functional groups during the synthesis of mesoporous silica materials, they are relatively
homogeneously distributed without affecting the pore size. [17;221] A major disadvantage of the
co-condensation method is the limitation on the functional groups density. The reason for the
limitation is that with increasing organosilane concentration in the reaction mixture, the arrange-
ment of template molecules providing the structure is hampered. [221] In addition, high organosi-
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lane concentrations can cause an inhomogeneous distribution of functional groups. [221;222] Func-
tional groups installed by contributed co-condensation can be used to anchor various synthetic
catalysts, biomolecules, and polymers to create new functional materials. [204] Both structure and
morphology of the functionalized materials can be highly dependent on the amount and type of
the organosilane used. [206] For example, azide-containing nanoparticles with particle size between
50 nm and 80 nm were found to agglomerate more easily. [223]

An alternative to the surface modification of mesoporous silica materials with organosilanes via
co-condensation is the functionalization after synthesis. Insertion of organosilanes on silica sur-
face areas is typically used to bind organic residues as functional groups onto silica surfaces via
Si-C bonds. Organosilanes typically used for the modification of mesoporous silica materials are
chloro-, methoxy- and ethoxysilanes. [224] A major advantage is the preservation of mesoporous
silica materials as support material, whose preparation can be well controlled. [202] Further pro-
cessing of mesoporous silica materials such as MCM-41 or SBA-15 into a catalytic material while
retaining large surface areas, pore sizes and their arrangement is relatively straightforward. Modi-
fications with moisture-sensitive trichlorosilyl groups release hydrogen chloride, which is harmful
to many catalyst systems. Consequently, it is useful to utilize other organosilanes for the function-
alization of mesoporous silica materials. Instead of using organosilanes with trichlorosilyl groups,
it is possible to use organosilanes with trialkoxysilyl groups. During the functionalization process,
the corresponding alcohols are released. Even with this method, there is a risk of altering sensitive
organic molecules. [222] As such, it is necessary to adjust reaction conditions, so that the meso-
porous silica materials can be modified at low temperatures in a short reaction time with moisture-
insensitive reagents without affecting the actual functionalization. [202] Subsequent introduction of
functional groups onto the surface areas of mesoporous silica materials has the advantage of pre-
serving the mesoporous structure. A disadvantage is that the lining of the pore walls influences
porosity [221] as well as pore volume of the mesoporous silica material. [203] At the same time, the
reaction conditions, such as the choice of solvent during the functionalization, play an important
role. This can be explained by the solubility parameters of the different solvents. The solubil-
ity parameter is related to the polarity of the solvent. Thereby, the polarity parameter increases
with the increase of the solubility parameter. The solubility parameter is subdivided into the vari-
ous intermolecular interactions (e.g., for dispersion interactions, dipole interactions, and hydrogen
bridges). These parameters can be used to determine the appropriate solvent for the solubility of
certain substances. [201] Another difficult point is the achievement of the homogeneous distribu-
tion of functional groups on the silica surface. While at the beginning of the functionalization,
organosilane molecules react preferentially with silanol groups at the pore entrances of the meso-
porous silica material, diffusion problems can occur with progress of the functionalization process.
In extreme cases, i.e. with very bulky molecules, a complete closure of the pores can occur. [221]

Silylation of support materials like mesoporous silica materials offers possibilities of imparting
catalytic properties to support materials. [225] The reaction conditions, such as the choice of sol-
vent, play an important role in surface functionalization with silanes. [200;201]
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1.5.3 Selective Functionalization

The functionalization of enzymes for the production of stereoselective products is a miracle of the
nature. Until now, it is difficult to copy the function of enzymes. A possibility to copy the function
of enzymes is the use of complex, organic catalysts. Often these are expensive and difficult to
regenerate, so the use of solid catalysts, whose catalytic active component is located exclusively
in the pores, is of great interest. The porosity of the porous support material helps to obtain the
desired configuration of the products. In order to take advantage of the porosity, it is necessary to
ensure that the catalytic active sites are located exclusively in the pores of the porous support ma-
terial. Only then, it is possible to carry out the reactions under confinement. Therefore, selective
functionalization plays an important role for these catalysts. It enables the controlled immobi-
lization of highly selective catalyst complexes on the pore walls of porous support materials and
allows reactions to be carried out under confinement. Selective functionalization of mesoporous
silica materials is challenging as it has been impossible to determine the precise localization of
the introduced functional groups. [192] For selective functionalization, it is important to recognize
that the surface of porous materials is divided into two areas. One is the particle surface and the
other one is the surface area of the pore walls. In most cases, the particle surface of mesoporous
materials is the smaller part of the total surface area compared to the surface area of the pore walls,
but it is easily accessible. For the surface area of the pore walls, it is the other way around: It is the
larger part of the total surface area, but the surface area of the pore walls is difficult to access. [192]

As explained earlier, for selective functionalization it is of great importance to know where the
functional groups are located on the surface of the porous support material.
There are two different methods for selective functionalization: [192]

The diffusion-controlled method is one of them. Starting material of this method is a porous mate-
rial, whose pores are opened (through extraction with ethanol or calcination of the as-synthesized
material for example). The functionalization process consists of two steps. First, the particle sur-
face of the porous material is functionalized and in a further step the pore walls. This method of se-
lective functionalization is suitable only for porous materials with small mesopores (dpore <3 nm)
and micropores. The reason is that for the functionalization of the particle surface, functionaliza-
tion reagents must be used whose molecular diameter is larger than the pore size. [11;12;205;226]

The other approach for selective functionalization of porous materials is the pore protection method.
This approach is suitable for selective functionalization of all porous materials, [205;227;228] because
the pores of the starting material are closed and thus inaccessible to the functionalization reagent,
which is used for the modification of the particle surface. Accordingly, either as-synthesized ma-
terials [192;229] or calcined materials whose pores have been closed again [224] are used.
Since initially, only the particle surface is accessible through the closed pores, it can be function-
alized without considering the functionalization reagent. It should be considered that besides the
particle surface, the pore entrances or parts of the pore walls are functionalized. A reason for
this is that the pores are not filled to the edge with structure-directing template. As a result, more
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silanol groups are accessible than are present on the particle surface that can be reached by the
functionalization reagent. Another reason is that organosilanes with chloro or ethoxy groups can
dissolve parts of the template due to the amphiphilic character of the structure-directing Pluronic®

P123. After functionalization of the particle surface and the pore entrances, summarized as the
external surface, the template is removed from the pores. For this purpose, Soxhlet extraction
with ethanol is usually performed. In the final step, the pore walls can be functionalized since the
particle surface is passivated. [192;229]

Various approaches for the selective functionalization of porous silica materials have been de-
scribed in the literature. For example, the selective functionalization of micropores of SBA-15
with trivinylchlorosilane and subsequent introduction of palladium complexes has been described.
In this case, it was suspected that the silanol groups on the particle surface as well as on the pore
walls were made inaccessible to the metal complexes by functionalization with trimethylsilyl chlo-
ride. [230] Another example is the stepwise functionalization of as-synthesized MCM-41. In this
case, the pore protection process was executed. The particle surface was modified with mercap-
topropyl moieties before the structure-directing template was removed from the pores by Soxhlet
extraction. Then the pore walls were functionalized with aminopropyl moieties. It was assumed
that all freely accessible silanol groups on the particle surface reacted with the functionalization
reagent. [229] The putative selective functionalization of calcined silica materials was performed by
WEBB ET AL. [192] and ZIEGLER ET AL. [231] by refilling the pores before functionalization of
the particle surface. In both approaches, the particle surface was modified with 1,1,1-trimethyl-
N-(trimethylsilyl)silanamine and the pores were opened by Soxhlet extraction. Subsequently, the
pore walls were functionalized with mercaptopropyltrimethoxy [192] or immobilized with a ruthe-
nium complex [231], respectively. As with other works, it was assumed that selective functionaliza-
tion was performed. However, none of the studies have actually shown whether this is true.
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The function of enzymes for the production of stereoselective products is unique. Therefore,
mimicking of enzymes for the production of enantioselective products is an important topic. Im-
mobilization of highly selective complex noble metal catalysts in the pores of mesoporous silica
materials is one approach to obtain the high enantioselectivity and productivity of enzymes. This
is because the confinement effect resulting from the porous structure of the support material can be
exploited by utilizing the pore and channel structure of mesoporous silica materials. However, this
requires the immobilized metal complexes to be located exclusively on the mesopore walls of the
support material. Therefore, the efficient and spatially controlled functionalization of mesoporous
silica materials as support materials is very important to be able to immobilize catalytically active
metal complexes and to proceed with heterogeneous catalysis in a shape-selective way. To ensure
that the catalytically active species are located exclusively in the mesopores, all freely accessi-
ble silanol groups on the particle surface and at the pore entrances of the support material must
be passivated prior to the functionalization of the pore walls. Various methods for the controlled
functionalization of mesoporous silica materials have been described in literature, but these do not
clearly demonstrate that selective functionalization of the inner pore walls has been achieved.
Knowledge of the material properties is of enormous importance in order to exploit the advantages
and eliminate any weaknesses in the corresponding field of application. Among other properties,
the lattice parameter and pore size are important for the determination of appropriate function-
alization reagents for subsequent modification steps. In this work, it was the task to determine
the lattice parameter and pore size of mesoporous silica materials in the pore range between 3 nm
and 11 nm using physisorption and SAXS measurements as well as TEM investigations and probe
particles. The results of the different characterization methods were compared and evaluated in
Chapter 3.1. Reason for this comparison is that not all characterization methods are available at
all times and knowledge of the material properties is still required.
With knowledge of the material properties, selective functionalization can be tackled in the next
step. Since spatially controlled functionalization and precise analytical detection are still a chal-
lenge, it was the goal of this work to develop a method for selective functionalization of meso-
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porous silica materials (Chapter 3.2). For this purpose, the silanol groups on the particle surface as
well as at the pore entrances summarized as external surface were first functionalized. In a separate
and independent control step, the complete inertization of the external surface was demonstrated.
With the knowledge of the complete functionalization of the external surface and after removal of
the structure-directing template, finally the pore walls were functionalized. The control step was
used to demonstrate that the functional groups were located exclusively on the pore walls.
Furthermore, this work dealt with the influence of template removal method on the mechanical
stability of SBA-15 (Chapter 3.3). Background is that there are different approaches depending on
the procedure of the functionalization of mesoporous silica materials. Regardless of the function-
alization method, the catalysts are subjected to stresses, e.g., during reactor loading and during
reactor performance, so the mechanical stability of the catalysts is important. To investigate the
influence of the template removal method, the different intermediate materials of the functional-
ization process were pressed and the change of the samples was investigated.
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3
Results and Discussion

3.1 Mesoporous Silica Materials

As described in Chapter 1.2, there are many different mesoporous silica materials known. In this
work, SBA-15 was mainly used, but also a material prepared by the true liquid crystal templat-
ing mechanism. In addition, SBA-15, whose pores were expanded with a swelling agent, and
MCM-41 were utilized. The synthesis procedure of the individual mesoporous silica materials
are described in the publications on which this work is based. [1–3] After the preparation of the
different mesoporous silica materials and before the selective functionalization of them, it is nec-
essary to characterize them in order to obtain knowledge about the characteristic properties such
as the lattice parameter or the pore size. Only if the structural properties are known, it is possible
to optimize the material properties, e.g., by changing the synthesis conditions (Chapter 1.3.1) or
additional functionalization of the surface areas (Chapter 1.5). An overview of common methods
for material characterization is described in Chapter 1.4.2.

3.1.1 Characterization of Mesoporous Silica with Common Methods

The most common method for the determination of the lattice parameter is SAXS measurement.
The resulting diffractograms of OMS_TLCT, MCM-41, SBA-15 and SBA-15_sa show the char-
acteristic reflexes d100, d110, and d200, which confirm the hexagonal structure p6mm of SBA-15
(Figure 3.1 (a)). [1] Using the maxima from the diffractograms, the lattice parameter aSAXS was
determined from the measured SAXS data (Table 3.1).
In addition to the lattice parameters, knowledge of the pore size and the pore size distribution is
important in order to use porous materials as a catalyst or support material. A common method for
the characterization of the pore size is to perform physisorption measurements with nitrogen as
adsorptive gas. In the literature, nitrogen is cited as the most commonly used adsorptive gas. This
is due to historical reasons, as liquid nitrogen used to be readily available, while liquid argon was
not. The shape of the resulting isotherms and hystereses obtained by the physisorption measure-
ments for calcined OMS_TLCT, MCM-41, SBA-15 and SBA-15_sa are as expected and show the
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(a) (b)

Figure 3.1: (a) Double logarithmic plot of the scattered intensity I versus the scattering vector
q. The intensities of the scattering curves were normalized and stacked for better
visualization. All four mesoporous silica materials exhibit a 2D hexagonal order,
as revealed by the characteristic reflexes d100, d110, and d200. Further maxima in
the scattering curves of MCM-41 and SBA-15_sa hinting at an improved mesopore
ordering. (b) In addition, an exemplary adsorption (•) and desorption (◦) isotherm of
SBA-15_sa resulting from nitrogen physisorption measurements. [1]

Table 3.1: Mean lattice parameters calculated from the SAXS data (aSAXS) and determined from
TEM images with the top view of the pores (aTEM,FFT) and with the side view of the
pore channels (aTEM,line). The number of particles and pores examined on the basis of
TEM images are given in parentheses. [1]

Sample
aSAXS aTEM,FFT aTEM,line

nm nm nm

OMS_TLCT 3.567 ± 0.008 4.3 ± 0.1 (2/292) 4.3 ± 0.4 (5/542)

MCM-41 4.502 ± 0.004 4.2 ± 0.2 (5/3320) 4.3 ± 0.9 (5/265)

SBA-15 10.37 ± 0.05 9.9 ± 0.3 (4/570) 9.7 ± 0.9 (7/241)

SBA-15_sa 13.74 ± 0.07 13.3 ± 0.3 (6/5870) 13.3 ± 2.5 (6/220)

characteristic properties for mesoporous materials with hexagonal pore structure and correspond-
ing pore size (Figure 3.1 (b)). The same applies to the determined surface areas and pore volumes,
whose values are in the range of the literature data. [1] For the determination of the pore size, the
branch of the isotherm describing the thermodynamic equilibrium must be used. For MCM-41,
SBA-15 and SBA-15_sa, the hysteresis closes at relative pressures >0.4, therefore the desorption
branch describes the thermodynamic equilibrium state. Hence, the desorption branch is evaluated.
For OMS_TLCT, the steep increase of the isotherms can be seen at a relative pressure <0.2. The
adsorption and desorption branches of the physisorption measurements of OMS_TLCT do not
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show large differences. Thus, the desorption branch was used to determine the pore size distribu-
tion for all materials in this work. The pore size distributions resulting from the desorption branch
of the nitrogen physisorption measurements show mostly sharp and narrow distributions for all
materials (Figure 3.2). [1] For historical reasons, the pore size is usually determined by the BJH
method in the literature. [14] The pore sizes and distributions calculated by the BJH method ob-
tained from the desorption branch of the nitrogen physisorption measurements are listed in Table
3.2 and shown in Figure 3.2, respectively. For OMS_TLCT and MCM-41, no pore size could be
determined from the nitrogen physisorption measurement using the BJH method due to their small
mesopores (Figure 3.2 (a) and (b)). The reason why the determination of the pore size distribu-
tions with the BJH method is unsuitable for materials with small mesopores is due to the software
Quantachrome® ASiQwin version 3.01 used for the evaluation. By default, the software neglects
the pressure points below 0.3 when evaluating the isotherms with the BJH method. Consequently,
pores with a pore size <3 nm are not considered. In contrast, the DFT method gives more accurate
results because it takes into account the hexagonal pore structure and the conditions during the
physisorption measurement. [14;232;233] In this work, the non-localized density functional theory

(a) (b)

(c) (d)

Figure 3.2: Pore size distributions ascertained with the BJH and the NLDFT method from the
desorption branch of nitrogen physisorption measurements of (a) OMS_TLCT, (b)
MCM-41, (c) SBA-15 and (d) SBA-15_sa. [1]
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Table 3.2: Mean pore sizes determined from the desorption branch of nitrogen physisorption mea-
surement by the BJH (dBJH,des) and the NLDFT (dNLDFT,des) method. The standard
deviations are given where available. [1]

Sample
dBJH,des dNLDFT,des dform factor delectron density

nm nm nm nm

OMS_TLCT -* 2.7 ± 0.6 2.6 ± 0.5 2.6

MCM-41 -* 3.9 ± 0.6 3.6 ± 0.4 3.3

SBA-15 5.4 ± 0.7 7.0 ± 1.0 7.4 ± 0.7 7.1

SBA-15_sa 8.3 ± 0.8 10.1 ± 1.1 10.7 ± 0.8 10.1

* The pore size cannot be determined due to the settings in the software, which is
used for the evaluation with the BJH method. Details are explained in the supporting
information. [1]

(NLDFT) kernel was used for silica materials with cylindrical pores. When using the NLFDT
kernel for the determination of the pore size distribution from the desorption branch for MCM-41,
the two-step isotherm of the nitrogen physisorption measurement must be used. The reason for
the occurrence of two steps is the forced hysteresis closure, which is causal for the step at higher
relative pressures and thus, also for the pore size distribution resulting from these pressure points.
From this point of view, the pore size distribution around the main pore size of 3.9 nm describes
the pores actually present in MCM-41 and the pore size distribution at higher relative pressures
is negligible. The evaluation of the desorption branch of the nitrogen physisorption measurement
of MCM-41 by the BJH method shows a monomodal pore size distribution (Figure 3.2 (b)). The
absence of the bimodal pore size distribution can be explained by the used software version (see
above). The comparison of the mean pore sizes determined with the BJH and the NLDFT method
shows relative deviations of up to 23 % for the nitrogen physisorption measurements. This is con-
sistent with other findings in the literature that the pore size of mesopores with a diameter of less
than 10 nm is underestimated by up to 30 % using the BJH method. [14]

3.1.2 Alternative Characterization Methods

Since not every research group has access to all characterization methods, e.g., to obtain informa-
tion about the lattice parameter or the pore size, deviations for the same material may be conceiv-
able. At the same time, comparison of the most common methods for the determination of the
lattice parameter and pore size over a larger pore size range of mesoporous silica materials has
been lacking. In the publication "Comparative Study of Lattice Parameter and Pore Size of Or-
dered Mesoporous Silica Materials Using Physisorption, SAXS Measurements and Transmission
Electron Microscopy" such a comparison, as well as an evaluation of the general interchangeability
of the different characterization methods, was made for ordered mesoporous silica synthesized via
true liquid crystal templating (OMS_TLCT), MCM-41, SBA-15 and SBA-15 with bigger pores
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resulting from the use of the swelling agent n-decane during the synthesis (SBA-15_sa). [1] The
experimental section of the work is described in the context of the publication, which is located in
the appendix.

3.1.2.1 Determination of the Lattice Parameter

An alternative characterization method to SAXS measurements (Chapter 3.1.1) for the determi-
nation of the lattice parameter is the evaluation from TEM images. The approach is known from
the literature, but the procedure is not described in detail. [68] For this reason, different approaches
were investigated in this work. [1] The aim was to obtain an uncomplicated method for determining
the lattice parameter as quickly and reproducibly as possible. Furthermore, it was considered if
the pore orientation under TEM influences the results. To be distinguished are the orientations of
the pores in top view, as well as the side view of the pore channels (Figure 3.3 (a)). Looking at
the pores in top view, the (100) distance d100 of the investigated mesoporous silica material can
be determined using the fast Fourier transformation (FFT) method. With the determined (100)
distance d100 and the following equation

a=
d100

sin(60°)
(3.1)

the lattice parameter aTEM,FFT was calculated (Figure 3.3 (b)). A possible negative influence due
to the oblique view of the pore orientation was considered when determining the lattice parameter
using the FFT method. Evidence that the particles are well aligned is obtained by analyzing dif-
ferent particles and comparing the results. If the values agree well, it indicates that the respective
particles are aligned in the correct direction. In addition, a low inclination of the particles would
only lead to minimal errors in the determined lattice parameters. Since the orientation of the top
view of the pore entrances is relatively rare, it is useful to also consider the side view of the pore
channels to determine a representative value for the lattice parameter. For the evaluation of the
side view of the pore channels, the gray values are plotted along a line perpendicular to the course
of the pore channels (Figure 3.3 (c)). The distance between two maxima is equal to the (100)
distance d100, so equation 3.1 is used to calculate the lattice parameter aTEM,line. In Table 3.1, the
values for aTEM,FFT and aTEM,line for all materials are listed.
The relative deviation of the two lattice parameters aTEM,FFT and aTEM,line determined from the
TEM images is at most 2 %. At the same time, the determined lattice parameters are within the
range of the lattice parameters aSAXS determined from the SAXS data. However, when evaluating
the TEM images, care must be taken to align the pores in top view so that the hexagonal arrange-
ment of the pores is not distorted. Distortion would result in an erroneous lattice parameter. Since
such distortions are relatively easy to detect, these particles can be neglected. When looking at the
side view of the pore channels, attention must be paid to the orientation in the (100) direction d100.
Deviations in this regard are difficult to detect with the naked eye. Difficulties that may arise dur-
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Figure 3.3: Exemplary TEM image showing the pores of SBA-15 in the top view and the paral-
lel pore channels (side view, (a)). The area showing the pores in the top view was
obtained using the fast Fourier transform method, from which the (100) distance was
determined (b). For the pore channels in the side view, the gray values were plotted
along the white line (c). The distance between two maxima is equal to the (100) dis-
tance, so that the lattice parameter for both viewing angles aTEM,FFT and aTEM,line can
be calculated using the equation 3.1. [1]

ing the evaluation of the lattice parameter using TEM images and the implications are described
and discussed in detail in the publication’s supporting information. Nevertheless, it is possible to
obtain consistent values if sufficiently many different particles and pores are considered. When
these requirements are fulfilled, the determination of the lattice parameter from TEM images is a
suitable alternative characterization method to the usual SAXS investigations.

3.1.2.2 Determination of the Pore Size

An alternative method for the determination of the pore size from physisorption measurements
(Chapter 3.1.1) is the extraction of the pore sizes from SAXS measurements. [70;234;235] The SAXS
measurements considered for the publication as well as their interpretation were performed by Dr.
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Johanna R. Bruckner as well as Dr. Sonja Dieterich. The obtained diffractograms can generally
be described quite well by the theory. It is shown that the contributions of the form factor of the
cylindrical pores and the structure factor of the hexagonal order from the diffractograms curves
have to be multiplied and not added. Therefore, small changes in the pore size lead to different re-
sults. The resulting pore sizes dform factor are listed in Table 3.2. Comparison with values obtained
from the nitrogen physisorption measurements using the NLDT method (dNLDFT,des) gives the best
agreement. For OMS_TLCT and MCM-41, the values of the dform factor are at most 8 % smaller,
while the values for SBA-15 and SBA-15_sa are at most 6 % larger.
For the two established methods, i.e., the physisorption measurements and the fitting of the SAXS
data, the pore size distribution was also investigated. For this purpose, the standard deviations
were calculated assuming a normal distribution of the pore size (Table 3.2). [1] In general, an in-
crease in the standard deviation with increasing mean pore size can be observed. In most cases,
there is fairly good agreement between the standard deviations determined by both methods.
In addition to the well-known method for extracting pore size from SAXS data, a new method for
the determination of the pore size was proposed by Dr. Johanna R. Bruckner. This method is based
on the reconstruction of the electron density distribution of the ordered mesoporous silica mate-
rials. Electron density maps were constructed from the determined electron densities. Assuming
that in inverse Fourier synthesis the decrease in electron density representing the mesopores cor-
responds to a sinusoidal function and the wall-mesopore interface is characterized by the fastest
increase in the electron density distribution, the second derivative of the electron density distribu-
tion can be used to measure the distance between the two most distant inflection points. The pore
sizes delectron density calculated by this method are also shown in the Table 3.2. Comparison with the
values obtained by fitting the diffractograms to the form factor dform factor shows good agreement.
Therefore, the determination of pore size using electron density calculations is a good alternative
for mesoporous silica materials. Both methods are described in detail in BEURER ET AL. . [1]

In the following, the principle of a new method for the determination of the minimum opening of
the pore network is explained. The basic idea is a mixture of TEM investigations and inverse size
exclusion chromatography (ISEC) using probe particles of different sizes. Similar to ISEC, it is
exploited that only a portion of the probe particles can fit into the pores. During the experiment,
SBA-15 is treated with a suspension of gold nanoparticles (Au-NPs), which are defined as probe
particles. Depending on the diameter, the Au-NPs may or may not diffuse into the pores and ad-
sorb onto the silanol groups. The sample is then examined by TEM. If Au-NPs are detectable in
the pores, the pore entrances of the pore network must be at least as large as the particle diameter
or even larger. The accuracy of this method depends on the step size between the probe particle
sizes and the width of the probe particle size distribution. To avoid interactions between the Au-
NPs and the silanol groups on the external surface, the silanol groups were functionalized with
HMDS. For the demonstration of the principle of using Au-NPs as probe particles to determine
the minimum opening of the pore network, Au-NPs were chosen to be much smaller than the pore
size (4.9 ± 0.2 nm), in the range of the pore size (9.0 ± 0.01 nm), and much larger than the pore
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size of SBA-15 (11.3 ± 0.4 nm). SBA-15 treated with Au-NPs of different sizes (SBA-15_4.9nm,
SBA-15_9.0nm, SBA-15_11.3nm) was examined in TEM (Figure 3.4). As expected, the TEM
images of SBA-15_4.9nm (Figure 3.4 (a)) show particles in the pore channels. In the TEM images
of SBA-15_9.0nm (Figure 3.4 (b)), it is not clear whether the Au-NPs are inside the pores or not.
It appears that some of the Au-NPs are agglomerated on the external particle surface. In contrast,
the TEM images of SBA-15_11.3nm show that there are no Au-NPs inside the pores, but that the
Au-NPs are agglomerated both on the particle surface and at the pore entrances (Figure 3.4 (c)).
The observations cautiously suggest that the openings of the open pore network of SBA-15 are
larger than 4.9 ± 0.2 nm and smaller than 9.0 ± 0.01 nm. Overall, it must be considered that the
present TEM images only show a few particles and thus only a fraction of the sample. Never-
theless, the first attempts to determine the openings of the pore network and the pore size with
Au-NPs are promising. It is likely that with smaller differences between probe particle sizes, a
narrower range for pore sizes can be achieved. In addition, probe particles with narrower particle
size distributions would lead to more accurate results.

(a) (b) (c)

Figure 3.4: Exemplary TEM images of (a) SBA-15_4.9nm, (b) SBA-15_9.0nm and (c) SBA-
15_11.3nm to investigate the access to the pore channels.

Regardless of the used characterization method, the comparison of the determined pore sizes
shows quite good agreement for OMS_TLCT and MCM-41. Only the analysis of the data from
the physisorption measurements with the BJH method is problematic for smaller mesopores, since
the used software does not provide access to pore sizes <3 nm. For materials with larger meso-
pores, i.e., SBA-15 and SBA-15_as, good agreement is obtained between pore sizes from nitrogen
physisorption measurements obtained with the NLDFT method and pore sizes from shape factor
fitting and electron density distribution calculations.

3.1.3 Discussion of Common and Alternative Characterization Methods

Four mesoporous silica materials with an average pore size of about 3 to 11 nm were investigated
using different characterization methods. For each mesoporous silica material, the hexagonal lat-
tice parameter and the pore size of the cylindrical pores were determined and evaluated. It was
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found that the averaged lattice parameters obtained from different particles of several TEM images
agree well with the calculated lattice parameters from SAXS data. Since the SAXS measurement
is a bulk method it averages over a layer of the sample whereby results obtained are statistically
more meaningful. Since analysis is also significantly faster, SAXS remains the method of choice.
However, if a SAXS instrument is not available, TEM is a reliable alternative method for the de-
termination of the lattice parameter. When using TEM to determine the lattice parameter, it must
be considered that there is a risk of larger errors due to the orientation of the pores.
Comparison of the pore sizes determined by different characterization methods shows a good
agreement between the results of the established methods and the results of the new methods.
Since the determined pore sizes provide values in the same size range, it is difficult to classify the
methods, as each method has its advantages and disadvantages. Physisorption measurements are
state of the art for the determination of the pore size. An advantage is that the amount of sample
used for the measurement is relatively small and that the sample can be reused after the mea-
surement. In addition, with physisorption measurements, more information about pore structure,
surface area, and mesopores can be determined than the results from the TEM images. However,
the measurement times for physisorption measurements are often very long and various assump-
tions are made when analyzing the data, which can affect the accuracy of the results.
As with physisorption measurements, SAXS measurements use small sample volumes that can
be reused after the measurement. Fitting SAXS data is also a proven method from which further
information can be derived. The short measurement times are another advantage of this charac-
terization method. A disadvantage of SAXS instruments is that the technique is not so widely
used due to high costs. When the pore size is determined from SAXS data by calculating electron
density maps, the calculations are less complicated. This is because a relatively simple scattering
theory is used. Furthermore, the results can be understandably visualized. It must be considered
that this evaluation method is still in an early development stage, which makes a reliable evalua-
tion difficult.
The determination of pore size using Au-NPs as probe particles is not based on a complex theory,
so this method is not very error-prone if it is sure that the probe particles are in the pores. However,
performing the experiments is very time consuming and depending on the width of the particle size
distributions, only the range for the pore size can be determined instead of the exact value. Since
only proof of principle experiments have been done so far, an exact evaluation is difficult.

3.1.4 Differences of Calcined and Extracted SBA-15

After the synthesis of mesoporous silica materials, pores are closed from the structure-giving tem-
plate. To use the materials for example as catalysts or support materials, it is necessary to open the
pores. Different possibilities for the template removal from pores are described in Chapter 1.3.2.
The most commonly used procedures are calcination or extraction with an extracting agent of
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structure-directing template. Depending on the application and function of the mesoporous silica
material, not every template removal method is suitable. For example, when a calcined meso-
porous SBA-15 (SBA-15-calc) silica material is to be functionalized, it is necessary to refill the
pores with template to be able to modify the particle surface. In a further step, the template is
removed by Soxhlet extraction (SBA-15-calc-re-E). [231] However, it is also possible to use the
as-synthesized SBA-15 (SBA-15-as) as starting material for the selective functionalization, as de-
scribed in Chapter 3.2. In this approach, the structure-directing template is removed by Soxhlet
extraction with ethanol after the functionalization of the external surface (SBA-15-as-E). Another
intermediate in this functionalization route is SBA-15-as-E, which is heated up to 400 ◦C (SBA-
15-as-E-p400). [2] A temperature of 400 ◦C during the thermal treatment was chosen to protect the
functional groups on the particle surface, to avoid shrinkage of the lattice structure as much as
possible, and to activate the silanol groups on the pore walls. For better comparison with SBA-15-
calc, SBA-15-as-E was additionally heated up to 550 ◦C (SBA-15-as-E-p550). Since the thermal
treatment takes place in a nitrogen environment, the functional groups are protected and remain
on the surface. [2] The properties of various samples and their differences are discussed in the fol-
lowing.
All investigated materials show the reflections d100, d110, and d200 in the respective SAXS curve,
which are characteristic of a hexagonal structure with the space group p6mm. [3] The reflections
of all thermally treated samples are shifted to larger q compared to those of the as-synthesized
materials. This is explained by the restructuring of the silica lattice, which is discussed in detail
in Chapter 1.3.2. Consequently, the lattice parameter of the corresponding samples shrinks as a
result of thermal treatment. [141–143] However, it can be observed that the shift is smaller for SBA-
15-as-E-p400 than for SBA-15-as-E-p550 and SBA-15-calc. Accordingly, the shrinkage of the
silica lattice depends on the temperature during thermal treatment. In the diffractogram of SBA-
15-as-E, a shift of the reflections to smaller q cannot be observed. Therefore, the extraction of the
structural template may prevent the shrinkage of the lattice structure. This was expected since the
conditions for Soxhlet extraction with ethanol are much gentler than those for thermal treatment.
Based on the carbon content determined by elemental analysis, the amount of removed structure-
directing template could be calculated. Calcination removed 97 % of the structure-directing tem-
plate, while Soxhlet extraction with ethanol only removed 15 %. It is known from literature that
especially micropores of SBA-15 remain closed. [147] With these results, it was expected that the
reintroduced template into the pores of SBA-15-calc could not be completely removed by Soxh-
let extraction with ethanol. The results of the elemental analysis of SBA-15-calc-re-E show that
62 % of the reintroduced template was removed. This suggests that not all pores are accessible. In
contrast, thermal treatment of SBA-15-as-E was able to remove residues of the structure-directing
template. The results of elemental analysis reveal that 99 % of the structure-directing template
were removed from both SBA15-as-E-p400 and SBA-15-as-E-p550.
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The adsorption and desorption isotherms of all samples obtained from the nitrogen physisorp-
tion measurement correspond to isotherms known from literature. [3] These are type IV isotherms
with H1 hysteresis, which are known for mesoporous silica materials with pore sizes >4 nm. [14]

The surface areas and pore volumes of SBA-15-calc, SBA-15-as-E-p400, and SBA-15-as-E-p550
determined from the nitrogen physisorption measurements differ not significantly from those of
SBA-15 described in literature. [3] The two intermediates, whose pores were opened by Soxhlet
extraction (SBA-15-as-E and SBA-15-calc-re-E) have a smaller total surface area compared to
SBA-15-calc. Comparison of the pore volume for different materials shows similar results. It
is found that the micropores of SBA-15-calc-re-E remain closed after extraction of the structure-
directing template. Similar results are obtained for SBA-15-as-E. That the structure-directing
template cannot be completely removed from the pores by Soxhlet extraction with ethanol is also
reported in the literature. [144] The largest difference between the materials becomes apparent when
comparing the pore size distributions obtained by DFT analysis. [3] While the pore size distribution
of SBA-15-calc is relatively sharp with only a few small mesopores and micropores, the pore size
distribution of SBA-15-calc-re-E shows no micropores but a broader distribution of mesopores.
The pore size distribution of SBA-15-as-E is even broader and more uneven. The thermal treat-
ment of SBA-15-as-E increases the amount of the mean pore size and the pore size distribution
becomes sharper. Differences between the two materials, which were treated in nitrogen at 400 ◦C
or 550 ◦C are observed in the microporous region of the pore size distribution. Obviously, the
microporous fraction of SBA-15-as-E-p550 is larger than in SBA-15-as-E-p400 despite complete
removal of the structure-directing template. This effect can be explained by shrinkage, which is
more pronounced in SBA-15-as-E-p550. As a result of thermal treatment at 550 ◦C, the small
mesopores shrink to such an extent that they become micropores and the overall pore size distri-
bution shifts to smaller pore sizes.
In summary, all materials exhibit the characteristic properties of SBA-15. However, the results
also show that the template removal method affects the properties of SBA-15. Accordingly, it
can be expected that different materials respond differently to pressure and the template removal
method affects the mechanical stability of SBA-15.

3.2 Efficient and Spatially Controlled Functionalization of SBA-15

Selective functionalization of porous materials allows highly selective and complex catalysts to
be introduced into pores of support materials in a controlled manner to perform catalysis under
confinement. However, it is challenging to ensure selective functionalization of mesoporous silica
materials. As described in Chapter 1.5, the literature extensively addresses the functionalization
of mesoporous silica materials. However, functionalization procedures described do not guarantee
that these processes are indeed selective (Chapter 1.5.3). A method which proves the selective
functionalization was presented in the publication entitled "Efficient and spatially controlled func-
tionalization of SBA-15 and initial results in asymmetric Rh-catalyzed 1,2-additions under con-
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finement". [2] The experimental section of the work is described in the context of the publication,
which is located in the appendix.

3.2.1 Procedure of the Efficient and Spatially Controlled Functionalization

The method for the efficient and spatially controlled functionalization of mesoporous silica mate-
rials developed in this work follows the pore protection method (Chapter 1.5.3) and is shown in
detail in Figure 3.5. In the procedure of selective functionalization, the first step is to functionalize
particle surface and pore entrances, summarized as external surface (ex), of as-synthesized SBA-
15 (SBA-15-as) with 1,1,1-trimethyl-N-(trimethylsilyl)silanamine (HMDS) (SBA-15-ex, Figure
3.5, step 1). Whether the functionalization of the particle surface was complete is tested in a
separate and independent control step. The detailed methodology is described in the following
chapters. After functionalization of the particle surface, the structure-directing template is re-
moved from the pores by Soxhlet extraction with ethanol (E) leading to SBA-15-ex-E and then
the material is heated up to 400 ◦C in nitrogen (p; SBA-15-ex-E-p; Figure 3.5, step 2). Finally, the
pore walls (in) are functionalized with 3-azidopropyltriethoxysilane (AzPTES) (SBA-15-ex-E-p-
in; Figure 3.5, step 3). Afterwards there is the possibility to attach linkers to the pore walls via
click reactions to which the metal complexes can coordinate. [2]

3.2.2 Functionalization of the Particle Surface and the Pore Entrances

It is important to functionalize the support materials efficient and spatially controlled to ensure
that the metal complexes used as catalysts are bound only to the pore walls, when reactions should
work under confinement (Chapter 1.5.3). As described in Chapter 3.2.1, selective functionaliza-
tion of as-synthesized SBA-15 (SBA-15-as) begins with modification of the particle surface with
HMDS (Figure 3.5, step 1). The mesopore volume resulting from the nitrogen physisorption mea-
surement of SBA-15-as (Table 3.3) shows that the pores of SBA-15-as are not completely filled
after its synthesis. Therefore, the pore entrances are not closed with structure-directing template
Pluronic® P123, which is why the silanol groups can be functionalized with HMDS in this area as
well. This is not a problem, but rather an advantage. The advantage due to the functionalization
of the silanol groups at the pore entrances is that it prevents the metal complexes, which are later
introduced as catalysts, from being located directly at the pore entrances rather than penetrating
deeper into the pores, so that the reaction can clearly proceed under confinement.
For the surface areas and pore volumes of SBA-15 determined from nitrogen physisorption mea-
surements after the functionalization of the external surface with HMDS (SBA-15-ex), an increase
is observed compared to the values of SBA-15-as. This was expected since organosilanes solubi-
lize parts of the structure-directing template Pluronic® P123. [77;192;224;236–240]

Based on the results from nitrogen physisorption measurements, it is not possible to determine
whether all freely accessible silanol groups on the particle surface as well as in the pore entrances
were completely functionalized with HMDS. Therefore, additional IR spectroscopic studies were
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Table 3.3: Total surface determined by the BET method (SBET), external surface (Sexternal) and mi-
cropore surface (Smicro) determined by the V-t-method as well as the total volume (V tot),
the mesopore volume (Vmeso) and the micropore volume (Vmicro) of differently treated
SBA-15. Furthermore, the pore diameters determined by the DFT method (dpore,DFT)
and the lattice parameter (a) from the SAXS measurements are listed. If SBA-15 is
studied directly after the synthesis, it is named as-synthesized SBA-15 (as). As a ref-
erence material, SBA-15 with opened pores is used in this work. It is named calcined
SBA-15 (calc). To obtain the selectively functionalized catalyst, the external surface of
the SBA-15-as is functionalized in a first step (ex). In the next step, the triblock copoly-
mer P123 used as a template is removed from the pores of the as-synthesized SBA-15
by Soxhlet extraction (ex-E). In a pretreatment step, the silanol groups on the pore walls
are converted into freely accessible silanol groups (ex-E-p). To fix the metal complexes
in the pores of SBA-15, the pore walls are modified (ex-E-p-in). Since the concentration
of the functional groups on the pore walls is adjusted by the reaction time, the reaction
time is also listed (ex-E-p-inX - X = 6, 24, 72 h). After the functionalization of the
external surface, an independent control step is done to check if all accessible silanol
groups on the external surface and at the pore entrances are completely functionalized
(ex-control). [2]

SBA-15-*
SBET Sex Smicro V tot Vmeso Vmicro dpore,DFT a

m2 g−1 m2 g−1 cm3 g−1 cm3 g−1 cm3 g−1 cm3 g−1 nm nm

as 80 80 0 0.270 0.207 0 7.0 12.4

calc 926 614 311 1.184 1.052 0.132 7.0 11.4

ex 281 281 0 0.789 0.789 0 7.6 12.6

ex-control 504 504 0 0.927 0.927 0 7.6 12.6

ex-E 518 518 0 0.885 0.885 0 7.6 12.6

ex-E-p 788 509 279 0.939 0.822 0.117 7.3 11.7

ex-E-p-in6 625 472 152 0.808 0.746 0.062 7.3 11.7

ex-E-p-in24 826 614 212 1.076 0.988 0.088 7.3 11.7

ex-E-p-in72 723 562 162 1.124 1.060 0.064 7.3 11.7

performed. The IR spectra of SBA-15-as and SBA-15-ex in Figure 3.6 (b) show bands between
1100 cm−1 and 1000 cm−1 and between 800 cm−1 and 729 cm−1, which are attributed to the silica
lattice. [201;241] Characteristic for silanol groups are the bands between 3550 cm−1 and 2700 cm−1

and between 1010 cm−1 and 832 cm−1. However, it must be considered that the bands of silanol
groups can overlap with the bands of adsorbed water molecules.
In addition to the typical bands for the silica lattice of SBA-15, bands due to CH3 and CH-
vibrations are detectable between 2970 cm−1 and 2850 cm−1, at 1475 cm−1 and at 1375 cm−1. [201;241]

They are characteristic of the trimethoxy moieties on the external surface of SBA-15-ex. Since
they are also found in the IR spectrum of SBA-15-as, it is clear that they can also be caused by the
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structure-directing template Pluronic® P123 in the pores (Figure 3.6 (a)). Because the structure-
directing template Pluronic® P123 is not completely removed during the functionalization of the
external surface, no difference between the IR spectra of SBA-15-as and SBA-15-ex can be ob-
served. Accordingly, it is impossible to assess the completeness of the functionalization with
HMDS even by IR spectroscopic studies. Therefore, an independent and separate control step was
added to the selective functionalization process of SBA-15.

(a) (b)

(c) (d)

Figure 3.6: IR spectra of (a) as-synthesized SBA-15 (SBA-15-as), (b) SBA-15 with HMDS func-
tionalized particle surface and pore entrances (SBA-15-ex), (c) SBA-15 with function-
alized particle surface and pore entrances after the control step (SBA-15-ex-control)
and (d) selectively functionalized SBA-15 (SBA-15-ex-E-p-in6), means SBA-15 with
HMDS functionalized particle surface and pore entrances as well as with AzPTES
functionalized pore walls. The duration of the functionalization of the pore walls was
6 h. Between the functionalization steps, the pores were opened by Soxhlet extrac-
tion with ethanol and the conversion of the silanol groups on the pore walls in freely
accessible silanol groups. [2]
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3.2.3 Control Step

After functionalization of the external surface, which is described in Chapter 3.2.2, it is neces-
sary to check the completeness of the functionalization with HMDS even by IR spectroscopic
studies. The independent and separate control step is schematically shown in Figure 3.7. It is a
second functionalization after the initial functionalization step with HMDS (Figure 3.7 (a)). Af-
ter the functionalization step, the putative fully functionalized SBA-15-ex is functionalized with
AzPTES (Figure 3.7 (b)). If the external surface is fully functionalized, no silanol groups are
freely accessible, and thus AzPTES cannot react (Figure 3.7, solid box). If not all silanol groups
have been functionalized during the initial functionalization step with HMDS and there are silanol
groups still freely accessible, they will react with AzPTES (Figure 3.7, dashed box). The azi-
dopropyl moieties can be detected by IR spectroscopy and elemental analysis after the control
step. If detected, the external surface was not inert after the functionalization step. As expected,
the IR spectrum in Figure 3.6 (c) shows the previously described bands for the silica lattice, the
silanol groups, the functional groups on the external surface and the structure-directing template
Pluronic® P123. The characteristic azide band at 2100 cm−1 [203;242;243] is not visible (Figure 3.6
(c)). According to this, the external surface, means the particle surface and the pore entrances, are
inert after functionalization with HMDS. The results of the elemental analysis confirm this. [2]

3.2.4 Template Removal

After the functionalization of the external surface with HMDS (Chapter 3.2.2) and the check if
the external surface is inert (Chapter 3.2.3), the pores of SBA-15-ex were opened by Soxhlet ex-
traction with ethanol (SBA-15-ex-E, Figure 3.5, step 2). The surface areas and pore volume of
SBA-15-ex and SBA-15-ex-E resulting from the nitrogen physisorption measurements do vary
(Table 3.3). The increase in surface area as well as pore volume confirms the opening of the pores.
However, the obtained surface areas are still smaller compared to these of SBA-15-calc. Accord-
ing to this, Soxhlet extraction with ethanol does not completely remove the structure-directing
template Pluronic® P123. Contrary, the pore size of SBA-15-ex-E is larger because shrinkage of
the pores is prevented by Soxhlet extraction with ethanol.

3.2.5 Thermal Treatment in Nitrogen

Before the pore walls of SBA-15-ex-E are functionalized in the last step, the silanol groups were
activated by dehydroxylation and conversion of the silanol groups interacting via hydrogen bridges
into isolated or geminal silanol groups. The reason for this is that the isolated and geminal silanol
groups are reactive, while the groups interacting via hydrogen bridges are non-reactive (Chap-
ter 1.4.1). [140] Activation of the silanol groups occurs at 400 ◦C in nitrogen (Figure 3.5, step 2).
Gravimetric and elemental analysis confirm that heating up to 400 ◦C in nitrogen also removes
residues of the structure-directing template Pluronic® P123 from the pores. [2] The comparison of
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results from elemental analysis of SBA-15, whose pore walls were functionalized with AzPTES,
without (SBA-15-ex-E-in) and with (SBA-15-ex-E-p-in) prior activation of the silanol groups con-
firm the importance of the thermal treatment in nitrogen. [2] Results from nitrogen physisorption
measurements for SBA-15-ex-E-p show the presence of micropores and thus a larger total surface
area (Table 3.3). The external surface area (Sex), consisting of particle surface and pore entrances,
remains the same. However, thermal treatment shrinks the lattice parameter from 12.6 nm of
SBA-15-ex-E to 11.7 nm of the SBA-15-ex-E-p. In addition, gravimetric studies were carried out
to investigate the effects of thermal treatment in nitrogen on functional groups on the external sur-
face. These studies showed that functional groups in nitrogen are stable up to 600 ◦C against the
conditions during the thermal treatment in nitrogen. [2]

3.2.6 Functionalization of the Pore Walls

After activation (Chapter 3.2.5), the silanol groups on the pore walls of SBA-15-ex-E-p are func-
tionalized with AzPTES (Figure 3.5, step 3). The number of azidopropyl moieties was adjusted by
the reaction time (6 h, 24 h and 72 h). Knowledge of the azide concentration is important for the
introduction of metal complexes. Since the azide concentration does not influence the subsequent
selective functionalization, SBA-15, which was treated for 6 h (SBA-15-ex-E-p-in6), was used as
an example. The control step after the functionalization of the external surface proves that the
azidopropyl moieties must be located exclusively on the pore walls as discussed in Chapter 3.2.3.
Only if the control step is positive, means the external surface is completely functionalized, the
selective functionalization process is continued.
As for the previously described intermediates, a nitrogen physisorption measurement was per-
formed for SBA-15-ex-E-p-in6. The resulting surfaces and pore volumes (Table 3.3) show that
functionalization of the pore walls has no effect on the pore structure of SBA-15 and is within the
error compared to SBA-15-ex-E-p. Also, the pore size does not change due to functionalization
with AzPTES. TEM images confirm the retention of the hexagonal pore structure. [2] However,
these studies do not prove the presence of azidopropyl moieties. For this purpose, an IR spectrum
was recorded. In contrast to the IR spectra discussed so far, the spectrum of SBA-15-ex-E-p-in6
shows an additional band at 2100 nm−1 (Figure 3.6 (d)). This band is described in the literature
as characteristic for azide groups. [244] The presence of nitrogen-containing moieties in SBA-15-
ex-E-p-in6 is also confirmed by the results from elemental analysis. The azide concentration
3.41×10−2 mmolg−1 of SBA-15-ex-E-p-in6 was calculated from the detected nitrogen content.
However, none of the discussed methods gives further information on the location of the azido-
propyl moieties. Based on this, 13C CP MAS NMR spectra of calcined SBA-15, whose external
surface and pore walls were functionalized with AzPTES (SBA-15-calc-ex+in), and SBA-15-ex-
E-p-in6 were recorded. [2] Both spectra show signals from the azidopropyl moiety, indicating that
functionalization with AzPTES was successful. Additional signals are observable for the ethoxy
moieties by incomplete reaction of the three ethoxy moieties of AzPTES. [140;245] The unreacted
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ethoxy moieties remain in the sample and are thus detectable in the 13C CP MAS NMR spectrum.
The 13C CP MAS NMR spectrum of SBA-15-ex-E-p-in6 additionally exhibits a strong signal,
which can be attributed to the (CH3)3−Si moieties on the external surface. [246] The obtained sig-
nals were expected based on the corresponding treatment of SBA-15, but the intensities are weak.
Possible reasons for the weak signal intensities are the low concentrations of azidopropyl moieties
(1.23×10−1 mmolg−1 and 3.41×10−2 mmolg−1 sample). In addition, the conformation of the
azidopropyl moieties on the pore walls cannot be affected. It is conceivable that the azidopropyl
moiety protrudes into the pore at a 90° angle, but at the same time it is also possible that it inter-
acts with the pore wall and lies on it. Since the intensity of the cross-polarization depends on the
number of 1H atoms in close proximity to 13C atoms, the dynamics of the complexes and distances
between the nuclei as well as different conformations on the surface can lead to different signal
intensities in the CP spectra. [247] Therefore, it is not possible to make a quantitative statement
about the azide concentration as well as its localization from NMR experiments.
In this chapter, the successful efficient and spatially controlled functionalization of SBA-15-as
was shown. Functionalization of the particle surface and pore entrances prior to the removal of the
structure-directing template Pluronic® P123 ensures that only the pore walls are decorated with
azidopropyl moieties necessary for incorporation of metal complexes in the further functionaliza-
tion process. To ensure that all free silanol groups on the particle surface and at the pore entrances
reacted with HMDS, a separate and independent control step was introduced. The sample obtained
from the control step can be used to verify spectroscopically and by elemental analysis whether
all freely accessible silanol groups have reacted with the functionalization reagent. If the particle
surface as well as the pore entrances are inert, the structure-directing template can be removed.
In the final step, the pore walls can be modified, ensuring that the reactions later proceed under
confinement. In summary, it can be stated that a efficient and spatially controlled catalyst system
was successfully produced using this process.

3.3 Influence of the Template Removal Method on the Mechanical

Stability of SBA-15

Since the selective functionalization of mesoporous silica materials is required for the study of
reactions under confinement, it is important to be able to synthesize the developed catalysts on
a larger scale in order to use them in larger reactors. The catalysts, which are often produced
as powder, need to be shaped by tableting or extrusion, for example. With this in mind, the
mechanical stability of mesoporous silica materials against pressure is of interest. As discussed
in Chapter 1.5.3, the selective functionalization of mesoporous silica material can be achieved
in different ways. Different approaches use different template removal methods. [19;103;137;138] As
discussed in Chapter 1.4.3, the literature is concerned with the thermal, chemical and mechanical
stability of mesoporous silica materials. The question of whether the template removal method
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affects the mechanical stability of mesoporous silica materials was investigated in the publication
entitled "Influence of the template removal method on the mechanical stability of SBA-15". [3] A
detailed description of the experimental part is described in the context of the publication, which
is located in the appendix.

3.3.1 Influence of the Template Removal Method on the Mechanical Stability of
SBA-15 against a Pressure of 156 MPa

The mechanical stability of mesoporous silica material has been a topic in the literature for many
years. So far, studies have been conducted on the influence of the calcination temperature [11;248]

and the presence or absence of oxygen [75;249] during the template removal. Moreover, different sil-
ica structures have been compared from the point of view of mechanical stability. [194;196;197] The
effects are considered in detail in Chapter 1.4.3. In addition to the calcination temperature, the
mechanical stability of calcined SBA-15 as a function of pressures between 16 MPa and 260 MPa
has also been investigated. [194;195] Following these studies, preliminary investigations on the me-
chanical stability of SBA-15-calc as a function of pressure were carried out. The results of X-ray
analytical investigations and nitrogen physisorption measurements are in agreement with the lit-
erature. [3;194;195] Based on results of the preliminary investigations, the influence of the template
removal method on the mechanical stability of SBA-15 was investigated further. Thermal treat-
ment and Soxhlet extraction with ethanol were chosen as the template removal methods. The
material properties of SBA-15-calc, SBA-15-calc-re, SBA-15-as-E, SBA-15-as-E-p400 and SBA-
15-as-E-p550 are described in Chapter 3.1.4. For the mechanical stability studies, the samples
were pressed at 156 MPa for 10 min. [3]

Just like the unpressed samples, the pressed samples were also subjected to X-ray analysis. The
diffractograms show the reflexes d100, d110, and d200, which are assigned to a hexagonal struc-
ture with the space group p6mm. [3] Compared to the diffractograms of the unpressed samples, the
SAXS curves of SBA-15-calc-156MPa and SBA-15-calc-re-E-156MPa are almost identical and
show no significant differences. The same is true for the positioning of the reflexes of SBA-15-
as-E-156MPa, SBA-15-as-E-p400-156MPa, and SBA-15-as-E-p550-156MPa. It is therefore not
surprising that the lattice parameters of the pressed samples correspond to those of the unpressed
ones (Table 3.4). Thus, based on the lattice parameters, it is not possible to determine whether the
template removal method affects the mechanical stability of SBA-15.
However, unlike the positions of the reflexes, differences can be observed in intensity. While
the intensities of calcined samples are very similar, the intensities of the reflexes for SBA-15-as-
E-156MPa, SBA-15-as-E-p400-156MPa, and SBA-15-as-E-p550-156MPa are significantly lower
after pressure treatment. The decrease in intensity and broadening indicate partial destruction of
the nanostructure. A direct correlation between the intensity decrease and structural integrity can-
not be readily established. However, it is possible that width of the reflexes correlates with the
degree of ordering of the two-dimensional hexagonal lattice. This correlation is described by the
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Table 3.4: Total surface determined by the BET method (SBET), micropore surface (Smicro) as well
as the total volume (V tot), the mesopore volume (Vmeso) and the micropore volume
(Vmicro) of differently treated SBA-15. The as-synthesized SBA-15, whose pores were
opened by Soxhlet extraction with ethanol is named SBA-15-as-E. Another investigated
sample is SBA-15-as-E treated in nitrogen at 400 or 550 ◦C (as-E-p400/550). Instead of
extraction the template from the pores the SBA-15-as could be calcined in air. The ab-
breviation for the sample is SBA-15-calc. And there is the possibility to combine both
template removal methods in SBA-15-calc-re-E, where the pores of SBA-15-calc were
refilled with template before the Soxhlet extraction with ethanol. The pressed samples
are labeled at the end with the pressure with which they were treated Furthermore, the
pore diameters determined by the DFT method (dpore,DFT) and the lattice parameter (a)
from the SAXS measurements are listed. [3]

SBA-15-
SBET Smicro V tot Vmeso Vmicro dpore,DFT a

m2 g−1 m2 g−1 cm3 g−1 cm3 g−1 cm3 g−1 nm nm

as-E 727 134 1.094 1.042 0.052 7.6 12.2

as-E-156MPa 480 170 0.371 0.299 0.072 2.6 12.2

as-E-p400 1016 140 1.807 1.751 0.056 7.6 11.3

as-E-p400-156MPa 798 132 0.844 0.830 0.054 6.6 11.3

as-E-p550 869 236 1.148 1.053 0.095 7.0 11.1

as-E-p550-39MPa 819 222 0.995 0.902 0.093 6.8 11.0

as-E-p550-156MPa 720 209 0.697 0.610 0.087 6.8 10.8

calc 897 222 1.128 1.033 0.095 7.0 10.9

calc-39MPa 772 193 0.976 0.897 0.079 7.0 10.9

calc-156MPa 670 125 0.948 0.899 0.049 6.8 10.9

calc-re-E 510 0 1.345 1.345 0 6.8 10.8

calc-re-E-156MPa 409 7 0.699 0.699 0 6.6 10.8

paracrystal model. [250–252] When the increase in width of the reflex d100 of SBA-15-as-E-156MPa,
SBA-15-as-E-p400-156MPa, and SBA-15-as-E-p550-156MPa is compared with those of the un-
pressed materials, the destruction of the structure is more pronounced for SBA-15-E-156MPa
compared to the additionally thermally treated ones.
Since the results of the X-ray analysis do not allow a definitive statement on the influence of the
template removal method on the mechanical stability, nitrogen physisorption measurements were
also carried out. Examination of the obtained adsorption and desorption isotherms shows differ-
ences between the unpressed and pressed materials (Figure 3.8). The type IV isotherm from the
nitrogen physisorption measurement of SBA-15-calc are still present for SBA-15-calc-156MPa,
but with attenuated H1 hysteresis. This is an indication that the uniformity of the pores has been
lost due to pressure. [11] The broadened pore size distribution obtained by DFT calculations and
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(a) (b)

(c) (d)

(e)

Figure 3.8: Adsorption (•) and desorption (◦) isotherms and pore size distributions of (a) cal-
cined SBA-15 (SBA-15-calc), (b) calcined SBA-15 with refilled pores after Soxhlet
extraction with ethanol (SBA-15-calc-re-E), (c) as-synthesized SBA-15 after Soxh-
let extraction with ethanol (SBA-15-as-E) and as-synthesized SBA-15 after Soxhlet
extraction with ethanol and thermal treatment in nitrogen at (d) 400 ◦C (SBA-15-as-
E-p400) or (e) 550 ◦C (SBA-15-as-E-p550) (light) and their analogues pressed with
156 MPa for 10 min (dark). [3]
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the loss of pores with the original main pore diameter confirm the assumption of the partially de-
stroyed structure as well as the decrease of the determined surface areas and pore volumes (Figure
3.8, Table 3.4). Similar results are observed for SBA-15-calc-re-E-156MPa, although residues of
the template are still present in the pores of SBA-15-calc-re-E. Accordingly, the template residues
have no supporting function and thus no positive influence on the mechanical stability of SBA-15
against pressure. As discussed in Chapter 1.3.2, imperfections in the lattice of SBA-15 could be
repaired during calcination. [11]

For this reason, SBA-15-calc is expected to be more stable than SBA-15-as-E against pressure.
The comparison of the adsorption and desorption isotherms of SBA-15-as-E-156MPa with the un-
pressed material shows that the hysteresis changed to an H4 hysteresis after pressing at 156 MPa.
The H4 hysteresis indicates a complex pore structure, [14] which is confirmed by the determined
pore size distribution, surface areas and pore volumes (Figure 3.8, Table 3.4). They show that
the structure is in parts destroyed. Similarly results are obtained for SBA-15-as-E-p400-156MPa.
This indicates that thermal treatment at 400 ◦C in nitrogen is not sufficient to repair defects in
the lattice structure which would increase stability. In contrast to the adsorption and desorption
isotherms of SBA-15-as-E-p400, the isotherms and hysteresis of SBA-15-as-E-p550 are similar to
those of SBA-15-calc-156MPa. At the same time, the hysteresis is much more pronounced com-
pared to the isotherms of SBA-15-as-E-156MPa and SBA-15-as-E-p400-156MPa. An explanation
for this is the increased temperature during thermal treatment in nitrogen, which leads to further
condensation reactions in the silica lattice. [11] Examination of the pore size distribution shows a
greater loss of pores with the mean pore diameter than for SBA-15-calc.
The discussed results show that the method of template removal affects the mechanical stability
of SBA-15 as a function of the applied mechanical pressure. Comparison of the different template
removal methods shows that residues of the structure-directing template have no supporting effect
on the pore structure of SBA-15. In contrast, thermal treatment has a positive effect on the me-
chanical stability of SBA-15 against pressure. If the thermal treatment takes place in the presence
of oxygen, the mesoporous silica material is slightly more stable to very high pressures. Moreover,
the results show that the increase in mechanical stability correlates with the absolute value of the
temperature. This may indicate that oxygen catalyzes the restructuring of the silica network into a
more stable conformation.

3.3.2 Influence of the Template Removal Method on the Mechanical Stability of
SBA-15 against a Pressure of 39 MPa

Studies on the influence of the template removal method discussed in Chapter 3.3.1 were carried
out at 156 MPa. However, since laboratory-scale reactors and ultrafast HPLC systems are used
at much lower pressures of up to 40 MPa [253–258], SBA-15-calc and SBA-15as-E-p550 were addi-
tionally studied under these conditions. For this purpose, they were pressed at 39 MPa for 10 min.
The SAXS curves show the typical reflexes d100, d110, and d200 for SBA-15-calc-39MPa and

61



Chapter 3 Results and Discussion

SBA-15-as-E-p550-39MPa. [3] As for SBA-15-calc-156MPa and SBA-15-as-E-p550-156MPa, the
determined lattice parameters correspond to those of the unpressed samples (Table 3.4). The half-
width of the d100 reflex increases only slightly compared to the respective unpressed samples,
resulting in only minor damage to the structure of both samples.
In addition to the X-ray analytical studies, nitrogen physisorption measurements were performed
for SBA-15-calc-39MPa and SBA-15-as-E-p550-39MPa. The recorded adsorption and desorption
isotherms and the resulting pore size distribution of SBA-15-calc-press-39MPa and SBA-15-as-E-
p550-39MPa differ only within the error range from those of the unpressed samples (Figure 3.9).
The same is true for the surface areas and pore volumes (Table 3.4). Comparison of the results for
SBA-15-calc-39MPa and SBA-15-as-E-p550-39MPa also shows only minor differences that are
within the error range.

(a) (b)

Figure 3.9: Adsorption (•) and desorption (◦) isotherms as well as pore size distributions of
(a) calcined SBA-15 (SBA-15-calc) and (b) as-synthesized SBA-15 which is Soxh-
let extracted with ethanol and heated at 550 ◦C in nitrogen (SBA-15-as-E-p550)
(light). Both samples were pressed with 39 MPa for 10 min (dark, abbreviated with
"39MPa"). [3]

In summary, the studies showed that the template removal method has no effect on the mechanical
stability of SBA-15 against a pressure of 39 MPa. This means that our method for the efficient and
spatially controlled functionalization of SBA-15 presented in Chapter 3.2, where no calcination is
done, also delivers materials which are stable up to a pressure of at least 39 MPa.
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4
Summary and Outlook

Mesoporous silica materials are used in a variety of research and industrial applications. The ma-
terials are exemplary used as catalysts or support materials. When selecting mesoporous silica
materials for appropriate applications, knowledge about material properties is of enormous impor-
tance, because only with this knowledge it is possible to select the right mesoporous silica mate-
rial for the application. In the literature, many methods are described to characterize the different
properties of mesoporous silica materials. In this work, the lattice parameter and pore size were
considered as important characteristic properties for mesoporous silica materials used as catalysts
and support materials for catalysts, respectively. SAXS measurements were performed as well
as TEM investigations and nitrogen physisorption measurements for MCM and SBA materials.
A proof of principle for the determination of pore sizes with probe particles was also presented.
The comparison of the results obtained for the lattice parameters and the pore size shows that the
values determined are in good agreement. Nevertheless, it is useful to use several methods for the
determination of lattice parameter or pore size to complement and verify the obtained results. The
studies using Au-NPs as probe particles brought first successes showing that the pores of SBA-15
are accessible. However, it became clear that there is still a need for optimization in order to de-
velop an equivalent characterization method. The selection of probe molecules or particles that
may not interact with the surface groups plays a major role. In addition, there are challenges in
the preparation of the probe molecules or particles. Firstly, the probe molecules or particles must
be monodisperse, and secondly, the size difference between the probe molecules or particles used
must not be too large, because the larger the difference, the more likely it is to under- or overesti-
mate the pore size range.
Physisorption measurements have great potential for the investigation of porous silica materials
since there is little literature using argon as adsorptive, especially for mesoporous silica materials
with larger pore sizes. Similar physisorption investigations should also be done for other structural
geometries like the hexagonal structure of MCM and SBA materials to receive an overview about
the property of characterization methods for mesoporous silica materials with other geometries.
In addition to knowledge of the material properties, it is also possible to modify or adapt the meso-
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porous materials depending on the area of application. On the one hand, this is possible via the
reaction conditions during the manufacturing process. Another way to change the characteristic
properties of the mesoporous silica materials is to introduce catalytically active components post-
synthesicelly. If the mesoporous silica material should be used as a support material for stere-
oselective catalysts, it is particularly important to selectively functionalize the pore walls. This
guarantees that the catalytically active components are located exclusively in the pores enabling
shape selectivity. Several methods for the functionalization of mesoporous silica are described in
the literature. However, usually it is only assumed that it is actually a selective functionalization of
the pores. In the present work, a method was developed to investigate and show that selective pore
functionalization is indeed present. By performing an independent control step prior to opening
the pores of SBA-15, it was shown that the external surface is completely functionalized. At the
same time, it was shown that the functionalization of the external surface with HMDS is stable
with respect to all subsequent reaction steps. This ultimately ensures that the catalytically active
components are located exclusively in the pores and that the reactions carried out are subject to
confinement effects of the pore geometry.
A major benefit to research would be the development of characterization methods that could eas-
ily and quickly determine where the catalytically active sites are located in the mesoporous support
material. Approaches to this include NMR spectroscopic studies in the current literature. [259] In
order to be able to produce a broad portfolio of catalysts, it will be important to treat a wide vari-
ety of mesoporous silica materials with different functionalization reagents and to investigate the
resulting changes in the material properties.
In addition to the investigation of mesoporous silica materials, whose advantageous properties
could possibly be further improved by introducing metallic groups into the lattice structure, cur-
rent research is also working at alternative support materials such as covalent or metal organic
frameworks. The advantage of covalent organic frameworks is the atomically precise assembly of
the support matrix structure and thus the introduction of the catalytically active sites. The flexibil-
ity of metal organic frameworks as soft crystals promises catalysts which can adapt their porous
confinement by molecular recognition in a fast-reacting manner.
In addition, there is a large area of research in which the previously known shape-selective cata-
lysts are introduced into the pores of the support material. Click chemistry used in this work is
an example reaction. Literature shows that soluble catalysts, which have been successfully used,
cannot be introduced into pores of the support material to give equally good results under confine-
ment. For example, for attaching them to the pore wall a functional group has to be added that
may influence the catalytically active site. Therefore, there is potential for future research in this
area as well.
Once a mesoporous silica material has been found and its properties adapted to the application -
selection of the material in terms of pore size, surface properties, etc. - it is possible to use the
material in larger batches, in the best case on an industrial scale. For this, large quantities of the
catalyst have to be produced and large reactors filled. As a result, large mechanical forces act on
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the catalyst. Thus, this work investigated whether the type of pore opening has an influence on the
mechanical stability against pressure. Background is that there are other approaches to functional-
ize mesoporous silica materials besides the one described in this work. The most common method
for opening the pores is calcination. On this basis, the mechanical stability of calcined SBA-15
was first considered following the studies known from the literature. Then, various intermediates
used in the production of functionalized mesoporous silica materials were tested for their mechan-
ical stability by subjecting them to pressure treatment. The results showed that additional thermal
treatment of SBA-15 in nitrogen after the synthesis process and the extraction of the template with
ethanol significantly increased its mechanical stability in a way comparable to calcination in air.
In order to make mesoporous silica materials even more suitable for industrial applications in the
future, it would be useful to complement similar investigations for mesoporous silica materials
with other pore structures. In addition, it should be investigated whether the change in mate-
rial properties due to the functional groups of the mesoporous silica materials, resulting from the
efficient and spatially functionalization, influences the mechanical stability.
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Efficient and Spatially Controlled Functionalization of
SBA-15 and Initial Results in Asymmetric Rh-Catalyzed
1,2-Additions under Confinement
Ann-Katrin Beurer,[a] Manuel Kirchhof,[b] Johanna R. Bruckner,[c] Wolfgang Frey,[b]

Angelika Baro,[b] Michael Dyballa,[a] Frank Giesselmann,[c] Sabine Laschat,[b] and
Yvonne Traa*[a]

Selectively functionalized mesoporous silica may considerably
advance heterogeneous catalysis through the controlled immo-
bilization of highly selective complex catalysts inside the
mesopores. However, spatially controlled functionalization and
the precise analytical verification are still a challenge. In this
publication, we report a method, which ensures a selective
functionalization of the mesopore surface with a clickable linker
and thus makes it possible to study confinement effects during
catalyzed reactions. First, we passivate the silanol groups on the

particle surface and in the pore entrances of the mesoporous
silica material SBA-15 with 1,1,1-trimethyl-N-(trimethylsilyl)
silanamine. Then we remove the template by solvent extraction
and functionalize the pore walls with 3-azidopropyltrieth-
oxysilane before we click the catalyst. In initial experiments of
asymmetric Rh-catalyzed 1,2-addition, we investigate the per-
formance of a catalyst clicked selectively in the mesopores and
compare it to the dissolved catalyst as well as to the catalyst
immobilized exclusively on the external surface of SBA-15.

Introduction

Since their discovery in 1992,[1] ordered mesoporous silica
materials (MSMs) have received substantial scientific interest
and set the benchmark for all mesoporous materials. In general,
the production of most inorganic mesoporous materials is
based on the use of organic template molecules. They are
brought into solution before the inorganic precursor molecules
are added. The precursor molecules deposit around the micelle-
like structure of the template and condense into a mesoporous
material whose pores are filled with the template.[2] After the
mesoporous material is produced, the pores are closed and
must be opened after the synthesis.[3] MSMs can easily be
synthesized with adjustable pore diameter, a narrow pore size

distribution, surfaces of more than 700 m2g� 1 and a high
thermal stability. As a result, they became indispensable in
present applications. MSMs are mainly used in heterogeneous
catalysis,[4] in separation processes,[5] as sensors,[5] or in
biomedicine, for example, as drug delivery system.[6] A method
to even increase the application range of MSMs is to modify
their surface, e.g., by grafting, immobilization and ion
exchange.[7,8] During grafting, the functional groups of the
reagent are bound to the surface silanol groups by a
condensation reaction after the synthesis of the MSMs.
However, it cannot be controlled if the functionalization takes
place on the particle surface or the internal surface.[7] Therefore,
it must be taken into account that MSMs have two different
surfaces. Firstly, there is the particle surface, which is typically
smaller, but easily accessible. Secondly, there is the internal
surface, which represents the larger proportion, but is more
difficult to access.[7] Regarding the application of silica, it is
often necessary to functionalize the different surfaces selec-
tively in order to determine the location of the modification
and to use confinement effects. For the selective functionaliza-
tion of the particle surface and the internal surface of the
MSMs, two methods are feasible – the diffusion-controlled
method and the pore protection process.[7] During the
diffusion-controlled method, the particle surface of calcined or
extracted MSMs is functionalized in the first step. Afterwards,
the pore walls are modified. The diffusion-controlled method is
only suitable for porous materials with small pores (2–3 nm).
The reason for this is that very large, bulky organosilanes, which
are not able to enter the pores, must be employed to
functionalize the particle surface.[5,9,10] By contrast, the pore
protection process is suitable for functionalizing porous materi-
als for all pore diameters.[9,11] The pore protection process uses
either as-synthesized silica, the pores of which are blocked by
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template used during the synthesis,[7,12] or calcined silica, whose
pores are refilled with template or another polymer (e.g.,
methyl methacrylates).[13] Thus, only the silanol groups of the
particle surface are accessible for the functionalization reagent.
It should be noted that the modification does not only
functionalize the particle surface of the as-synthesized silica,
but also parts of the pore walls. This is due to the fact that a
small proportion of pores in the as-synthesized SBA-15 is not
blocked with template. As a result, the functionalizing reagent
can also penetrate into these pores and functionalize the silanol
groups there.[11] Furthermore, previous work shows that organo-
silanes with chloro or ethoxy groups extract template from the
pore entrances due to the amphiphilic character of the triblock
copolymer P123, which is used as template.[7,13–16] Nevertheless,
chloro-, methoxy- or ethoxysilanes are often used to function-
alize the particle surface.[13] After functionalizing the particle
surface and removing the template from the pores by
extraction or calcination, the internal surface can be
modified.[7,12]

The functionalization of the porous materials is of great
importance to obtain catalysts for further applications. Many
different reactions have been described, which are performed
on metal-supported silica. For example, Dixit et al. investigated
the dehydrogenation of benzyl alcohol on silica-supported
copper catalysts.[17] Another field of application is the catalytic
reduction of NO on copper oxide supported on silica done by
Patel et al.[18] In addition, the literature is very much concerned
with cross-coupling reactions performed on palladium-sup-
ported silica.[19] Furthermore, oxidation reactions were per-
formed on supported silica, e.g., the selective oxidation of
alcohols[20] or sulfides[21] on mesoporous silica with grafted oxo-
vanadium Schiff bases.

The efficient and spatially controlled functionalization of
porous materials could also be of great importance for the
formation of stereoselective products similar to the functionality
of enzymes. The porous properties of the support should help
to form the desired configuration of the product. In order to
take advantage of the porous structure of the support for the
formation of stereoselective products, it is important to ensure
that the catalytically active sites are located exclusively in the
mesopores after the inertization of the particle surface of the
support. However, a proven method to achieve this goal is not
available yet. In the literature, several approaches for the
selective functionalization of silica have been reported. For
example, Yang et al. functionalized the micropores of mesopo-
rous SBA-15 with Pd and assumed that all accessible silanol
groups on the particle surface and the mesoporous walls are
not able to bind the metal.[22] Liu et al. functionalized MCM-41
via a stepwise procedure by treatment of the external surface
with mercaptopropyltrimethoxysilane, extraction of the tem-
plate with an acidic ethanol solution and functionalization of
the pore walls with 3-azidopropyltriethoxysilane.[23] Webb et al.
described the stepwise functionalization of SBA-15 and refilled
the pores before the functionalization procedure to be sure
that only the particle surface is functionalized and not the pore
entrances as well. After the refill step, they functionalized the
particle surface with hexamethyl disilazane, removed the

template with Soxhlet extraction and modified the pore walls
with mercaptopropyltrimethoxysilane.[24] However, these reports
did not unequivocally demonstrate that selective functionaliza-
tion of the inner pore walls was achieved while the particle
surface was left inert. In order to obtain unambiguously only
the functionalization of the inner mesopore walls, we imple-
mented a control step (see Results and Discussion). In addition,
by combining several characterization techniques, we could
prove that the final catalyst was immobilized exclusively on the
mesopore walls.

In greater detail, the selective functionalization of SBA-15
proposed in this work is based on the pore protection process
(Scheme 1). The functionalization of the particle surface of as-
synthesized SBA-15 is carried out with 1,1,1-trimethyl-N-
(trimethylsilyl)silanamine (HMDS) as a functionalization reagent
(Scheme 1, Step 1). The inertization of the external surface is
checked by a separate, independent control step (see Results
and Discussion). Afterwards, the structure-directing template is
removed by Soxhlet extraction after the complete functionaliza-
tion of the particle surface (Scheme 1, Step 2). The pore walls of
the mesopores are then functionalized with 3-azidopropyltrieth-
oxysilane (AzPTES) (Scheme 1, Step 3). Subsequent click anchor-

Scheme 1. Procedure for the controlled and selective functionalization of
mesoporous materials, followed by immobilization of the diene ligand and
final in situ Rh complexation to obtain the immobilized Rh catalyst.
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ing of the alkynyl-functionalized diene ligand via Cu-catalyzed
azide-alkyne cycloaddition (CuAAC) (Scheme 1, Step 4) gives
the immobilized ligand, followed by in situ complexation with
the Rh precursor complex [RhCl(C2H4)2]2 to give the immobilized
Rh catalyst (Scheme 1, Step 5). CuAAC has been successfully
employed for the immobilization of various complex
catalysts.[21,25,26] However, there are no examples for the
immobilization of Rh diene complexes on silica through CuAAC
in the literature. Finally, in order to probe confinement effects
of the functionalized SBA-15 on the enantioselective catalysis,
the asymmetric 1,2-addition of triphenylboroxine to N-tosyli-
mines catalyzed by chiral Rh diene complexes was chosen as a
model reaction. The corresponding homogeneously Rh-cata-
lyzed 1,2-addition has been extensively studied and various
diene ligands have been developed.[27–29] However, until now
the influence of a solid confinement provided by tailored
mesoporous silica on the catalytic activity and enantioselectivity
of Rh diene complexes has not been investigated. Thus, the aim
of the present study was to show that the chiral Rh-containing
complexes are located exclusively in the mesopores of SBA-15
and can effectively control the enantioselectivity in the 1,2-
addition of triphenylboroxine to N-tosylimines.

Results and Discussion

Synthesis of SBA-15

The starting material for the efficient and spatially controlled
functionalization was as-synthesized SBA-15. The as-synthesized
SBA-15 shows the characteristic reflexes d100, d110 and d200,
(Figure S21) which confirm the hexagonal structure (p6mm) of
SBA-15.[2] The N2 physisorption measurement of the calcined
SBA-15 shows the isotherm typical for SBA-15 (Figure S1) from
which the surface area and pore volume as well as the pore
diameter were determined and which are listed in Table 1 and
Table S1. The results correspond to the characteristic values
found in literature.[2]

Explanation of the nomenclature

For a better understanding of the present work, the nomencla-
ture of the different samples is introduced at this point. In
Scheme 2, the sample designations are assigned to the
corresponding materials. If SBA-15 is mentioned directly after
the synthesis, it is called as-synthesized SBA-15. The pores of the
as-synthesized SBA-15 are sealed with the triblock copolymer
P123 and silanol groups are located on the particle surface. As a
reference material, SBA-15 with opened pores is used in this
paper. It is called calcined SBA-15 and its pores were opened by
the calcination step. To obtain the selectively functionalized
catalyst, the external surface of the as-synthesized SBA-15 is
functionalized in a first step. The material with functionalized
particle surface is named SBA-15-ex. In the next step, the
triblock copolymer P123 used as a template is removed from
the pores of the as-synthesized SBA-15 by Soxhlet extraction

(abbreviated with an “E”). In a pretreatment step, the silanol
groups on the pore walls are converted into freely accessible
silanol groups (abbreviated with a “p”). This results in the
sample designation SBA-15-ex-E-p for SBA-15 with functional-
ized particle surface and open pores. To fix the metal complexes
in the pores of SBA-15, the pore walls are modified. This step is
abbreviated with “in” in the sample description. Since the
concentration of the functional groups on the pore walls is
adjusted by the reaction time, the reaction time is also listed.
SBA-15, which has a functionalized external surface, opened
pores and whose pore walls have been functionalized for 72 h
is named SBA-15-ex-E-p-in72. Afterwards, linkers are attached to
the functional groups on the pore walls to fix the metal
complex for catalysis. The sample names with inserted linker
carry the abbreviation of the alkyne. This results in SBA-15-ex-E-
p-in72-2c, for example. Finally, the Rh complex is added which
leads to the designation SBA-15-ex-E-p-in72-2c, [RhCl(C2H4)2]. As
reference materials, SBA-15 with metal complex exclusively on
the external surface and with closed pores as well as SBA-15
with the metal complex attached on the particle surface and on
the pore walls are used. They are called SBA-15-ex-2c, [RhCl
(C2H4)2] and SBA-15-ex+ in-2c, [RhCl(C2H4)2]. The precursor of
SBA-15-ex-2c is SBA-15 with azido groups exclusively on the
external surface (SBA-15-exN3).

Stepwise functionalization and characterization of SBA-15

Functionalization of the particle surface and the pore mouths. The
functionalization of the particle surface is important to ensure
that the azide groups required for anchoring the catalyst
complexes are located exclusively on the mesopore walls. The
fact that the functionalization of the particle surface also

Table 1. Total surface determined by the BET method (SBET), external
surface (Sexternal) and micropore surface (Smicro) of as-synthesized, calcined
and selectively functionalized SBA-15. Furthermore, the pore diameter
determined by the DFT method (dpore,DFT) and the lattice parameter a
determined from the X-ray measurements are listed. The azide concen-
tration cN3 was determined by elemental analysis.

SBA-15[a] SBET

[m2g� 1]
Sexternal

[b]

[m2g� 1]
Smicro

[m2g� 1]
dpore,DFT

[nm]
a
[nm]

cN3

[mmolg� 1]

as-synthe-
sized

80 80 0 7.03 12.4 –

calcined 926 614 311 7.03 11.4 –
-ex 281 281 0 7.56 12.6 –
-ex-control 504 504 0 7.59 12.6 –
-ex-E 518 518 0 7.59 12.6 –
-ex-E-p 788 509 279 7.31 11.7 –
-ex-E-in6 611 611 0 7.56 12.6 –
-ex-E-p-in6 625 472 152 7.31 11.7 3.41 ·10� 2

-ex-E-p-in24 826 614 212 7.31 11.7 8.96 ·10� 2

-ex-E-p-in72 723 562 162 7.31 11.7 1.23 ·10� 1

[a] The sample names include the following abbreviations: -ex denotes
HMDS functionalization on the external particle surface; -control denotes
the control step with AzPTES; -E denotes extraction with EtOH; -p denotes
pretreatment in N2 ; in6, in24 and in72 denote the functionalization time of
the internal mesopores with AzPTES, [b] The so-called external surface
determined from the N2 physisorption measurements consists of the
particle surface and of the surface of all pores larger than micropores.
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modifies the pore entrances and parts of the pore walls does
not cause problems and is even desirable for the application
described here, because an unambiguous confinement effect
can only be studied if the catalyst is not located in close
proximity of the pore entrance. Thus, it is more important to
localize the azide groups, which are introduced in the
functionalization step (Scheme 1, Step 3). To ensure that the
particle surface and the pore mouths of the SBA-15 are fully
functionalized and chemically inert during the second function-

alization step, we developed a method, which is shown
schematically in Scheme 3. First, the particle surface as well as
the pore mouths are functionalized (Scheme 3, (a) functionaliza-
tion step). The as-synthesized SBA-15 with supposedly fully
inert particle surface is then modified with AzPTES to control
the inertization of the particle surface (Scheme 3, (b) control
step). If the particle surface is inert or, more specifically, there
are no accessible silanol groups left on the particle surface and
the pore mouths, it will be impossible for AzPTES molecules to
bind to the surface. This leads to the conclusion that the
accessible silanol groups of the as-synthesized SBA-15 are
completely modified or rather inert (Scheme 3, solid box). If the
particle surface is not completely inert, there are still accessible
silanol groups on the particle surface before the control step.
These silanol groups are consequently functionalized in the
control step with AzPTES. The attached azide groups can be

Scheme 2. Assignment of the sample names to a schematic representation
of the corresponding material.

Scheme 3. Schematic description of the inertization of the particle surface
and the pore mouths consisting of (a) a functionalization step and (b) a
control step.
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detected spectroscopically or by elemental analysis. The
presence of azide groups on the particle surface would allow
for the conclusion that the inertization of the particle surface
was incomplete before the control step (Scheme 3, dashed
box).

To verify if there are accessible silanol groups left on the
particle surface or not, all compounds shown in Scheme 3 were
investigated by means of IR spectroscopy. The IR spectrum of
SBA-15 functionalized with HMDS (SBA-15-ex) in Figure 1 shows
the characteristic bands of the silica between 1100 and
1000 cm� 1 as well as between 800 and 729 cm� 1.[30,31] Addition-
ally, the characteristic bands of the silanol groups on the
surface of SBA-15 are visible between 3550 and 2700 cm� 1 and
between 1010 and 832 cm� 1.[30,31] However, it should be noted
that the bands of the silanol groups are reinforced by adsorbed
water molecules on the surface. The bands in the range
between 2970 and 2850 cm� 1, at 1475 cm� 1 and at 1375 cm� 1

are due to CH3 and CH oscillations.[30–33] They are assigned to
the structure-directing triblock copolymer P123 and the CH3

groups on the particle surface which were introduced by
functionalizing the particle surface with HMDS. Based on the IR
spectrum, it is therefore impossible to make a statement as to
whether the particle surface has been completely inertized in
the functionalization step (Scheme 3(a)). Thus, the supposedly
fully inertized SBA-15 (SBA-15-ex) was subjected to the control
step with AzPTES (SBA-15-ex-control) (Scheme 3(b)). The IR
spectrum of SBA-15 after the control step shows no differences
to the IR spectrum of SBA-15-ex. This means that the usually
intense band at 2100 cm� 1 which is characteristic for azide
groups is not visible.[34] Because of this, it can be concluded that
the silanol groups on the particle surface and in the pore
entrances were completely functionalized with HMDS in the
functionalization step (Scheme 3(a)). The binding of a surplus
aza functionality is not possible, which is the prerequisite for
the unambiguous binding of a complex to the inner mesopore
wall (Scheme 1, Steps 3–5). Thus, the particle surface is inert

with respect to the functionalization of the pore walls. The
results of the elemental analysis confirm the fact that the
particle surface of SBA-15-ex is inert, since no nitrogen was
detected in the sample SBA-15-ex-control (Table S2). The results
from N2 physisorption show that the functionalization with
HMDS increases the BET surface and the pore diameter as
compared to the as-synthesized material (Table 1). The HMDS
treatment removes P123 from the particle surface and the pore
mouths. The measurement gives not the real, cylindrical pore
diameter (the pores are still filled with P123), but the larger
diameter of the spherical or elliptical pore mouth.

Functionalization of the pore walls. After the inertization of
the particle surface of the SBA-15 but before the functionaliza-
tion of the pore walls, it is necessary to remove the structure-
directing triblock copolymer P123 by Soxhlet extraction with
ethanol (SBA-15-ex-E). The results from the N2 physisorption
measurements show that the treatment with ethanol removed
a large part of the triblock copolymer P123 and leads to an
increase of the total surface and pore volume compared to the
SBA-15 with functionalized particle surface (SBA-15-ex) (Tables 1
and S1). Nevertheless, compared to the calcined SBA-15, the
total surface and the pore volume remain smaller. The reason
for this is that extraction with ethanol does not completely
remove the triblock copolymer from the pores. By contrast, the
pore diameter of extracted SBA-15 (SBA-15-ex-E) obtained from
N2 physisorption measurements is larger compared to the
calcined SBA-15 (additional information in Table S1; isotherms
of N2 physisorption measurements and pore size distributions
are shown in Figures S5 and S6). The difference can be
explained by the fact that extraction of the triblock copolymer
P123 with ethanol prevents the pores from shrinking. This effect
of the shrinkage of the pores due to the calcination is described
in the common literature.[5] After the removal of the triblock
copolymer P123 from the pores, the extracted SBA-15 was
heated in a N2 stream at 400 °C for 6 h (SBA-15-ex-E-p). This
pretreatment leads to a shrinkage of the lattice parameter from
12.6 nm for SBA-15-ex to 11.7 nm for SBA-15-ex-E-p as shown
by X-ray analysis (Table 1). The results are confirmed by N2

physisorption measurements. The calculated pore diameter
based on the physisorption isotherm is reduced by 0.28 nm to
7.31 nm due to the pretreatment in N2 (Table 1). It was
demonstrated with thermogravimetry and dynamic differential
calorimetric studies that the N2 pretreatment removed the last
parts of the template remaining after Soxhlet extraction (SI,
chapter 2). In addition, it could be shown that the functionaliza-
tion of the external surface was stable during N2 pretreatment
at 400 °C (SI, chapter 2). The pretreatment ensured also that the
silanol groups on the pore walls are in the more reactive
geminal or single state and do not interact with each other via
hydrogen bonds.[35]

The influence of the type of silanol groups present on the
surface on the functionalization was investigated with experi-
ments performed on pretreated SBA-15 with only easily
accessible (single and geminal) silanol groups (SBA-15-ex-E-p-
in6) and on SBA-15 without pretreatment which had also
interacting silanol groups (SBA-15-ex-E-in6). IR spectroscopic
investigations of SBA-15-ex-E-in6 show no characteristic band in

Figure 1. IR spectra of as-synthesized SBA-15 (dash), of SBA-15 after the
functionalization step with HMDS (SBA-15-ex; dot) and of SBA-15 with
functionalized particle surface after the control step (SBA-15-ex-control;
solid) to check if the particle surface of the SBA-15 is completely inertized
after the functionalization step of Scheme 3.
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the range of the expected band of the azide groups. By
contrast, the IR spectrum of SBA-15, which was pretreated and
subsequently functionalized with AzPTES (SBA-15-ex-E-p-in6),
shows the band typical for azide groups at 2100 cm� 1 (Figure 2).
Consequently, the silanol species on the surface have an
influence on whether azide groups can be attached to the
surface or not. These results are confirmed by the results of the
elemental analysis, which are listed in Table 1. The pore walls of
the not pretreated sample (SBA-15-ex-E-in6) were not function-
alized within 6 h, while the pretreated SBA-15-ex E-p-in6 has an
azide concentration of 3.41 ·10� 2 mmolg� 1 (Table 1). These
results make clear that N2 pretreatment of SBA-15 is necessary.
It must also be considered that heating in N2 leads to the
opening of further pores of the SBA-15. The results of the N2

physisorption measurements of SBA-15-ex-E-in6 and SBA-15-ex-
E-p-in6 listed in Table 1 (additional information in Table S1;
isotherms of N2 physisorption measurements and pore size
distributions are shown in Figures S5–S10) show that the non-
pretreated SBA-15 has no micropores, whereas the SBA-15
(SBA-15-ex-E-p-in6) heated to 400 °C in a N2 stream has micro-
pores. Generally, micropores lead to an increased BET surface
and a decreased average pore diameter.

For varying the concentration of azide groups on the pore
walls, the pretreated SBA-15-ex-E-p was functionalized with
AzPTES at 80 °C for a time period between 6 h and 72 h. The IR
spectra of the SBA-15 with inert particle surface and with azide
groups on the pore walls show the characteristic bands of the
silica, the CH3 groups on the particle surface and the oscillation
band of the azide groups at 2100 cm� 1 independent of the
reaction time (Figure S50). A statement about the influence of
the reaction time of the functionalization with AzPTES on the
concentration of the azide groups attached to the pore walls
cannot be made from IR spectroscopy since this is a qualitative
method. For the investigation of the influence of the reaction
time on the concentration of azide groups attached to the pore
walls, the results of the elemental analysis were used (Table S2).

Based on these results, the concentrations of the azide groups
of the individual samples present on the pore walls per gram
sample were calculated. The calculations give after a reaction
time of 6 h 3.41 ·10� 2 mmolg� 1 azide groups, after 24 h
8.96 ·10� 2 mmolg� 1 and after 72 h 1.23 ·10� 1 mmolg� 1 (Table 1).
The calculated concentrations show that with increasing
reaction time more azide groups are present on the pore walls.
Since the same amount of AzPTES was used for all experiments,
it can be assumed that the influence of the reaction time on
the concentration of the azide groups is due to the diffusion of
AzPTES into the pores.

Further investigations concerning the amount of azide
groups were performed by 13C cross polarization (CP) MAS NMR
spectroscopy with SBA-15-ex-E-p-in6 and SBA-15 whose exter-
nal particle and internal mesopore surface was functionalized
with AzPTES (SBA-15-ex+ in). SBA-15-ex-E-p-in6 contains an
azide concentration of 3.41 ·10� 2 mmolg� 1 while SBA-15-ex+ in
has an azide concentration of 2.03 ·10� 1 mmolg� 1. The two
obtained 13C spectra are shown in Figure 3. In both spectra, the
signals of the azidopropyl moiety at 9 ppm, 22 ppm and
54 ppm can be observed. In addition, signals at a chemical shift
δ13C=16 ppm and 59 ppm can be seen. They can be assigned
to the ethoxy silane moieties that did not react with silanol
groups on the surface.[35,36] In principle, it is possible that AzPTES
can react with up to three free silanol groups on the surface. If
only one or two of the ethoxy groups react, the unreacted
ethoxysilane moieties are visible in the 13C CP MAS NMR
spectrum. Furthermore, the spectrum of SBA-15-ex-E-p-in6
shows a strong signal at a chemical shift of δ13C= � 3 ppm. It
can be assigned to the (CH3)3� Si moiety on the particle surface
of the SBA-15.[32] Overall, it is found that the intensities of all
signals are relatively low which can be explained by the low
concentration of functional groups on the surface and the
absence of 13C enrichment. A reason for the different signals
observed are primarily the different functional groups present.
On SBA-15-ex+ in, only the azidopropyl moiety is found, while

Figure 2. IR spectrum of SBA-15 with mesopores functionalized with AzPTES
without N2 pretreatment (SBA-15-ex-E-in6; dot) and with N2 pretreatment
(SBA-15-ex-E-p-in6; solid). As reference, the IR spectrum of SBA-15 after N2

pretreatment without mesopore functionalization (SBA-15-ex-E-p; dash) is
inserted.

Figure 3. 13C CP MAS NMR spectra of SBA-15, which only has azide groups in
the mesopores (SBA-15-ex-E-p-in6; a.) and of SBA-15 which has azide groups
on the external particle surface and on the walls of the mesopores (SBA-15-
ex+ in; b.).
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on the surface of SBA-15-ex-E-p-in6, there are also (CH3)3� Si
moieties. Another reason is that the functional groups are
present in different conformations on the surface. It is possible
that the azidopropyl moiety protrudes into the pore at an angle
of 90° to the pore wall. On the other hand, it is also conceivable
that the azidopropyl moiety interacts with the pore walls and
thus “rests” on them. Since the cross polarization intensity
depends on the number of 1H in close proximity to 13C atoms,
dynamics of the complexes and distances in between nuclei
and the different conformations on the surface might result in
different intensities of signals in the CP spectra.[37] It can be
summarized that the presence of the functional groups can be
detected by 13C CP MAS NMR spectroscopy. For reasons
indicated above, a quantitative statement regarding the
concentration of the functional groups is not possible.
Furthermore, no statement can be made with this character-
ization method regarding the location of the functional groups.
However, due to the applied functionalization procedure, the
results show that the passivation of the particle surface stays
intact after extraction and pretreatment. The location of the
attached Rh complex is studied in a later section of this
publication.

Besides the influence of the reaction time on the amount of
azide groups, it was investigated whether the functionalization
of the pore walls with azide groups influences the structure of
the SBA-15. The total surface areas SBET of the selectively
functionalized SBA-15, determined from the isotherms of the N2

physisorption measurements, are in a similar range as the total
surface area of SBA-15 whose pore walls are not functionalized
(SBA-15-ex-E-p) (Table 1). The same applies to the external and
micropore surfaces. However, the observation of the pore
volumes shows that the total pore volume increases with
increasing azide concentration at the pore walls. The proportion
of micropore volume does not show any dependence on the
azide concentration (Table S1). A change of the pore diameter
is not observed due to the functionalization of the pore walls
with AzPTES (additional information in Table S1; isotherms of N2

physisorption measurements and pore size distribution are
shown in Figures S9 and S10). It can be concluded that the
functionalization of the pore walls with AzPTES has no influence
on the structure of the SBA-15, and the hexagonal arrangement
of the pores is preserved. In addition to the N2 physisorption
measurements, TEM images were made of the intermediate
stages of the SBA-15. The TEM images are shown in the
supporting information and show no difference due to the
functionalization (Figure S17–S20). Based on the TEM images, it
is not possible to make a statement regarding the functionaliza-
tion of the SBA-15. However, they show that the functionaliza-
tion of the particle surface and the pore entrances, the removal
of the template and the pretreatment, as well as the
functionalization of the pore walls with AzPTES and the
application of the metal complexes have no influence on the
hexagonal structure.

Synthesis of chiral diene ligands and their immobilization on
SBA-15

In order to test the influence of the linker between diene ligand
and mesoporous materials, three different chiral norborna-
dienes 2a–c with terminal alkyne suitable for click immobiliza-
tion were envisioned. As outlined in Scheme 4, the synthesis of
norbornadienes 2 commenced with the treatment of known
oxazolidinone-substituted 3-phenylnorbornadiene ligands
1a, b[38] with ethynyl magnesium bromide. Depending on the
substitution pattern at C 5 of the oxazolidinone auxiliary (CMe2

vs CH2), either the propargylic ketone 2a was obtained by exo-
cyclic cleavage from 1a or the tethered amide 2b was isolated
from 1b. Saponification of 2b to alcohol 4 and subsequent
Williamson etherification[39] with propargylic bromide yielded
the respective propargylic ether 2c in 89% yield (Scheme 4,
path B). Alternatively, starting diene ligand 1b was directly
treated with KOH in dioxane to give alcohol 4, which was
etherified to 2c (Scheme 4, path A).

For comparison of immobilized ligands 2 in heterogeneous
catalysis with homogeneous catalysis, soluble triazole-contain-
ing ligands 3 were then prepared by reaction of 2a–c with
benzylazide in the presence of 10 mol% CuSO4 ·5 H2O, 20 mol%
Na ascorbate in CH2Cl2 and H2O following a literature
procedure.[40] The click reaction of 2a, b gave the respective
triazoles 3a–c in 57–62% yield.

With the ethynyl-tethered norbornadienes 2a–c in hand,
conditions for the click immobilization on SBA-15-ex+ in were
screened. After some optimization, it was found that CuSO4/Na
ascorbate in CH2Cl/H2O gave better results than CuI/iPr2NEt in
THF (Table S4) and that repetitive suspending/evaporation
cycles improved the yield, presumably by overcoming diffusion
problems. Under the optimized conditions, click immobilization
of 2a on various SBA-15 samples with different azide function-
alization and azide loading was studied (Table 2).

As seen from Table 2, decreasing the azide concentration/
loading in the mesopores significantly increased the conversion
up to >99%. This result might be due to decreased steric

Scheme 4. Synthesis of alkyne-substituted norbornadienes 2a–c and bench-
mark click reaction with benzylazide.
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hindrance of the azide groups inside the mesopores with
decreasing concentration. When norbornadiene ligand 2c with
a more flexible tether between diene and propargylic ether was
employed in the click immobilization, 80% up to quantitative
conversion to the silica materials SBA-15 was obtained (Entries
7–11). The immobilization was monitored by 13C CP MAS NMR
spectroscopy, IR spectroscopy and ICP-OES measurements.

For the immobilizations of 2a on the particle surface as well
as on the particle surface and on the walls of the mesopores
(Entries 1,2), the azide band almost completely disappeared
after the click reaction, while only 46–55% conversion of the
alkyne 2a was observed in the 1H NMR spectra of the
supernatants (Figures S46, S51, S52). Since the azide concen-
tration of these materials was determined from the amount of
azide used in the post-functionalization, it was assumed that
the azide loadings were overestimated. In literature, elemental
analysis is a common method to determine the amount of azide
groups on the surface of silica.[41] Therefore, the azide concen-
trations were determined by elemental analysis (Entries 3–9) to
use only the effectively required amount of alkyne for the click
reaction in the present work. Nevertheless, the azide bands
were still strongly visible in the IR spectra, while the 1H NMRs of
the supernatants showed up to >99% conversion of the
alkynes 2a, c, when the linkers were clicked inside the
mesopores (Figure S47, S48, S53-S56, S53–S56, S59–S62). It is
assumed that there are further azide groups on the pore walls.
Despite the excess of azide groups, it was possible to perform
catalytic experiments with the correct catalyst loadings because
the concentration of norbornadienes on the support could be
calculated directly from the conversion of alkynes 2a, c in the
click reaction. Due to the characteristic bands of the azide
groups in the IR spectra of the clicked materials, it is not
possible to say whether the click reaction actually took place or
whether the ligands are adsorbed on the pore walls. Therefore,
the materials were additionally examined by 13C CP MAS
spectroscopy. The spectra of both samples are shown in
Figure 4. Both show the signals of the azidopropyl moiety at
9 ppm, 22 ppm and 54 ppm. Additionally, the 13C spectrum of
the unclicked SBA-15 (Figure 4 a.) shows the signals of the
ethoxysilane moieties at δ13C =16 ppm and 59 ppm that did not
react with silanol groups on the surface during the functional-

ization step.[23,32] Compared to the spectrum of the unclicked
SBA-15 (SBA-15-ex+ in), the 13C spectrum of the clicked SBA-15
(SBA-15-ex+ in-2a) shows a signal at 128 ppm. It can be
assigned to aromatic carbon atoms, for example in the triazole
ring, which has a bond to a nitrogen atom and a double bond
to another carbon atom.[42] The presence of this signal suggests,
that the click reaction was successful.

In the next step, Rh was immobilized on the materials. The
amount of Rh applied was determined by ICP-OES analysis. The
results show on the one hand that after the immobilization
there is still Cu on the materials (Table S7). The Cu was needed
for the click reaction. On the other hand, the results from
elemental analysis show that around 60–80% of the Rh used in
the immobilization interacts with the applied ligands (Table S7).

Investigation of the functionalization by scattering
experiments

In addition to the verification of the hexagonal structure and
the determination of the lattice parameters, we used small
angle X-ray scattering (SAXS) to study the variation of the
periodic electron density distribution due to the individual
functionalization steps. This is possible as the square root of the
scattered X-ray intensity I is proportional to the modulus of the

Table 2. Dependence of the conversion of the alkyne dienes 2a and 2c on the used SBA-15.[a]

Entry Alkyne Azide functionalization[b] Conc. N3 [mmolg� 1] t [d] Conv. [%][d]

1 2a particle surface[c] 0.75 5 55
2 2a particle surface+mesopores 0.75 3 46
3 2a mesopores 0.19 3 78
4 2a mesopores 0.17 3 72
5 2a mesopores 0.10 3 >99
6 2a mesopores 0.06 3 >99
7 2c particle surface 0.085 3 80
8 2c particle surface+mesopores 0.424 3 >99
9 2c mesopores 0.034 3 >99
10 2c mesopores 0.090 3 >99
11 2c mesopores 0.123 3 >99

[a] Conditions: 1.5 eq. CuSO4 ·5 H2O, 3 eq. Na ascorbate, CH2Cl2, H2O, r.t., [b] Materials dried under vacuum, [c] Without drying under vacuum, [d] Conversion
of the alkyne determined from the 1H NMR of the supernatant using mesitylene as the external standard.

Figure 4. 13C CP MAS NMR spectra of SBA-15 which has azide groups on the
external particle surface and in the internal mesopores (SBA-15-ex+ in; a.)
and of SBA-15 after the click reaction (SBA-15-ex+ in-2a, b.).
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scattered wave F(q), which is equal to the Fourier transform of
the electron density 1(r) according to Equation (1):

ffiffi
I
p
/ F qð Þ ¼

Z

V
1 rð Þ � exp 2piq � rð Þdr (1)

with r the spatial vector in real space and q in reciprocal space,
integrated over the probed volume V.[43]

In Figure 5, the diffractograms of as-synthesized SBA-15 and
solvent-extracted, pretreated SBA-15 (SBA-15-ex-E-p) are pic-
tured. The peak positions shift to slightly larger q-values after
the treatment with N2 at 400 °C, which causes a full condensa-
tion of the silica and thus a compacting of the structure.
Additionally, a difference in the scattering intensities relative to
the (100)-peak occurs, which is especially noticeable in the
decrease of the intensity at q-values below 0.4 nm� 1 and an
increase above 0.8 nm� 1. This reflects the increased electron

density contrast between the empty (air filled) pores and the
silica walls compared to the pores filled with the template P123
and silica. Before extraction of the template but after the HDMS
treatment, the relative intensity of the scattering curve can be
found in between the two (Figure S21), which suggests that
already during the HMDS treatment a part of the template is
removed. It seems very unlikely that this change is due to the
functionalization of the particle surface, considering that the
average diameter of the particles is well above 0.1 μm and thus
not accessible by SAXS measurements.

The subsequent functionalization steps all lead to gradual
changes in the relative scattering intensity (Figures S22–S25)
which is most prominent after the attachment of the electron-
rich Rh catalyst. The scattering curve of the SBA-15 with the
highest catalyst loading (SBA-15-ex-E-p-in72-2c, [RhCl(C2H4)2]2
0.123 mmolg� 1) is depicted in Figure 6 together with the one of
the ethanol-extracted SBA-15 (SBA-15-E-p). Compared to the
extracted material, the diffractogram of the catalyst-containing
material exhibits increased relative scattering intensities for
small q-values and decreased ones above q=1 nm� 1. This
makes it look more similar to the scattering curve of the as-
synthesized SBA-15 and suggests that the electron density
within the pores has increased again. It clearly shows that the
electron density distribution of SBA-15-ex-E-p-in72-2c,
[RhCl(C2H4)2]2 has been altered in a periodic manner, consider-
ing that non-periodic changes would cause no q-depended
changes of the scattered intensity. Additionally, by comparing
the different catalyst loadings, it is also obvious that the change
of the scattered intensity correlates with the concentration of
the catalyst (Figure S24).

Thus, the decreasing electron density contrast after selective
functionalization, identified by the similarities between the
SAXS curves of complex-bearing SBA-15 and template-bearing
as-synthesized SBA-15, indicates a functionalization in the
pores. Combined with the absence of binding sites on the
surface, as proven by IR spectroscopy, we conclude that the
ligand was unambiguously immobilized to the mesopore wall.

Initial results in asymmetric Rh-catalyzed 1,2-additions under
confinement

A first series of catalytic reactions was performed with SBA-15
functionalized with rigid triazolyl tether SBA-15-2a differing in
their internal and particle surface functionalization and diene
content (Table 3). For example, the addition of 2.5 mol%
[RhCl(C2H4)2]2 to a suspension of SBA-15-ex-2a in dioxane in the
presence of 3.1 M KOH to immobilize the Rh on the functional-
ized SBA-15 followed by addition of N-tosylimine 5 and
triphenylboroxine 6 and heating at 60 °C for 24 h gave the
addition product N-tosylamine 7 in an isolated yield of 11%
and enantioselectivity of 73 :27 in favor of the (R) enantiomer
(Entry 1). With SBA-15-ex+ in-2a containing dienes at the
internal mesopore surface and the particle surface
(0.35 mmolg� 1 of 3 on SBA-15), the NMR yield of 7 was
disappointingly low (1%) (Entry 2). Upon use of SBA-15-ex-E-
in24-2a, SBA-15-ex-E-in72-2a, SBA-15-ex-E-p-in24-2a or SBA-

Figure 5. SAXS curves of the as-synthesized SBA-15 (solid) and the solvent-
extracted and pretreated SBA-15 (SBA-15-ex-E-p; dash). The maximum
scattering intensities, i. e., the (100)-peaks, are normalized to a value of 1 for
better comparison.

Figure 6. SAXS curves of SBA-15 functionalized with a Rh catalyst (SBA-15-
ex-E-p-in72-2c, [RhCl(C2H4)2]2; solid) together with the one of the solvent-
extracted SBA-15 (SBA-15-ex-E-p; dash).
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15-ex-E-p-in72-2a and decreasing the diene content, the yields
could not be improved (Entries 3–6). Homogeneous catalysis
with alkyne- (2a) and triazolyl-containing 3a was performed for
comparison. Diene 2a led to 7 in 40% isolated yield with a
slightly higher enantiomeric (R) : (S) ratio of 82 :18 (Entry 12). By
contrast, diene 3a gave only 5% NMR conversion. These results
suggest that the triazole in close proximity to the diene unit
suppresses the Rh catalysis, presumably due to electronic
interference of the triazolyl moiety with the Rh center and steric
hindrance exerted inside the mesopore.

We surmised that the ligand 3c with a more flexible tether
between diene and triazole unit might be better suited for
heterogeneous catalysis. As shown in Table 3, Rh-catalyzed
1,2-addition using externally functionalized SBA-15-ex-2c
(0.068 mmolg� 1 of 3 on SBA-15) only yielded 8% N-tosylamine
7 (Entry 7). When the immobilized diene SBA-15-ex+ in-2c with
additional functionalization inside the mesopores and the
highest diene content (0.424 mmolg� 1 of 3 on SBA-15) was
used the yield was significantly increased to 75% and an (R) : (S)
ratio of 14 :86 was obtained (Entry 8). Internally functionalized
SBA-15-ex-E-p-in6-2c (0.034 mmolg� 1 of 3 on SBA-15) yielded
16% N-tosylamine 7 with an (R) : (S) ratio of 15 :85 (Entry 9).
Higher diene content slightly decreased the enantiomeric ratio
to 17 :83, but improved the yield (47%, Entry 11). It should be
noted that the material SBA-15-ex-2c carrying diene ligands
only at the external surface gave only a very poor yield (8%,
Entry 7). Thus, despite the better steric accessibility of the
external surface-bound ligands, a higher catalytic activity was
determined inside the mesopores. For comparison, the addition

reaction was run with soluble dienes. Norbornadienes 2b and
2c gave higher yields but slightly lower enantioselectivities,
whereas 3b with acyltriazolyl moiety gave 7 in 69% yield with
an enantiomeric ratio of 15 :85 (Entries 14–17). When 3c was
applied, the N-tosylamine 7 was obtained in 58% yield with an
enantiomeric ratio of 19 :81 (Entry 17). This is in good agree-
ment with the results obtained for the immobilized ligand
(Entries 7–11). The results indicate that the triazole unit in the
spacer does not disturb the Rh catalysis as long as it is kept at
distance and the spacer has some conformational flexibility. To
investigate whether background catalysis of the rhodium
precursor takes place, an experiment with only [RhCl(C2H4)2]2
and no diene ligand was carried out (Entry 18). Only 5% yield of
N-tosylamine 7 was observed and therefore it can be concluded
that background catalysis of the precursor is insignificant.

Since high concentrations of copper were detected on the
immobilized systems via ICP-OES, a series of experiments with
addition of CuSO4 · 5 H2O was done to secure that copper
species do not disturb the 1,2-addition (Tables S8 and S9). We
found that copper neither in homogeneous nor in heteroge-
neous catalysis had a significant impact on yield and enantiose-
lectivity. Furthermore, SBA-15-ex-E-p-in72-2c was washed sev-
eral times with EDTA solution and then applied in catalysis for
comparison (Table S9). The results were similar to the results
obtained with the non-washed supported catalyst.

In addition to the investigations on catalysis, investigations
on the leaching of the Rh from the SBA-15 were carried out. For
this purpose, the SBA-15, which was recovered after catalysis,
and the supernatant of the catalysis were investigated by ICP-

Table 3. Comparison of Rh-catalyzed 1,2-addition of phenylboroxine 6 to N-tosylimine 5 with immobilized catalysts and catalysts in solution.

Conc. of 3 on SBA-15 Yield of 7 [%] E.r.
Entry Catalyst [mmolg� 1] NMR isol. R :S

1[a] SBA-15-ex-2a, [RhCl(C2H4)2]2 0.41 16 11 73 :27
2[a] SBA-15-ex+ in-2a, [RhCl(C2H4)2]2 0.35 1 n.d. n.d.
3[a] SBA-15-ex-E-p-in72-2a, [RhCl(C2H4)2]2 0.19 1 n.d. n.d.
4[a] SBA-15-ex-E-p-in24-2a, [RhCl(C2H4)2]2 0.15 1 n.d. n.d.
5[a] SBA-15-ex-E-in72-2a, [RhCl(C2H4)2]2 0.12 traces n.d. n.d.
6[a] SBA-15-ex-E-in24-2a, [RhCl(C2H4)2]2 0.06 0 n.d. n.d.
7[a] SBA-15-ex-2c, [RhCl(C2H4)2]2 0.068 8 n.d. n.d.
8[a] SBA-15-ex+ in-2c, [RhCl(C2H4)2]2 0.424 75 70 14 :86
9[a] SBA-15-ex-E-p-in6-2c, [RhCl(C2H4)2]2 0.034 29 16 15 :85
10[a] SBA-15-ex-E-p-in24-2c, [RhCl(C2H4)2]2 0.090 31 28 18 :82
11[a] SBA-15-ex-E-p-in72-2c, [RhCl(C2H4)2]2 0.123 47 47 17 :83
12[b] 2a, [RhCl(C2H4)2]2 – 58 40 82 :18
13[b] 3a, [RhCl(C2H4)2]2 – 5 n.d. n.d.
14[b] 2c, [RhCl(C2H4)2]2 – 91 81 20 :80
15[b] 2b, [RhCl(C2H4)2]2 – 61 52 23 :77
16[b] 3b, [RhCl(C2H4)2]2 – 80 69 15 :85
17[b] 3c, [RhCl(C2H4)2]2 – 62 58 19 :81
18 [RhCl(C2H4)2]2 – 5 n. d. n. d.

[a] The catalysts for heterogeneous catalysis were prepared by addition of 2.5 mol% [RhCl(C2H4)2]2 to a suspension of 5 mol% immobilized diene ligand in
dioxane, subsequent stirring for 30 min at room temperature and addition of 3.1 M KOH, [b] The catalysts for homogeneous catalysis were prepared by
addition of 2.5 mol% [RhCl(C2H4)2]2 to a solution of 5 mol% diene ligand in dioxane subsequent stirring for 15 min at room temperature and addition of 3.1 M
KOH.
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OES. The results show that small amounts of Rh are present in
the supernatant (Table S6). However, small amounts of Si of
SBA-15 are also found (Table S5). It is assumed that the Rh is
still present on the SBA-15. An explanation for the small
amounts of catalyst in the supernatant is that during the
reaction, due to the reaction conditions (e.g., strong stirring),
tiny particles of the mesoporous support material are removed
by abrasion together with the catalyst immobilized on it. Due
to their small particle size, they cannot be recovered by
centrifugation during separation. This means that no leaching
occurred during the experiments (Table S5 and S6).

Furthermore, it was tested whether the immobilized diene
ligand leaches into solution under the basic conditions of the
catalysis. Thus, the supernatant from the catalysis with SBA-15-
ex-E-p-in72-2c was filtered through a filter paper and the
filtrate measured via ESI-MS (Figure S62). Since no peak in the
mass spectrum could be assigned to the diene ligand or any
hydrolysis fragment, it was assumed that no leaching of the
ligand occurs. Finally, the recyclability of the immobilized
system SBA-15-ex-E-p-in72-2c was tested (Table S10). For the
first and the second cycle, similar yields and enantioselectivities
were observed. After the third cycle, the yield significantly
decreased. Therefore, fresh [RhCl(C2H4)2]2 was added to the
catalyst and a fourth cycle was tested. Unfortunately, the yield
could not be improved and thus it was assumed that the
catalyst irreversibly deactivated in agreement with results by
Yang and Xu on A� B type sterically regular polymeric 2,4-
diphenylbicyclo[3.3.0]octadienes.[44]

Conclusions

In this work, we present a method for the efficient and spatially
controlled functionalization of SBA-15. First, the silanol groups
on the particle surface and in the pore entrances were
passivated with 1,1,1-trimethyl-N-(trimethylsilyl)silanamine.
After extraction of the structure-directing agent Pluronic® P123
with ethanol, a pretreatment step at 400 °C in N2 converted the
silanol groups to the single and geminal state. Afterwards, the
azide functionality was introduced exclusively into the meso-
pores. This could be shown by use of a control step and
characterization by SAXS. Therefore, the Rh-containing catalyst
could be immobilized unambiguously in the mesopores. Initial
catalytic asymmetric Rh-catalyzed 1,2-additions revealed that
the linker between catalyst and pore wall played an important
role in the heterogeneous catalysis. While short rigid triazole-
containing linkers completely suppressed the conversion of
N-tosylimines to the corresponding amines, longer and more
flexible linkers did not interfere with the catalysis. Comparison
with the corresponding soluble catalysts under homogeneous
conditions revealed that the triazole unit is an innocent ligand
as long as it is sufficiently far away positioned from the Rh
catalyst, resulting in good yields and enantioselectivities. Thus,
future experiments need to investigate confinement effects
resulting from the interplay of pore size, pore geometry and
linker lengths on the enantioselective heterogeneous catalysis.

Work along these lines is currently in progress in our
laboratories.

Experimental Section
Synthesis of SBA-15. For the synthesis of SBA-15, 16 g of triblock
copolymer Pluronic P123 (average molar mass ~5800 gmol� 1,
Sigma Aldrich) was dissolved in a mixture of 520 ml demineralized
water and 80 ml 37 wt% hydrochloric acid at room temperature
and a stirring speed of 100 rpm overnight. The solution was heated
to 45 °C before adding 37 ml tetraethyl orthosilicate (TEOS, 98%,
reagent grade, Sigma Aldrich). The mixture was stirred for 7.5 h at
45 °C with a stirring speed of 150 rpm. A hydrothermal treatment
under static conditions at 80 °C followed. Afterwards, the as-
synthesized SBA-15 was separated under vacuum, washed with
demineralized water and dried in an oven at 80 °C. To open the
pores, the as-synthesized SBA-15 was calcined at 550 °C in an air
flow of 150 lh� 1. The heating rate was 1 Kmin� 1.

Functionalization of the particle surface and the pore mouths. The
functionalization of the particle surface of as-synthesized SBA-15
was performed in pure 1,1,1-trimethyl-N-(trimethylsilyl)silanamine
(HMDS, �98% (for GC), Carl Roth GmbH+Co. KG). The suspension
of HMDS and as-synthesized SBA-15 was stirred at room temper-
ature for 6 h. The functionalized material (SBA-15-ex) was separated
under vacuum, washed with demineralized water and dried in an
oven at 80 °C.

Removal of P123. The triblock copolymer P123 was removed from
the pores of the SBA-15-ex by Soxhlet extraction over 112 h using
ethanol as extracting agent. The extracted material (SBA-15-ex-E)
was dried in an oven at 80 °C.

Pretreatment before the functionalization of the internal surface.
Before the functionalization of the pore walls took place, SBA-15-
ex-E was treated in an oven at 400 °C for 6 h in N2. The treatment
was performed with a heating rate of 2 Kmin� 1 and a nitrogen flow
of 58 lh� 1. The product obtained was named SBA-15-ex-E-p.

Functionalization of the internal surface. A suspension of 15 ml
toluene and 9.5 · 10� 4 mol 3-azidopropyltriethoxysilane (AzPTES,
prepared after Nakazawa et al.[45]) per gram SBA-15-ex-E-p was
prepared to functionalize the pore walls. The reaction mixture was
stirred at room temperature. The reaction time was between 6 h
and 72 h to vary the concentration of the azide moieties on the
pore walls. The functionalized SBA-15 (SBA-15-ex-E-p-in) was
separated under vacuum, washed with ethanol and dried in the
oven at 80 °C.

Copper-catalyzed azide-alkyne cycloadditions with SBA-15. To a
suspension of the azide-functionalized SBA-15 (e.g., 0.60 g,
54.0 μmol azide, cN3=0.09 mmolg� 1) in CH2Cl2 (5 mL), a solution of
the alkyne 2c (18.1 mg, 54.0 μmol) in CH2Cl2 (181 μL) was added.
The solvent was evaporated under reduced pressure, and CH2Cl2
(6 mL) was added. This step was repeated twice. Degassed water
(6 mL), sodium ascorbate (31.7 mg, 0.16 mmol) and CuSO4 ·5 H2O
(10.1 mg, 40.5 μmol) were added, and the reaction mixture was
stirred for 2 d at room temperature in the dark. CuSO4 ·5 H2O
(10.1 mg, 40.5 μmol) was added, and the reaction mixture was
stirred for another 24 h at room temperature. The dispersion was
centrifuged with 4000 rpm, the sediment was washed with CH2Cl2
(4 mL) and the suspension was centrifuged again. The sediment
was washed with water (4 mL), centrifuged and washed with EtOAc
(4 mL). After an additional centrifugation step, the sediment was
dried under vacuum, and the diene-functionalized material was
obtained as a colorless solid (0.44 g, �99% alkyne conversion,
0.09 mmol/g 3c). For the determination of the conversion of 2c,
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the combined supernatants were extracted with CH2Cl2 (3×10 mL),
the combined organic layers were dried over MgSO4, and the
solvent was removed under reduced pressure. The residue was
taken up in CDCl3 (0.4 mL) and the conversion of 2c was
determined from the 1H NMR spectrum using mesitylene (7.46 μL,
6.49 mg, 54.0 μmol) as the external standard.

Catalytic 1,2-additions with diene-functionalized SBA-15.
[RhCl(C2H4)2]2 (e.g., 1.94 mg, 5.00 μmol) was added under a N2

atmosphere to a suspension of the diene-functionalized material
SBA-15-ex-E-p-in72-2c (81.3 mg, 10.0 μmol diene, c(diene)=
0.123 mmolg� 1) in degassed dioxane (2.0 mL). The suspension was
stirred for 30 min at room temperature, 3.1 M KOH (12.9 μL,
40.0 μmol) was added and the suspension was stirred for another
5 min at room temperature. The reaction mixture was heated to
60 °C, triphenylboroxine 6 (74.8 mg, 0.24 mmol) and N-tosylimine 5
(58.8 mg, 0.20 mmol) were added, and the reaction mixture was
stirred for 24 h at 60 °C. EtOAc (2 mL) was added, the suspension
was centrifuged with 4000 rpm and the solvent of the supernatant
was removed under reduced pressure. The crude product was
purified by column chromatography on silica (PE/EtOAc=10 :1),
and the N-tosylamine 7 was obtained as a colorless solid (34.0 mg,
91.4 μmol, 47%).

Characterization methods

SAXS. The powdery samples were filled into mark capillaries with a
diameter of 1 mm (Hilgenberg, glass no. 14) and flame-sealed. For
measurements, a SAXSess mc2 diffractometer (Anton Paar) in the
line collimation geometry was used for which the sample to
detector distance was calibrated with cholesteryl palmitate. X-ray
radiation with a wavelength of λ(Cu� Kα)=0.1542 nm was gener-
ated by an ID 3003 X-ray generator (Seifert) operated at 40 kV and
40 mA. To ensure a uniform irradiation of all lattice planes, samples
were rotated during the measurement using a RotorCell placed in a
TCS 120 hot stage (both Anton Paar). The sample housing was
evacuated prior to measurements, which were carried out at 25 °C
and averaged over 60 individual measurements. The scattered X-
ray intensity was detected with a one-dimensional CMOS Mythen
2 K detector (Dectris). Using the software SAXSquantTM, the
measured scattering profiles were background corrected with a
measurement of an empty mark capillary and deconvoluted. The
obtained Bragg-like diffraction maxima were fitted with Lorentzian
functions to extract the exact peak positions.

N2 physisorption. The surface area as well as the pore size of the
SBA-15 samples were analyzed by N2 physisorption measurements.
The adsorption and desorption isotherms were recorded using
Autosorb 3B from Quantachrome Instruments. Before the measure-
ments, the samples were outgassed under vacuum at 200 °C for
16 h. After the pretreatment, the nitrogen physisorption measure-
ments were performed in a liquid nitrogen bath at -196 °C. From
the adsorption isotherms, the surfaces were calculated using the
BET method, whereas the pore sizes and pore size distributions
were determined with the DFT method, taking into account the
hexagonal structure.

FTIR. To characterize the functional groups on the surface of SBA-
15, the samples were examined by IR spectroscopy. The spectrom-
eter Nicolet 6700 from Thermo Scientific was used. The spectra
were examined in the range from 3800 cm� 1 to 420 cm� 1 with 16
scans and a resolution of 4 cm� 1. For the measurements, tablets of
potassium bromide (KBr for IR spectroscopy, Uvasol®, Sigma Aldrich)
and the sample were prepared. The mass ratio of KBr to the sample
was 200.

Elemental analysis. The amount of carbon, hydrogen and nitrogen
was measured with an Elemental Analizer 1106 from the company

Carlo Erba Strumentazione. To determine the copper and rhodium
content, the clicked samples and the samples after catalysis were
analyzed by plasma-induced optical electron emission spectroscopy
(ICP-OES). The analysis was performed on an Avio 200 of Perkin
Elmer. In preparation for the measurement, the samples were
digested with 3 ml 10% hydrofluoric acid and 3 ml aqua regia in a
microwave oven up to 200 °C and diluted with 3 ml aqua regia and
demineralized water before the measurement.

Solid state NMR. 1H-13C CP MAS NMR experiments were performed
on an Avance III 400WB spectrometer at a resonance frequency of
100.6 MHz, at a spin rate of 8 kHz (in 4 mm rotors with Kel-F cap),
using a contact time of 3 ms, a 70–100 ramp during the Hartmann-
Hahn contact period and spinal64 decoupling during acquisition. A
delay of 5 s between the scans was applied, at least 35000 scans
accumulated (measurement time >2 d) and the background
subtracted. Spectra were referenced to adamantane at 38.48 ppm.
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Influence of the Template Removal Method on the
Mechanical Stability of SBA-15
Ann-Katrin Beurer,[a] Johanna R. Bruckner,*[b] and Yvonne Traa*[a]

Removing the template from the pores after the polycondensa-
tion of the silica precursor is a necessary step in the synthesis of
mesoporous silica materials. In our previous work, we devel-
oped a method for the efficient and spatially controlled
functionalization of SBA-15. First, the silanol groups on the
particle surface and in the pore entrances were passivated. After
extraction of the template, a pretreatment step in N2 converted
the silanol groups to the single and geminal state. Afterwards,
an azide functionality was introduced exclusively into the
mesopores. This ensured that the catalyst could afterwards be
immobilized unambiguously in the mesopores. The mechanical
stability of a material functionalized in such a spatially
controlled manner is studied and compared to other template
removal methods. Even though several studies investigated the
influence of the calcination temperature, the presence or the
absence of oxygen during the template removal, the specific
conditions used during the herein reported selective functional-
ization procedure have not been covered yet.

Mesoporous silica materials modified with different function-
alities can be used in heterogeneous catalysis.[1,2] Spatially
controlled functionalization of porous materials is necessary for
the study of confinement effects in catalytic applications. For
this reason, it is important that the developed catalysts can be
used in larger reactors and synthesized on a larger scale.
Therefore, the catalysts, which are often prepared in powder
form, must be formed, for example, by tableting or extrusion.
On that account, the mechanical stability of the catalysts is of
interest. In the various approaches to the selective functionali-
zation of mesoporous materials, different template removal
methods are used.[3–6] However, the question if the template
removal method affects the mechanical stability of the meso-

porous support material has not been addressed so far. One
method for the selective functionalization starts with calcined
mesoporous silica material, which is commercially available. In
this case, it is necessary to refill the pores with template before
the functionalization of the particle surface. Soxhlet extraction
with ethanol reopens the pores after the functionalization. In
the last step, the pore walls can be modified.[7] Another method,
which we disclosed in a previous report,[8] is more time- and
material-efficient, as the particle surface of mesoporous silica is
functionalized prior to the removal of the template. In a second
step, Soxhlet extraction with ethanol and thermal treatment in
N2 open the pores and activate the silanol groups. The
pretreatment is carried out in N2 to protect the organic groups
on the particle surface. If the thermal treatment is carried out in
air, the organic groups would burn and thus no longer ensure
that the catalytically active component would only be present
in the pores of the support material after the functionalization
step.[9,10] Additionally, this manufacturing process also opens the
possibility to recycle the structure-directing template. Subse-
quently, the pore walls can be functionalized. The conditions
during the functionalization steps are comparatively gentle
compared to the ones during the template removal and should
not affect the mechanical stability of the mesoporous material.

Up to now, studies reported in the literature have dealt with
the influence of the calcination temperature,[11,12] the presence
or absence of oxygen during the template removal,[13,14] and
with the comparison of different porous silica materials with
regard to their mechanical stability.[15–17] Furthermore, the
mechanical stability of calcined SBA-15 as a function of
pressures between 16 and 260 MPa has been considered.[17,18]

The XRD diffractograms showed a loss of intensity of the
characteristic reflections (100), (110) and (200) for the calcined
and pressed SBA-15. The decrease of the intensities was
attributed to a loss of the long-range order. The lattice
parameters and the main pore size of the different samples did
not change compared to the unpressed material. However, the
pore size distribution widened with increasing pressure. The
authors explained this by a deformation of the pores during
pressing. Due to the change of the pores, the surface area and
the mesopore volume decreased, too.[17,18] As preliminary
investigations for this communication, we determined the
mechanical stability of calcined SBA-15 (SBA-15-calc; for an
explanation of the nomenclature, see Supporting Information
chapter 1) against pressures similar to what has been reported
in the literature (see Supporting Information, chapter 2). Our
results concerning small angle X-ray scattering (SAXS) and N2

physisorption measurements are in agreement with the
literature.[17,18]
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Based on the insights from these investigations, we
considered the influence of the template removal method. For
this purpose, we investigated and compared the intermediates
of the selective functionalization process with each other. The
selective functionalization of the surfaces of SBA-15 was
omitted (see Supporting Information, chapter 3), because it
occurs in every method and is known to further increase the
mechanical stability.[15] The materials under study encompass
SBA-15-calc, which was calcined in air, and calcined SBA-15
whose pores were first refilled with the template (Pluronic® P-
123) and then reopened by Soxhlet extraction with ethanol
(SBA-15-calc-re-E). In addition, SBA-15 whose pores were
opened by Soxhlet extraction with ethanol (SBA-15-as-E) and
SBA-15 heated to 400 °C or 550 °C in N2 after Soxhlet extraction
(SBA-15-as-E-p400 and SBA-15-as-E-p550) were considered. All
SBA-15 samples were then pressed into a tablet for 10 min with
a pressure of 156 MPa and carefully crushed for further
investigations (appended with “156 MPa”).

The SAXS experiments show that the hexagonal lattice
parameter (Figure 1, Table 1) does not change significantly
upon pressing compared to the unpressed materials (see
Supporting Information, Figures S5–S8). The SAXS curves of
SBA-15-calc-156MPa and SBA-15-calc-re-E-156MPa are almost
identical. This can be explained by the fact that the calcination
conditions are much harsher than those during Soxhlet
extraction with ethanol. Therefore, calcination is expected to
have a greater effect on the structure. To prove this assumption,
the SAXS curves of SBA-15-as, SBA-15-calc and SBA-15-as-E
must be considered (Supporting Information, Figures S4, S5,
S8). The reflexes in the SAXS curves of SBA-15-calc show a shift
to smaller values of the scattering vector, resulting in a smaller
lattice parameter compared to the lattice parameter of SBA-15-
as (Tables 1, S4). This indicates that the distance from pore
center to pore center is smaller for SBA-15-calc. The described
effect is not observable for SBA-15-as-E. Therefore, it can be
assumed that calcination has a greater effect on the structure of
SBA-15 than Soxhlet extraction with ethanol. In the synthesis of
SBA-15-calc-re-E, a combination of both methods is used to
remove the template. However, since calcination is performed
first and then ethanol extraction is performed after refilling the
pores with P-123, it can be assumed that the influence of
calcination is much larger and the structure as well as the
mechanical stability properties of SBA-15-calc-re-E are more
similar to those of SBA-15-calc. Accordingly, it is also expected
that the intensities of the SAXS curves of SBA-15-calc-re-E-
156MPa and SBA-15-calc-156MPa are identical or very similar.
SBA-15-as-E and SBA-15-as-E-156MPa exhibit a lattice parame-
ter value of a=12.2 nm, while the lattice parameters of the
samples treated at 550 °C in N2 are significantly smaller,
suggesting a degree of silica condensation similar to the one
after calcination.

Looking at the diffractograms in Figure 1, it however
becomes obvious that the similar lattice parameter is not a
good indicator for the stability of the materials. While the
pressure has only a minor effect on the two calcined samples,
both SBA-15-as-E-156MPa and SBA-15-as-E-p550-156MPa
show a partial corruption of the nanostructure as revealed by

Figure 1. SAXS curves of the samples SBA-15-calc, SBA-15-calc-re-E, SBA-
15-as-E and SBA-15-as-E-p550, which were all pressed with 156 MPa for
10 min.

Table 1. Total surface determined by the BET method (SBET), micropore surface (Smicro) as well as the total volume (Vtot), the mesopore volume (Vmeso) and the
micropore volume (Vmicro) of differently treated SBA-15 samples and their analogues pressed with 39 MPa or 156 MPa. Furthermore, the pore diameters
determined by the DFT method (dpore,DFT), the lattice parameter (a) from the SAXS measurements and the percentage of removed template (Δ) calculated (for
details see Supporting Information, chapter 4) from results of the elemental analysis are listed.

Sample name SBET

[m2 g� 1]
Smicro

[m2 g� 1]
Vtot

[cm3 g� 1]
Vmeso

[cm3 g� 1]
Vmicro

[cm3 g� 1]
dpore,DFT

[nm]
a
[nm]

Δ
[%]

SBA-15-calc 897 222 1.128 1.033 0.095 7.0 10.9 97
SBA-15-calc-39MPa 772 193 0.976 0.897 0.079 7.0 10.9 n.d.[a]

SBA-15-calc-156MPa 670 125 0.948 0.899 0.049 6.8 10.9 n.d.[a]

SBA-15-calc-re-E 510 0 1.345 1.345 0 6.8 10.7 62
SBA-15-calc-re-E-156MPa 409 7 0.699 0.699 0 6.6 10.8 n.d.[a]

SBA-15-as-E 727 134 1.094 1.042 0.052 7.6 12.2 15
SBA-15-as-E-156MPa 460 170 0.371 0.299 0.072 2.6 12.2 n.d.[a]

SBA-15-as-E-p550 869 236 1.148 1.053 0.095 7.0 11.1 99
SBA-15-as-E-p550-39MPa 819 222 0.995 0.902 0.093 6.8 11.0 n.d.[a]

SBA-15-as-E-p550-156MPa 720 209 0.697 0.610 0.087 6.8 10.8 n.d.[a]

[a] The pressed samples were not investigated by elemental analysis. It can be assumed that no change in the carbon content has occurred as a result of
pressing. Accordingly, the amount of removed Pluronic® P-123 corresponds to that of the unpressed material.
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the intensity decrease and the broadening of the scattering
peaks. A direct connection between the intensity decrease and
the structural integrity cannot be drawn easily, as discussed in
detail in the Supporting Information. The widths of the
scattering maxima, though, correlate with the degree of order
in the two-dimensional hexagonal lattice as described by the
paracrystal model.[19] Comparing the width increase of the (100)
peaks of these two samples before and after applying pressure
(Figures S7, S8) suggests that the corruption of the structure is
stronger for SBA-15-as-E-156MPa (+190%) than for SBA-15-as-
E-p550-156MPa (+72%).

Furthermore, N2 physisorption measurements were per-
formed (Figure 2). SBA-15-calc shows a type IV isotherm with
the H1 hysteresis typical for mesoporous materials (Fig-
ure 2(a)).[21] After pressing at 156 MPa, a type IV isotherm is still
present, but the H1 hysteresis is weakened. This change
suggests that the uniformity of the pores is lost due to the
pressure.[11] This assumption of the corrupted structure is
confirmed by the pore size distributions. While SBA-15-calc
shows a sharp pore size distribution with a main pore diameter
of 7.0 nm and only few pores in the microporous region, SBA-
15-calc-156MPa shows a broadening of the pore size distribu-
tion and a loss of pores with the original main pore diameter.
This is also confirmed by the surface areas and pore volumes
listed in Table 1. For SBA-15-calc-re-E, similar results were
found (Figure 2(b), Table 1). However, the BET surface areas are
significantly lower compared to the solely calcined samples,
and no micropores seem to be present. The minimal increase in
micropore surface area for samples whose last treatment step
was the removal of the template by extraction is due to the
error of the measurement method. Furthermore, elemental
analysis showed that Pluronic® P-123 cannot be removed by
Soxhlet extraction with ethanol alone (Tables 1, S3). Accord-
ingly, parts of the pore system, especially the micropores,
remain closed and are thus inaccessible to N2 during the
physisorption measurement, causing an underestimation of the
micropore surface area. Most likely, upon pressing, parts of
these micropores are freed from the template or micropores
become accessible by breaking the pore walls, which leads to
an apparent increase of the micropore surface area. Even
though there is residual template in the pores of SBA-15-calc-
re-E-156MPa, the broadening of the pore size distribution
illustrates that it has no supporting and thus no positive
influence on the mechanical stability of the material against
pressure.

Knowing that calcination might repair imperfections in the
lattice of SBA-15-as,[11] we anticipated that the silica lattice of
SBA-15-calc should be more stable than the one of SBA-15-as-
E. SBA-15-as-E also shows a typical type IV isotherm with
H1 hysteresis (Figure 2(c)). Pressing at 156 MPa changes the
hysteresis to a H4 hysteresis, indicating a complex pore
structure.[21] The pore size distributions, the surface areas and
pore volumes calculated from the N2 physisorption isotherms
confirm the destructive effect of the pressure (Table 1). For
SBA-15-as-E-p550-156MPa, we found that the isotherm, the
pore size distribution, the calculated surface areas and pore
volumes are similar to those of SBA-15-calc and SBA-15-calc-

re-E (Figure 2, Table 1). The hysteresis of SBA-15-as-E-p550-
156MPa is very similar to that of SBA-15-calc-156MPa and is
much more pronounced than for SBA-15-as-E-156MPa. This
behavior can be explained by the elevated temperature during
the pretreatment step in N2 which leads to further condensation
reactions in the SiO2 lattice.[11] This is expected to be
accompanied by an increase in stability of the pore walls of
SBA-15-as-E-p550 in comparison to SBA-15-as-E. Furthermore,
it leads to reduction of the lattice parameter to a similar value
as found for SBA-15-calc (Table 1). While the pore size
distributions of SBA-15-as-E-p550 and SBA-15-calc are almost
identical, pressing of SBA-15-as-E-p550 at 156 MPa results in a
greater loss of pores with the main pore diameter than in the
case of SBA-15-calc, indicating that calcination in air leads to
slightly more stable materials.

In a continuative experiment, we investigated the influence
of the temperature during the thermal treatment and found
that the increase in stability correlates with the absolute value
of the temperature, that is, the materials treated in N2 at 550 °C
are more stable than the ones treated in N2 at 400 °C (see
Supporting Information, chapter 6). Additionally, the thermal
treatment in N2 has the benefit of removing remnants of the
template. Due to this, 99% of the Pluronic® P-123 are removed
from the pores of SBA-15-as-E-p550, whereas only a 62%
removal is found for SBA-15-calc-re-E (Tables 1, S3). The
residual template in SBA-15-calc-re-E blocks parts of the pores,
leaving less accessible surface area, and might even interfere
with catalyzed reactions. In this aspect, SBA-15-as-E-p550 is
clearly superior.

In laboratory-scale reactors and ultra-fast HPLC setups,
much lower pressures of up to 40 MPa are used.[22-27] Thus, we
decided to additionally investigate the mechanical stability of
SBA-15-calc and SBA-15-as-E-p550 under similar conditions, for
which we pressed the samples for 10 min with 39 MPa. The
SAXS measurements of SBA-15-calc-39MPa and SBA-15-as-E-
p550-39MPa still exhibit the three characteristic (100), (110)
and (200) peaks (Figure 3). In both cases, the full width at half
maximum of the (100) peaks increases by only 6% compared to
the respective unpressed samples, showing that the damage
caused by the applied pressure is the same for both materials
and only minor. The intensity changes are due to two
conflicting effects, that is, the formation of silica without any
nanostructure and an increasing degradation of the hexagonal
lattice in the nanostructured parts (see Supporting Information,
chapter 2), thus forbidding to draw a direct conclusion from
them. The N2 physisorption isotherms and pore size distribu-
tions of SBA-15-calc-39MPa and SBA-15-as-E-p550-39MPa
show only minor changes (Figure 4). The similarity is also
reflected in the surface area and pore volume values listed in
Table 1. The comparison between the unpressed (Figure 2) and
the pressed samples (Figure 4) shows deviations within the
range of error. This also applies to the comparison of SBA-15-
calc-39MPa and SBA-15-as-E-p550-39MPa. Since the pore size
distributions shown in Figure 4 as well as the SAXS curves in
Figure 3 are very similar, we assume that the two template
removal methods lead to the same mechanical stability of SBA-
15 against a pressure of 39 MPa.
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Figure 2. N2 adsorption (*) and desorption (*) isotherms and pore size distributions of (a) SBA-15-calc, (b) SBA-15-calc-re-E, (c) SBA-15-as-E and (d) SBA-15-
as-E-p550 and their analogues pressed with 156 MPa for 10 min.
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In conclusion, it is apparent that the specific template
removal method influences the mechanical stability of SBA-15.
The comparison of the different methods shows that the
thermal treatment of SBA-15 has a positive influence on the
mechanical stability of SBA-15 against pressure. When the
thermal treatment is performed in the presence of oxygen
during the calcination, the mesoporous silica material is more
stable against very high pressures, indicating that oxygen
catalyzes the rearrangement of the silica network into a more
stable conformation. However, if moderate pressures of up to
39 MPa are applied, SBA-15, which was thermally treated in the
presence of N2 at 550 °C, is just as stable as SBA-15-calc.
Accordingly, solid catalysts from both routes of selective
functionalization can be used for laboratory-scale applications,
with SBA-15-as-E-p550 having the advantage of being 99%
template-free and allowing for a more time- and material-
efficient selective functionalization.
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1 Explanation of the Nomenclature 

For a better understanding of the present work, the nomenclature of the different samples is 

introduced in Table S1. 

Table S1. Explanation of the sample nomenclature. 

SBA-15-as directly after the synthesis; called as-synthesized SBA-15 

SBA-15-calc pores were opened by calcination in air 

SBA-15-calc-XMPA 

pores were opened by calcination, and the sample was pressed 

with 8 to 156 MPa; abbreviated with “XMPa” depending on the 

pressure X 

SBA-15-calc-re pores were refilled with Pluronic® P-123; abbreviated with “re” 

SBA-15-calc-re-E 
pores were reopened with Soxhlet extraction with ethanol; 

abbreviated with an “E” 

SBA-15-as-E pores were opened with Soxhlet extraction with ethanol 

SBA-15-as-E-p400 SBA-15-as-E pretreated in N2 at 400°C; abbreviated with “p400” 

SBA-15-as-E-p550 SBA-15-as-E pretreated in N2 at 550°C; abbreviated with “p500” 
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2 Mechanical Stability of SBA-15-calc 

To better understand if there is an influence of the template removal method on the mechanical 

stability of SBA-15 against pressure, the mechanical stability of SBA-15-calc was investigated 

first. Therefore, SBA-15-calc was pressed with pressures between 8 and 156 MPa. Afterwards, 

the different samples were investigated with SAXS and N2 physisorption measurements. 

The SAXS curves of the calcined and the pressed samples are pictured in Figure S1. All 

diffractograms shown have been normalized to the same intensity of the attenuated primary 

beam. Considering that the sample preparation and the measurement set-up were the same 

for every sample, this relative value depends on the X-ray absorption of the sample and the 

amount of scattered X-rays only.[1] The intensity of the attenuated beam I follows the equation 

𝐼 =  𝐼0𝑒−µ𝑥,      (E1) 

with I0 the intensity of the unattenuated primary beam, x the sample thickness and µ the linear 

attenuation coefficient. The latter relates to the total cross section tot via 

𝜎tot =  𝜇 𝑁𝑎⁄ ,      (E2) 

with Na the number of attenuating centers, i.e., atoms, per volume. This total cross section may 

be further divided into contributions from the photoelectric absorption (σpe), pair production 

(σpp), Compton (σinel) and Thomoson (σel) cross sections. Except for the Thomoson scattering, 

which arises due to the form or structure factor of the investigated sample, all of these 

contributions to the total cross section solely depend on the type and density of the atoms 

within the sample as well as the energy of the X-ray beam used. Taking into account that all 

samples consist of the same atoms, i.e., silicon and oxygen in a ratio of 1:2, differences in the 

scattering intensities after normalization to the attenuated primary beam may thus directly be 

attributed to a variation in the ratio of total silica to nanostructured silica. 
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Figure S1. SAXS curves of SBA-15-calc and of SBA-15-calc-XMPa. The pressure was 

variated between 8 and 156 MPa. 

 

As seen from Figure S1, the scattering intensity of SBA-15-calc-8MPa increases compared to 

the unpressed sample. This intensity increase indicates that the amount of unstructured silica 

is larger after applying pressure, which shows that a part of the SBA-15 is destroyed by this 

rather small pressure, already. At the same time, the full width at half maximum of the 

scattering peaks, which is plotted in Figure S2 for the example of the (100) reflection, stays 

constant, revealing that the properties of the nanostructured part of the sample stay unchanged. 

When increasing the pressure, the scattering intensities of the three characteristic peaks as 

well as their width stay almost constant up to a value of 39 MPa. When increasing the pressure 

to 78 MPa, the scattering intensity, especially of the (200) peak, starts to decrease, and the 

width of the peaks increases, a trend which continues for even higher pressures. This 

broadening of the scattering maxima was previously attributed to a reduction of the average 

diameter of the crystallites within the pressed sample.[2] However, if this was the case, the 

relative intensity of the individual peaks should not decrease,[3,4] but rather increase as the 

amount of unstructured silica rises further. Thus, it seems more likely to us that the observed 

broadening is due to an increasing disorder of the second kind, which means that the positions 

of the hexagonally arranged pores become more and more “blurred”.[5] Such blurring may arise, 

if parts of the pores collapse, leading to plugged or partially filled pores. Chytil et al.[6] came to 

the same conclusion in their work. 
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Figure S2. Full width at half-maximum w of the (100) peak from the SAXS curves of calcined 

SBA-15 plotted against the applied pressure. The black data point at 0 MPa depicts the 

average over four individual measurements, indicating the accuracy of the method. 

 

In addition to the SAXS measurements, N2 physisorption measurements were performed. The 

resulting isotherms are shown in Figure S3(a). Unpressed SBA-15-calc shows the typical 

type IV isotherm.[7] With increasing pressure, the type of the isotherms changes, and the 

hysteresis gets smaller. This is an indication for a loss of mesoporosity within SBA-15-calc.[8] 

The results evaluated from the N2 physisorption measurements are listed in Table S2. The 

decrease in surface area and pore volume, as described in the literature and expected from 

the change in isotherms of the N2 physisorption measurements, are not so pronounced. The 

comparison of the pore size distribution of the different samples shows a change with 

increasing pressure (Figure S3(b)). It can be seen that the amount of pores with the main pore 

diameter decreases with increasing pressure.[6,7] This leads to the conclusion that SBA-15-calc 

is mechanically stable against pressures up to 39 MPa. At higher pressures, there is an 

increasing loss of the hexagonal structure of SBA-15. 
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Figure S3. (a) Adsorption (●) and desorption (○) isotherms and (b) pore size distributions of 

SBA-15-calc and of SBA-15-calc-XMPa. The pressure was variated between 8 and 156 MPa. 

 

Table S2. The total surface determined by the BET method (SBET) and micropore surface (Smicro) 

as well as the total pore volume (Vtot) and the micropore volume (Vmicro) of SBA-15-calc and of 

SBA-15-calc-XMPa samples are listed. The pressure was variated between 8 and 156 MPa. 

Furthermore, the pore diameters determined by the DFT method (dpore,DFT) are given. 

Sample name 
SBET 

/ m2 g-1 

Smicro 

/ m2 g-1 

Vtot 

/ cm3 g-1 

Vmicro 

/ cm3 g-1 

dpore,DFT 

/ nm 

SBA-15-calc 897 222 1.128 0.095 7.0 

SBA-15-calc-8MPa 800 195 1.186 0.076 7.0 

SBA-15-calc-16MPa 750 208 1.209 0.085 7.1 

SBA-15-calc-39MPa 878 258 1.101 0.106 6.8 

SBA-15-calc-78MPa 723 208 0.897 0.089 6.8 

SBA-15-calc-156MPa 670 125 0.948 0.049 6.8 

(a) (b) 
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3 Experimental Section 

Synthesis of SBA-15 

For the synthesis of SBA-15, 16 g of triblock copolymer Pluronic® P-123 (average molar mass 

~ 5800 g mol-1, Sigma Aldrich) was dissolved in a mixture of 520 ml demineralized water and 

80 ml 37 wt% hydrochloric acid at room temperature at a stirring speed of 100 rpm overnight 

in a 1 l teflon-coated autoclave (Berghof Products + Instruments GmbH). The solution was 

heated to 45°C before adding 37 ml tetraethyl orthosilicate (TEOS, 98 %, reagent grade, 

Sigma Aldrich). The mixture was stirred for 7.5 h at 45°C with a stirring speed of 150 rpm. A 

hydrothermal treatment under static conditions at 80°C followed. Afterwards, the SBA-15-as 

was separated under vacuum, washed with demineralized water and dried in an oven at 80°C. 

The SBA-15-as of one batch was used as starting material for all experiments in this work. 

Removal of Pluronic® P-123 – Calcination  

To open the pores, SBA-15-as was calcined for 6 h at 550°C in an air flow of 150 l h-1. The 

heating rate was 1 K min-1. 

Refilling of the Pores 

To refill the pores with template, Pluronic® P-123 was dissolved in ethanol overnight. 

SBA-15-calc was added to the solution, and the suspension was stirred for 42 h at room 

temperature. The solution used to refill the pores was 4 g Pluronic® P-123 in 60 ml ethanol 

per gram calcined SBA-15. Subsequently, the SBA-15 with refilled pores (SBA-15-calc-re) was 

separated under vacuum, washed with 500 ml of demineralized water and dried in an oven at 

80°C. 

Removal of Pluronic® P-123 – Soxhlet Extraction 

The triblock copolymer Pluronic® P-123 was removed from the pores of SBA-15-as or 

SBA-15-calc-re by Soxhlet extraction for 112 h using ethanol as extracting agent. The 

extracted materials (SBA-15-as-E and SBA-15-calc-re-E) were dried in an oven at 80°C. 

Pretreatment in N2 

SBA-15-as-E was treated in an oven at 400°C or 550°C for 6 h in N2. The treatment was 

performed with a heating rate of 2°C min-1 and a N2 flow of 58 l h-1. The product obtained was 

named SBA-15-as-E-p400 or SBA-15-as-E-p550 depending on the temperature during the 

pretreatment. 
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Investigation of the Mechanical Stability 

For the investigation of the mechanical stability, the press FluXana (Vaneox® Pressing 

Technology) was used. For each experiment, 150 mg of the respective sample was pressed 

with different pressures. The pressed tablets were then carefully crushed again in a mortar in 

order to be able to characterize the samples. 
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4 Characterization Methods 

Small angle X-ray scattering (SAXS) 

The powdery samples were filled into mark capillaries with a diameter of 1 mm (Hilgenberg, 

glass no. 14) and flame-sealed. For measurements, a SAXSess mc2 diffractometer (Anton 

Paar) in the line collimation geometry was used for which the sample to detector distance was 

calibrated with cholesteryl palmitate. X-ray radiation with a wavelength of 

λ(Cu-Kα) = 0.1542 nm was generated by an ID 3003 X-ray generator (Seifert) operated at 

40 kV and 40 mA. The sample housing was evacuated prior to measurements, which were 

carried out at 25°C with the help of a TCS 120 hot stage (Anton Paar) and averaged over 60 

individual measurements. The scattered X-ray intensity was detected with a one-dimensional 

CMOS Mythen 2K detector (Dectris). The semi-transparent beam-stop allowed for an 

additional measurement of the transmitted primary X-ray beam. Using the software 

SAXSquantTM, the measured scattering profiles were normalized to the same intensity of the 

attenuated primary beam, background-corrected and deconvoluted. Subsequently, the 

scattering curves were Lorentz- and polarization-corrected. The scattering associated to the 

form factor of the mesopores as well as further incoherent scattering was removed by fitting 

and subtracting a double exponential decay, leaving only the part of the scattering, which 

originates from the hexagonal structure. The obtained Bragg-like diffraction maxima were fitted 

with Lorentzian functions to extract the exact peak positions and full widths at half maximum. 

N2 physisorption 

The surface area as well as the pore size of the SBA-15 samples were analyzed by N2 

physisorption measurements. The adsorption and desorption isotherms were recorded using 

Autosorb 3B from Quantachrome Instruments. Before the measurements, the samples were 

outgassed under vacuum at 200°C for 16 h. After the pretreatment, the N2 physisorption 

measurements were performed in a liquid N2 bath at −196°C. From the adsorption isotherms, 

the surfaces were calculated using the BET method, whereas the pore sizes and pore size 

distributions were determined with the DFT method, taking into account the hexagonal 

structure. 

Elemental analysis 

The amount of carbon and hydrogen was measured with an Elemental Analizer 1106 from the 

company Carlo Erba Strumentazione. 

The results of the elemental analysis (Table S3) show how much of the structure-directing 

template was removed from the pores during the pore opening. With these results, it is possible 
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to calculate the percentage of removed Pluronic® P-123 (Δ) for the different samples. The 

calculation for SBA-15-calc follows the equation 

∆ = 100 ∙ (1 −
𝑤(C in SBA−15−calc)

𝑤(C in SBA−15−as)
)  =  100 ∙ (1 −

0.26 𝑤𝑡.%

8.90 𝑤𝑡.%
) = 97 %  (E3) 

Depending on the template removal method of the structure-directing template Pluronic® P-

123, the corresponding starting material is used for the calculation. For the calculation of the 

removed amount of template of SBA-15-as-E, SBA-15-as-E-p400 and SBA-15-as-E-p550, the 

carbon amount of SBA-15-as is used as starting material. The amount of removed Pluronic® 

P-123 for SBA-15-calc-re-E was calculated from the carbon amount of SBA-15-calc-re. The 

calculated results are listed in Table S3. 

 

Table S3. Results of the elemental analysis and the calculated percentage of the removed 

structure-directing template (Δ). The percentage of the removed template was calculated from 

the value of the starting material of the respective method for removing the template. 

Sample name w(C) / wt.% w(H) / wt.% Δ / % 

SBA-15-as 8.90 2.50 - 

SBA-15-calc 0.26 0.89 97 

SBA-15-calc-re 21.37 3.52 - 

SBA-15-calc-re-E 8.03 1.86 62 

SBA-15-as-E 7.60 2.80 15 

SBA-15-as-E-p400 0.10 1.00 99 

SBA-15-as-E-p550 0.09 1.02 99 

 



A.-K. Beurer et al., 2021  Supporting Information 

11 

 

5 SAXS Measurements 

 

Figure S4. SAXS curve of SBA-15-as. 

 

Figure S5. SAXS curves of SBA-15-calc prior and after applying a pressure of 156 MPa for 

10 min. The increase of the full width at half maximum is 48 %. 
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Figure S6. SAXS curves of SBA-15-calc-re-E prior and after applying a pressure of 156 MPa 

for 10 min. The increase of the full width at half maximum is 38 %. 

 

Figure S7. SAXS curves of SBA-15-as-E-p550 prior and after applying a pressure of 156 MPa 

for 10 min. The increase of the full width at half maximum is 72 %. 
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Figure S8. SAXS curves of SBA-15-as-E prior and after applying a pressure of 156 MPa for 

10 min. The increase of the full width at half maximum is 190 %. 

 

Figure S9. SAXS curves of SBA-15-as-E-p400 prior and after applying a pressure of 156 MPa 

for 10 min. The increase of the full width at half maximum is 94 %. 
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Figure S10. Percentage increase of the full width at half maximum (FWHM) of Lorentzian 

function fitted to the (100) peak upon pressing. 
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6 Influence of the Temperature during the Pretreatment in N2 

As described in the main article, SBA-15-as-E was pretreated at 400°C and 550°C in N2 and 

subsequently analyzed by elemental analysis, SAXS measurements, and N2 physisorption 

measurements. 

Observation of the calculated fractions of removed Pluronic® P-123 (Table S3) shows that 

after thermal treatment at 400°C and 550°C, the remaining template was removed from the 

pores and all pores were accessible. 

The SAXS curves of SBA-15-as-E-p400 in Figure S9 and of SBA-15-as-E-p550 in Figure S7 

are almost identical and show the characteristic reflections (100), (110) and (200). However, 

the comparison to the SAXS curves of the pressed samples SBA-15-as-E-p400-156MPa 

(Figure S9) and SBA-15-as-E-p550-156MPa (Figure S7) show some differences. In particular, 

while reflections (100) and (200) are not visible in the SAXS curve of 

SBA-15-as-E-p400-156MPa, the reflections in the SAXS curve of SBA-15-as-E-p550-156MPa 

can be adumbrated. Therefore, it can be assumed that SBA-15-as-E-p550 was not damaged 

to the same extent as SBA-15-as-E-p400 and, thus, higher temperatures during pretreatment 

in N2 have a positive effect on the mechanical stability of SBA-15 against pressure. 

Furthermore, a decrease of the lattice parameter with increasing temperature can be observed 

compared to SBA-15-as, due to the pretreatment in N2 (Table S4). This shrinkage is 

accompanied by a shrinkage of the pores (Table S4). 

These results are confirmed by the N2 physisorption measurements. While the shapes of the 

N2 physisorption isotherms and their relatively narrow pore size distribution of the two 

unpressed samples are very similar, the samples pressed at 156 MPa differ significantly from 

the unpressed materials (Figure S11). Looking at the different surface areas, pore volumes 

and pore sizes determined from the N2 physisorption measurements for SBA-15-as-E-p400 

and SBA-15-as-E-p550 in Table S4, smaller differences are seen. This can be explained by 

the stronger shrinkage of the pores at higher temperatures. It is known from the literature that 

the unit cell shrinks at higher temperatures in air due to further condensation of the silica 

framework.[9] It seems that the oxygen in the air as well as from desorbed water molecules acts 

as catalyst for reordering the silica bonds in the lattice.[10] However, it is also known, that the 

temperature range in which the strongest shrinkage is observable is between 300°C and 

500°C.[9] Accordingly, it can be assumed that a similar effect is also obtained when heating in 

N2, so that further condensation reactions make the pore walls more ordered and thus more 

stable to pressure. In this work, the pretreatment is done in N2 at 400°C and at 550°C, and the 

shrinkage is more pronounced for SBA-15-as-E-p550. This leads to the assumption that the 

higher temperature is necessary to overcome the binding energies to reorder the silica lattice. 
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This leads to a more ordered silica lattice and results in more stable pore walls for 

SBA-15-as-E-p550 compared to SBA-15-as-E-p400. 

A comparison of the unpressed materials with those pressed at 156 MPa shows large 

differences between the N2 physisorption isotherms and pore size distributions. The analysis 

shows the expected decrease in surface areas and pore volumes due to pressing at 156 MPa. 

In addition, the comparison of SBA-15-as-E-p400-156MPa and SBA-15-as-E-p550-156MPa 

shows further differences. Although the two N2 physisorption isotherms look similar, large 

differences between the pore size distributions are evident. While the amount of the original 

main pores has almost completely disappeared for SBA-15-as-E-p400-156MPa, it has also 

decreased for SBA-15-as-E-p550-156MPa, but is still perceived as the main fraction. 

Accordingly, the pore structure of SBA-15-as-E-p550-156MPa was less damaged. This 

confirms the assumptions of the SAXS studies and shows that a higher temperature during the 

pretreatment has a positive effect on the mechanical stability of SBA-15 against pressure.  

Figure S11. Adsorption (●) and desorption (○) 

isotherms and pore size distributions of (a) SBA-15-as-E-p400 and (b) SBA-15-as-E-p550 

and their analogues pressed with 156 MPa for 10 min. 

(a) (b) 
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Table S4. Total surface determined by the BET method (SBET), micropore surface (Smicro) as 

well as the total (Vtot), the mesopore (Vmeso) and the micropore volume (Vmicro) of SBA-15-as-

E-p400, SBA-15-as-E-p550 and their analogues pressed with 39 or 156 MPa. Furthermore, 

the pore diameters determined by the DFT method (dpore,DFT) and the lattice parameter (a) 

determined from SAXS are listed. 

SBA-15- 
SBET 

/ m2 g-1 

Smicro 

/ m2 g-1 

Vtot 

/ cm3 g-1 

Vmeso 

/ cm3 g-1 

Vmicro 

/ cm3 g-1 

dpore,DFT 

/ nm 

a 

/ nm 

as - - - - - - 11.9 

as-E-p400 1016 140 1.807 1.751 0.056 7.6 11.4 

as-E-p400-156MPa 798 132 0.884 0.830 0.054 6.6 11.3 

as-E-p550 869 236 1.148 1.053 0.095 7.0 11.1 

as-E-p550-39MPa 819 222 0.995 0.902 0.093 6.8 11.0 

as-E-p550-156MPa 720 209 0.697 0.610 0.087 6.8 10.8 
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A B S T R A C T   

A precise knowledge of the structural properties of ordered mesoporous materials is essential for their use in 
almost every application. Researchers use various methods, based on transmission electron microscopy, phys-
isorption and scattering experiments to obtain this data. Here, we evaluate and compare the different methods 
for four different mesoporous silica materials with pore sizes ranging from 3 to 11 nm. We use the commonly 
applied methods of physisorption to measure the pore size, fitting of small-angle X-ray scattering data to obtain 
both the pore size and the lattice parameter, and estimate the lattice parameter from transmission electron 
micrographs. Besides this, we extract information about the pore sizes from electron density maps. We perform a 
comparative analysis of the different methods as well as discuss their advantages and disadvantages. We find that 
all methods deliver comparable results over the investigated pore size range and thus are interchangeable. The 
only exception is the evaluation of physisorption data of very small mesopores with the BJH method, which does 
not provide meaningful results.   

1. Introduction 

Since their discovery in 1992 [1], ordered mesoporous silica mate-
rials (OMSMs) have attracted great scientific interest and have become 
the benchmark for all mesoporous materials. For the preparation of most 
inorganic mesoporous materials, dissolved organic template molecules 
are used. In solution, the amphiphilic template molecules form micelles 
depending on their composition and concentration [2]. The added 
inorganic precursor molecules accumulate around these micelles. Due to 
condensation reactions, a mesoporous material forms, whose pores are 
filled with the structure-directing template [3]. In addition to various 
synthesis methods, including the direct or true liquid crystal templating 
(TLCT) [4,5] and the cooperative self-assembly mechanism [6], there 
exist different methods [3] to open the pores and thus obtain the mes-
oporous material [7–10]. Since OMSMs with adjustable pore size, nar-
row pore size distribution, surface areas of more than 700 m2g-1 and 
high thermal stability can be easily synthesized, they have become 

indispensable for many applications. OMSMs are mainly used in het-
erogeneous catalysis [11], in separation processes [12], as sensors [13] 
or in biomedicine, e.g., as drug delivery systems [14]. In order to make 
OMSMs applicable, knowledge of their characteristic structural prop-
erties is of great importance. The most important characteristic quan-
tities include the lattice parameter and the pore size of the materials. To 
the present date, different groups of researchers utilize various charac-
terization methods to obtain this information, which may lead to devi-
ating results for the same material. There has been some work on the 
comparison of certain methods for specific materials. Kruk et al. inves-
tigated the pore size and especially the pore wall thickness of MCM-41, 
which was synthesized with different templates with nitrogen phys-
isorption measurements, transmission electron microscopy (TEM), and 
X-ray diffraction [15]. They have shown that the pore wall thickness of 
the individual materials determined by different methods are in a 
similar range. An increase in pore wall thickness with increasing pore 
size was observed. It was also shown that non-thermally treated mate-
rials have a thick surfactant layer on the particle surface. Komarneni 
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et al. [16] considered the pore size distribution of mesoporous silica 
molecular sieves using temperature-programmed desorption and nitro-
gen physisorption measurements. They showed that for their materials, 
the temperature-programmed desorption method using thermogravi-
metric analysis is an alternative to nitrogen physisorption measurements 
for determining the pore size distribution [16]. Galarneau et al. [17] 
published a comparative study to determine the characteristic properties 
of hierarchical MFI zeolites with different sorption studies [17]. 
Furthermore, there is one study that determines the surface area of 
porous materials using small-angle X-ray scattering (SAXS) measure-
ments and gas physisorption measurements [18]. To the best of our 
knowledge, there is no study, which compares and evaluates the most 
frequently used methods for the determination of lattice parameter and 
pore size over a larger range of OMSMs and pore sizes. Thus, clarifica-
tion is needed concerning the general interchangeability of the different 
methods. 

In the present work, we tackle this issue by studying the structural 
properties of four different literature-known OMSMs with hexagonally 
arranged mesopores ranging from small, i.e., ca. 3 nm, to larger meso-
pores, i.e., ca. 11 nm, by using TEM, SAXS, as well as nitrogen phys-
isorption measurements. We apply different methods to analyze the 
obtained data and thereby extract information about the pore size and 
the lattice parameter. Furthermore, we will present a modified version 
of a rarely used method [19,20] based on the calculation of electron 
density maps to obtain information about the pore size. We believe that 
this work will help other researchers to critically evaluate data pub-
lished in the field of OMSM research and to choose the best possible 
characterization method for their purpose. 

The structure of this manuscript is as follows: We will start by giving 
some background information about the most important methods to 
characterize the structure of OMSMs and lay the necessary basis for the 
calculation of electron density maps. Afterwards we will detail the re-
sults of our investigations, starting with the determination of the lattice 
parameter, followed by the pore size. Finally, we will discuss and 
compare the results obtained by the different methods. 

2. Background 

2.1. Transmission electron microscopy (TEM) 

TEM is an ideal method to directly visualize the structure of OMSMs. 
The easy sample preparation, the high resistance of the silica to the 
electron beam and the high contrast between the empty pores and silica 
walls make OMSMs perfect specimens for the method. Typical lab-scale 
transmission electron microscopes have resolutions of about 200 pm, 

newer electron microscopes with aberration-correction may even go 
beyond this limit, down to 50 pm [21]. Extended imaging series even 
enable a tomography of the specimen and thus yield 3D images of the 
sample [22,23]. However, as limitations in the numerical volume 
reconstruction tend to reduce the resolution, we will focus on the clas-
sical 2D transmission electron micrographs in this work. This method is 
already described for the determination of the lattice parameter and for 
the pore size, but the procedure itself is scarcely explained in literature 
[24,25]. Another important aspect is that with TEM only a small section 
of the whole material is observed, which means that there is a large 
dependence on statistical sampling. 

2.2. Small-angle X-ray scattering (SAXS) 

SAXS can give rise to both, information about the lattice parameter a, 
which equals the nearest pore-to-pore distance in case of hexagonal 
OMSMs, and the pore size d. In contrast to TEM, SAXS probes a 
macroscopic sample volume, which leads to statistically averaged and 
thus more representative values. On the other hand, SAXS requires a 
more complex data analysis, because it does not provide a direct image 
of the structure, but a representation of the structure in inverse space. 
Due to the profound differences among the typical (crystal or colloid) 
samples investigated in different scientific communities, there are 
different approaches to said data analysis. 

In crystallography, highly ordered crystalline materials are investi-
gated, which lead to sharp Bragg reflections in X-ray scattering experi-
ments if the reflection conditions are met. The corresponding intensities 
I are thus specified in terms of their individual Miller indices (hkl) [26]. 
Since we limit our discussion to OMSMs with two-dimensional hexag-
onal structure, we may omit the third Miller indices (l), resulting in: 

I(hk)∝|FA(hk)|2 (1) 

FA(hk) is the complex scattering amplitude. Performing an inverse 
Fourier transformation of it results in the electron density distribution 

ρ(r) = 1
V
∑

hk
FA(hk)⋅exp

[
− 2π⋅i⋅

(
h⋅rx + k⋅ry

) ]
(2)  

of the investigated sample with rx and ry being the components of the 
position vector r in x- and y-direction. Thus, we can calculate the elec-
tron density distribution of the sample from the square root of the in-
tensity I(hk), if we make certain assumptions about the complex part of 
the scattering amplitude FA(hk). The so obtained electron density map 
represents an indirect visualization of the mesoporous structure, similar 
to the direct image obtained by transmission electron microscopy. 
Further details concerning data handling, the assumptions made and the 
practical calculation of the electron density maps can be found in section 
3.2.2 of the supporting information (SI). 

In colloidal science, less ordered materials are investigated, which 
often lead to more diffuse scattering maxima of various shapes. Next to 
the two-dimensional hexagonal arrangement of the mesopores, we here 
also consider a contribution to the scattered intensity by the shape of the 
rod-like mesopores, the micropores within the silica walls and the sur-
face of the silica grains. Hence, we can write the scattered intensity I in 
dependency of the absolute value q of the scattering vector as 

I(q) = cμ⋅Iμ(q) + cm⋅Im(q) + cg⋅Ig(q) (3)  

with cμ, cm and cg being scaling factors for the scattering intensities 
originating from the micropores (Iμ(q)), the mesopores (Im(q)) or grains 
(Ig(q)), respectively [27]. According to 

Im(q)= θm

{
|〈F(q)〉|2(Z ′

(q) − 1)+ 〈|F(q)|2〉
}

(4)  

the scattering from the mesopores contains information about both the 
form factor F(q) of the cylindrical pores and the lattice parameter Z′(q), 
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BJH Barrett, Joyner, and Halenda 
DFT density functional theory 
FFT fast Fourier transform 
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MCM mobil composition of matter 
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with θm specifying the number density of the mesopores in the plane 
orthogonal to the pore direction. Hence, fitting equation (3) to the 
measured SAXS curves provides information about the lattice parameter 
a as well as the pore size d. Further information about the theoretical and 
practical aspects of the fitting procedure are provided in chapter 3.2.1 in 
the SI. 

2.3. Physisorption 

Physisorption isotherms allow the detection and the characterization 
of micropores and mesopores in terms of pore shape and dimension 
[28]. For sorption studies, gases such as nitrogen, carbon monoxide, and 
argon, as well as vapors such as water vapor are used [16]. Nitrogen is 
the most commonly used adsorptive when it comes to the investigation 
of mesoporous materials, regardless of its quadrupole moment, which 
leads to specific interactions with polar surfaces and might thus lead to 
potential errors [28–30]. 

Independent from the adsorptive, information about surfaces and 
pore sizes can be determined from the adsorption and desorption iso-
therms. The pore size of the primary mesopores is generally defined as 
the maximum of the pore size distribution [4]. For the analysis of 
mesopores, the Kelvin equation has been used for many years [28]. In 
order to ascertain the surface areas and pore sizes as accurately as 
possible, the Kelvin equation has been modified over time. One of the 
best known methods was proposed by Barrett, Joyner, and Halenda 
(BJH) [31,32]. However, when using the BJH method, it should be noted 
that the pore size is significantly underestimated for small mesopores 
(<20 nm) [30,33]. The inaccuracies can be compensated by methods 
based on molecular simulations or density functional theory (DFT) (e.g., 
non-local-density functional theory - NLDFT). Using this method, the 
essential properties of micropores and mesopores are taken into account 
[33,34]. This leads to a more accurate determination of pore sizes in the 
microporous and mesoporous regions [30,33]. However, when using a 
DFT method, it should be noted that not all material types and pore 
shapes are available in the commercial DFT software [28]. 

2.4. Further methods for the determination of the pore size 

In addition, several other characterization methods are proposed in 
the literature to determine pore sizes. These include mercury porosim-
etry for the characterization of macropores and larger mesopores. In 
addition, mercury porosimetry can be used to collect further informa-
tion on pore shape, network effects, etc. [35–37]. Due to the toxicity of 
mercury, this characterization method is rarely used nowadays and thus 
was not considered in this work. As an alternative technique for deter-
mining pore size distributions, Goworek and Stefaniak [38] described 
thermogravimetric analysis in the early 1990s. In this method, porous 
materials are loaded with an adsorbate and the mass loss during ther-
mogravimetric desorption is determined. From the mass loss during the 
measurement, the total pore volume and the pore size can be provided 
[38]. Since for each material the experiments have to be adapted and 
optimized [39–42], we have refrained from investigations of this kind. 

A further method for the determination of the pore size is the inverse 
size exclusion chromatography (ISEC) [43]. The method has been used 
for various materials to determine pore sizes and their distribution 
[44–47]. In ISEC, the material to be characterized is often packed into a 
column as a monolith, but it is although possible to fill the column with a 
powder. Afterwards, the material in the column is treated with solutes 
with different particle sizes [48–50]. It is important that the mobile 
phase and solvent do not interact with the stationary phase, i.e., the 
material under investigation. If the solute is chosen correctly, the cor-
responding chemical interactions between stationary and mobile phases 
are suppressed, so that the exclusion is based on a physical sieving 
process. From the resulting retention time, information about the pore 
size as well as its distribution can subsequently be obtained [49,50]. 
ISEC is usually performed with monodisperse standard solutions. 

However, there are also studies showing that the same information 
about pore structure can be obtained with polydisperse suspensions. In 
this case, care must be taken to minimize dispersive mass transfer effects 
[51]. Since the selection of standards with particles in the range of the 
required pore size is difficult, and the effects of particle gaps can lead to 
erroneous determination of the pore size, we did not include this method 
in our study. 

3. Experimental 

All chemicals used within this study are listed in chapter 1 of the SI 
together with information about manufacturer and purity. 

3.1. Ordered mesoporous silica materials (OMSMs) 

The synthesis of OMS_TLCT (ordered mesoporous silica synthesized 
via true liquid crystal templating) was already described elsewhere [52]. 
In brief, 30.5 g of tetramethyl orthosilicate were added to 21.8 g 0.1 N 
hydrochloric acid and stirred at room temperature for approximately 10 
min while an underpressure of 120 mbar was applied to remove most of 
the forming methanol. This colloidal silica mixture was added to 15.0 g 
of dodecylethyldimethylammonium bromide and homogenized. The 
clear liquid was poured into a polytetrafluoroethylene dish and was left 
at 353 K for 48 h to complete the polycondensation process. The then 
solid material was milled for 1 min with a ball mill (Spex 8000 Mix-
er/Mill, vial and balls made from stainless steel). Afterwards the 
as-synthesized material was calcined at 823 K in an air flow of 150 l h− 1 

with a heating rate of 1 K min− 1. 
The procedure of the synthesis of MCM-41 ((Mobil Composition of 

Matter 41) was already described elsewhere [3]. 5.2 g of cetyl-
trimethylammonium bromide were dissolved in 800 ml of demineral-
ized water at 303 K in a 1 l polypropylene flask. 5.4 g sodium 
metasilicate were added and completely dissolved while stirring. To the 
mixture, 8.0 ml ethyl acetate were added dropwise under vigorous 
stirring. Stirring was stopped after 15 s. The reaction mixture stayed for 
24 h at room temperature under static conditions. A hydrothermal 
treatment under static conditions at 373 K followed for 48 h. Afterwards, 
the as-synthesized MCM-41 was separated under vacuum, washed with 
demineralized water and dried at room temperature. To open the pores, 
as-synthesized MCM-41 was calcined at 823 K in an air flow of 150 l h− 1 

with a heating rate of 1 K min− 1 [3]. 
SBA-15 (Santa Barbara Amorpous 15) was prepared according to an 

approach known in the literature [53]. Therefore, 16 g of triblock 
copolymer Pluronic P123 were dissolved in a mixture of 520 ml demin-
eralized water and 80 ml 37 wt% hydrochloric acid at room temperature 
and a stirring speed of 100 rpm overnight in a 1 l teflon-lined autoclave. 
The solution was heated to 318 K before adding 37 ml tetraethyl ortho-
silicate. The mixture was stirred for 7.5 h at 318 K with a stirring speed of 
150 rpm. A hydrothermal treatment under static conditions at 353 K for a 
time period of 15 h followed. Afterwards, the as-synthesized SBA-15 was 
separated under vacuum, washed with demineralized water and dried in 
an oven at 353 K. To open the pores, as-synthesized SBA-15 was calcined 
at 823 K in an air flow of 150 l h− 1 with a heating rate of 1 K min− 1 

For the synthesis of SBA-15 with bigger pores (SBA-15_sa) compared 
to the standard SBA-15 described above, we used a similar method and 
the swelling agent (sa) n-decane [54]. At first, 2.5 g of triblock copol-
ymer Pluronic P123 was dissolved in 65 ml demineralized water in a 
round-bottom flask. During the solution process, the mixture was heated 
to 323 K. After the Pluronic P123 was completely solved, 18.2 g 
n-decane were added. The turbid mixture was stirred at 323 K for 5 min 
and then cooled to room temperature. In the next step, 8.9 g tetraethyl 
orthosilicate and afterwards 8.5 ml 37 wt% hydrochloric acid were 
added under stirring. Care had to be taken to ensure that the reaction 
mixture was well mixed, as two phases initially formed. A stirring period 
followed for 20 h after cooling down the reaction mixture to 308 K. For 
the hydrothermal treatment at 373 K under static conditions, the 
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reaction mixture was transferred to a 250 ml polypropylene bottle. After 
24 h, the as-synthesized SBA-15_sa was separated under vacuum, 
washed with demineralized water and dried in an oven at 373 K. To open 
the pores, as-synthesized SBA-15_sa was calcined at 823 K in an air flow 
of 150 l h− 1. The heating rate was 1 K min− 1. 

3.2. Characterization 

After the preparation and before the characterization, all four ma-
terials were carefully ground into a powder using a mortar and pestle. 
The powder was then mixed very well with a glass rod and by shaking to 
avoid inhomogeneity. The different materials were stored in a well- 
sealed small glass vial at room temperature in the laboratory. Before 
each sampling, the respective material was mixed again. 

For SAXS measurements, the SAXSess mc2 diffractometer from Anton 
Paar in the line collimation geometry was used. The sample to detector 
distance was calibrated with cholesteryl palmitate. X-ray radiation with 
a wavelength of λ(Cu-Kα) = 0.1542 nm was generated by an ID 3003 X- 
ray generator (Seifert) operated at 40 kV and 40 mA. Samples were filled 
into single-use capillaries (article no. 24897, Anton Paar). To ensure a 
uniform irradiation of all lattice planes, samples were rotated during the 
measurement using a RotorCell placed in a TCS 120 hot stage (both 
Anton Paar). The sample housing was evacuated prior to measurements, 
which were carried out at 298 K and averaged over 60 individual 
measurements. The scattered X-ray intensity was detected with a one- 
dimensional CMOS Mythen 1K detector (Dectris). The measured scat-
tering profiles were deconvoluted with the beam profile using the soft-
ware SAXSquant™. 

The surface area as well as the pore size of all samples were analyzed 
by nitrogen physisorption measurements. The adsorption and desorp-
tion isotherms were recorded using Autosorb iQ from Quantachrome 
Instruments. Before the measurements, the samples were degassed 
under vacuum at 473 K for 8 h. After the degassing, the physisorption 
measurements were performed in a liquid nitrogen bath at 77 K. Two 
aliquots of each material were analyzed to investigate the reproduc-
ibility of the nitrogen physisorption measurements. For the analysis of 
the isotherms the software Quantachrome® ASiQwin Version 3.01 was 
used. From the isotherms, the surfaces were calculated using the BET 
(Brunauer, Emmett, Teller) method. The “Micropore BET Assistant” of 
the ASiQwin software was used to determine the investigated pressure 
range. The pore sizes and pore size distributions were determined with 
the BJH (Barett, Joyner, Halanda) method as well as with the NLDFT 
method [28]. For the NLDFT calculations, the kernel for silica materials 
with cylindrical pores was chosen, taking into account the hexagonal 
structure. The mean pore size is defined as the maximum of the pore size 
distribution. For the determination of the total pore volume, the last 
point of the adsorption branch was used whenever possible. Unfortu-
nately, not all measurements reached a plateau after hysteresis. In these 
cases, the last point before the uncontrolled (second) increase of the 
isotherm was used (see for example Fig. S15). 

All materials were investigated by a transmission electron micro-
scope (Phillips, FEG CM200) to determine the lattice parameters. Sus-
pensions of each of the well homogenized materials in ethanol were 
prepared and mixed in an ultrasonic bath. The suspensions were then 
dropped onto Formvar/carbon foil coated copper grids (Plano, 300 
mesh, d = 3.05 mm). Once the ethanol was evaporated at room tem-
perature, the dripping of the suspensions was repeated for two more 
times. All images were recorded at a slight under-focus to enhance the 
contrast between pores and pore walls. This will have an effect on the 
actual magnification and therefore the measured distances in the TEM. 
The development of a method to determine the lattice parameter from 
TEM images was performed on calcined SBA-15. The ImageJ 1.53e 
software was used to evaluate the TEM images. The various procedures 
are explained in detail in the SI in chapter 2.2.1. 

All raw data obtained for the characterization of the materials can be 
found in the data repository of the University of Stuttgart (DaRUS) and 

are accessible via https://doi.org/10.18419/darus-3348. 

4. Results and discussion 

4.1. Determination of the lattice parameter 

The most commonly used method for the determination of the lattice 
parameter of porous materials is to calculate it from the position of the 
scattering maxima obtained by SAXS experiments via equation S1 
(aSAXS, cf. SI, chapter 2.1 for further details). The scattering curves of 
OMS_TLCT, MCM-41, SBA-15 and SBA-15_sa samples show at least the 
three characteristic reflexes d10, d11 and d20 (Fig. S1), which confirm a 
hexagonal structure (p6mm) [3,53]. The lattice parameters aSAXS for 
each OMSMs are listed in Table 1. Standard deviations were calculated 
based on the averaging over all observed reflection maxima, because 
this led to the biggest errors compared to, e.g., fitting errors or repeated 
experiments. 

Unsurprisingly, the values alattice factor, which are extracted from the 
SAXS curves by fitting equation (3), differ only marginally from aSAXS, 
by a maximum of ±0.13 nm, which almost equals the fixed Debye- 
Weller factor (cf. SI, chapter 3.2.1). As an alternative method, we 
evaluated TEM images and compared the results with the lattice pa-
rameters obtained from the SAXS data. In order to obtain a represen-
tative value of the lattice parameter for each material, we investigated 
different approaches for the evaluation of the TEM images to find a 
method, which enables the evaluation of as many pores as possible with 
little effort and high reproducibility (cf. SI, chapter 2.2.1). The method, 
which meets these requirements the best, depends upon TEM images, 
which show the pores in the top and side view. Plotting the gray tones 
along specific lines of a TEM image with the side view of the pore 
channels results in recurring periodic sequences (Fig. 1), for which the 
distance between the maxima corresponds to the (10) distance. Using 
equation S2 gives aTEM,line (cf. SI, chapter 2.2.1). Since the lattice 
parameter aTEM,line is determined for each pore channel, it is possible to 
show a distribution of the lattice parameter (Figures S9, S11, S12, S14) 
and specify a standard deviation. The pores in the top view are 
considered with the fast Fourier transform (FFT) method (Fig. 1), 
leading to the (10) distance, which gives rise to the lattice parameter 
aTEM,FFT by applying equation S2 (cf. SI, chapter 2.2.1). This method has 
the advantage that a very large number of pores can be considered with 
little effort. However, the top view orientation of the pore entrances is 
less frequent than the side view orientation. 

Following the different approaches for pores in the top or side view, 
the lattice parameter was determined for several particles and a large 
number of pores for all four samples. The resulting lattice parameters are 
listed in Table 1. Exemplary used TEM images can be found in the SI in 
the chapter 2.2 accompanied by a more detailed discussion of the re-
sults. In general, the lattice parameter aTEM,line differs by a maximum of 

Table 1 
The mean lattice parameters and standard deviations calculated directly from 
SAXS data (aSAXS), extracted from the SAXS curves by fitting equation (3) (alattice 

factor), as well as from TEM images with top view of the pores (aTEM,FFT) and with 
the side view of the pore channels (aTEM,line). In addition, the number of 
investigated particles and pores are given in parentheses (investigated particles/ 
estimated number of pores).  

Sample aSAXS [nm] alattice factor 

[nm] 
aTEM,FFT [nm] aTEM,line [nm] 

OMS_TLCT 3.567 ±
0.008 

3.5 ± 0.1 4.3 ± 0.1 (2/ 
292) 

3.4.3 ± 0.4 (5/ 
542) 

MCM-41 4.502 ±
0.004 

4.5 ± 0.1 4.2 ± 0.2 (5/ 
3320) 

4.3 ± 0.9 (5/ 
265) 

SBA-15 10.37 ±
0.05 

10.5 ± 0.1 9.9 ± 0.3 (4/ 
570) 

9.7 ± 0.9 (7/ 
241) 

SBA-15_sa 13.74 ±
0.07 

13.7 ± 0.1 13.3 ± 0.3 (6/ 
5870) 

13.3 ± 2.5 (6/ 
220)  
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2% from aTEM,FFT. The comparison with the lattice parameters obtained 
by SAXS measurements aSAXS and alattice factor shows that all determined 
lattice parameters are in the same range. This result can be rationalized 
by considering the prerequisites for an accurate identification of the 
lattice parameters from the transmission electron micrographs (for de-
tails see SI p. 9). When viewed from top, the pores need to be aligned 
parallel to the viewing direction; otherwise, the hexagonal arrangement 
of the pores will appear to be distorted, leading to false values. Fortu-
nately, bigger distortions of this kind can easily be detected by the naked 
eye and the corresponding particles may be omitted in the measure-
ments. When viewed from the side, things become more complicated. 
Although deviations from a proper alignment along the (10) direction 
are usually difficult to detect, it is possible to obtain consistent values, if 
enough particles and pores are considered. It is obvious that the biggest 
relative deviations between lattice parameters obtained from SAXS and 
from TEM measurements occur for OMS_TLCT, which points at 
increasing resolution limitations of the TEM measurements for smaller 
structures. 

In summary, it can be concluded that the evaluation of TEM images 
for the determination of the lattice parameters is definitely an alterna-
tive characterization method, however, a quite time-consuming one. 
Moreover, due to the orientation of the pores, there is a risk of obtaining 
larger errors. It must be considered that despite the observation of 
several different particles, only a small section of the investigated 
sample is characterized, whereas in SAXS investigations a macroscopic 
sample volume is examined. Accordingly, TEM images reveal hetero-
geneities in the sample and deliver a good approximation of the lattice 
parameter, but do not provide a statistically averaged value as SAXS 
measurements do. 

4.2. Determination of the pore size 

In the next step, OMS_TLCT, MCM-41, SBA-15 and SBA-15_sa were 
used to study different methods for determining the pore size. First, 
nitrogen physisorption measurements were carried out for all materials. 
The corresponding isotherms are shown in Fig. S15 in the SI. The shape 
of the adsorption and desorption isotherm of the calcined OMS_TLCT 
corresponds to a type IV(a) isotherm. Therefore, it can be assumed that 
this is a material with very small mesopores [28]. The adsorption and 
desorption isotherms for MCM-41 allow the conclusion that the meso-
pores are in the range of 4 nm [3,28,55,56]. SBA-15 shows the, for 
mesoporous materials with pore sizes >4 nm, typical type IV isotherm 
with an H1 hysteresis [3,28]. The same is true for SBA-15_sa. 

The surface areas, pore volumes and pore sizes determined from the 
physisorption isotherms are listed in Table 2 and S6. The measurements 
of further aliquots of the same samples, shows that the determination of 
the pore size is reproducible (Table S6). At this point it should be noted 
that the comparison of the surface areas determined by the BET method 
with the values from the literature is difficult. It is known that the values 
for SBET are in a wide range, depending on the laboratory equipment 
used for the measurement [57]. For the determination of the pore size 
distribution, the thermodynamic equilibrium process must be consid-
ered. Since most of the materials investigated for this manuscript exhibit 
H1 hysteresis, which closes at relative pressures >0.4, the desorption 
isotherms describe the thermodynamic equilibrium process. Therefore, 
the desorption branches of the different materials were used to deter-
mine the pore size [33,34]. Only OMS_TLCT does not exhibit an H1 
hysteresis. In this case, the pore sizes determined from the adsorption or 
desorption branch differ only slightly (cf. Table S6). Nevertheless, we 
use the pore sizes from the desorption branch for consistent comparison 
with the other materials. However, there are some conclusions about the 
network and structure effects, which can be drawn from the shift of the 
pore size distributions determined from both the adsorption branch and 
the desorption branch [58]. For this reason, the pore size distributions 
from both branches of the nitrogen physisorption measurements were 
determined for this work (Fig. S16). A similar relative range of the pore 

Fig. 1. Exemplary TEM image of SBA-15 (a) with pores in the side and top 
view. The marked area of the pores in the top view are transformed by the fast 
Fourier transform method resulting in the (10) distance (b). The gray tones are 
plotted along the drawn white line for the pore channels in the side view (c). 
The distance between the maxima gives the (10) distance as well. Equation S2 
allows the calculation of the lattice parameters aTEM,FFT and aTEM,line. 

A.-K. Beurer et al.                                                                                                                                                                                                                              



Microporous and Mesoporous Materials 354 (2023) 112508

6

size distributions determined from the adsorption and desorption 
branches can be observed for all samples. According to the literature, 
this indicates that there are no network effects such as pore blocking or 
cavitation [58]. 

Two methods are typically used to obtain the pore size distribution 
from either the adsorption or desorption branch. For historical reasons, 
the pore size in literature is usually determined with the BJH method. 
The determined pore sizes calculated with the BJH method from the 
desorption branch are listed in Table 2. In addition, the pore size dis-
tributions are shown in Fig. 2. For OMS_TLCT, no pore size could be 
determined with the BJH method from the nitrogen physisorption 
measurement (Fig. 2 a). We suspect that the pores of the OMS_TLCT are 
so small that they cannot be depicted by the BJH method used for the 
mesoporous region. In contrast, the DFT method provides more accurate 
results by considering the pore structure and the conditions during the 
physisorption measurement [30,33,34]. However, it should be kept in 
mind that it is not possible to determine the pore size for all pore 
structures using the DFT method. There are kernels for cylindrical, 
spherical or slit-like pores [28]. For all materials investigated in this 
work, the NLDFT kernel for silica materials with cylindrical pores pro-
vides this possibility. A double peak occurs in the pore size distribution 
of MCM-41 determined by the NLDFT method from the desorption 
branch (Fig. 2 b) which is caused by a forced hysteresis closure leading 
to a second step in the isotherm at higher relative pressures (Fig. S15) 
[3]. Therefore the maximum around 3.8 nm describes the actual pore 
size distribution within the sample. When evaluating the desorption 
branch with the BJH method only one maximum is visible, which is due 
to the forced hysteresis closure, however. Thus the actual pore size of 
MCM-41 is still too small to be evaluated by the BJH method (for details 
see SI, chapter 3.1). The pore size distributions of the larger pored 
SBA-15 (Fig. 2 c) and SBA-15_sa (Fig. 2 d) do not suffer from this 
problem, but show nearly monomodal maxima for the evaluation by 
both the NLDFT and the BJH method. The comparison of the mean pore 
sizes determined with the BJH and the NLDFT method shows deviations 
of up to 23% for the nitrogen physisorption measurements. This is 
consistent with other findings in the literature that the pore size of 
mesopores with a diameter of less than 10 nm is underestimated by up to 
30% using the BJH method [28]. 

In the following, alternative methods for the characterization of the 
pore size are studied. We have chosen not to determine the pore size 
from TEM images. The reason for this is that despite extensive efforts to 
evaluate the images, it is not possible to determine the boundary of the 
pore from the graphical representation due to the gradual increase of the 
gray tones. 

Extracting the pore sizes form SAXS measurements is a well- 
established alternative to the more frequently used physisorption mea-
surements, as shown in literature by several working groups [27,59,60]. 
Fig. 3 depicts the SAXS curves obtained from measuring the four OMSMs 
together with the fitted graph of equation (3). It is obvious, that the 
measured data is described quite well by the theory. There are only some 

slight deviations at smaller values of the scattering vector q, which are 
especially visible in Fig. 3a), and at higher values, detectable for Fig. 3c) 
and d). At small q-values, the fit is dominated by the shape and surface of 
the grains, which make up the OMSM powder (cf. equation S6). At high 
q-values, the scattering is dominated by the micropores (cf. equation 
S7). Considering that we are mainly interested in the mesopore shape 
and diameter as well as the pore-to-pore distances, these slight de-
viations do not affect our data evaluation. Therefore, the most relevant 
part of the fit comprises the region around the Bragg-like reflexes. 
Detailed graphs, which show the separate contributions to the overall-fit 
Ifull(q) can be found in Figs. S18 and S19 in the SI. As equation (4) states, 
the two contributions of the mesopores, i.e., the form factor of the cy-
lindrical pores and the lattice factor of the hexagonal ordering, do not 
simply add up but have to be multiplied. Hence, small variations of the 
pore size lead to pronounced changes in the relative intensities of the 
Bragg-like reflexes. In the consequence, the extraction of pore sizes from 
SAXS data results in rather distinct results. 

The lattice parameters obtained by fitting the scattering curves ac-
cording to equation (3) (alattice factor), result in almost identical values as 
obtained for solely fitting the Bragg-like reflections (aSAXS) (Table 1). 
Thus, there seems to be no advantage in determining the lattice param-
eter with the more time-consuming fitting of equation (3), if information 
about the pore size is not required. The values obtained by this method for 
the pore sizes dform factor are listed in Table 2. Comparing the values with 
the ones determined by physisorption measurements, we find the best 
agreement with the pore sizes extracted from the nitrogen physisorption 
measurements by the NLDFT method (dDFT,des). For the smaller pore sizes, 
the values of dform factor are somewhat smaller, i.e., 4% for OMS_TLCT and 
8% for MCM-41, than the data from physisorption, while they are each 
6% larger for SBA-15 and SBA-15_sa, respectively. The biggest deviation 
arises when comparing the values with the pore sizes obtained from the 
nitrogen physisorption measurements by the BJH method. This is espe-
cially significant for larger pore sizes, which leads to a maximum devia-
tion of − 33% for SBA-15. 

For the two established methods, i.e., physisorption measurements 
and fitting of SAXS data, we also looked into the width of the pore size 
distribution. Therefore, we determined the standard deviations by 
assuming a normal distribution of the pore size (cf. SI, chapter 3.1). The 
obtained values are given in Table 2. It is obvious that in all cases there is 
a trend of wider pore size distributions with increasing mean pore sizes. 
In most cases, there is a quite reasonable agreement between standard 
deviations determined for the different methods. 

Next to the more commonly used method of fitting equation (3) to 
the SAXS curves, we here suggest a method to determine the pore size 
from SAXS experiments, which is based on the reconstruction of the 
electron density distribution of the OMSMs according to equation (2). 
This method is a modification of the continuous density function tech-
nique introduced by Solovyov and coworkers [61]. While the technique 
of Solovyov and coworkers assumes a certain electron density distribu-
tion based on a sophisticated model and checks its validity by compar-
ison with the SAXS curves, our method uses the scattering intensities 
directly to yield an electron density map without relying on any struc-
ture models. Even though the suggested method might result in slightly 
less accurate electron density distributions, it is easier to implement and 
holds the benefit of being model independent. 

Fig. 4 shows the electron densities calculated with the suggested 
method, whereby regions of high electron density, i.e., the pore walls, 
are depicted in yellow and regions of low electron density, i.e., the 
mesopores, are visualized in blue. The determined pore size is indicated 
as white circles in the respective images. For a direct comparison, TEM 
images of the corresponding OMSMs are shown on the right side of 
Fig. 4. We find a quite good agreement between the distinct features 
visible in the two visualizations, e.g., larger wall-to-pore ratios of SBA- 
15 compared to SBA-15_sa. Note that the scale bar is the same for 
each of the electron density maps as well as each of the TEM images, but 
differs between the two. 

Table 2 
Mean pore sizes determined by the BJH (dBJH) and the NLDFT (dDFT) method 
from the desorption (des) branches of the nitrogen physisorption measurements 
of OMS_TLCT, MCM-41, SBA-15 and SBA-15_sa. In addition, the mean pore sizes 
determined from the SAXS data (dform factor, delectron density) are listed. If available, 
the standard deviations of the individual values are given.   

dDFT,des 

[nm] 
dBJH,des 

[nm] 
dform factor 

[nm] 
delectron density 

[nm] 

OMS_TLCT 2.7 ± 0.6 -a 2.6 ± 0.5 2.6 
MCM-41 3.9 ± 0.6 -a 3.6 ± 0.4 3.3 
SBA-15 7.0 ± 1.0 5.4 ± 0.7 7.4 ± 0.7 7.1 
SBA-15_sa 10.1 ± 1.1 8.3 ± 0.8 10.7 ± 0.8 10.1  

a The pore size cannot be determined due to the settings in the software, which 
is used for the evaluation with the BJH method (cf. SI, chapter 3.1 for further 
details). 
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Due to the inverse Fourier synthesis used for constructing the elec-
tron density maps, the decrease of the electron density representing the 
mesopores does not follow a rectangular but a sinusoidal function. This 
might even be the more realistic description, considering that OMSMs 
prepared with Pluronic-type surfactants typically contain a corona of 
gradually decreasing silica and thus electron density around the meso-
pores [62–64]. Nonetheless, this raises the problem which value of the 
electron density should be set as the cut-off value indicating the 
wall-mesopore interface. In order to make this method broadly appli-
cable, we wanted to keep the rule for obtaining the cut-off value as 
simple as possible. In general, we can treat our OMSMs as 
two-component systems with low electron densities at the mesopores 
positions and high electron densities at the position of the silica walls. As 
the method gives rise to periodic relative deviations of the actual elec-
tron density from the over-all electron density of the OMSMs only, the 
average electron density of the calculated distributions is set to zero. If 
we do not want to fall back on information from further measurements, 
e.g. about the pore volume or mass density of the pore walls, the most 
sensible approach is to assume that the wall-mesopores interface is 
characterized by the most rapid increase of the electron density distri-
bution. We thus determined the vertical turning points of the electron 
density distribution by calculating the second derivatives and measure 
the distance between the two turning points which are the furthest apart 
(Fig. S20). With this method, we obtain the values listed in Table 2 for 
delectron density, which are surprisingly close to the values obtained from 
fitting the SAXS curves, i.e., dform factor. Taking into account that the 
same raw data was used for fitting the form factor as well as calculating 
the electron density maps, the excellent agreement of the obtained pore 
sizes for all four OMSMs investigated suggests the validity of the 
method. It would be highly interesting to investigate if this method of 
determining the pore size can also be transferred to other ordered 

mesoporous materials, e.g., made up from carbon [65] or ZnO [66]. 
Summing up, comparison of the pore sizes determined by different 

methods listed in Table 2 shows a quite good agreement between all 
methods. Solely, the evaluation of the physisorption data with the BJH 
method is problematic for smaller mesopores, since it does not give 
access to pore sizes <3 nm with the applied software. For OMSMs with 
larger mesopores, i.e. SBA-15 and SBA-15_as, we found a good agree-
ment between the pore sizes determined by nitrogen physisorption 
measurements evaluated by the NLDFT method, by fitting the form 
factor and by calculating the electron density distribution. When eval-
uating nitrogen physisorption measurements with the BJH method, we 
find that the determined pore size is up to 23% smaller, which is in 
accordance with literature reports, stating that the BJH method un-
derestimates the pore size [28]. 

Due to the very similar pore sizes obtained for many of the consid-
ered methods, it is difficult to rank them. However, every method has its 
advantages and disadvantages: Physisorption measurements are the 
state of the art for determining the pore size. The amount of sample used 
for the measurement is rather small and can be reused after the mea-
surement. Additionally, further information about the pore structure, 
the surface area and the mesopores can be determined. Nonetheless, the 
measurement times are often very long and various assumptions are 
made when analyzing the data (e.g., cross-sectional area for nitrogen), 
which can affect the accuracy of the results. SAXS measurements, like 
physisorption measurements, require small amounts of sample, which 
can be reused after the measurement. As for the physisorption experi-
ments, fitting SAXS data is a well-established method and additional 
information can be derived. The short measurement times of typically 
1–10 min are an additional advantage. However, SAXS instruments are 
not as broadly available due to their high cost, and beam time at larger 
facilities is scarce. As we showed, the pore size can also be determined 

Fig. 2. Pore size distributions resulting from the desorption branch of the nitrogen physisorption measurements determined with the BJH and the NLDFT method for 
a) OMS_TLCT, b) MCM-41, c) SBA-15 and d) SBA-15_sa. 
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from SAXS data by calculating the electron density maps. Even though, 
we found that this method gave reliable results, it is still in its infancy. 
Compared to fitting the SAXS curves, the calculations are less compli-
cated due to the relatively basic scattering theory applied. In addition, 
the results can be visualized well, which allows easy understanding. 

5. Conclusion 

In the present work, we investigated and evaluated different methods 
to determine the hexagonal lattice parameter as well as the cross-section 
size of the cylindrical pores for four different OMSMs with mean pore 
sizes ranging from approximately 3 to 11 nm. We found that lattice 
parameters determined from TEM images are in good agreement with 
the ones determined from the SAXS data if the measured values are 
averaged over several different particles (Fig. 5 a). While SAXS is still the 
method of choice, considering that it probes a macroscopic, and thus 
statistically more significant sample volume and the data evaluation 
consumes significantly less time, TEM might be seen as a reliable 
alternative method to determine the lattice parameter if no SAXS device 
is available. However, more important is that it provides information on 
heterogeneities and local defects. 

We found that measuring the size of small pores from TEM images 
alone is difficult because the gray level transition from pore wall to pore 
is blurred. Therefore, it is difficult to obtain reliable and reproducible 
results. All other investigated methods provide reliable results, which 
are in good agreement with each other (Fig. 5 b). Only the BJH method is 

increasingly limited for smaller pore sizes when using the software 
Quantachrome® ASiQwin Version 3.01, leading to no or no meaningful 
pore size distribution for very small mesopores. Furthermore, data 
evaluated with the BJH method yields smaller pore sizes than data 
analyzed with the NLDFT method for larger mesopores. 

In total, our investigations show that all used methods provide rather 
similar and reliable results within certain limitations. Based on our 
comparative analysis, we suggest that physisorption measurements of 
OMSMs with pore sizes < ~3 nm should not be evaluated with the BJH 
method. Outside of these limitations, we suggest that all methods can be 
used equally, depending on availability. Nonetheless, the silver bullet is 
to use several methods for mutual verification of the obtained results. 
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