Faculteit wetenschappen
Chemie

Periodic mesoporous
organosilicas: versatile materials
hosting catalytic centers
Proefschrift voorgelegd tot het behalen van de graad van
Doctor in de wetenschappen
aan de Universiteit Antwerpen, te verdedigen door
Ward Huybrechts

Promotor: Prof. Dr. Pegie Cool

Antwerpen, 2018

Dankwoord
Vooreerst zou ik mijn ouders willen bedanken voor de mogelijkheden die ze me
geboden hebben. Zonder hun steun zou ik deze mijlpaal niet gehaald hebben, bedankt!
Ik kon ook steeds rekenen op de steun van mijn echtgenote, Rosanne, die altijd voor me
klaarstaat. Zij heeft alle goede en minder goede momenten van dit doctoraat samen
met mij meegemaakt.
Dat brengt me uiteraard bij mijn promotor, prof. Pegie Cool. Bedankt Pegie, om me de
mogelijkheid te geven om na mijn master thesis aan een doctoraat te beginnen bij
LADCA. In adem wil ik ook graag prof. Pascal Van Der Voort, prof. Joris Thybaut, prof.
Dolores Esquivel, prof. Bert Maes, dr. Pieter Mampuys, dr. Jeroen Lauwaert, dr. Els De
Canck bedanken voor de samenwerking tijdens dit interessant project dat vele
wendingen gekend heeft. Hun feedback en ideeën waren steeds een grote hulp. Prof.
Vera Meynen zou ik ook graag willen bedanken voor de waardevolle input en discussies,
alsook om als hoofd van mijn doctoraatsjury te willen zetelen.
Uiteraard wil ik graag al mijn collega’s van LADCA bedanken! De sfeer in de groep was
steeds geweldig en dit maakte het des te aangenamer om gedurende meer dan vier jaar
elke dag te gaan werken, bedankt iedereen!! Bij dezen zou ik ook mijn oud-bureau
genoot Pieter willen bedanken, samen hebben we wat afgelachen. Ook Wesley zou ik
uitvoerig willen bedanken, we begonnen samen aan onze bachelor in 2006, maar zeker
tijdens de masteropleiding hebben we heel wat leuke momenten gehad! Later tijdens
ons doctoraat kwamen we bij elkaar vaak opscheppen over de vooruitgang van ons
onderzoek of misschien nog vaker klagen over dingen die niet liepen zoals ze moesten.
Special thanks to Qi, Stefano and Radu for all the hilarious moments, absurd discussions
and fun during the extra-curricular activities.

Table of contents
List of abbreviations ......................................................................................................... 6
Preface…………………………………………………………………………………………………………….……..…..8
Chapter 1: Porous materials - An overview……………………………………………………….…13
A brief history: from zeolites to mesoporosity .............................................. 15
Hybrid materials ............................................................................................. 18
Co-condensation .................................................................................... 19
Grafting................................................................................................... 20
Periodic Mesoporous Organosilicas (PMOs) .......................................... 20
PMOs and their applications .......................................................................... 28
Chromatography and (selective) adsorption ......................................... 29
Low-κ dielectric material ........................................................................ 31
Biological/-medical applications ............................................................ 32
Photochemically active and light-harvesting PMOs ............................... 35
PMOs as heterogeneous catalysts ......................................................... 37
1.3.5.1

Metal (complex)-containing catalysis..................................................... 37

1.3.5.2

Biocatalysis ............................................................................................. 39

1.3.5.3

Asymmetric catalysis155 .......................................................................... 40

1.3.5.4

Acid, base and bifunctional PMOs.......................................................... 43

Aim of this work ............................................................................................. 45
References ...................................................................................................... 47
Chapter 2: Towards a stable and functionalized PMO……………..…………………..………61
Introduction.................................................................................................... 63

2,5-bis((E)-2-(triethoxysilyl)vinyl)aniline ....................................................... 64
Double Heck coupling reaction.............................................................. 64
Synthesis optimization and purification ................................................ 66
BTEVA PMO ........................................................................................... 68
Bromination of benzene bridged PMO16 ....................................................... 70
Experimental.......................................................................................... 71
Results, analysis and characterization ................................................... 72
Conclusion ..................................................................................................... 81
References ..................................................................................................... 83
Chapter 3: L-serine modified PMO as a bifunctional aldol catalyst………………………85
Introduction ................................................................................................... 87
Post-synthetic L-serine modification ............................................................. 88
Experimental.......................................................................................... 89
Results, analysis and characterization ................................................... 91
Conclusion ................................................................................................... 101
References ................................................................................................... 103
Chapter 4: PMO as a host for "superbases"………………………………………………………105
Introduction ................................................................................................. 107
Experimental................................................................................................ 108
Results, analysis and characterization ......................................................... 109
Conclusion and outlook ............................................................................... 116
References ................................................................................................... 117
General summary .................................................................................................... 120

Algemene samenvatting............................................................................................... 124
Appendix: Characterization techniques ................................................................... 128
List of publications ................................................................................................... 132

List of abbreviations
CTAB/CTAC

Cetyltrimethylammonium bromide/chloride

OTAC

Octadecyltrimethylammonium chloride

FC4

Fluorocarbon surfactant

P123

Pluronic P123 poly(ethylene glycol)-poly(propylene glycol)poly(ethylene glycol)

F127

Pluronic F127 poly(ethylene glycol)-poly(propylene glycol)poly(ethylene glycol)

PEO-PLGA-PEO

Poly(ethylene

oxide)-poly(lactic

acid-co-glycolic

acid)-

poly(ethylene oxide)
Brij-30

Polyoxyethylene (4) lauryl ether

Brij-76

Polyoxyethylene (10) stearyl ether

Cn-s-n

Gemini surfactant

BTEB

1,4-bis(triethoxysilyl)benzene

SDA

Structure directing agent

HPLC

High performance liquid chromatography

TEOS

Tetraethoxyorthosilicate

Ee

Enantiomeric excess

XPS

X-ray photoelectron spectroscopy

SS NMR

Solid state nuclear magnetic resonance

(CP) MAS NMR

(Cross polarization) magic angle spinning nuclear magnetic
resonance

BJH

Barret-Joyner-Halenda

DMF

N,N’-dimethylformamide

HPLC

High performance liquid chromatography

LC-MS

Liquid chromatography-mass spectrometry

Preface
Explaining the goal of this PhD to my friends and family was not simple. Of course, the
fact that most of them were not scientifically schooled makes it even more difficult.
Although PMO is an easy to remember abbreviation, the full name Periodic Mesoporous
Organosilica made most people frown and lose interest immediately. However, even
explaining it to other scientists, or chemists for that matter, could also be frustrating.
Their first reaction often was: “Oh, you’re not working with zeolites?”. In hindsight,
perhaps this is the reason that I only spent half a page on zeolites in Chapter 1. This
chapter gives an overview of porous materials, focusing on hybrid materials in particular
and their applications. Having tried to persuade the reader to switch his or her research
to the world of PMOs, the following Chapter 2 addresses our attempt in synthesizing a
divinylbromobenzene bridged PMO. This chapter is divided in a first part where the
synthesis of the precursor is discussed, and a second part comprising a strategy for
brominating a benzene bridged PMO. However, the title of this PhD would not do itself
justice if it weren’t for chapters 3 and 4. Chapter 3 describes the development of a novel
aldol condensation catalyst based on a bifunctional PMO. This bifunctional PMO bears
an L-serine group that is able to catalytically convert acetone and 4-nitrobenzaldehyde
in an aqueous environment. This shows great potential for the use of these materials
towards valorization of biomass-based resources and proves the symbiosis between the
inorganic framework and the organic entity in PMOs. The last chapter in this thesis,
Chapter 4, discusses the synthesis of benzene bridged PMO bearing an organic
“superbase”: a guanidine. This PMO was tested as a base catalyst for a carbon-carbon
coupling reaction. This chapter also shows the impact of ordering of organic groups
within the PMO on the modification degree.

Chapter

1

Porous materials – An
overview
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A brief history: from zeolites to mesoporosity
As discoveries go, the Swedish mineralogist Axel Fredrik Cronstedt could have never
imagined the impact of his observations when he first encountered the mineral we now
know as stilbite1. Using a blowpipe flame, he discovered that the material swelled when
exposed to heat. He classified this mineral as a “zeolite”, combining the Greek words,
“zeo” and “lithos” meaning “to boil” and “a stone”. Since then, these crystalline
aluminosilicates have been widely investigated. Their three-dimensional structure
consists of AlO4 and SiO4 tetrahedra and can be represented chemically by the structural
formula:
Mx/n [(AlO2)x(SiO2)y] · wH2O
where n is the cation valence, w represents the water in the pores of the zeolite and x
and y are the total number of tetrahedra per unit cell. These tetrahedra assemble into
secondary building blocks, which build up the structural framework. Different
frameworks then define different zeolitic types, irrespective of the composition2.
However, it was only by the 1940’s that numerous zeolites were commercialized by the
(chemical) industry as a new class of materials and used for such applications as
separation3,4, purification5,6 and later on as catalysts for cracking processes7,8. It was only
then that the true potential of porous materials became clear and further research was
spurred on by the growing market which was eager to apply these new materials.
Eventually, this gave rise to the discovery of the M41S materials by the researchers of
Mobil9, called Mobil Composition of Matter (MCM). Since the publication of this work
in 1992, this article has been cited over 8500 times. Needless to say, this work was a
breakthrough in the world of materials science. The importance of it lies in the fact that
these new materials do not possess micropores (< 2 nm), but mesopores (2-50 nm). The
latter property allows the entrance of larger molecules into the pores, resulting in a
broader range of applications such as selective drug release10–12, catalysis13,14, etc.
Moreover, a new templating mechanism was proposed: liquid crystal templating (LCT).
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Surfactant molecules, used as structure directing agent (SDA), are allowed to form into
micellar liquid crystals. The inorganic silica source (I), in this case tetraethyl orthosilicate
(TEOS), can interact with the head group of the surfactant (S) in a variety of different
ways, depending on the chemical environment15. Interactions, see Figure 116, can be
electrostatic: S+I- (a), S+X-I+ (b), S-I+ (d), S-M+I- (c) (with M and X being mediator ions); or
through hydrogen bonding when nonionic surfactants are used: S0I0 (e), S0(XI)0 (f). An
aging process allows the silica source to condense, forming siloxane bonds. Afterwards,
removal of the template molecules can be performed through calcination or extraction,
thus creating the actual pores.
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Figure 1. Interactions between inorganic precursor and surfactant.16

The use of previously mentioned nonionic surfactants, such as block copolymers led to
a new breakthrough with the discovery of the Santa Barbara Amorphous (SBA) materials
in 199817,18. These materials have superior hydrothermal stability compared to the MCM
type materials due to their thicker pore walls, moreover they contain micro- as well as
mesopores. SBA-15, for example, can be prepared using a PEO-PPO-PEO triblock
copolymer with different ratios of ethylene oxide (EO) and propylene oxide (PPO). The
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PEO moieties are more hydrophilic than the PPO blocks, resulting in a stronger
interaction between the former and the silica species while the PPO block is
concentrated in a more hydrophobic cluster. Furthermore, the ordering properties of
block copolymers are not only dependent on their composition but also on pH,
temperature and solvent. Porosity characteristics of the desired material can therefore
be controlled, being of pivotal importance from an application point-of-view.

Hybrid materials
Applications, however, often demand the presence of a certain functionality that acts
as an active site. The use of porous materials for chromatographic purposes, for
example, requires the perfect balance between hydrophilic and hydrophobic sites.
Catalytically active materials, on the other hand, need the introduction of an active site
because often these are not an inherent part of the material. One could therefore
conclude that purely siliceous materials would not suffice. Inevitably, scientists looked
at the vast opportunities that organic groups could offer. Combining the chemical
diversity of the latter with the structural and (hydro)thermal stability of an inorganic
framework provides an enormous potential, especially towards heterogeneous
catalysis. Three different strategies have been developed in order to synthesize an
inorganic-organic mesoporous silica material, which from now on will be called a hybrid
material in this dissertation. These three approaches are known as: 1) a concerted
condensation between a silica and an organosilane precursor (“co-condensation”), 2)
post-synthesis modification of the pore surface of a purely siliceous material (“grafting”)
and 3) integration of the organic moiety as a bridging unit in a silsesquioxane
organosilica precursor, thus making it an inherent part of the pore wall and structure
(“periodic mesoporous organosilica”).
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Co-condensation
Four years after the discovery of the M41S family, the first ordered hybrid inorganicorganic mesoporous silica material was developed through co-condensation of siloxane
and organosiloxane precursors19.
Co-condensation combines a tetraalkoxysilane, such as TEOS, with a terminal
trialkoxyorganosilane, represented by R-Si(OR’)3 in Figure 2, as a way to covalently bind
an organic functionality on the pore walls. During this one-pot synthesis, the two
precursors condense around the micellar template, allowing the organic functionality
to be projected into the pores.

Figure 2. Schematic presentation of a co-condensation between TEOS and a non-specified
trialkoxyorganosilane.

The advantage of this method is the homogeneously distributed organic groups, which
are building-blocks of the material. Consequently, this means that there is no risk of
pore blocking. However, there are some disadvantages as well: in order to retain
mesoscopic order of the material, the total amount of the organic component must not
exceed a certain mol %, depending on which organic functionality is used16,19,20. Related
to this problem is the hydrolysis and condensation rate at which the silica- and
organosilica precursor condense: in order to avoid homocondensation, leading to phase
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separation and heterogeneously distributed components, the hydrolysis rate needs to
be controlled before condensation around the template to take place21,22.

Grafting
As opposed to co-condensation, grafting is a post-synthesis modification which occurs
on the surface of the porous (silica) material, as can be seen in Figure 3. By reacting
organosilanes, R-Si(OR’)3, with the silanol groups, one can incorporate different organic
groups depending on the R group that is used. Another possibility, for example, is
performing a chlorination of the silica surface with a subsequent Grignard reaction to
functionalize the silica surface23.

Figure 3. Example of a grafting procedure: post-synthetic attachment of an organosilane to the surface via
siloxane bonds.

By covalently attaching the organic moiety on the already synthesized material, the
mesostructure of the material is usually retained. However, a possible disadvantage is
pore-blocking due to preferential binding of the organic groups at the pore entrance.
This can then cause diffusion problems and leads to heterogeneously distributed
organic components and finally total pore blocking.

Periodic Mesoporous Organosilicas (PMOs)
In 1999, three research groups working independently from one another synthesized
the first periodic mesoporous organosilica (PMO)

24–26

. PMOs are organosilicon
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materials based on silsesquioxane precursors which act as bridges and can therefore be
built into the nanoporous framework with a uniform distribution, as represented in
Figure 4. Essentially, the synthesis procedure is identical to the M41S or SBA type
materials. A variety of surfactants can act as a template, Table 1 provides an overview
of the most commonly used together with their chemical structure.

Figure 4. Schematic representation of a PMO synthesis. R = organic bridge
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Table 1. Frequently used surfactants for PMO synthesis.

CTAB/CTAC26–36

OTAC37–41

FC442–45

P12346–58

F12731,42,57–64

PEO-PLGAPEO42,54,65,66

Brij-5667–71

Brij-7628,65,71–77
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Cn-s-n61,78,79

One can distinguish several different groups of surfactants. Firstly, the most frequently
used are the alkyltrimethylammonium halides, such as CTAB/CTAC and OTAC. Under the
appropriate synthesis conditions (concentration, pH, solvent, temperature), these
surfactants can form micellar liquid crystals around which the organosilica precursor
can condense.
This class of hybrid inorganic-organic materials possesses interesting properties brought
forward by the symbiosis between the strength and high porosity of the inorganic
framework, combined with the chemical functionality of the organic component.
Contrary to pure silica materials, PMOs do not suffer the drawbacks of instability in
harsh conditions and the lack of true active sites28,80,81.
Smeulders et al. concluded that the hydrolization of the siloxane bonds leads to
disintegration of the structure81. Consequently, water is the antagonist in this case thus
making hydrophobic materials more stable. However, the hydrophobicity of the surface
is not the only factor to be taken into consideration. The inner pore walls should also be
of a hydrophobic nature in order to provide a higher chemical, mechanical and
hydrothermal stability. This is where PMOs stand out compared to their purely siliceous
analogues, due to the organic entities that are homogeneously present both on the
surface as well as in the pore walls. Smeulders et al. observed that there is a direct
correlation between the hydrophobicity of hybrid mesoporous silica materials and their
stability81. As a result, the hydrothermal stability of PMOs are superior to the more
conventional silica materials. Moreover, it was shown that applying a mechanical
pressure of up to almost 1000 MPa only led to a less than 10% decrease in surface area
for ethane bridged PMOs and about 30% for benzene bridged PMOs with the former
retaining its pore diameter completely. In contrast, MCM and SBA materials lost 50% of
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their surface area. Evidently, the difference between both PMOs lies in the
hydrophobicity of the organic bridge. Hydrophobicity is however not the only reason for
enhanced stability, it is its homogeneous distribution and strong anchoring throughout
the entire material that makes PMOs so stable. As could be seen from Smeulders et al.’s
chemical stability tests, comparing PMOs with hexamethyldisilazane (HDMS) grafted
MCM after being stirred for 2 h in a 0.5 M NaOH solution. The latter material was
established as the most hydrophobic one by immersion calorimetry, whilst not being
the most chemically stable one. It was concluded that deterioration under these harsh
conditions occurred very fast due to local defects in the hydrophobic layer. The HDMS
grafted silica material was almost completely dissolved, while the PMOs only lost
between 5-15% of their surface area.
A vast variety of organosilica precursors have already been used for synthesizing PMOs,
an overview is provided in Figure 5. Although we now know that even complex organic
structures can be utilized as bridging units in PMO synthesis, the first reports on PMOs
described the use of organosilica precursors with simple organic bridges. Inagaki et al.
used 1,2-bis(trimethoxysilyl)ethane (2) in combination with OTAC in a solution of
NaOH24. This resulted in a S+I- interaction between surfactant and precursor. They
performed the synthesis both with and without an aging step to obtain 2D hexagonally
ordered rod like particles and 3D hexagonally ordered spherical particles, respectively.
The obtained PMOs all possessed pores around 3 nm in diameter and their surface area
varied between approximately 750 m²/g and 1200 m²/g. At about the same time, the
research group of Stein et al. published an article describing the synthesis of PMOs with
1,2-bis(triethoxysilyl)ethane (2) and 1,2-bis(triethoxysilyl)ethylene (3), using CTAB as
surfactant26. This resulted in wormhole like channeled PMOs with a surface area of
approximately 1200 m²/g and a narrow pore size distribution between 2.2 nm and 2.4
nm. In contrast to Inagaki et al., Stein et al. performed the hydrolysis of the organosilica
precursor in an acidic environment followed by condensation in basic environment. This
means that the interaction between precursor and surfactant changed from a S+X-I+ type
to a S+I- type. Afterwards, he proved the accessibility of the ethylene groups by
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performing a bromination reaction. The last founding father of PMOs, Ozin et al.,
published

his

findings

in

Nature

in

December

199925.

Using

1,2-

bis(triethoxysilyl)ethylene (3) in combination with CTAB, they were able to synthesize a
PMO with a periodic arrangement of channels in a hexagonal symmetry. Despite
obtaining the lowest specific surface area of the three original publications, 637 m²/g,
they did obtain the largest pores with a diameter of almost 4 nm.
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Figure 5. Limited overview of commonly used organosilica precursors in PMO synthesis. Terminal Si atoms:
Si = Si(OR)3 with R = CH3 or CH2CH3.
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Since then, periodic mesoporous organosilicas have attracted a lot of interest resulting
in the development of various new precursors. In time, the rather simple short aliphatic
organic bridges have evolved to more complex structures such as: aromatic rings,
multiple (aromatic) ring structures, heterocycles and combinations of all the
previous32,38,40–42,50,51,53,65,73,81–99.
Inagaki et al. was the first to discover the remarkable effect of using aromatic bridging
units in PMO synthesis82. When the right conditions were applied, an ordered PMO
material could be obtained using 1,4-bis(triethoxysilyl)benzene (BTEB) (4) , as
represented in Figure 6. More specifically, XRD and TEM analysis showed the existence
of crystal-like pore walls throughout the PMO due to the π-π stacking of the bridging
phenylene groups with a spacing of 7.6 Å along the channel direction. This molecularscale periodicity, consisting of alternating hydrophilic silicate and hydrophobic benzene
layers, presented new opportunities towards catalysis and structural orientation of
guest molecules in the pores.

Figure 6. Schematic representation of the synthesis of BTEB PMO with crystalline-like pore walls. R =
phenylene bridge
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Later on, Inagaki et al. described molecular-scale periodicity in the pore walls of their
PMO, similar to their previous article, using 4,4’bis(triethoxysilyl)biphenyl (6)100.
Moreover, in 2005 Mokaya et al. showed that hybrid materials could also be prepared
with

a

non-aromatic

organosilica101.

More

specifically,

using

1,2-

bis(triethoxysilyl)ethylene (3) in combination with an aluminum source they obtained a
structurally well-ordered material with crystal-like pore walls. Not much later Sayari et
al. and Fröba et al. published their findings about the synthesis of PMO with crystal-like
pore walls, without having to use the “traditional” rigid and planar precursors, such as
ethylene or phenylene bridges38,102. By using 1,4-bis((triethoxysilyl)vinyl)benzene (8),
they were the first to make a PMO with these crystalline-like features with a bifunctional
conjugated organic unit. Moreover, Fröba and co-workers also proved the accessibility
of the vinylic bonds by post-synthetic bromination38.
Bissilylated precursors are the most widely used organosilica source for PMO synthesis,
although multi-silylated precursors have also been investigated. Especially Ozin’s
research group has booked significant progress in this field by describing the use of
1,3,5-tris(triethoxysilyl)benzene (10), various dendrisilicas such as (15) and 1,3,5tris(diethoxysila)cyclohexane (13)95,96,98. The latter material was considered to be a very
interesting candidate for microelectronic applications. The PMO with three attachment
points, based on (10) exhibited a high thermal stability. Zhang et al., on the other hand,
were the first to be able to make a PMO solely based on the isocyanurate-containing
silsesquioxane (14)103. The metal-chelating properties of this heterocycle offer
interesting possibilities towards applications such as selective adsorption.

PMOs and their applications
By now, we are starting to get a pretty clear idea what PMO materials are capable of.
Due to the vast number of organic entities that have been (or could potentially be)
introduced as a bridging unit in PMOs, one could almost find a suitable PMO for every
application. However, as mentioned before, specific requirements such as a certain
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functional group (e.g. a thiol group for mercury adsorption) or chiral center (e.g. for
asymmetric catalysis) can sometimes only be introduced in a post-synthetic way.
Moreover, obtaining a very rigid PMO structure with hetero-atom containing precursors
which are often long and flexible, is a difficult combination. Instead of attempting to
develop a precursor that provides both rigidity and functionality, post-synthetic
modification reactions can usually offer a more “simple” solution. This approach allows
the preservation of the high ordering of the material. Post-synthetic modification can
be performed in two different ways: as described in section Grafting1.2.2 via grafting of
the silanol functionalities on the material’s surface or via modification of the organic
bridge. The disadvantages of the former method, summarized in section 1.2.2,
combined with the superior chemical stability of a C-C bond compared to a much more
easily hydrolysable Si-O-Si bond makes this way of post-synthetic modification
inadequate for a great deal of applications. Describing all the modification reactions,
inextricably linked to a specific application, so far performed on PMOs would therefore
provide little added value to this dissertation. Hence, in the next section the most
important applications will be discussed, including the (post-) synthetic pathway used
to achieve the desired activity/property.

Chromatography and (selective) adsorption
The hydrophobic nature of PMOs makes them interesting candidates as a stationary
phase in reversed phase chromatography. In 2004 both the group of Inagaki104 and
Fröba105 described the synthesis of monodispersed spherical periodic mesoporous
organosilica particles, based on the Stöber process106, using respectively 1,4bis(triethoxysilyl)benzene (4) or 1,2-bis(trimethoxysilyl)benzene. They concluded that
mild basicity was required and employed ammonia instead of NaOH during the PMO
synthesis, as well as small amounts of ethanol in order to obtain spherical shaped
particles. These results led Fröba et al. to a follow-up paper in 2006, where they proved
to be able to increase the size of the spherical benzene bridged PMO particles to
dimensions similar to commercially available normal phase stationary phase Nucleosil
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50-10, against which the PMO was tested32. The materials were both successfully tested
in normal phase and reverse phase chromatography, due to the presence of both the
organic bridging unit as well as silanol groups in the PMO. Moreover, the spherical PMO
particles even demonstrated a higher separation efficiency than the commercial phase
for mixtures of (poly)aromatic hydrocarbons.
Recently, Válcarel et al. reported the first use of phenylene bridged PMOs as a stationary
phase for the solid phase extraction of pesticides from grape must73. Although this
material proved effective in extracting pesticides prior to analysis by capillary
electrophoresis with ultraviolet detection, it could only be reused twice without
substantial changes in the analytical signals. On the other hand, limits of detection and
quantification obtained were below the European Union’s Maximum Residue Limits for
the respective pesticides and the PMO was similar in sensitivity and selectivity
compared to commercial sorbents.
Not much later, Van Der Voort’s group used 1,3,5-tris(diethoxysila)cyclohexane (13)
derivatives for successfully spray drying spherical PMO particles for the first time107.
They then used this material as an ultra-stable packing for HPLC. Moreover, they proved
the chemical and hydrothermal stability of the column by varying the pH between 1.75
and 13 and by raising the temperature to 150°C in 60% water. Furthermore, by
functionalizing the organic bridge and therefore adjusting the affinity, they showed the
enormous potential of PMO materials as a stationary phase in liquid chromatography.
PMOs are not only interesting candidates for chromatographic purposes, they have also
been widely investigated as a means to immobilize harmful or toxic compounds by
(selective) adsorption. An extensive review concerning this subject was published in
2010 by A. Walcarius and L. Mercier108. Besides the obvious advantages that
mesoporous materials with a controllable PSD and high surface area can offer towards
this application, PMOs provide even more benefits. One can not only choose between
different organic bridges, it is even possible to combine multiple precursors or perform
post-synthetic modifications in order to fine-tune the selectivity towards the adsorptive.
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Harmful substances such as herbicides109, heavy metals71,110, CO251,111 and toxic gases37
have been successfully adsorbed through physisorption or chemisorption. However, not
only harmful compounds have been investigated. Proteins, for example, can also be
adsorbed on the surface of PMO materials. This makes applications such as biocatalysis
possible through adsorption of enzymes112,113. Another interesting adsorbate with
regard to future applications is H2. Hydrogen storage in PMOs has been investigated and
compared to inorganic silica materials114. One of the conclusions was that the pore
volume was not of pivotal importance, but the presence of the benzene rings in the
PMO structure. Therefore, in an article published in 2012, a study was performed to
examine the effect of different organic groups on the H2 adsorption properties of
PMOs115. The authors came to the conclusion that PMOs with π electrons achieved a
higher adsorption capacity towards hydrogen due to their more polarizable surface. In
addition, they suggested that the molecular ordering of the organic groups has an
influence as well. Consequently, Froudakis et al. examined the difference in hydrogen
storage capacity between ordered and disordered phenylene bridged PMOs84. Their
train of thought was that the possible increase in surface defects of the disordered
materials might result in a higher adsorption capacity. However, the results did not
support this argument as no clear difference was observed. Finally, a recent study on
hydrogen and methane storage has shown that PMO materials synthesized with a
combination of BTEB and TEOS, with a wider PSD and pore sizes close to the
micro/mesopore border region led to an increased adsorbent-adsorbate interaction116.

Low-κ dielectric material
Microelectronics are downscaling in size leading to increased performance and lower
power consumption. This evolution continues at such a high pace that it even resulted
in Moore’s law, which predicts an ever increasing number of transistors (i.e. complexity)
in dense integrated circuits. However, this thus implies that the distance between wires
continues to shrink, therefore increasing parasitic capacitance and signal propagation
delay. Lowering the signal delay by introducing low-κ dielectrics, which separate the
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conducting parts from one another, is one of the main challenges in microelectronics
research117. Moreover, it is not only important to introduce new materials with lower κ
values than the traditional dielectric material, silicon dioxide, but also make sure that
these materials are compatible with the damascene process. This process was
developed when copper was introduced as the conductor instead of aluminum. By
patterning the dielectric layer with trenches, the conducting copper can be laid in,
followed by the removal of the overburden. The implementation of new dielectrics is
often prevented because of incompatibility with the damascene process.
The potential of PMOs as a low-κ dielectric have been researched by various research
groups. Firstly, the Si-C bond is less polarizable than the Si-O bond in SiO2. Secondly, the
air that is present in the pores makes the dielectric constant drop because the κ value
of air is almost one which is the lowest value that can be obtained. Ozin and co-workers
therefore developed a PMO thin film containing air pockets by an evaporation-induced
self-assembly spin-coating procedure36. This leads to a thin film with a dielectric
constant κ of 1.73, compared to 3.9 of SiO2118. The group of Van Der Voort contributed
to this field of research as well by creating films of PMO with an ultra-low κ value of 1.8,
in addition to being hydrophobic and chemically stable in alkaline conditions119.
Moreover, they developed a strategy to seal the mesopores in order to prevent the
diffusion of metal ions from the wires120,121.

Biological/-medical applications
Due to their unique properties, PMOs can be widely applied in biological/-medical
applications. For example, they can assist in protein refolding by controlling the release
of denaturated proteins into a refolding buffer122. Naturally, biomolecules can be
permanently immobilized as well, with the aim of creating biocatalytic centers inside
the pores of the material as will be discussed in section 1.3.5.2. Drug release however,
is perhaps one of the most important biomedical applications of PMOs. By being able
to construct a material which allows a controlled release of a certain drug, one can not
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only effectively target specific cells to be attacked but severe side effects can be
avoided. The driving forces behind the adsorption of biomolecules are electrostatic,
hydrophobic and hydrogen-bonding29. These can be obtained by functionalizing the
PMO surface with organic groups that interact with the guest molecules. Ha et al. have
concluded that incorporating diurea sulfanilamide groups (Figure 7 )in the walls of PMO
materials can lead to high adsorption of the drugs captopril and 5-flurouracil123. These
drugs can then be released in a controlled manner into a simulated body fluid. They
achieved the same success by synthesizing an N,N’-diureylenepiperazine bridged PMO
(Figure 7), proving that it is most likely the presence of hydrophilic ureylene moeieties
that makes this material a good drug delivery system in these circumstances124.

Figure 7. Diurea sulfanilamide (above) and N,N'-diureylenepiperazine (below) precursors. Terminal Si atoms:
Si = Si(OCH2CH3)3.

However, also the morphology and pore diameter are crucial parameters to be taken
into account. The former characteristic was utilized in an ingenious way by Balkus et al.,
more specifically by developing a PMO with a wrinkled structure125. Increasing the
surface area resulted in enhanced loading capacity of the anti-cancer drug paclitaxel.
Their in vitro studies showed a slow and sustained drug release, due to the good
hydrophobic interaction between the drug molecule and the benzene rings of the PMO.
In 2013, the group of Ha synthesized a pyridine containing PMO as a carrier system for
5-fluorouracil126. The in vitro tests showed a good therapeutic effect with a controlled,
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pH sensitive, release and enhanced cytotoxic effect towards cancer cells. Another very
promising article was published three years ago by Shi et al., where hollow mesoporous
organosilica

nanoparticles

were

used

as

a

transporting

system

for the

chemotherapeutic agent doxorubicin127. By performing a coating reaction around SiO2
nanoparticles, followed by etching the SiO2 with HF, hollow mesoporous organosilica
nanoparticles were obtained. Moreover, by using up to five different precursors during
the coating process, they were able to incorporate multiple organic moieties, thus
enhancing the adsorption capacity of guest molecules. In this case, the presence of
phenylene and thioether groups led to both π-π supramolecular stacking and
hydrophobic-hydrophobic- interactions between the framework and aromatic
doxorubicin molecules. The drug was subsequently encapsulated into the hollow
nanoparticles and tested in vivo to inhibit tumor growth and metastasis in tumorbearing mice. Intracellullar glutathione is known to break disulfide bonds, thereby
triggering the release of the loaded drug molecules128. Because the intracellullar
concentration of glutathione (GSH) is much higher in cancer cells than in the
corresponding healthy cells, this way of triggering the drug release is very effective.
Recently, PMOs have also been investigated for smart cancer cell targeting by
developing a PMO which is stably and selectively conjugated with a near-infrared
fluorescence dye and the chemotherapeutic agent doxorubicin129. As discussed earlier,
thioether groups and the tumor related molecule glutathione (GSH) were once more
the driving force behind an efficient and effective drug release. In this work, however,
both imaging and therapeutic capabilities are combined into a single nanoplatform
resulting in a theranostic agent. By using near infrared imaging, the drug delivery could
be efficiently monitored. Figure 8 shows the schematic approach towards the
construction of the dye (Cy5.5) and drug loaded PMO and the release of the doxorubicin
(DOX) molecule in a Her2 positive tumor cell129.
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Figure 8. Schematic overview of the construction of doxorubicin (DOX) loaded PMO and release of the drug
in a tumor cell.129

Photochemically active and light-harvesting PMOs
One of the first photochemically active hybrid materials was developed by Alvaro et
al.130. They succeeded in incorporating trans-1,2-bis(4-pyridyl)ethylene (Figure 9) into
the pore walls, which is photoresponsive. Upon irradiation with UV light, cis/trans
isomerization takes place, leading to changing surface area and porosity. A few years
later, they published a follow-up paper, stating the development of photoresponsive
azobenzene-containing PMOs131. The innovative aspect of this work was the reversible
porosity changes due to cis/trans isomerization that could be proven by adsorption
experiments with gold nanoparticles. In comparison to Alvaro’s group, Fröba and coworkers were able to construct PMOs with optical properties, solely built with
organosilica precursors41. Furthermore, they realized an extension of the conjugated πsystem to an 18 π-electron system, thus tuning the optical properties of the material.
By introducing heteroatoms in the organic bridge, the PMO was able to absorb
wavelengths up to 530 nm, i.e. visible light. Likewise, Inagaki’s research group prepared
a transparent and visible light absorptive acridone-bridged PMO (Figure 9), advocating
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their light-harvesting antenna properties132. Four years later, in 2014, they reported the
successful synthesis of visible light absorptive and hole transporting (p-type) 4,7dithienyl-2,1,3-benzothiadiazole-bridged PMO (Figure 9) and the subsequent filling of
the mesopores with an n-type material133. Constructing these p-n heterojunction
structures, proved that these PMO films could function as an active layer for organic
solar cells. Finally, very recently, Fröba et al. developed a biphenyl-bridged PMO in
which they introduced two types of dye in the pore channels134. Light energy is absorbed
by the organic bridges (donor) and is subsequently transferred to the acceptor
chromophore dyes. This energy transfer can be performed in a very efficient way, up to
80% using two dyes. Depending on the acceptor used, the emission wavelength can
then be tuned, demonstrating the exceptional light-harvesting properties of these
hybrid materials.

Figure 9. Photochemically active trans-1,2-bis(4-pyridyl)ethylene (top left), acridone (top right) and 4,7dithienyl-2,1,3-benzothiadiazole based (bottom) precursors. Terminal Si atoms: Si = Si(OR’)3 with R’ = CH3
or CH2CH3 or CH(CH3)2.

Of course, light-harvesting alone is not the ultimate goal. It is a way to control the
incident electromagnetic waves, light if you will, in such a way that it can be efficiently
applied by an active site. PMOs with the acridone bridging unit, for example, were used
by Inagaki et al. as light-harvesting antennae135,136. The excitation energy was then
funneled to the reaction center where the photocatalytic activity could take place. The
use of PMOs as catalysts is perhaps the most extensively studied application.
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PMOs as heterogeneous catalysts
1.3.5.1 Metal (complex)-containing catalysis
Certain metals and their complexes are known to be excellent homogeneous catalysts.
Therefore, heterogenization could make these catalysts more viable for industrial
applications as well as offer a more environmentally friendly process. Direct
incorporation of the metal complex in the PMO precursor allows an even distribution of
the desired functionality throughout the entire framework. The successful preparation
of vanadyl Schiff base containing PMOs (Figure 10) is an excellent example of this
strategy137. The authors obtained a conversion between 71-86% for the catalytic
cyanosilylation of different aldehydes. Only very recently, a PMO was synthesized with
Fe(III) complexes built into the pore walls and tested as a catalyst in the oxidation
reaction of benzene to phenol with H2O2138. After several cycles, the material showed
no decrease in both conversion and selectivity.

Figure 10. PMO precursor containing a vanadyl Schiff base complex.137

A different approach is the post-synthetic attachment of the metal (complex) to the
bridging unit of the PMO. One can use an ionic liquid bridged PMO, such as
bisimidazolium for example (Figure 11), followed by the introduction of copper(II)
chloride139. Xu et al. synthesized this material and subsequently showed its high stability
and catalytic activity towards the decomposition of cyclohexyl hydroperoxide.
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Figure 11. Cu(II) containing bisimidazolium ionic liquid bridged PMO.

Romero-Salguero and co-workers, on the other hand, realized the preparation of
ethylene and phenylene bridged PMO impregnated with Pd nanoparticles72. These Pdsupported PMOs were active in the Suzuki cross-coupling reaction, leading to the
formation of a new C-C bond, hence their importance in organic chemistry.
Unfortunately, the catalysts deactivated upon reuse. Another relevant organic reaction
such as the transition metal catalyzed direct C-H borylation of (hetero)arenes has also
been the subject of PMO research140. Through heterogenization of the catalytically
active iridium-bipyridine (Ir-BPy) complex, by using the bipyridine bridges in the PMO
as ligands for iridium, Inagaki and Maegawa were able to use an inexpensive boron
source for direct C-H borylation. Moreover, the catalytic performance lowered only
slightly (88% to 69%) after different recycle steps. This post-synthetic metalation
strategy was applied once more in their recent article141. Only now, the Ir-BPy-PMO was
tested as a catalyst for the oxidation of water, and was found to exhibit superior activity
when compared to other heterogeneous iridium catalysts prepared using different
mesoporous supports. Although the structural order decreased after three reactions,
the TOF only decreased after four reactions due to a loss in BET surface area. It was
concluded that the densely packed bipyridine groups, leading to direct fixation of
iridium complexes on the pore surface, were of pivotal importance for an efficient
catalysis.
Very recently, Van Der Voort et al. were also able to prepare a PMO with oxidative
catalytic properties142. A 100% monoallyl ring-type PMO ((13) with one allyl group
attached to it) was constructed, followed by post-synthetic modification of the allyl
group in order to obtain a bidentate ligand for a Ru(III)-complex. This Ru(III)-complex
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containing PMO was then tested as a catalyst for the oxidation of cyclohexanol in water
at 25°C.

1.3.5.2 Biocatalysis
Enzymes are nature’s catalysts. After millions of years of evolution, these proteins are
highly selective in their conversion of natural products. Needless to say, scientists have
been attempting to exploit their catalytic activity by immobilizing enzymes on solid
supports. Besides the well-known advantages of heterogenization, PMOs are also able
to provide protection for these proteins by selectively allowing or denying certain
molecules into their pore system. Thus, the high surface area, controllable porosity and
built-in functionalities of PMOs can offer an ideal environment for enzymes to be
anchored in.
Treatment of industrial waste water or degradation of dyes by horseradish peroxidase
(HRP) is a fine example of the use of enzymes for industrial applications143–145. The first
reports on the immobilization of HRP on PMOs were focused on the comparison
between the stability and catalytic activity of said enzyme immobilized on the PMO
surface and the free HRP146. The material was synthesized with a mixture of TEOS and
organosilica precursor. The latter was either a urea- (-NH-CO-NH-) or carbamothioic acid
(-NH-CO-S-) group bridged triethoxysilyl. More HRP could be adsorbed by increasing the
N content in the material. A clear increase in stability and activity was observed
compared to free HRP. Their follow-up paper in 2012 investigated the use of new PMO
composites for the immobilization of HRP147.
More recently, immobilization of the β-glucosidase enzyme on a bifunctional PMO was
achieved148. By

co-condensation of 1,2-bis(triethoxysilyl)ethane (2)

and 3-

aminopropyltriethoxysilane, a very high enzyme loading was obtained, while the
catalytic activity was retained. Moreover, even after twenty cycles, the relative activity
maintained higher than 75%.
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An alternative approach to immobilization of enzymes is covalently binding it to the
PMO surface. In 2010, an interesting article was published where the authors performed
a co-condensation of 1,2-bis(triethoxysilyl)ethane (2) with up to 10% 3-(2,3epoxypropoxy)propyltrimethoxysilane149. During the PMO synthesis, a fraction of the
latter molecule experienced an epoxy ring opening reaction creating diol groups. The
combination of the epoxy groups and the diol groups provided an efficient two-step
covalent enzyme immobilization mechanism, resulting in a covalent bond between the
PMO surface and the papain enzyme used in their work.
Finally, considerable research on the lipase enzyme has shown that this
carboxylesterase can be applied in a variety of organic reactions due to their high
versatility150,151. For this reason, a number of papers have been published discussing the
immobilization of lipase on both mesoporous silica and organosilica materials152,153. Gao
et al. succeeded in constructing a Pickering emulsion, an emulsion stabilized by solid
particles, stabilized by lipase containing PMO as a biocatalyst for biodiesel
production154. The test reaction used was the esterification of commercial oleic acid and
ethanol. Compared to lipase as such and lipase adsorbed on the PMO surface, the
Pickering emulsion stabilized by lipase containing PMO showed enhanced catalytic
activity, stability and reusability.
Alternatively, lipases can not only be utilized in biocatalysis for biodiesel production,
due to their chirality they allow for enantioselective synthesis as well150. This leads us to
another field of research where PMOs have played a prominent role: asymmetric
catalysis.

1.3.5.3 Asymmetric catalysis155
Asymmetric synthesis, or enantioselective synthesis, is of utmost importance in the
pharmaceutical industry/research because different stereoisomers (enantiomers or
diastereoisomers) can have a different biological activity. By incorporating chiral
catalytic centers on a solid support such as a PMO, with all the benefits involved as
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described earlier in this work, it is clear that this approach can lead to significant insights
and applications for the chemical community. In 2015, a very comprehensive review has
been published comprising the most recent advances that have been made towards the
introduction of chirality into organosilica materials155. One can follow three different
methods in order to obtain chirality in PMOs: chiral building blocks; chiral post-synthetic
modification of an achiral structure; chiral transfer by a chiral dopant156. The first
method evidently leads to materials with the highest amount of functionalities. Van Der
Voort et al. have summarized the chiral precursors used in the synthesis of 100% pure
PMOs in their 2013 review, as can be seen in Figure 12157.

Figure 12. Chiral precursors used in the synthesis of 100% pure PMOs.157
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The group of Polarz is one of the leading research teams when it comes to chiral PMO
structures. They were the first to successfully produce a PMO using an undiluted chiral
organosilica source, more specifically by utilizing precursor (17)158. They did, however,
not prove the chirality of the PMO itself. This proof was provided for the first time by
Inagaki et al. in 2008, by destroying their PMO based on precursor (19) in order to elute
the organic groups from the material159. Shortly after this publication, the group of
Fröba successfully synthesized a chiral benzylic ether-bridged PMO using precursor
(20)160. In contrast to the destructive method used by Inagaki, they devised a nondestructive way in order to determine the chirality of the final PMO material by
measuring the optical activity of the solid material.
Polarz et al. also constructed a PMO with (21)161. Afterwards, they treated the material
with Me2AlCl, replacing the chiral alcohol group with the Lewis acid AlIII. The catalytic
activity was then tested for the asymmetric carbonyl ene reaction between
trichloroethanal and α-methylstyrene. They concluded that by modifying the free
surface silanol groups with bulky isopropyl groups, the rotational freedom of the Al-O
contact formed between the Lewis acid AlIII center and the C=O of trichloroethanal was
strongly hindered. This implied that the position of the prochiral center was fixed with
regard to the asymmetric carbon of the organosilica surface, resulting in higher ee (up
to 80%). Moreover, they observed an increase in ee value with decreasing pore size.
One can thus conclude that confinement effects in nanoporous materials and the
presence of secondary surface groups are of pivotal importance when performing
enantioselective catalysis.
PMOs with larger groups were also successfully synthesized, however the presence of a
more rigid co-precursor was necessary. Often, these large precursors act as a ligand for
transition metals, which form the active catalytic center (as discussed earlier on with
(16)). One of the most important molecules used in asymmetric transition-metal
catalysis is 2,2’-bis(diphenylphosphino)-1,1’-binaphtyl (BINAP)155,162. The alcohol
derivative, 1,1’-bi-2-naphtol (BINOL) (Figure 13), is readily available in both
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enantiomeric forms and consequently has received a lot of attention for its use in PMO
synthesis155,163,164. Garcia et al. were able to introduce this compound, hence making a
chiral PMO, and tested its catalytic activity in the Ti-promoted asymmetric oxidation of
methyl phenyl sulfide163. Yang et al., on the other hand, achieved catalytic activity in the
asymmetric addition of diethylzinc to benzaldehyde with a slightly different BINOL
based PMO material165.

Figure 13. Chemical structures of 2,2’-bis(diphenylphosphino)-1,1’-binaphtyl (BINAP) and 1,1'-Bi-2-naphtol
(BINOL)

The same authors were also successful in the synthesis of BINAP PMO, where the BINAP
groups acted as ligands with a Ru-complex166. The asymmetric hydrogenation of β-keto
esters catalyzed by this material reached a conversion of 99% and an enantiomeric
excess as high as 92-99%.

1.3.5.4 Acid, base and bifunctional PMOs
Brønsted acid containing PMOs have been more intensively researched than their base
counterpart. Moreover, sulfonic acids are by far the most widely used acid
functionalities in acid PMO catalysis. Often, thiol functionalities are first introduced in
the material, followed by their oxidation giving rise to the desired sulfonic acid
group56,167,168. Another option is the oxidative cleavage of disulfide bonds in the pore
walls169. Thirdly, one can functionalize the pore walls immediately with sulfonic acid
functionalities by utilizing chlorosulfonic acid74 or alternatively through direct
sulfonation using H2SO4170. Sulfonated PMOs are proven catalysts in, for example,
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etherification171, esterification74,167–169,172, condensation170 and transesterification
reactions56. The latter reaction is exceedingly important in the conversion of vegetable
oils with methanol into biodiesel. It can be concluded that the balance between the
hydrophilicity and hydrophobicity of the surface combined with the pore size of the
mesochannels plays a vital role in the catalytic activity of PMOs56,157,172.
As mentioned earlier, base catalysis by PMOs is not as frequently performed as acid
catalysis. Nonetheless, several very interesting publications have appeared over the last
ten years concerning this topic. Generally, amine groups act as the catalytic site for, for
example, Knoevenagel condensations173–176 and Henry reactions175–177. More complex
structures such as melamine or urea bridged PMOs have been found to catalyze the
coupling of epoxides with CO252,178 as a carbon capture and utilization strategy and
phenyl thiazolium modified PMOs as benzoin condensation catalyst179.
As the name suggests, bifunctional PMOs are hybrid materials that do not contain only
one functionality, but in which two distinct functionalities are present. This can be
achieved by post-synthetic modifications, by co-condensation of two different
precursors, or by combining both techniques. Nevertheless, it is clear that this is not a
simple procedure. Either, one has to take into account the different hydrolysis and
condensation rates of the different precursors, or one has to post-synthetically
introduce two (antagonistic) functionalities without them interacting with one another.
On the other hand, the introduction of two catalytically active sites in one material can
lead to a catalytic conversion and selectivity that cannot be obtained by single-site
catalysts. Some very inspiring work has already been performed in this field of
research93,180–185.
An interesting reaction which can potentially benefit from a bifunctional acid-base PMO
is the aldol condensation. This carbon-carbon coupling reaction is extensively used in
the pharmaceutical industry186, in the field of flavor and fragrance chemistry187, as well
as in the biodiesel production188–191. Nowadays, aldol condensations are commonly
catalyzed by strong homogeneous Brønsted bases such as NaOH186,192–194. In 2015
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however, the group of J. Thybaut suggested that amines with neighboring primary
alcohol groups, especially on the β-carbon, which are anchored on silica supports, would
be optimal aldol condensation catalysts195. The amine acts as a base, while the alcohol
group creates a promoting effect resulting from the hydrogen bonding between the
latter and the carbonyl moiety of the reactant193,196–198. Interestingly, when Van Der
Voort et al. functionalized ethylene bridged PMO with cysteine and cysteamine, they
concluded that the silanol groups had a stronger promoting effect than the carboxylic
acid group55.

Aim of this work
The aim of this PhD is firstly: to develop structurally stable, leaching free, ordered
porous heterogeneous catalysts for the aldol condensation. We will do so by postsynthetic modification of periodic mesoporous organosilicas to bifunctional stable
catalysts. Secondly: to investigate the potential of aniline bridged PMO towards further
post-synthetic modification with functional groups which are of interest for catalytic
evaluation.
To achieve these goals, the following aspects were investigated:
1. The development of stable functionalized PMOs by starting with aniline bridged
PMO, which can be made in a reproducible way174, and establishing a postsynthetic strategy to convert the amine group with bromine. On the other hand,
following Fröba’s recipe199, we attempted to reproduce and enhance the
synthesis of 2,5-bis((E)-2-(triethoxysilyl)vinyl)aniline (BTEVA) bridged PMO.
Combining the two in the end, should lead us to the development of
divinylbromobenzene bridged PMO, susceptible for modification by a variety of
different organic reactions. (Chapter 2)
2. The synthesis of L-serine modified benzene bridged PMO, bearing an amine
with an alcohol function on the β-carbon, with the aim of producing a material
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that is catalytically active in the aldol condensation of acetone and 4nitrobenzaldehyde. (Chapter 3)
3. In light of using PMOs as base catalysts, we investigated the ability to postsynthetically modify benzene bridged PMO with N,N’-diisopropylcarbodiimide
(DIC), in order to obtain a hybrid mesoporous material functionalized with an
organic “superbase” group: a guanidine. Preliminary catalytic tests were
performed on the Henry reaction of nitromethane and benzaldehyde. (Chapter
4)
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Introduction
This chapter discusses the results of the experiments that were undertaken in order to
create a high potential PMO material. As synthesizing a PMO with a new precursor is a
very difficult and time-consuming process, our strategy was based on a recent article by
Fröba et al.1. In this work, the synthesis of a new 2,5-bis((E)-2-(triethoxysilyl)vinyl)aniline
(BTEVA) precursor was described (Figure 14). This precursor was then used as the
building block for the production of a highly ordered PMO material with crystalline like
pore walls.

Figure 14. Synthesis of BTEVA precursor, according to Fröba et al.1

Due to the presence of both an aromatic amine functionality, as well as two vinyl bonds
which are an inherent part of the structure and pore walls, this PMO can offer us an
ideal starting position for post-synthetic modifications on two different reactive sites.
Organic synthesis on PMOs is, however, not so straightforward. As described in
literature by Smeulders et al., structural changes may occur due to unwanted side
reactions2. Bromobenzene bridged PMOs are susceptible for further chemical
modification, because of the halogen carbon bond. It is well-known that bromine is a
very good leaving group in substitution reactions and plays a vital role in organometallic
chemistry3–7. Consequently, further substitution of the bromine creates new synthetic
opportunities towards functionalization of PMOs in a variety of different fields. In their
article, three different strategies for bromination of benzene bridged PMO are
investigated: 1) Br2 with AlCl3 as catalyst, 2) N-bromosuccinimide (NBS) with
azobisisobutyronitrile (AIBN) as radical initiator, and 3) NaBrO3 in combination with
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H2SO4 in order to create in situ generation of bromine. Although these reactions proved
successful in liquid phase organic chemistry8–14, they proved ineffective as a postsynthetic modification method on the PMO material. Moreover, it was difficult to prove
the direct bonding site of the bromine on the PMO. Nonetheless, in said article, an
important topic is touched upon which is summarized by its title “Is there potential for
post-synthetic brominating reactions on benzene bridged PMOs?”. The authors
conclude that, at that time, only pre-synthesized precursors can result in the desired
brominated benzene bridged PMOs2.
Therefore, we focused our efforts on these two approaches simultaneously. On one
hand, we started with aniline bridged PMO, which can be made in a reproducible way15,
and developed a post-synthetic strategy to convert the amine group with bromine. On
the other hand, we attempted to reproduce and enhance the synthesis of BTEVA
bridged PMO. Combining the two in the end, should lead us to the development of
divinylbromobenzene bridged PMO. This material can then be modified using a variety
of different organic reactions.

2,5-bis((E)-2-(triethoxysilyl)vinyl)aniline
Double Heck coupling reaction
The desired molecule was successfully synthesized by Fröba in his 2010 article1. Using a
double Heck coupling, with tetrakis(triphenylphosphine)palladium as a catalyst, BTEVA
could be obtained. Figure 15 shows the reaction mechanism of a single Heck coupling,
yielding (E)-2-bromo-5-(2-(triethoxysilyl)vinyl)aniline. This compound then undergoes
another Heck reaction, resulting in the end product: BTEVA.
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Figure 15. Reaction mechanism of a single Heck coupling, with formation of (E)-2-bromo-5-(2(triethoxysilyl)vinyl)aniline

The recipe of Fröba et al., however, could be optimized and we therefore set about
improving several reaction parameters. The molar ratio of both reagents is self-evident;
2,5-dibromoaniline:triethoxysiylsilane

is

1:2.

A

catalytic

amount

of

tetrakis(triphenylphosphine)palladium of 0.33 mol% was used in combination with
triethylamine (4:1) as a base for neutralizing the formed HBr acid after the β hydride
elimination. In contrast to the original recipe, we used an inert atmosphere of argon
instead of nitrogen during preparation, as well as during the reaction which lasted for 4
days at 383 K. The solvent used was N,N’-dimethylformamide (DMF), which was
evaporated under reduced pressure together with the excessive triethylamine. In the
next section, we will discuss the improvements that we made to the synthesis, giving
rise to a more pure end product.
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Synthesis optimization and purification
Firstly, triethylamine was dried with CaH2 and stirred overnight. Subsequently,
fractional distillation was carried out under an atmosphere of argon and the dry
triethylamine was stored over molecular sieves. The removal of every trace of water
was important in order not to deactivate the palladium catalyst.
Secondly, the amount of (dry) DMF used, was reduced drastically by 65%. Not only is
DMF a toxic product, it is also impossible to remove completely using only evaporation
under reduced pressure. Before optimization, we obtained the following 1H NMR
spectrum (Figure 16), after 36 h of lyophilization.

Figure 16. 1H NMR spectrum of the end product, synthesized according to Fröba et al., after 36 h of
lyophilization.

It is clear that the two singlets around δ = 2.9 ppm and the singlet at δ = 8.0 ppm can be
assigned to a residual amount of DMF in the product, even after 36 h of lyophilization.
However, this compound would most probably not interfere during the PMO synthesis.
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On the other hand, it is apparent that optimizations can still lead to a more pure end
product.
Furthermore, using high performance liquid chromatography (HPLC), we were able to
distinguish different compounds in our end product. These products could be separated
and several fractions were characterized using liquid chromatography-mass
spectrometry (LC-MS), depicted in Figure 17.

Figure 17. LC-MS of HPLC fractions, showing the presence of different compounds.
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Despite the fact that no more starting material (2,5-dibromoaniline) is present, we still
observe the m/z signal of the mono-Heck coupled intermediate (E)-5-bromo-2-(2(triethoxysilyl)vinyl)aniline in the first fraction at m/z = 362 and m/z = 394 (+ MeOH).
This makes the synthesis of a highly ordered and porous PMO impossible.
The signal at m/z = 470 and m/z = 502 (+ MeOH) can be attributed to the double Heck
coupled product BTEVA. When concentrating the fractions containing only the right end
product, another 1H NMR spectrum was taken, see Figure 18.

Figure 18. 1H NMR spectrum after purification with HPLC.

First of all, DMF could no longer be observed. The singlet at δ = 1.6 ppm can be assigned
H2O, which itself originates from the deuterated chloroform used for the NMR
measurement. The CHCl3 hydrogen is responsible for the peak at δ = 7.26 ppm. Except
for these artefacts, this spectrum shows only the signals that can be attributed to the
pure end product. The comparison with the unpurified mixture of products, (as can be
seen in Figure 16), is striking.

BTEVA PMO
Evidently, the attempts to synthesize a PMO material with the unpurified product were
not successful. In the presence of the mono-coupled Heck product, (E)-5-bromo-2-(2-
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(triethoxysilyl)vinyl)aniline, a controlled synthesis of a periodically ordered material
cannot be obtained. After purification however, one would expect to be able to
synthesize a PMO. Unfortunately, we did not succeed in producing a structured
material. Several parameters were varied, such as pH, concentration of precursor and
template, co-condensations, pressure during the aging process, different templates,
ultrasonic treatments, amongst others. A solid material with some porosity, although
far from uniform, was attained with a surface area up to 260 m²g-1 using OTAC as a
template (Figure 19) . In contrast, Fröba achieved a PMO with a very high surface area
of 1350 m² g-1 and a very narrow pore size distribution. It did not fit in the timeframe of
this PhD to examine whether the synthesis of this PMO is altogether possible.
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Figure 19. N2 sorption isotherm of BTEVA PMO.

At the time of writing, no other research group has so far published a work describing
the successful production of Fröba’s BTEVA PMO since its first publication in 2010.
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Bromination of benzene bridged PMO16
As mentioned before, bromination of PMOs can lead to materials which are susceptible
to a variety of different possible modification reactions. If one is possible to halogenate
a PMO, in this case the aromatic ring of benzene bridged PMO, a hybrid material is
created with a reactive site known to exhibit excellent leaving group properties.
However, it has been shown in the past that bromination of a benzene bridged PMO is
not as straight-forward, especially when compared with the ease of bromination in the
liquid phase2. Several strategies were pursued, as can be seen in Figure 20, although
without success. The radical reaction led to no conversion whatsoever, both the other
two reactions caused the C-Si bond to break, giving rise to the destruction of the porous
material.

Figure 20. Bromination reactions attempted by Smeulders et al2.: radical reaction with N-bromosuccinimide
and azobisisobutyronitrile, Br2/AlCl3 and sodium bromate with sulfuric acid for in-situ generation of
bromine.

In the next section we report a successful way to brominate a benzene bridged PMO
whilst maintaining the structural integrity of the material. By first performing a nitration,
followed by the reduction of the nitro group we obtained an aniline bridged PMO15.
Secondly, we executed the bromination using a synthesis described by Baik et al.17. In
this article, the authors were able to use a homogeneous one-step procedure for
converting amino arenes to haloarenes. At the same time they were able to avoid the
environmental pollutants resulting from the traditional Sandmeyer reaction using
copper halides. Using this synthesis strategy, we were able to employ the amino
function as a leaving group, thus creating a C-Br bond and avoiding the chance of Si-C
cleavage. Thorough characterization of the brominated material with X-ray
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photoelectron spectroscopy (XPS) and solid state nuclear magnetic resonance (SS NMR)
confirms this.

Experimental
Benzene bridged PMO was synthesized using the following procedure. 10 g
cetyltrimethylammonium bromide (CTAB, 99+%, Acros) was dissolved in 300 mL 0.35 M
NaOH (NaOH pellets, 98.5%, Acros) solution and stirred for 1 h at 313 K. After cooling to
room temperature, 10 mL 1,4-bis(triethoxysilyl)benzene (BTEB, 96%, Sigma-Aldrich)
was added dropwise followed by ultrasonic treatment for 30 min. Subsequently, the
solution was stirred for 20 h at room temperature. Following this step was the
hydrothermal treatment in Teflon lined stainless steel autoclaves during 24 h at 373 K.
The autoclaves were quenched and the solid was filtered and washed with water.
Afterwards the organic template was removed by two consecutive extractions for 2 h in
a 10 vol% HCl/EtOH mixture (HCl, 37%, Acros; ethanol, p.a., VWR).
In order to synthesize the aniline bridged PMO, the recipe according to Inagaki et al.15
was slightly adjusted. A mixture of 5 mL HNO3 (65%, Acros) and 16 mL H2SO4 (96%,
Acros) was added to 1 g of benzene bridged PMO and stirred at 300 K for 72 h.
Afterwards, the solution was added to 600 mL cold water, followed by washing with a
copious amount of water. After drying in open air at ambient temperature, the yellow
solid was added to a solution containing 31 mL HCl and 3.3 g SnCl2 (98%, Sigma-Aldrich).
This solution was stirred at 300 K for 72 h, followed by the addition of 600 mL water and
filtration of the solid product. The obtained material was again washed with a copious
amount of water, followed by washing with 25 mL sec-butylamine (>99%, Merck) and
200 mL EtOH. The resulting aniline bridged PMO was vacuum dried at 373 K for 24 h
before further modifications were performed.
The procedure used to brominate aniline bridged PMO is based on the article of Baik et
al.17, in which they describe the bromination of p-nitroaniline, with the exception that
we used NaNO2 (≥97.0%, Sigma-Aldrich) instead of KNO2. When performing a standard
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synthesis we added 180 mL HBr (p.a., Acros) to 10 mL dimethylsulfoxide (DMSO, 99.7%,
Acros). This solution was added dropwise to a flask containing aniline bridged PMO
(corresponding to 0.4 mmol N), 0.11 g NaNO2 and 10 mL DMSO whilst stirring at 308 K.
This results in an aniline-PMO:HBr:NO2- molar ratio of 1:4:4. The mixture was stirred at
308 K for 15 min to 1 h after which it was added to 2 g K 2CO3 (p.a., Acros) in 40 mL ice
water. The obtained solid was filtered, washed with a large amount of water and
vacuum dried at 373 K for 24 h.

Results, analysis and characterization
Our approach comprises a multi-step post-synthetical modification of benzene bridged
PMO (Figure 21). By first introducing a nitro functionality, which can then be reduced to
an amino functionality, we can create a reactive site on the benzene ring for further
modification15. Moreover, by then performing a diazotation reaction followed by
bromination17, with the loss of N2 gas, the bromobenzene bridged PMO product is
obtained. The latter step involves the in-situ generation of the bromodimethylsulfonium
bromide nucleophile whilst forming the diazonium salt which acts as a leaving group,
hence forming the bromobenzene bridged PMO. This PMO allows for further
functionalization through simple nucleophilic aromatic substitution reactions.

Figure 21. Modification pathway

Porosity information is obtained through nitrogen sorption and is summarized in Table
2. Converting the benzene bridged PMO into aniline bridged PMO, translates into a drop
in specific surface area. This is to be expected as a combination of a mass increase of
the sample originating from the additional amino group and a slight pore volume
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reduction. The average pore diameter decreases as well and can be attributed to the
presence of the amino groups which are faced towards the inside of the pores. The same
observations can be made after bromination, thus confirming a successful substitution.
Table 2. Porosity data obtained through N2 sorption at 77 K.

Sample name

SBET/m²g-1

VP/cm³g-1

d/nma

Benzene PMO

750

0.52

2.78

NH2 PMO

678

0.43

2.54

Br PMO

648

0.40

2.47

a

By the BJH method of the adsorption branch

Nitrogen sorption isotherms of the three materials and their pore size distribution are
displayed in Figure 22. The isotherms are all type IV(b), typical for adsorbents having
mesopores < 4 nm18.
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Figure 22. N2 sorption isotherms
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Figure 23 shows the XRD patterns of both the benzene bridged PMO, as well as the
brominated PMO. It is apparent that the molecular scale periodicity is retained after the
modification steps. Three sharp diffractions can be observed and using Bragg's law one
can calculate the d spacing at d = 7.6 Å (2θ = 11.66°), 3.8 Å (2θ = 23.46°) and 2.5 Å (2θ =
35.62°). This shows the preservation of the crystal-like periodicity at the molecular scale
within the pore walls and is consistent with the literature19. This once more proves the
chemical stability of the PMO structure in harsh conditions. The small angle spectra
reveal the first order [1 0 0] signal which shifts towards higher angles, attributable to a
smaller unit cell, due to further condensation of the silica catalyzed by the acidic
modification reactions.
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Figure 23. Wide angle and small angle (insets) powder X-ray diffraction patterns of the PMOs before and
after the modifications.

Figure 24 (left) shows the annular dark-field scanning transmission electron microscopy
(ADF-STEM) image of the brominated PMO where one can see the mesoporous
structure with straight channels at a distance of approximately 4 nm. An ADF-STEM
image at a higher magnification is displayed in Figure 24 (right), showing the layered
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structure formed by alternating silicate and benzene layers running perpendicular to
the mesoporous channels with a periodicity of approximately 7.8 Å. These results
confirm the preservation of the mesostructure after the different modifications.

Figure 24. Annular dark-field STEM images of brominated PMO.

In order to assess the success of each reaction step, elemental analysis of the respective
material was performed (Table 3). Only the results for N and C are shown here.
Table 3. Elemental analysis

Sample name

N/mmol g-1

C/mmol g-1

NH2 PMO

2.0210

28.053

Br PMO

0.72892

27.155

Considering the C signals can only originate from the benzene rings in the pore walls
and the N signals solely from the NH2 group, one can calculate the conversion of each
step. The complete removal of CTAB by our procedure is clear from the absence of the
corresponding aliphatic peaks between 10 and 70 ppm in the 1H-13C CPMAS NMR
spectrum (Figure 25). After the first reaction step, this results in 43% conversion of all
benzene moieties to aniline. Taking into account that the benzene rings are also an
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inherent part of the PMO's structure, the actual conversion of accessible benzene rings
is much higher. Remarkably, this is a much higher yield compared to that achieved by
Inagaki et al.15. After the bromination step 63% of the converted benzene rings lose their
NH2 group, leaving only 16% of all benzene rings aminated.

250

200

150
100
Chemical shift / ppm

50

0

Figure 25. 1H-13C CPMAS NMR spectrum of benzene bridged PMO, the spinning side bands are denoted with
a symbol.

Figure 26 displays the DRIFT spectra of the benzene bridged and aniline bridged PMO
materials, measured under vacuum at 393 K in order to remove any physisorbed water.
The spectra are in compliance with the expectations, showing the typical absorption
bands of isolated OH (3725 cm-1) and aromatic C-H stretching (3000-3100 cm-1) at higher
wavelength. The 1,4-disubstituted benzene fingerprint, originating from the C-H
deformation over- tones between 1650 cm-1 and 2000 cm-1, is clearly visible in the
benzene PMO sample. After modification the distinctive signals which can be attributed
to aromatic C-NH2 formation, are apparent. The absorbance at 1300 cm-1 can be
assigned to the stretching mode of C-N, proving the covalent linkage. New bands also
appear at 1595 cm-1, 1624 cm-1 and 3390-3473 cm-1 attributable to N-H deformation,
bending and stretching, respectively. The N-O stretching modes at 1350 cm-1 and 1550
cm-1 disappeared completely.
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Figure 26. DRIFT spectra measured under vacuum at 393 K.

Since the C-Br bond is not IR active, the DRIFT spectrum of the bromobenzene bridged
PMO is not displayed. In order to prove the existence of the latter bond, X-ray
photoelectron spectroscopy (XPS) was performed. Figure 27 shows the XPS spectrum
with the Br 3d3/2 and Br 3d5/2 spin double recorded for the brominated PMO. The
chemical state of Br 3d5/2 positioned at 70.0 eV is attributed to a C-Br bond, proving the
modification is successful20. To our knowledge this is the first time a post-synthetic
bromination has successfully taken place on a PMO.
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Figure 27. Br 3d XPS spectrum of brominated PMO.

In order to exclude the possibility of structural decay during the modification reactions,
our synthesis strategy comprises a multi-step approach with the formation of a good
leaving group. As could be seen in Figure 22, the porosity of the material was maintained
which suggests that no deterioration of the pore structure occurred. Moreover, by
performing NMR analysis of the final product one can provide an in-depth view of the
chemical stability before and after modification. As described by Smeulders et al.2,
assessment of the chemical linkages between the organic bridging units is of pivotal
importance. Figure 28 shows the 1H-29Si CPMAS NMR spectra of benzene bridged and
bromobenzene bridged PMO.
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Figure 28. 1H-29Si CPMAS NMR spectra of benzene bridged and bromobenzene bridged PMO.

As can be seen in the 1H-29Si CPMAS NMR spectra, only small differences exist between
the starting material and the end product. The T signals vary, evolving to a more
condensed structure with the modification as could also be seen in the XRD spectrum
(See appendix for explanation of the T and Q signals). The Q signals are of greater
importance, as these are correlated to Si-C breakage and are therefore a measure of
structural deterioration. An important observation is that the Q signals in the
bromobenzene bridged spectrum each represent less than 1% of the total intensity,
confirmed by the analysis of the deconvoluted

29

Si MAS NMR spectrum (Figure 29),

meaning that our synthesis strategy is the right approach to create a halogenated PMO
material whilst maintaining its structural integrity.

Intensity
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Figure 29. Deconvoluted 29Si MAS NMR spectrum of the brominated PMO.

We also recorded the 1H-13C CPMAS NMR spectrum (Figure 30), it shows that several
new signals arise after modification. It is clear that the shoulder of the intense peak at
133 ppm, represented by point B, can be attributed to the carbon atoms of the modified
benzene rings. The signal at 150 ppm can be attributed to the C-N carbon, and clearly
disappears after bromination. The signals represented by point C and D can originate
from the carbon atoms of bromobenzene, or alternatively from the carbon atoms of a
phenol ring. A small contribution of phenol rings is confirmed by the signal at 160 ppm
(point A in the spectrum), which can be assigned to the ipso carbon of phenol. This
contribution suggests that water, present in the reaction mixture, is also able to act as
a nucleophile, creating a minor fraction of phenol bridges.
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Figure 30. 1H-13C CPMAS NMR spectra of benzene bridged and bromobenzene bridged PMO.

This means that, although we have obtained bromobenzene bridged PMO material, this
is not the only product formed. Considering the synthetic approach used here (Figure
21), the last reaction step where de-diazotation takes place allows for side reactions to
arise. When the diazonium salt is formed, any molecule or atom with sufficient
nucleophilic character can substitute this leaving group. Except for the
bromodimethylsulfonium bromide, molecular water can also be present in the reaction
mixture as a potential nucleophile forming agent thus creating phenol bridged PMO.

Conclusion
In an attempt to synthesize divinylbromobenzene bridged PMO, we synthesized the 2,5bis((E)-2-(triethoxysilyl)vinyl)aniline (BTEVA) precursor as described by Fröba’s group.
This, however, led to a mixture of products in which the intermediate was still present.
Therefore, an optimization of the synthesis procedure is suggested in this work which
resulted in the pure end product: BTEVA. Nonetheless, the production of a structured,
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highly-porous PMO material using this pure precursor was not viable. More research is
needed in order to successfully synthesize a BTEVA PMO material.
Simultaneously, we investigated the bromination of aniline bridged PMO. By performing
a single step diazotation and bromo-de-diazotation, we were able to achieve
bromination of the benzene ring. By thoroughly characterizing the material using solid
state NMR, we concluded that the structural integrity is retained after the modification
steps. Additionally, this technique also showed the existence of side reactions resulting
in phenol bridged PMO due to water being present in the reaction mixture.
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Introduction
In this chapter, the development of a novel aldol condensation catalyst based on
modified benzene bridged PMO is reported. More specifically, an L-serine modified
benzene bridged PMO was synthesized in pursuit of a bifunctional catalyst. This
bifunctionality concerns the presence of two functional groups, an amine and an
alcohol, that work together in catalyzing the aforementioned aldol condensation
reaction. Aldol condensations are carbon-carbon forming reactions between two
carbonyl compounds of either an aldehyde or ketone. The resulting β-hydroxycarbonyl
adduct can then undergo dehydration with formation of an α,β-unsaturated aldehyde
or an α,β-unsaturated ketone. In this way, biomass derived carbohydrates can first be
dehydrated, then formed into large organic compounds by the aldol condensation
which can subsequently be turned into alkanes by dehydration/hydrogenation (Figure
31)1. Finally, these resulting liquid alkanes can be applied as biodiesel fuel1,2.

Figure 31. Conversion of biomass derived glucose to liquid alkanes for biodiesel (from Dumesic et al.1)
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Although nowadays aldol condensations are mostly catalyzed by strong homogeneous
Brønsted bases such as NaOH3–6, the group of Thybaut concluded that amines were
promoted by the presence of silanol groups for the catalysis of the aldol condensation
of acetone and 4-nitrobenzaldehyde7. In 2015, they then specified that primary and
secondary amines were preferred over tertiary amines5 and that a secondary amine
with an alcohol function on the β-carbon, anchored on silica supports, enhanced its
catalytic activity8. The reason for this promoting effect was hydrogen bonding between
the alcohol and the carbonyl moiety of the reactant9. Altering the alcohol function to a
more strongly acidic carboxylic acid, for example, had a detrimental effect. The same
conclusion was drawn by Van Der Voort et al. when they clicked cysteine and
cysteamine on an ethylene bridged PMO10.
So far, the catalytic evaluation of the materials mentioned above took place with nhexane as the solvent. However, one has to take into account that silica materials are
susceptible for hydrolysis in the presence of water11. Since the latter is an important
side product in the aldol condensation, PMOs can offer significant advantages.
Moreover, compared to the homogeneous bases that are used nowadays, a
heterogeneous catalyst offers the advantage of easy separation and avoids waste
streams and corrosion to industrial equipment. In this chapter, we discuss the synthesis
of L-serine modified PMO and its catalytic evaluation in an aqueous environment.

Post-synthetic L-serine modification
We focused our efforts on the post-synthetic modification of benzene bridged PMO
with L-serine because this amino acid bears one amine function, an alcohol function on
the β-carbon and a carboxylic acid. As mentioned earlier, the carboxylic acid is of no
interest for our goal of creating an aldol condensation catalyst, hence our proposed
reaction pathway which is shown in Figure 32. By attaching the amino acid on the PMO
via its carbonyl carbon, the presence of a carboxylic acid is avoided. This then results
into the (S)-2-amino-3-hydroxy-N-phenylpropanamide bridged PMO, or L-serine
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modified PMO. In this way, we introduce a promoting alcohol function for each base
catalyst site. Moreover, using our approach, the alcohol function is situated on the βcarbon of the amine. This ensures a good promoting effect in aldol condensations8.

Figure 32. Reaction pathway for the synthesis of L-serine modified PMO.

Experimental
Benzene bridged PMO and its subsequent amination to aniline bridged PMO was
synthesized according to the procedure described in the previous chapter.
Aniline bridged PMO was then used for further modification with L-serine as follows
(Figure 32): Activation of the serine carbonyl carbon was done by adding 965 µL N,N’diisopropylcarbodiimide (DIC, 99%, Sigma-Aldrich) to a solution of 1.29 g N-(tertbutoxycarbonyl)-L-serine

(Boc-L-serine,

≥99.0%,

Sigma-Aldrich)

in

25

mL

tetrahydrofuran (THF, anhydrous, ≥99.9%, Sigma-Aldrich). This solution was stirred for
1 h at 273 K. Afterwards, 0.933 g aniline bridged PMO (corresponding to 1.56 mmol N)
was added to the solution and the mixture was brought to room temperature to stir for
4 h. After filtration of the boc-protected L-serine modified PMO, it was washed with
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THF, water and ethanol. Subsequently, the residue was vacuum dried overnight at 333
K.
The boc group was removed by stirring the PMO in 126 mL 4M HCl/dioxane (1,4dioxane, ≥99%, Sigma-Aldrich) during 1 h at room temperature12,13. After filtration the
obtained L-serine modified PMO was washed with a large amount of water and vacuum
dried at 373 K for 24 h.
The considered benchmark reaction is the aldol condensation reaction of acetone
(99.6%, Acros Organics) with 4-nitrobenzaldehyde (99%, Acros Organics), resulting in 4hydroxy-4-(4-nitrophenyl)butan-2-one as primary aldol product and 4-(4-nitrophenyl)3-buten-2-one as secondary ketone product (Figure 39). Assessment of the catalytic
activity was done using a Parr 4560 mini batch type reactor. 55 g Water was used as a
solvent, together with 45 g acetone and 0.45 g 4-nitrobenzaldehyde. Methyl 4nitrobenzoate was used as the internal standard. The operating temperature was 328 K
and the amount of catalyst was 0.3032 g with a catalyst active site loading of 0.55 mmol
N/g. 15 Samples of 0.3 mL were taken during 360 minutes of monitoring the reaction.
These samples were then analyzed using reversed-phase high-performance liquid
chromatography (RP-HPLC). The RP-HPLC contains a XDB-C18 column (Zorbax) which is
operated at a temperature of 30 °C, using a gradient method with water (0.1 v%
trifluoroacetic acid, Acros) and acetonitrile (HPLC grade, Acros) as solvents. In this
method, the percentage acetonitrile is varied between 30 v% and 62 v% over a period
of 14 min. The components are identified using a UV-detector with a variable
wavelength, programmed for an optimal absorption for each component.
Quantification of the different components in the reaction mixture is performed by
relating the peak surface areas to the amount of internal standard.. The catalytic activity
has been determined by calculating the turnover frequency (TOF) from the slope of the
linear part of the conversion of 4-nitrobenzaldehyde as a function of time, the
concentration of active sites and the initial concentration of 4-nitrobenzaldehyde.
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Results, analysis and characterization
In order to obtain L-serine PMO from aniline bridged PMO, we devised a modification
strategy that is shown in Figure 32. The first step comprised the activation of the serine
carbonyl carbon using DIC, thus attaching a good leaving group to the aforementioned
carbon14. This method converts the carboxyl group into an imidate, which is then
immediately added to aniline bridged PMO for the subsequent reaction to take place.
The resulting boc-L-serine PMO was then deprotected, giving rise to the final product.
N2 sorption analysis of the materials was performed to determine their porosity. Figure
33 shows the corresponding isotherms and pore size distributions of the aniline bridged
PMO (NH2 PMO) and the L-serine modified PMO (L-Ser-PMO), the porosity data are
summarized in Table 4. The isotherms are characteristic of type IV(b) with mesopores <
4 nm15. After modification the specific surface area, as well as the total pore volume and
average pore diameter, decrease due to the addition of a larger and heavier functional
serine group.
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Figure 33. N2 sorption isotherms at 77 K and the adsorption pore size distribution (BJH).
Table 4. Porosity data obtained through N2 sorption at 77 K.

Sample name

SBET/m²g-1

VP/cm³g-1

d/nma

NH2 PMO

682

0.46

2.68

L-Ser-PMO

624

0.38

2.46

a

By the BJH method of the adsorption branch

For the sake of completeness, an interesting comparison can also be made with the
intermediate boc-L-serine-PMO. The N2 sorption isotherms of these samples can be
found in Figure 34 which clearly show a slight decrease in SBet, Vp and average pore
diameter after the first modification step. After the deprotection step, all these values
increase again, resulting from the loss of a heavy and bulky boc group.
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Figure 34. N2 sorption isotherms at 77 K and the adsorption pore size distribution (BJH) showing the
comparison with the intermediate boc-L-serine PMO.

XRD analysis of the L-serine PMO is shown in Figure 35, clearly showing the molecular
scale periodicity as well as the signal of amorphous silica at 2θ = 21°. Using Bragg’s law
one can calculate the d spacing of the three sharp and distinct diffractions at d = 7.6 Å
(2θ = 11.66°), d = 3.8 Å (2θ = 23.46°) and d = 2.5 Å (2θ = 35.58°). These values are in
accordance with previously reported d spacing values16, confirming that the crystal-like
periodic structure on the molecular scale is retained after the modification steps. The
small angle XRD spectrum shows the first order [1 0 0] signal, characteristic for the
mesoscale periodicity (inset Figure 35).
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Figure 35. Wide angle and small angle (inset) XRD pattern of L-serine modified PMO.

In order to prove the presence of the serine functionality, the results of the elemental
analysis are provided in Table 5. An increased amount of N and C can be observed when
comparing the starting aniline bridged PMO to the final L-serine modified PMO material.
The amount of N increases with 0.55 mmol g-1, indicating a 33% conversion of all anilines
to the end product. Amines that were not converted, can participate in the aldol
catalysis. However, because they are not promoted by the alcohol function on a βcarbon, this will be a minor effect. The amount of C increases with a C:N ratio of about
4:1. However, the introduction of a serine moiety should lead to an increase of three
carbons for every one nitrogen. Vacuum drying avoids the possibility that solvent is still
present and our NMR study, which is presented below, shows the absence of boc groups
or residual surfactant. The reason for this higher amount of C can therefore be found in
physisorbed CO2 from the ambient air. In order to confirm the presence of the serine
moiety, DRIFT measurements were performed.
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Table 5. Elemental analysis

Sample name

N / mmol g-1

C / mmol g-1

NH2 PMO

1.67

23.23

L-Ser-PMO

2.22

25.49

Figure 36 displays the DRIFT spectra of the aniline bridged-, boc-L-serine and L-serine
modified PMO materials, measured under vacuum at 373 K in order to remove any
physisorbed water. A complete description of the DRIFT spectrum of the former
material has already been provided in the previous chapter. The boc-L-serine PMO
spectrum presents two distinct new signals at 2985 cm-1 and 1683 cm-1. These signals
can be attributed to the –CH3 asymmetric stretch and the secondary amide C=O
stretching vibration, respectively. As the boc group disappears after the deprotection
step, with formation of the L-serine-PMO, the –CH3 asymmetric stretch can no longer
be observed. This is also endorsed by the diminished secondary amide C=O stretching
vibration, due to the loss of one out of two secondary amides, with the removal of the
boc group.
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Figure 36. DRIFT spectra measured under vacuum at 373 K.

The complete removal of the protecting boc group, resulting in the formation of the
desired L-serine modified PMO, can also be confirmed using solid state NMR. The 1H-13C
CPMAS NMR spectra are presented in Figure 37, together with the assignment of the
peaks. The signal at 133 ppm and around 120 ppm can be attributed to the aromatic
carbons of the pristine PMO benzene ring and the modified PMO benzene ring,
respectively. The peaks numbered 1 to 4, present in both spectra, can be assigned to
the L-serine carbons and the ipso aromatic carbon. Carbons belonging to the boc
protecting group are only observed in the boc-L-serine-PMO spectrum, as expected. The
signals at 25 ppm, 80 ppm and 155 ppm are absent in the spectrum of the desired end
product, proving our successful post-synthetic modification approach for synthesizing
bifunctional PMOs.
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Figure 37. 1H-13C CPMAS NMR spectra of the boc protected and L-serine modified PMO.

However, as there is a possibility for structural decay of the PMO during post-synthetic
modifications17, also a 29Si MAS NMR spectrum was recorded (Figure 38). This technique
allows us to quantitatively measure the signals in the Q region, which are correlated to
the Si-C breakage. The spectrum shows that the Q signal only represented 7% of the
total intensity of the NMR spectrum, which is relatively low18. We can therefore
conclude that there is only a very minor degradation of the PMO material upon the
modification reactions. The pristine PMO and aniline bridged PMO did not show any Q
signal.
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Figure 38.

29Si

MAS NMR of L-serine modified PMO.

Finally, the L-serine modified PMO was tested as a bifunctional catalyst in the aldol
condensation of acetone and 4-nitrobenzaldehyde (Figure 39). Because of the electron
withdrawing nitro group, this reaction allows for less active catalysts to be tested
without having to apply more severe reaction conditions. The alcohol function of the
catalyst exhibits a promoting effect by a hydrogen-bridge interaction with the carbonyl
moiety of acetone. Consequently, the carbonyl carbon becomes more susceptible for
nucleophilic attacks. Furthermore, this interaction will direct an acetone molecule in
close proximity to the primary amine of the L-serine group. After the nucleophilic attack
and dehydration, an enamine is formed. The production of water during the
dehydration step again emphasizes the importance of a stable material. Next, a
hydrogen bridge interaction occurs between the alcohol function and the carbonyl
moiety

of

4-nitrobenzaldehyde.

Reaction

between

the

enamine

and

4-

nitrobenzaldehyde then leads to the iminium ion, which subsequently desorbs in the
presence of water yielding the aldol product7.
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Figure 39. Reaction mechanism for the aldol condensation of acetone and 4-nitrobenzaldehyde by L-serine
modified benzene bridged PMO. The dehydrated product is not shown here.
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By plotting the obtained data points (Figure 40), the turnover frequency (TOF) was
calculated to be 1.61 ± 0.08 x 10-4 s-1. Moreover, under the applied conditions, the
catalyst exhibited a very high selectivity towards the aldol product (> 96%), as can be
seen from Table 6. This proves that L-serine modified PMO material is catalytically active
in the aldol condensation reaction, with a high selectivity towards the aldol product.
Figure 41 shows the reaction leading to the dehydrated ketone product. Furthermore,
compared to the aminosilica materials synthesized previously by Lauwaert et al.8, our
TOF value is in the same order of magnitude as the TOF values of the ethylamine and
ethanolamine modified SBA materials. However, because our material was successfully
tested for the aldol condensation in an aqueous environment, as to n-hexane in
Lauwaert’s work, the prospects for using this PMO material in the conversion of biomass
are promising. However, in order to check the reusability of the material several
catalytic runs should be performed. If the iminium intermediate would not be allowed
to desorb, after drying, it could dehydrate with the formation of a stable group attached
to the catalytic surface. This should be checked in future work.
35
30

Conversion (%)

25
20

TOF = 1.61 ± 0.08 x 10-4 s-1
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Figure 40. Plotted data points for calculating the TOF value.
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Table 6. Catalytic data showing the high selectivity towards the aldol product.

Time (min)

Conversion (%)

Aldol product (%)

Ketone product (%)

0

0.00

0.00

0.00

15

0.11

100.00

0.00

30

0.89

100.00

0.00

45

1.67

100.00

0.00

60

2.81

97.21

2.79

90

4.10

97.07

2.93

120

5.71

96.48

3.52

150

7.23

96.24

3.76

179

8.60

96.12

3.88

208

10.09

96.01

3.99

240

11.88

96.25

3.75

271

13.70

96.07

3.93

300

15.44

96.20

3.80

330

16.82

96.64

3.36

360

18.51

96.38

3.62

388

19.77

96.36

3.64

Figure 41. Aldol condensation catalyzed by L-serine modified benzene bridged PMO, showing the
dehydrated ketone product.

Conclusion
In this chapter, we demonstrated a successful post-synthetic modification of benzene
bridged PMO to L-serine modified PMO. The L-serine group bears a primary amine with

102 | Chapter 3: L-serine modified PMO as a bifunctional aldol catalyst
an alcohol group on the β-carbon, thus making it a bifunctional material with interesting
catalytic properties towards the valorization of biomass-based resources. The material
was characterized thoroughly, including a solid state NMR study, showing that the
molecular and mesostructural order was retained. In order to test the catalytic
performance of this material, an aldol condensation of acetone and 4nitrobenzaldehyde was performed in an aqueous environment. This led to a TOF value
of 1.61 ± 0.08 x 10-4 s-1 and a very high selectivity towards the aldol product under the
applied conditions. Compared to previous work, our material is very promising due to
its stability towards water based environments, in which the valorization of biomassbased resources are typically performed. In the future, it would be very interesting to
perform a reusability study by using the material in several catalytic runs.
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Introduction
Periodic mesoporous organosilicas as catalysts might well be the most extensively
studied application. The use of PMOs as a base catalyst is, however, rather restricted1–
5

. Nevertheless, such catalysts are of particular interest for carbon-carbon bond forming

reactions such as the Henry (nitroaldol) condensation6–10. This is a coupling reaction
between a carbonyl compound and a nitroalkyl compound bearing α hydrogens. In this
way, β-nitroalcohols can be synthesized and used as versatile reagents in organic
synthesis, for example, for the development of pharmaceuticals, as described in the
recent review of Zlotin et al.7.
In light of using PMOs as base catalysts, we investigated the ability to post-synthetically
modify benzene bridged PMO with N,N’-diisopropylcarbodiimide (DIC), in order to
obtain a hybrid mesoporous material functionalized with an organic “superbase” group:
a guanidine11,12. The basicity of a guanidine is comparable to the hydroxyl ion11,13, with
a proton affinity of 235-236 kcal mol-1, and can be attributed to the conjugation system
of the guanidinium ion after protonation (Figure 42)11.

Figure 42. Conjugation of the guanidinium ion after protonation.

Nowadays, guanidines have been investigated as catalysts for CO2 capture and
utilization14–16, as well as for catalyzing Michael-addition reactions17,18, as drug carriers
when loaded on mesoporous silica nanoparticles19 and most extensively as a catalyst,
loaded on a silica based support, towards the transesterification of vegetable oils20–23.
The latter reaction is of particular interest in the production of biodiesel and is
commonly catalyzed by homogeneous bases, leading to washing and purification steps
which, evidently, adversely affect the quality and the costs24. Only very recently, silica
nanoparticles were modified with guanidine and were successfully tested in the Henry
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reaction of 4-nitrobenzaldehyde and nitromethane25. Therefore, in this chapter, we
discuss the synthesis of a 1,2-diisopropyl-3-phenylguanidine bridged PMO (Figure 43) in
order to combine the catalytic properties of the guanidine group with the advantages
inherent to PMOs, as described earlier in this work. The material was thoroughly
characterized and tested in the Henry reaction of benzaldehyde and nitromethane.

Figure 43. Reaction pathway for the synthesis of DIC PMO.

Experimental
Firstly, benzene bridged PMO was synthesized, followed by the conversion to aniline
bridged PMO, according to the procedure reported earlier. Subsequently, based on the
work of Pottabathula et al.26, guanylation of the PMO was performed by using the
following steps: To 0.80 g aniline bridged PMO was added 0.0057 g Fe(OAc)2 (≥99.99%,
trace metal basis, Sigma-Aldrich), 300 µL N,N’-diisopropylcarbodiimide (DIC, 99%,
Sigma-Aldrich) and 16 mL toluene (99.8%, anhydrous, Sigma-Aldrich). The mixture was
stirred for 3 h at 393 K. After filtration, the residue was washed with toluene and water.
The guanylated PMO was then vacuum dried at 373 K for 24 h.
The catalytic activity was studied for the condensation reaction of nitromethane with
benzaldehyde. The catalyst (0.095 mg) was pretreated at 120 °C overnight under
vacuum and then added to a mixture of nitromethane (20 mmol) and benzaldehyde (5
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mmol). The catalytic reaction occurred at 90 °C under nitrogen atmosphere for 12 h.
Samples were analyzed by gas chromatography using a FID detector and a VF-5 m
capillary column (30 m x 0,25 mm ID). Dodecane was used as the internal standard.

Results, analysis and characterization
The synthesized PMO materials were subjected to N2 sorption in order to characterize
their porosity (Figure 44, Table 7). Two batches were selected, based on their difference
in specific surface area (SBET), total pore volume (VP) and average pore diameter (d).
PMO 1 shows about 30% less surface area and VP compared to PMO 2. Nonetheless,
both PMOs have a similar average pore diameter. Table 7 shows the porosity data of
both the modified PMOs as well as their parent PMO. Clearly, benzene PMO 1 was
already a less porous parent material to start with compared to PMO 2. Interestingly,
due to the difference in porosity, the post-synthetic modification reactions have a
different impact on their surface area. Nitration and subsequent reduction to the amine
results in a 19% decrease in specific surface area for PMO 2, while the less porous PMO
1 loses 33% of its specific surface area. Possibly, PMO 1 was less well condensed around
the micellar template, resulting in a more amorphous material. The difference in
modification rate could then be explained by the limited diffusion of reagents in the
pores of PMO 2, while the external surface of PMO 1 is readily accessible for
modification. The guanidine group is a very bulky functional group, supporting this
hypothesis.
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Figure 44. N2 sorption isotherms at 77 K and the adsorption pore size distribution (BJH).
Table 7. Porosity data obtained through N2 sorption at 77K.

SBET/m²g-1

Vp/cm³g-1

d/nma

Benzene PMO 1

583

0.39

2.67

NH2 PMO 1

388

0.28

2.89

DIC PMO 1

375

0.25

2.69

Benzene PMO 2

801

0.57

2.86

NH2 PMO 2

646

0.45

2.80

DIC PMO 2

643

0.43

2.70

Sample name

a

By the BJH method of the adsorption branch

This observation can also be seen in elemental analysis where amination occurs on 75%
of the benzene moieties of PMO 1, in comparison to 54% of PMO 2 (Table 8). The higher
modification degree of the former, therefore explains its higher decrease in surface area
compared to PMO 2. Guanylation to the resulting DIC PMOs yields an increase in the
amount of N for PMO 1, however no increase can be observed for PMO 2. Solid state
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NMR measurements, later in this chapter, will show that guanylation does take place
on both materials.
Table 8. Elemental analysis.

N/mmol g-1

C/mmol g-1

NH2 PMO 1

2.80

22.47

DIC PMO 1

3.17

24.75

NH2 PMO 2

2.12

23.24

DIC PMO 2

2.12

25.39

Sample name

In order to confirm the structural difference of (NH2) PMO 1 in comparison to its peers,
XRD analysis was performed and is depicted in Figure 45. Based on our previous
observations the XRD measurements confirm that although NH2 PMO 1 maintains its
molecular scale periodicity, in comparison to what we’re used to, it shows less distinct
ordering. This originates from either less well stacked benzene rings (π-π interaction),
causing the rings to not form a homogeneously structured surface on which further
post-synthetic modifications can take place, or because of the less well condensed
structure of PMO 1 compared to PMO 2 as mentioned earlier. The first hypothesis is
based on the way in which the benzene rings are oriented on the pore wall surface, and
therefore their availability as a substrate in a chemical reaction, will affect the degree
of post-synthetic modification. The second hypothesis, on the other hand, can be
supported by the fact that the small angle XRD of PMO 1 shows a less distinct signal
than PMO 2 proving that the former is more amorphous.
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Figure 45. Wide angle and small angle (inset) XRD pattern of NH2 PMO 1 compared to a standard NH2 PMO
pattern.

Although elemental analysis suggests that no modification took place on PMO 2, solidstate NMR measurements (Figure 46) distinctly show the presence of isopropyl carbons
(1 and 2), as well as the central guanidine carbon (3) and the carbon attached to the ring
structure (4) for both PMO materials. The signals at 133 ppm and 120 ppm can be
attributed to the aromatic carbons of the pristine PMO benzene ring and the modified
PMO benzene ring, respectively.
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Figure 46. 1H-13C CPMAS NMR spectra of the guanylated PMOs.

The catalytic performance of both DIC PMOs were tested in the Henry reaction of
nitromethane and benzaldehyde as depicted in Figure 47. Nitromethane is
deprotonated, followed by alkylation with benzaldehyde and protonation of the
alkoxide.
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Figure 47. Henry reaction catalyzed by DIC PMO.
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As shown in Table 9 , the guanylated PMOs were active in the Henry reaction, reaching
50% and 58% conversion, respectively, and 100% selectivity towards product 2 after 12
h of reaction. No formation of byproducts 1 or 3 was observed in the reaction mixture.
In absence of the catalyst, no conversion was obtained. Compared to guanylated silica
nanoparticles in the work of Feng et al.25, who achieved a conversion of nearly 90%,
after 10h at 298K, our conversion is rather limited. However, in contrast to that work,
we used a lower amount of catalyst.
Table 9. Catalytic data obtained from the Henry reaction after the first run.

Sample name

Conversion (%)

Selectivity 1 (%)

Selectivity 2 (%)

Selectivity 3 (%)

DIC PMO 1

50

0

100

0

DIC PMO 2

58

0

100

0

The guanylated PMO was recycled after the first run and reused for a second and third
run in order to study its reusability. After reaction, the catalyst was filtered off and
washed with CH2Cl2 at room temperature. During the second run, the conversion of DIC
PMO 1 dropped from 50% to 25%. The third run resulted in a conversion of 22%. The
conversion of DIC PMO 2 dropped to 23% after two runs and to 13% after three runs.
The drop in activity, especially after the first run, could be explained by deactivation of
the basic sites due to adsorption of the reactants or reaction intermediates on the
surface of the catalyst. In order to confirm this hypothesis,
performed on the DIC-PMO 1 material after its third run.

13

C CPMAS NMR was
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Figure 48. 13C CPMAS NMR of DIC PMO 1 after 3 catalytic runs.

Figure 48 clearly shows two distinct peaks at 69 ppm and 49 ppm that can be attributed
to the reaction intermediate (1). Additionally, evidence of the reaction product (2) was
also found at 129 ppm and 112 ppm. No presence of the bis-nitro compound (3) could
be found in the NMR spectrum. Although the materials were thoroughly washed after
each catalytic run, it would still be possible that the aromatic reagents and reaction
products are not washed away due to π-π interactions with the aromatic building blocks
of the PMO.
The stability of DIC PMO 1 after three catalytic cycles was tested by performing XRD
analysis. Figure 49 shows the diffractograms of the DIC-PMO 1 material before and after
the catalytic runs and shows the preservation of the 2-D hexagonal ordered
mesostructure, thus proving its stability.

Intensity (a.u.)
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Figure 49. Low angle XRD spectra of DIC PMO 1 before and after three catalytic runs.

Conclusion and outlook
This chapter discusses the guanylation of benzene bridged PMOs and their potential use
as a base catalyst for Henry reactions. We have shown that modifying PMOs using our
synthesis strategy can lead to successful guanylation of the materials. It was shown that
less ordered PMOs led to a higher modification degree in comparison to a very well
ordered material. That said, due to limited time, the reproducibility should be checked
and a further optimization of the guanylation reaction should be performed. The first
preliminary catalytic test, on the other hand, already shows promising results towards
the use of guanylated PMOs as base catalysts in Henry reactions. Conversions up to 58%
were obtained for guanylated PMO, with 100% selectivity towards 1 reaction product.
The materials proved to be structurally stable after 3 catalytic runs. However, their
performance decreased during the 2nd run, probably due to adsorption of aromatics on
the PMO surface, thus deactivating the basic catalytic sites. A further optimization of
the catalytic evaluation should also be performed in the future.
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General summary
Periodic mesoporous organosilicas have been standing in the center of attention of
many scientists working on hybrid materials since they first appeared in 1999. Due to
their both inorganic and organic nature, they offer the best of both worlds. The
inorganic network provides a highly porous framework in which the organic entity acts
as a bridge inbetween two silica atoms. The precursors, or building blocks of the
material, therefore carry one organic unit each. In contrast to the co-condensation or
grafting technique with organosilanes, this thus results in a homogeneous distribution
of the organic bridges throughout the entire PMO material. Moreover, the strong
anchoring of these hydrophobic moieties makes PMOs hydrothermally, chemically and
mechanically more stable than their purely siliceous counterpart.
Over the last 18 years, many of these precursors have been commercialized and many
more have their synthesis described in literature. The choice of precursor leads to
materials that considerably differentiate from one another. Depending on the
application one has in mind, precursors can be used that are larger or smaller; are more
or less hydrophobic; result in crystalline-like materials or are completely disordered;
carry an active metal in its center or have dangling organic groups in its pores; bear a
certain functional group that can be post-synthetically modified or have a simple
aliphatic organic bridge. Because of this versatility, PMOs have found their way to a
variety of applications, often in comparison to their siliceous analogues.
Certain applications however, require the presence of very specific functional groups
that are not always directly attainable by utilizing a certain precursor. Furthermore,
modifying the precursors with the desired functionality before PMO synthesis can lead
to bulky building blocks that no longer offer the desired ordering or pore characteristics
in the final material. It is therefore crucial that research is performed on post-synthetical
modification reactions.
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Nevertheless, transferring known organic modification reactions to the world of PMOs
is hardly straightforward. Besides the reactions having to occur in a confined space, the
substrate molecule is built in to the solid framework as well. Hence, the substrate
molecule cannot arrange itself towards the reagents, nor can the anchoring carbonsilicon bonds be cleaved because of the reaction conditions.
The second chapter of this dissertation handles these difficulties by discussing the
synthesis of a precursor with a divinylaniline bridge which was a challenge, although
described in an article published by a renowned research group. It can be concluded
that the recipe was lacking crucial purification steps and that there was also room for
optimization of the double Heck coupling reaction itself. Firstly, reagents were purified
before utilization. Secondly, the amount of solvent (DMF) could be drastically reduced
by 65%. Final purification of the reaction product was deemed necessary since there
was still intermediate mono Heck coupled product in the obtained solution. After HPLC
purification the residual amounts of DMF and the intermediate product could be
removed from the desired product, giving rise to the pure 2,5-bis((E)-2(triethoxysilyl)vinyl)aniline (BTEVA) precursor. Unfortunately, within the designated
timeframe of this PhD, we did not succeed in producing a structured highly-porous
material with the BTEVA precursor.
The second part of the second chapter concerns the development of a post-synthetic
modification strategy in order to brominate benzene bridged PMO, without affecting its
structural integrity. By first performing a post-synthetic nitration reaction on benzene
bridged PMO, followed by the reduction to the aniline moiety, we create a reactive site
on the benzene ring for the bromination reaction. By then performing a one-step
diazotation-de-diazotation-bromination reaction, with the loss of N2 gas, the
bromobenzene bridged PMO product is obtained. Using this synthesis strategy, we were
able to employ the amino function as a leaving group, thus creating a C-Br bond and
avoiding the chance of Si-C cleavage which was a major issue established by us in a
previous PhD. Thorough characterization of the brominated material with X-ray
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photoelectron spectroscopy (XPS) and solid state nuclear magnetic resonance (SS NMR)
confirms this. It is well known that bromine is a very good leaving group in substitution
reactions, thus creating new opportunities towards functionalization of PMOs in a
variety of different fields.
The third chapter in this dissertation discusses the development of L-serine modified
benzene bridged PMO. Subsequently, this material was catalytically tested in the aldol
condensation of acetone and 4-nitrobenzaldehyde. The aldol condensation is an
important carbon-carbon forming reaction often used in the pharmaceutical industry
and during the process of biomass conversion into biodiesel. Since water is an important
side product in the latter process, PMOs can offer significant advantages compared to
siliceous materials which are easily hydrolysable. Moreover, the L-serine moiety that we
successfully attached to the benzene bridged PMO carries both a primary amine, acting
as the base catalyst, and an alcohol function on the β-carbon that has a promoting effect
during the catalytic reaction. The catalytic performance test gave rise to a TOF value of
1.61 ± 0.08 x 10-4 s-1 and is the same order of magnitude as the TOF values of modified
siliceous materials. However, because our material was tested in an aqueous
environment, as to n-hexane in other works, the prospects for using this PMO material
in the conversion of biomass are very promising.
The final chapter discusses the guanylation of benzene bridged PMO as means to create
a PMO for base catalysis. Again, the application of interest is catalyzing the formation
of carbon-carbon bonds for biodiesel purposes. First of all, we observe a substantial
difference in using a well ordered PMO or a less ordered one. This impacts the degree
of modification, due to either the orientation of the benzene moieties in the PMO
structure or the diffusion limited modification reaction. Although there is still need for
an optimization of the guanylation reaction, the first catalytic tests showed promising
results. The Henry reaction of nitromethane and benzaldehyde was studied with a
guanylated PMO as the base catalyst. After three runs a conversion of 13-22% was
observed, depending on the ordering of the PMO, dropping from 50-58% in the first run.
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The reason for this drop in activity can be attributed to the adsorption of the reaction
product and intermediate on the surface of the PMO material. Further research is
therefore needed, in order to maintain the high catalytic activity after several runs.
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Algemene samenvatting
Periodisch mesoporeuze organosilica’s genieten, sinds hun ontdekking in 1999, van veel
aandacht bij de vele wetenschappers actief in het gebied van hybride materialen.
Dankzij de combinatie van anorganische en organische eigenschappen, bieden deze
materialen veel voordelen. Het anorganische netwerk leidt tot een hoog poreuze
structuur waarbij de organische component een soort brug vormt tussen twee silicium
atomen. De precursoren, of bouwstenen van het materiaal, bevatten met andere
woorden één organische component. In tegenstelling tot co-condensatie of graften met
organosilanen, zorgt dit ervoor dat er een homogene verdeling is van de organische
entiteiten doorheen het PMO materiaal. Bovendien zorgen deze sterk verankerde
hydrofobe componenten voor een hydrothermale, chemische en mechanische
superioriteit ten aanzien van hun silica gebaseerde tegenhangers.
Gedurende de laatste 18 jaar werden vele van deze precursoren gecommercialiseerd en
veel meer nog zijn beschreven in de literatuur. De keuze van precursor leidt tot
materialen die sterk verschillen van elkaar. Afhankelijk van de toepassing die men voor
ogen heeft, kunnen precursoren groter of kleiner zijn; meer of minder hydrofoob;
resulteren in kristallijn-achtige materialen of ongeordend zijn; een actief metaal
centrum of hangende organische groepen bevatten in de poriën; een bepaalde
functionele groep hebben die post-synthetisch gemodificeerd kan worden of slechts
een eenvoudige alifatische verbinding. Omwille van deze verscheidenheid, worden
PMOs in verschillende toepassingen gebruikt, vaak in tegenstelling tot hun silica
gebaseerde tegenhangers.
Echter, bepaalde toepassingen vereisen zeer specifieke functionele groepen die niet
altijd ter beschikking zijn in een zekere precursor. Bovendien kan het chemisch
modificeren van precursoren met een specifieke functionaliteit, voorafgaand aan de
PMO synthese, ervoor zorgen dat deze bouwstenen té sterisch gehinderd worden. Dit
kan

leiden

tot

een

materiaal

porositeitseigenschappen bevat.

dat
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Bovendien is het toepassen van gekende organische reacties naar de wereld van PMOs
niet vanzelfsprekend. Niet alleen moeten de reacties plaatsvinden in een beperkte
ruimte, maar is de substraat molecule ook nog eens ingebouwd in de vaste structuur.
Dit wil zeggen dat de substraat molecule zich niet kan richten naar de reagentia, noch
mag de koolstof-silicium verbinding gebroken worden.
Het tweede hoofdstuk van deze thesis brengt deze moeilijkheden aan het licht. Er werd
getracht een precursor te synthetiseren met een divinylaniline component aan de hand
van een artikel gepubliceerd door een befaamde onderzoeksgroep. Er kon
geconcludeerd worden dat dit recept nood had aan een cruciale zuiveringsstap, alsook
aan een optimalisatie van de dubbele Heck koppelingsreactie. Ten eerste, werden de
reagentia gezuiverd voor gebruik. Ten tweede, werd de hoeveelheid solvent (DMF)
drastisch gereduceerd met 65%. De opzuivering van het reactieproduct werd tenslotte
noodzakelijk geacht gezien de aanwezigheid van het mono gekoppelde Heck
intermediair. Na HPLC zuivering werden de overige resten DMF en intermediair
verwijderd en verkregen we de zuivere 2,5-bis((E)-2-(triethoxy)vinyl)aniline (BTEVA)
precursor. Nochtans kon er binnen de tijdspanne van dit doctoraat niet in geslaagd
worden om met deze precursor een goed gestructureerde PMO te bekomen.
In het tweede deel van het tweede hoofdstuk werd een post-synthetische modificatie
strategie ontwikkeld om benzeen gebrugd PMO te bromeren, zonder de structurele
integriteit aan te tasten. Door eerst een post-synthetische nitreringsreactie uit te
voeren op benzeen gebrugd PMO, gevolgd door reductie tot het aniline, wordt er op de
benzeen ring een reactieve site gecreëerd voor de bromering. Vervolgens werd er een
éénstaps diazotatie-de-diazotatie-bromerings-reactie uitgevoerd, met verlies van
stikfstof gas. Hierdoor werd bromobenzeen gebrugd PMO als product bekomen. Door
gebruik te maken van deze synthese strategie konden we de amine functie gebruiken
als leaving groep, waarbij er een C-Br binding gemaakt wordt. Op deze manier kon
bovendien vermeden worden dat de Si-C binding gebroken werd, wat in het verleden
reeds aangetoond werd als een probleem. Diepgaande karakterisatie met X-stralen foto
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elektron spectroscopie (XPS) en vaste stof nucleaire magnetische resonantie (SS NMR)
van het gebromeerd materiaal bevestigt dit.
Het derde hoofdstuk van dit doctoraat beschrijft de ontwikkeling van L-serine
gemodificeerd benzeen gebrugd PMO. Dit materiaal werd vervolgens katalytisch getest
in de aldol condensatie van aceton en 4-nitrobenzaldehyde. De aldol condensatie is een
belangrijke koolstof-koolstof vormende reactie die vaak toegepast wordt in de
farmaceutische industrie en om biomassa om te zetten in biodiesel. Aangezien water
een belangrijk nevenproduct is in dit laatste proces, kunnen PMOs aanzienlijke
voordelen bieden ten opzichte van hun silicium gebaseerde tegenhangers die
gemakkelijk te hydrolyseren zijn. Daarenboven bevat de L-serine functionaliteit die we
succesvol inbouwden op benzeen gebrugd PMO zowel een primair amine, dat dienst
doet als base katalysator, en een alcohol functie op de β-koolstof, dat een promoverend
effect heeft tijdens de katalyse reactie. De katalytische test gaf een TOF waarde van 1.61
± 0.08 x 10-4 s-1 en is in dezelfde grootteorde als de TOF waarden van silica gebaseerde
materialen. Echter, aangezien ons materiaal getest werd in een waterige omgeving, in
tegenstelling n-hexaan in andere werken, is de mogelijke toepassing van dit PMO
materiaal voor de omzetting van biomassa zeer beloftevol.
Het laatste hoofdstuk beschrijft de guanylering van benzeen gebrugd PMO met als doel
een PMO te synthetiseren als base katalysator. Wederom zou dit een interessant
materiaal zijn voor de koolstof-koolstof vorming voor biodiesel toepassingen. Ten
eerste, werd er een aanzienlijk verschil opgemerkt in het gebruik van een goed
geordende PMO en een minder geordend materiaal. Dit had een impact op de
modificatiegraad, omwille van de ruimtelijke oriëntatie van de benzeen ringen in de
PMO structuur of ten gevolge van diffusie limitaties tijdens de modificatie reactie.
Hoewel er nog nood is aan optimalisering van de guanyleringsreactie, toonden de eerste
katalytische testen reeds goede resultaten. De Henry reactie tussen nitromethaan en
benzaldehyde werd bestudeerd met guanidine PMO als base katalysator. Na drie
katalytische runs werd er een conversie van 13-22% vastgesteld, afhankelijk van de orde
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van het materiaal, komende van 50-58% na de eerste run. De reden voor de daling in
activiteit is waarschijnlijk toe te schrijven aan de adsorptie van het reactieproduct en
intermediair op het oppervlak van het PMO materiaal. Daarom is er nog verder
onderzoek nodig om de hoge katalytische activiteit van het materiaal te behouden na
meerdere katalytische runs.

Appendix: Characterization techniques
N2 sorption measurements at 77 K
Porosity characterization was performed on a Quantachrome Quadrasorb SI automated
gas adsorption system. The measurements were preceded by outgassing the samples
on a Quantachrome Autosorb Degasser at 373 K for 16 h. Nitrogen sorption was carried
out at liquid nitrogen temperature, 77 K. The specific surface area was calculated using
the Brunauer-Emmet-Teller (BET) method, between a relative pressure of 0.05 and 0.35.
Using the Barret-Joyner-Halenda (BJH) method, applied on the adsorption isotherm, the
pore size distribution was calculated. The total pore volume was obtained by
determining the total amount of nitrogen adsorbed at P/P0 = 0.95.
X-ray diffraction (XRD)
XRD analysis was performed in collaboration with VITO NV (M. Mertens) on a
PANalytical X’Pert Pro with CuKα radiation and a proportional detector, using variable
slits and a monochromator. Continuous scanning was used with a scanning speed of
0.04°/4 s. The generator voltage and tube current were 40 kV and 40 mA, respectively.
The d spacing was calculated using Bragg’s law: nλ = 2dsin(θ).
Elemental analysis
Elemental analysis was performed in collaboration with prof. Van Der Voort’s research
group at UGent on a Thermo Flash 2000 CHNS/O analyzer, using V2O5 as a catalyst.
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In-situ diffuse reflectance infrared spectroscopy (DRIFT)
In-situ DRIFT spectra were measured using a Nicolet 6700 Fourier Transform IR
spectrometer and a DTGS detector. The samples were diluted to 2% with KBr and 200
scans were performed with a resolution of 4 cm-1. All samples were measured under
vacuum at the given temperature.
Solid state nuclear magnetic resonance (SS NMR)
SS NMR measurements were performed in collaboration with prof. Mali at the National
Institute of Chemistry in Ljubljana, Slovenia. 1H-13C CPMAS, 1H-29Si CPMAS (crosspolarization magic-angle spinning) and 29Si MAS NMR spectra were recorded on a 600
MHz Varian NMR system operating at 1H, 13C and 29Si Larmor frequencies of 599.54,
150.76 and 119.11 MHz, respectively. The system is equipped with a 3.2 mm Varian HX
MAS probe. For chapter 2 sample rotation frequency was 16 kHz for 1H-13C CPMAS
measurements and 10 kHz for (1H-)29Si (CP)MAS measurements. For chapter 3 sample
rotation was 20 kHz. All measurements employed RAMP1 on proton channel during CP
block and high-power XiX2 proton decoupling during acquisition. Contact time was 5 ms
and repetition delay was 3 s. 2000-4000 Scans were accumulated for 1H-13C CPMAS
measurements and 10 000 for 1H-29Si CPMAS measurements. In 29Si MAS measurement
repetition delay was 60 s and 4000 scans were accumulated. Chemical shifts of 13C and
29

Si signals were referenced to the corresponding signals of tetramethylsilane, which

was used as an external reference. Figure 50 shows the condensation states of silica and
their accompanying signals in 29Si NMR.
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Figure 50. 29Si MAS NMR signals

X-ray photoelectron spectroscopy (XPS)
XPS was carried out in collaboration with prof. Kuśtrowski at the Jagiellonian University
in Krakow, Poland. The X-ray photoelectron spectra were acquired using a Prevac
photoelectron spectrometer equipped with a hemispherical VG SCIENTA R3000
analyzer. The spectra were taken using a monochromatized aluminum source AlKα
(E = 1486.6 eV) and a low-energy electron flood gun (FS40A-PS) to compensate for the
charge accumulation on the surface of nonconductive samples. The spectra were
processed and deconvoluted using the CasaXPS software. The binding energy values of
measured regions were referenced to the C-C peak at 284.7 eV in the C 1s core level.
The surface composition was studied based on the areas and binding energies of C 1s,
N 1s, O 1s, Cl 2p, Br 3d, Sn 3d and Si 2p core levels.

| 131
Annular dark-field scanning transmission electron microscopy (ADF-STEM)
TEM measurements were performed at EMAT, University of Antwerp, in collaboration
with prof. Bals. ADF-STEM images were acquired using a cubed FEI Titan operated at
300 kV. The sample was prepared for TEM analysis by crushing in an agate mortar,
dispersing it in ethanol and attaching it to a copper grid covered with a holey carbon
film.
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