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Abstract

Periodic mesoporous organosilicates (PMOs) are hybrid materials whose
framework is comprised of alternating organic and inorganic species. These
materials are prepared via supramolecular templating assembly using bridged
silsesquioxanes (RO)3Si-R’-Si(OR); as precursors, and surfactants as templates.
This thesis is devoted to the preparation and characterization of phenyl- and
ethenylene-bridged PMOs. The phenylene-containing precursor
(bis(triethoxysily)benzene was synthesized by Barbier-Grignard reaction,
whereas the ethylene derivative bis(triethoxysilyl)ethylene was prepared by self-
metathesis reaction. They were characterized by 'H and *C NMR, and mass
spectrometry.

The corresponding mesoporous materials were ’prepared using these precursors
in the presence of different types of surfactants including oligomeric alkyl
polyethylene  oxide, triblock  polyalkylene oxide copolymer and
alkyltrimethylammonium surfactants. To obtain highly ordered mesoporous
organosilicates, different synthesis conditions were employed and optimized. All
materials were characterized using XRD, TEM, SEM, nitrogen adsorption, ?°Si
and "°C solid state NMR. In addition, some post-synthesis reactions using these

materials were investigated.
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Chapter 1

General Introduction



1.1Background of periodic mesoporous organosilicas

The field of periodic mesoporous materials (PMMs) has grown dramatically during
the last ten years. Although periodic mesoporous silicas have been discovered in
1990 [1,2] or even earlier [3], this type of materials received a great deal of attention
[4] since the discovery of the so-called M41S family of ordered mesoporous silicates
by Mobil Corp. [5,6]. The ordered M41S mesoporous silicates consisted of three
mesophases, MCM-41 (hexagonal, p6mm), MCM-48 (cubic, /a34) and MCM-50
(lamellar). These materials have a range of framework compositions, morphologies,
and pore structures. They were synthesized via supramolecular templating
mechanism using alkyltrimethylammonium surfactants under basic conditions. Since
then, a large variety of ordered mesoporous materials have been synthesized by
templating methods, using supramolecular assembly of surfactant molecules. Over
3000 papers dealing with such materials have been published and a number of
international meetings were also devoted to mesoporous materials. Figure 1.1
shows the structural parameters that have been explored in the design and
synthesis of PMMs. Currently, periodic mesoporous silicas may be easily prepared
under an extremely wide range of conditions. Besides cationic
alkyltrimethylammonium surfactants, a variety of amphiphile molecules including
cationic, anionic, neutral, zwitterionic, bolaamphiphile, Gemini and divalent
surfactants as well as numerous commercially available oligomers and triblock
copolymers and appropriate mixtures thereof were used for the preparation of

periodic mesoporous silicas. The pH and temperature conditions ranged from



strongly acidic to highly basic conditions, and from subambient temperature to 170
°C, respectively. This rapid development led to the discovery of many new silica
mesophases including SBA-1 and SBA-6 (pm3x) [7-9], SBA-2 and SBA-12 (P63s/mmc)
[9,10], SBA-8 (cmm) [11], SBA-11 (pPm3m) [10], SBA-16 [10] and FDU-1 (im3m) [12],
disordered HMS [13], MSU-n [14], MSU-V [15] , MSU-G [16] and others. The
supramolecular templating approach was also extended to the synthesis of transition
and other metal substituted silicas, and to numerous non-silica materials. In addition,
several approaches were invented to control the pore size from the low end of
mesopore dimensions, i.e. =2nm, to well in the macropore regime [17].
Mesostructured materials with uniqgue morphologies were also synthesized [18-24].
There are three basic synthesis mechanisms for periodic mesoporous materials.

(1) Figure 1.2 shows one example of the so-called cooperative temp[ating
mechanism [25, 26]. In this case, the synthesis is carried out under basic conditions
using cationic surfactants. The first step of this process is triggered by electrostatic
interactions. It corresponds to the displacement of the surfactant counterions by
polydentate and polycharged inorganic anions leading to organic-inorganic ion-pairs,
which self organize into a liquid crystal-like mesophase. This is followed by cross-
linking of the inorganic species, and formation of a rigid replica of the underlying liquid
crystalline phase. The formation of M41S silica mesophases takes place according to
this mechanism.

(2) The neutral templating mechanism (Figure 1.3) [27, 28] was proposed for the
synthesis of PMMs in the presence of neutral (alkylamines) or non-ionic

(polyethylene oxide) surfactants. Instead of the electrostatic interactions, in the



presence of neutral surfactants, hydrogen bonding becomes the predominant driving
force in pairing organic and inorganic species. The neutral species formed by partial
hydrolysis of tetraethyl orthosilicate interact with the surfactant amine head group via
hydrogen bonding. The obtained organic-inorganic complex may be considered as
an amphiphile with a very bulky head group, i.e., small packing factor, thus favoring
the formation of high curvature micelles such as rod-like micelles, which exhibit a
natural tendenqy to self-assemble into a hexagonal lyotropic mesophase. This is
followed by condensation of silanol groups and formation of rigid silica walls.

(3) The ligand-assisted templating mechanism involves the formation of a covalent
bond between organic and inorganic species [29]. The synthesis of mesoporous
transition metal oxides (e.g. Nb,Os) in the presence of alkylamine for example, is
believed to take place according to this mechaﬁism (Fig. 1.4). The first step which
takes place in the absence of water is the formation of a Nb-N covalent bond
between the precursor Nb(OEt)s and the long-chain amine surfactant. This is
followed by intermolecular condensation of these species in the presence of water
leading to the formation of cylindrical micelles, and ultimately to a mesophase.
Functionalization of ordered inorganic mesoporous and microporous materials with
organic groups has also attracted much attention. One of the main driving forces for
the synthesis of such organic-inorganic mesoporous hybrid materials is the
beneficial combined properties, which may correspond to enhanced or new
properties, uncharacteristic of the individual components. Furthermore, the presence
of organic functional groups in such ordered nanoporous materials also offers a wide

range of potential applications for these materials such as host-guest inclusion [30],



nanotechnology [31], chemoselective separation and adsorption [32], chemical

sensing [33], and catalysis [34].
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Figure 1.1. Structural parameters for the design of nanostructured
materials
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Contrary to surface modified periodic mesoporous silicas, periodic mesoporous
organosilicas (PMOs) are organic-inorganic hybrid nanocomposites in which the
organic component is built in the walls of the channels [13, 18, 35-41] instead of
protruding into them. They are synthesized, like MCM-41 materials through one-pot
surfactant-templated  supramolecular  self-assembly  procedures via the
hydrolysis and condensation of poly(trialkyoxysilyl) organic precursors ([(R'O)sSilxR,
X =2, 3). The template can be removed by solvent extraction without the collapse of
the ordered composite, giving access to an ordered high surface area mesoporous
structure. Changes in the nature of the organic spacer R offer a wide range of
opportunities to control the surface properties, while maintaining a periodic pore
system. The presence of organic functional groups in such ordered nanoporous
materials offers additional advantages that make such materials potentially useful as
catalytic and chromatographic supports, chemical and biochemical sensors and
membranes.

Since the discovery of PMOs in 1999, a number of bridged silsesquioxanes have
been successfully used as precursors. These included bis-silylated methylene
[13,35,42], ethane [18,36-40,42-44], ethylene [38,40,42], acetylene [42,45],
saturated alkyl chains, such as propane [43], thiophene [42,45], benzene [42-45],
bithiophene [45], and ferrocene [42,45]. Most periodic mesoporous organosilicates
were prepared under basic conditions. The most common surfactants used were
CTMAB (cetyltrimethylammonium bromide) [13,38,40,45], CTMAC (cetyltrimethyl-
ammonium chloride) [18,36] and ODTMAC 6ctadecyltrimethylammonium chloride)

[18,36,44]. But syntheses under acidic conditions were also used in the presence of



other surfactants such as oligomeric alkyl (polyethylene oxide) and triblock
polyalkylene oxide copolymers. In most cases, the obtained materials exhibited two-
dimensional hexagonal symmetry. However, cubic mesoporous materials have also
been prepared.

PMOs were characterized by a battery of techniques including X-ray diffraction
(XRD), transmission electron microscopy (TEM), scanning electron microscopy
(SEM), nitrogen adsorption measurements, 2°Si and '°C solid state nuclear magnetic
resonance (NMR), infrared spectroscopy (IR), UV-visible, thermogravimetric analysis
(TGA), and elemental analysis.

XRD. XRD is a powerful non-destructive technique for characterizing crystalline
materials. It provides information on structures, phases, preferred crystal
orientations (texture) and other structural parameters such as average grain size,
crystallinity, strain and crystal defects. X-ray diffraction peaks are produced by
constructive interference of monochromatic beam scattered from each set of lattice
planes at specific angles. The peak intensities are determined by the atomic
decoration within the lattice planes. Consequently, the X-ray diffraction pattern is the
fingerprint of periodic atomic arrangements in a given material. In powder X-ray
diffraction experiments, a collimated beam of nearly monochromatic X-rays is
directed onto the flat surface of a relatively thin layer of finely ground material. The
sample-diffracted X-rays are then collected to reveal information about the structural
state of the material(s) present in the sample. The basic relationship between the
diffraction angle and the distance between adjacent diffracting plans is known as

Bragg’'s Law.
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0i=6:=0
nA=2d sin 6
d = nMN (2sind)
where the integer n is the order of the diffracted beam, & is the wavelength of the
incident X-ray beam, d is the distance between adjacent planes of atoms (the d-

spacings), and 6 is the angle of incidence of the X-ray beam.

Figure 1.5 shows some typical silica mesophases XRD patterns.

100

MCM-50

Intensity
200

300

Intensity

2 4 & 8 101 2 3 4 5 6 7 8
2-Theta (degree) 2-Theta (degree)

Fig. 1.5 X-ray diffraction patterns for typical silica mesophases [6,10]
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TEM. In TEM, a beam of highly focused electrons are directed toward a thin layer of
sample (< 200 nm). These highly energetic incident electrons interact with the atoms
in the sample producing characteristic radiation and particles providing information
for materials characterization. Information is obtained from both deflected and non-
deflected transmitted electrons, backscattered and secondary electrons, and emitted
photons. Because the electron beam goes through the sample, transmission
electron microscopy reveals the interior of the specimen. It gives the following
structure information: the size, shape, and the distribution of the phases that make
up the material. It gives also the distribution of the elements in the sample, including
segregation if present. TEM can also help determine the crystal structure of the

phases and the character of the crystal defects.

SEM. In SEM, the images are formed using a very fine electron beam, which is
focused on the surface of the specimen. When the beam scans an object, two types
of electrons are emitted: backscattered and secondary electrons. The back scattered
electrons travel in straight lines while the secondary electrons move in curved paths.
The images produced by the SEM are three-dimensional. SEM is used mostly to

investigate the morphological features of solid phase materials.

Nitrogen adsorption measurements. Nitrogen adsorption-desorptioh at 77 K is a
commonly applied technique to determine various characteristics of porous materials.
The amount of adsorbed nitrogen is measured as a function of the applied vapor

pressure. The obtained isotherm allows us to derive the following characteristics:

11



<% Total pore volume, also known as Gurvitch volume. This is the volume
of all pores with diameter smaller than 100 nm.

< Micropore volume: This is the volume of pores with diameter smaller
than 2 nm.

<o Mesopore volumes: This is the volume of pores whose diameter is
between 2 and 50 nm.

<> Macropore volume: This is the volume of pores larger than 50 nm.

<> Surface area. Nitrogen adsorption at 77 K is generally considered to be
the most suitable technique for surface area determination. The most widely
used procedure for the calculation of the surface area of solid materials is the
Brunauer-Emmett-Teller (BET) method. The BET surface area is calculated
by constructing the so-called BET plot over the relative pressure range up to
0.3. In this part of the isotherm a single layer of nitrogen molecules is formed
on the surface (monolayer). Surface areas down to 1 m2/g can be measured
with the instrument available in our laboratory (Coulter Omnisorp 100).

< Pore size distribution. Nitrogen adsorption isotherms can be measured
at relative pressures as low as 107 torr. This allows for the calculation of
micropore size distributions between 0.4 and 2 nm, for example using the
method of Horvath-Kawazoe. Furthermore, mesopore size distributions up to

50 nm are derived using the Kelvin equation.

The amount of sample mass that is needed for the experiment typically lies between

0.02 and 1.0 gram.

12



Figure 1.6 exhibits the five types of adsorption isotherms, | to V, in the classification
of Brunauer, Deming, Deming and Teller [46] and the stepped isotherm VI. Type |
represents microporous materials. Type Il is for nonporous solids. Type IV
represents mesoporous materials. Type Il and type V are characteristic of weak
gas-solid interactions, type lll being given by a nonporous or macroporous solid and

type V by a mesoporous or microporous solid.
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Figure 1.6 The five types of adsorption isotherms, | to V, in the
claasification of Brunauer, Deming, Deming and

Teller, together with Type VI, the stepped isotherm
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Solid state NMR. NMR spectroscopy is a key technique for the characterization of
periodic mesoporous organosilicates. It provides direct evidence that the integrity of
the Si — R — Si unit is preserved during the precipitation process and the template
extraction stage, thus indicating that the organic-inorganic moiety constituted the
building block of the mesoporous channel walls. 2°Si MAS NMR is expected to show
mainly T" [C-Si(OSi)n(OH)s.n; n = 1-3] species with little or no Q" [Si(OSi), (OH)4.n. 0
= 1-4] species. °C MAS NMR on the basis of well-known chemical shifts
corresponding to specific functional groups provides direct proof that the organic
group is in the framework.

Other techniques such as IR and UV-visible spectroscopy can help to indicate the
occurrence of the functional groups within the pore walls. TGA indicates
thermostability.

Using these techniques, extensive information about materials, such as structure,
pore system, pore walls and morphology, may be gained.

Structure. Table 1.1 lists the structure and synthesis conditions for the silica
mesophases discovered to date. The structure of a mesophase obtained under a set
of experimental conditions is determined by the dynamic interplay among organic-
inorganic ion-pairs, the charge density, coordination and steric requirement of both
the organic and inorganic species at the interface. This is ultimately dependent on
the synthesis parameters such as the composition of the mixture, the pH and the
temperature. TEM is the best and direct way to characterize the mesophase structure.

XRD also provides useful information in this regard.

14



Pore system. The pore system of periodic mesoporous silicas may consist of a two-
dimensional array of uniform channels (e.g., MCM-41, SBA-15), a three-dimensional
array of connected channels (e.g. MCM-48) or cage-like pores (e.g. SBA-2, FDU-1).
Since the determination of the pore system characteristics such as the surface area,
the pore volume, the pore size distribution and the pore connectivity is of paramount
importance, gas adsorption has quickly become a key characterization technique for
mesoporous materials. As shown in Table 1.2, the pore sizes of mesoporous
materials can b~e varied from the low end of mesopore sizes well into the macropore
regime. There are two main strategies for pore size engineering. The first is through
direct synthesis, for example by using surfactants with different chain lengths,
adding expanders or by increasing the temperature during the hydrothermal
treatment. The second approach is via post-synt'hesis treatment in the mother liquid,
in water or in aqueous suspensions of long chain amines.

Pore walls. For mesophases with hexagonal structures (e.g. MCM-41, SBA-15), the
pore wall thickness is calculated from the equation: b = 2d100/(3)"? — wkys. where
doo is the distance between successive (100) plans and wggs is the pore size Both d
and w are obtained from XRD and nitrogen adsorption, respectively [48].
Morphology. Periodic mesoporous silica may be prepared in a variety of
morphologies such as thin films, spheres, fibers and large monoliths. SEM provides

this information.

The synthesis and characterization of PMO materials are very recent new
developments in material chemistry. So far, only a few types of organic

functionalized PMOs have been reported. Also relatively little is known about how to

15



control their pore size and morphology. There are some detailed investigations of

the structural integrity, and thermal and chemical stability of Si-C bonds for various

kinds of organic groups in PMOs and their applications.

Table 1.1. Structure and synthesis conditions for various silica

mesophases
Mesophase Amphiphile template pH Structure
MCM-41  CoHape(CHa) oN* basic &2 neregona!
MCM-48 CrH2n+1(CH3) aN* basic cubic (/a34)
Gemini Cp.s.n?
MCM-50 CrHa2n+1(CH3) 3N* basic lamellar
. 2D hexagonal

FSM-16 C1Hs1(CH3)sN* basic (oo
SBA-1 C4gH37N(C2Hs 3+ acidic cubic (pPm3n)
SBA-2 Divalent Cp.s.1 acidic/ 3D hexagonal

basic (P63/mmoc)
SBA-3 CoHans1N(CHa)s* acidic (Zp%;i;‘)‘“gma'
SBA-6 Divalent 18B4.3.1° basic cubic ( Pm3n)
SBA-8 Bolaform ¢ basic 2D rectangular (cmm)
SBA-11 Brij 56; C16EO10 acidic  cubic (Pm3m)
SBA-12 Brij 76; C18EO1o acidic 3D hex. (P63s/mmc)
SBA-14 Brij 30; C12EQ4 acidic cubic
SBA-15 P123; EO20PO7EO20 acidic 2D hex. (p6mm)
SBA-16 F127;: EO4106PO70EO 106 acidic cubic (/m3m)
FDU-1 E%Z;%%’ﬁéosg acidic  cubic (/m3m)
MSU-1 Tergitol; C11.15(EO)12 neutral disordered
MSU-2 TX-114; CgPh(EO)s neutral disordered

TX-100; CaPh(EO)m

MSU-3 P64L; (EO13PO30EO13) neutral  disordered
MSU-4 Tween-20, 40, 60, 80 neutral disordered
MSU-V H2oN(CH2),NH; neutral lamellar
MSU-G CnHan+1NH(CH2)2NH neutral lamellar
HMS CrH2n+1NH2 neutral disordered

(a) Gemini surfactants Cp.s.n: CnH2n+1N"(CH3)2(CH2)sN*(CH3)2CrHan+1.

(b) Divalent surfactants Cj.s.1: CpHans1N*(CH3)2(CH2)sN*(CHa)a.

(C) Divalent surfactant 1884_3-12 C18H370-C5H4-O(CH2)4N+(CH3)2(CH2)3N+(CH3)3.

(d) Bolaform surfactants :(CH3)3N+(CHz)nO-CeH4—CsH4-O(CHz)nN+(CH3)3.
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Table 1.2. Methods of pore size engineering for mesoporous silicas [17]

Pore size
(nm)

Method

2-5

4-10

4-7

2.5-6.6
3.5-25
5-30

> 50

> 200

Use of surfactants of different chain
lengths
Charged (alkylammonium)
Neutral (alkylamine)
Use of micelle expanders
Aromatic hydrocarbons
Alkanes
Trialkylamines
Alkyldimethylamines
Hydrothermal post-synthesis treatment
In mother liquor
In water
High temperature synthesis
Water-amine post-synthesis treatment
Use of triblock copolymer and expander
Emulsion templating
Colloidal crystal templating




1.2Scope of this thesis

The present study is focused on the following aspects:

(1) Preparation of organosilicon precursors (bis(triethoxysilyl)lbenzene and

bis(triethoxysilyl)ethylene)

(2) Optimization of the synthesis conditions to obtain highly ordered materials.

(3) Characterization of the obtained PMOs, and investigation of their reactivity.
This thesis is comprised of five chapters. After a general introduction (Chapter one)
on the background of mesoporous organosilicas and the recent progress in this field,
the synthesis of organosilicon precursors is described in Chapter two. Published
methods for synthesis of organosilicons are reviewed. The details of an improved
method to synthesize the precursors and identify them are also reported in Chapter
two. Chapter three is dedicated to the preparation of periodic mesoporous
organosilicate materials. All the details of preparation of PMOs under different
conditions are provided. The experimental results and discussion are presented in
Chapter four which has three sections. First, the materials involving phenylene
bridged group are characterized using XRD, SEM, TEM, #Si and "*C NMR and
nitrogen adsorption measurements. Second, materials involving the ethenylene
bridged group are characterized by the same techniques. Finally, the results of post-
synthesis reactions for ethenylene bridged materials are discussed. In the final

Chapter, a summary of this study and some future plans are provided.
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Chapter 2

Synthesis of organic silicon precursors
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2.1 Introduction

PMOs are comprised of bridge-bonded organic groups as integral components of
the framework [13,18,36-38,40,45,47]. In order to prepare such materials, we used
poly(trialkoxysilyl) organic precursors ([(R'O)3;SilR, x = 2, 3). In most case “bridged
silsesquioxanes” (R'0)3Si-R-Si(OR’); were used as precursors. The obtained
materials have similarity with organically surface modified mesoporous silicas which
are obtained by either post-synthesis grafting of functionalized trialkoxysilane R-
Si(OR");, or via cocondensation of such molecules with TEOS. Using (R'O)3Si-R-
Si(OR’); has several advantages over the use of R-Si(OR’); : (i) it leaves the void
space completely free, (ii) it allows the physical properties of the framework to be
tailored , (iii) it permits chemical modification of the framework by further reactions
of the organic group, and (iv) it affords materials with many potential applications by
choosing various types of bridging organic functional groups with specific
electrooptic, catalytic and hydrophilic/ hydrophobic properties. Up to now, only a few
types of organic functional groups were used in PMOs, including methylene
[13,3542], ethane [18,36-40,42-44], ethylene [38,40,42], acetylene [42, 45],
thiophene [42,45], benzene [42-45] and bithiophene [45]. The main problem is that
many silicon-containing organic precursors are not commercially available and need
to be synthesized. In addition, in some cases Si-C bonds are sensitive, indicating
that there is a need to investigate the thermal and chemical stability of Si-C and find

new way to stable PMOs.
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Scheme 2.1 shows most of the commercially available precursors (either

triethoxysilylated or trichlorosilylated) suitable for the synthesis of PMO materials.

Scheme 2.1 Commercially available PMO precursors (Si denotes —

Si(OEt); or =SiCls)

Si
Si Si— C

There are a number of synthetic strategies to prepare silsesquioxane monomers.
The three most commonly used approaches are (1) metalation of aryl, alkyi, and
alkynyl precursors followed by reaction with a tetrafunctional silane. (2)
hydrosilylation of dienes (or polyenes) or, less commonly, diynes, and (3) reaction of
a bifunctional organic group with an organotrialkoxysilane bearing a reactive

functional group.
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Metalation. Metalation (Scheme 2.2) includes Grignard reaction [48], lithium-
halogen exchange [48-51] and deprotonation of acetylenes [48, 50] or treatment of
bis(trialkoxysilyl)methane with a Grignard reagent, organolithium, or metal hydride
[52]. In each case, the resulting organometallic reagent is then reacted with a
tetraalkoxysilane or chlorotrialkoxysilane to give the final product in moderate to

good yields.

Scheme 2.2 Preparation of monomers by metalation

(1) Grignard

X_R.X Mg/XSIORYS _  (Re).si-R- SIOR),
(2) Lithiation
(RO)sSi~ __-Si(OR)s t-B_U;CLHF _ (R'O)gsi\I:F/Si(OR')3
R"X
(R'0)sSi Si(OR);
R
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Hydrosilylation. Hydrosilylation (Scheme 2.3) is an efficient reaction for preparing
silsesquioxane monomers in high yields from chemicals bearing two or more
terminal olefins [53,54]. It has been used for alkylene and heteroatom-functionalized
bridging groups.

Scheme 2.3 Preparation of monomers by hydrosilylation

\\ R HSI(OR); (R'O):;,Six
N\ HoPtCls R
\ o xSi(OR')s

Functionalization of an organotrialkoxysilane. This synthetic route has become
increasihgly common because it permits a great number of bridging groups to be

prepared from readily available starting materials. Scheme 2.4 lists some examples.

Scheme 2.4. Preparation of bridged monohers from
organotrialkoxysilanes.
(1)

OEssi” T hi,
(OEt)ssi/\/\NCO >

@

(OEt)3Si/\/\NH/“\NH/\/\Si(EtO)3
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(2)

CioC COCl

Y

2 (OEt)ssi/\/\NHz

2 Et;N, phH

0 0
(OEt)gsi/—\——-HN' i : NH—/_\S‘(EtO)3

Miscellaneous Approaches. Some examples are listed in Scheme 2.5.

Scheme 2.5 Miscellaneous methods of synthesizing monomers

(1) Alcoholysis

'OH . .
X3Si- R - SiX; RO » (R'0)3Si- R - Si(OR");3

(2) Pd-coupling Heck Reaction

(RO),Si
X-Ar-X + 2= Pd(l) / NEt;
o Si(OR), X —\\_‘Ar_\\‘
Si(OR)s
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(3) Hydroboration

Si(OR)3 Si(OR");

< =\ > BH;. THF
3 -
Si(OR"); or

R
(R'0),Si THF s

H/TB AN
i(OR)3 THF Si(ORY);

(7) Silylation of acid halides (acyl halides)

Cl,3Si SiCl
3 \/ 3

Y

R-COClI + 2HSICl3

EtOH

Y

(EtO)3SiYSi(OEt)3

R
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Scheme 2.6 exhibits some commercially unavailable precursors that have been

prepared and used for the synthesis of PMOs.

Scheme 2.6. Commercially unavailable precursors used for PMO
synthesis

Si(OEt);

(EtO)38i+Si(OEt)3 (Et())e,Si—<_:_>7Si(OEt)3
H
(Et0)33i\©/8i(oa)3 (Et0)3Si\®_®/3i(0Et)3

Si(OEt);  Si(OEt),

(EtO);Si ————Si(OEt), Fe_@

Si(OEt)s Si(OEt)s

(EtO)Si Si(OEt)s
Si(OEt)s
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Si(OEt)s
(EtO);:,Siv\/\
X Si(OEt)s
Si(OEt)s

Si(OEt)s Si(OEt),
HsCO
OCH,
Si(OEt); Si(OEt),

F F
Si(OEt)3
(EtO) 33"@—/ (EtO);Si Si(OEt)s
F F

(EtO)5Si

)iNj\Si(OE’%
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2.2 Synthesis of precursors

The precursors used in this thesis are bis(triethoxysilyl)lbenzene and
bis(triethoxysilyl)ethylene. The first one is commercially unavailable. The second
one is expensive and takes a long time to acquire. They were both synthesized in

our laboratory.

2.2.1 Synthesis of bis(triethoxysilyl)benzene

This aromatic precursor is normally synthesized by Grignard reaction (Scheme 2.7).

2.2.1.1 Literature review

According to the literature, there are two ways to synthesize
bis(triethoxysilyl)benzene [48,50]. Both of them are based on the Grignard reaction.
The first method uses 1,4—dibromobenzene and XSi(OCH,CHs)s, whereas the
second method use 1,4—dibromobenzene and Si(OCH,CHj3)s. The reaction formula
is shown in Scheme 2.7. The yield obtained was 44 and 55% for the first and second
method, respectively. Considering that Si(OCH,CHj;)4 is more stable and safer than

XSi(OCH,CHa)s the second procedure was chosen for further synthesis.
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Scheme 2.7. Reaction routes for bis(triethoxysilyl)benzene

Mg/XSi(OEt),
B Br > ' ‘
r‘O THF (EtO)3S|@—S|(OEt)3
1) Mg, THF, reflux
Br Br > ' i
-®~' 2) > 5 Si(OEt), (Eto)3S'OS'(OEt)3

2.2.1.2 Experimental

Materials. Magnesium turning, tetraethoxysilane, iodine, THF and hexane were
obtained from Aldrich. THF and hexane were distilled from Na/benzophenone before
use.

Bis(triethoxysilyl)benzene. To a mixture of magnesium turnings (3.0 g, 0.125 mol)
and tetraethoxysilane (90 ml, 0.4 mol) in THF (60 ml) under nitrogen, a small crystal
of iodine was added, and the mixture was heated to reflux. A solution of 1,4-
dibromobenzene (9.6 g, 4.08 mmol) in THF (25 ml) was added dropwise. After 1.5 h,
the addition of dibromide was completed. The mixture was kept under reflux for one
and half hour. A white solid appeared. When the mixture was cooled to room
temperature, it was subjected to filtration. Then hexane (40 ml) was added after
removing THF. The mixture was filtered again to separate the solid. Hexane was
removed by vacuum distillation, and the remaining TEOS was distilled in vacuum

leaving a light yellow oil which is the product (8.7 g, 57%) as identified by NMR, IR
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and MS. 'HNMR (500 MHz, CDCls ppm): 7.65 (4H, s), 3.85 (12H, q, J = 7.0 Hz) and
1.27 (18H, t, J = 7.0 Hz); *C NMR (CDCl;, ppm): 18.15, 58.72, 133.17, 133.98. IR
(film on NaCl): 3056, 2975, 2886, 1390, 1167, 1147, 1103, 1081, 961, 780, 706 cm™.
Low resolution mass spectrum (El, 70 eV) m/z: 357, 329, 297, 285, 195, 163, 147,

119, 100, 91, 79.

2.2.1.3. Discussion

In this reaction, the iodine was used as indicator. When it was added, the mixture
became brown, then as the 1,4—dibromobenzene was added, the color would
disappear indicating that the reaction runs well. If upon addition of the iodine, the
brown color disappears immediately, that means that the system contains residual
water, and the reaction will fail. The dropwise addition of 1,4—dibromobenzene was
the key step of this reaction. If 1,4—dibromobenzene is added too fast, the side-
product 1-bromo-4- triethoxysilylboenzene is obtained. This is because the second
triethoxysilyl group does not have enough time to react. To avoid this side-product,
the reaction should be kept under reflux, tetraethoxysilane should be used in excess
and the 1,4- dibromobenzene solution should be added slowly in dropwise. *C
NMR: 18.15 is for & (CH3), 58.72 is for 8 (CH20), 133.17 and 133.98 are for 8 (CsHa).
'"H NMR: 7.65 is for the four H of benzene, 3.85 is twelve H of OCH,, and 1.27 is
eighteen H of CHs;. IR and MS matched with the literature [48]. MS spectrum did
have 402 amu peak, but really small. This is because bis(triethoxysilyl)benzene

loses —-OEt easily to give a peak at 357 amu. The strongest peak is 163 amu which
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corresponds to the elimination of —Si(OEt);. In summary, NMR, IR and MS data

confirmed that the obtained product is bis(triethoxysilyl)benzene.

2.2.2. Synthesis of bis(triethoxysilyl)ethylene

Metathesis of olefins is a well-known disproportionation reaction that occurs via
heterogeneous or homogeneous catalysis. It allows new internal olefins to be
synthesized. Self-metathesis was used to prepare bis(triethoxysilyl)ethylene in this

work.

2.2.2.1. Literature review

The literature shows that metathesis is a very common method to synthesize new
internal olefins. However alkenyl-silanes, like other unsaturated organosilicon
compounds, do not easily undergo olefin metathesis. Marciniec et al. [55,56] run the
hydrosilylation of vinyltrialkoxysilanes by trialkoxysilanes in the presence of
ruthenium complexes, and obtained an unsaturated product (RO);SiCH=CHSi(OR)s3.
Since then, bis(triethoxysilyl)ethylene was synthesized from vinyltriethoxysilane in
the presence of ruthenium catalysts [57,58]. One successful approach was to use
(PhsP);Ru(CO)H as catalyst and PhCHj; as solvent under reflux. Another approach
was to use RuCly(PPhs); as catalyst and reflux without solvent. In this work, we
used the second method because it does not need a solvent and the catalyst is

cheaper. Scheme 2.8 shows the reaction formula.
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Scheme 2.8. Reaction formula for the synthesis of

bis(triethoxysilyl)ethylene

RuCl,(PPh;,),

2 7 siok, - BN si0my, + CoMe

reflux

2.2.2.2 Experimental

Materials. vinyltriethoxysilane and RuCl,(PPhs)s were obtained from Aldrich.

Bis(triethoxysilyl)ethylene. A solution of vinyltriethoxysilane (47.859 g) and
RuCly(PPh3)3 (0.297 g) was refluxed for 24 h. Then the remaining vinyltriethoxysilane
was distilled off in vacuum and the residue was vacuum distilled to obtain the
product (30.529 g, 57.28%). 'H NMR (300 MHz, CDCl; ppm): 6.63 (2H, s), 3.80
(12H, q), 1.25 (18H, ). °C NMR (CDCls, ppm): 18.17, 58.56, 145.68. Low resolution

mass spetrum (El, 70 eV) m/z: 308, 279, 253, 235, 207, 163, 119, 107, 91, 79.

2.2.2.3 Discussion

The most important feature in this reaction is to keep the reaction refluxing all the
time. As the reaction proceeds, the boiling point increases, so the temperature has
to be adjusted to make sure that the reaction is kept refluxing. If not, the product is

not formed. The '"H NMR: 6.63 is for the H of double bond, 3.80 is for the H of OCH,,
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and 1.25 is for the H of CH3s. However, integration of the NMR peaks indicated that
the —CH; and —CH3 groups were a little higher than expected. This was attributed to
the fact that the product has two isomers trans and cis. Indeed, the 'H NMR
spectrum shows a small peak (6.74 ppm) which belongs to the other isomer. The '*C
NMR: 18.17 is for & (CH3), 58.56 is for & (CH,0), 145.68 is for & (CH=), The MS
spectrum did not show M* because bis(triethoxysilyl)ethylené loses —OEt easily to
give the 308 amu peak. The strongest peak was 163 amu which corresponds to the
loss of —Si(OEt)s. MS was consistent with the literature [57]. From NMR and MS, it is

confirmed that the product is bis(triethoxysilyl)ethylene.
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Chapter 3
Preparation of periodic mesoporous

organosilicates materials
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3.1 Introduction

The synthesis of high surface area, periodic mesoporous materials containing
organic groups in the framework is drawing much attention. This exciting recent
development is the result of combining the self-assembly approach for making
ordered mesoporous silica and the use of bridged silsesquioxanes (R'0);Si-R-
Si(OR’); as precursors. PMOs are synthesized by a one-pot surfactant-templated
supramolecular self-assembly procedure, then the surfactant is removed by solvent-
extraction. In this thesis, phenylene-bridged mesoporous materials were prepared
using bis(triethoxysilyl)benzene as precursor in the presence of oligomeric
surfactants. Likewise, ethenylene-bridged mesoporous materials were prepared by
using bis(triethoxysilyl)ethylene as precursor and different types of supramolecular
templates, i.e., oligomeric alkyl polyethylene oxide (Brij 56, 58, 76 and 78), Pluronic
polyalkylene oxide triblock copolymer (P123) and alkyltrimethylammonium
surfactants.

"One advantage of introducing organic groups into the framework of mesoporous
materials is that the organic linker can be further modified leading to new surface

properties. In this work, post-synthesis reactions on PMOs were also investigated.
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3.2 Preparation of PMOs using bis(triethoxysilyl)benzene as

precursor

3.2.1 Literature review

Inagaki et al. [69] showed that using 1,4-bis(triethoxysilyl)lbenzene under basic
conditions in the presence of octadecyltrimethylammonium chloride affords materials
which exhibit both long and short-range order. In addition to the periodic system of
4.5 nm diameter hexagonally packed cylindrical pores, the pore walls also exhibited
a structural periodicity with a spacing of 0.76 nm along the channel direction due to
the = - n stacking of bridging phenylene groups (Figure 3.1). Similar molecular scale
periodicity with 1.16 nm spacing occurred also Within the pore walls of biphenylene-
bridged mesoporous organosilica [60]. Prepared under acidic conditions using
Pluronic P123 as structure directing agent, phenylene-bridged organosilica showed
little evidence of molecular order within the pore wall [61]. Periodic mesoporous
organosilicates with aryl groups such as tolyl, xylyl and dimethoxyphenyl prepared
under acidic conditions in the presence of cetylpyridinium chloride also showed

some arylsilica ordering in the channel walls [62].
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Figure 3.1 Layered arrangement of O, 5Si-CgH4-SiO1 5 units in the walls

[59]

Oligomeric surfactants such as nonionic alkyl poly(oxyethylene) surfactants
ChH2n+1(OCH2CH2)10OH, denoted C,EOp, proved to be excellent supramolecular
templates for the synthesis of highly ordered mesoporous silicas [10,63] and
ethanesilicas [64] under acidic conditions. However, they were not used for the
synthesis of other PMOs. The purpose of the current investigation is to apply this
synthetic approach to phenylenesilica and to check if the regular stacking of the

aromatic rings in the channel walls occurs also under such conditions.

3.2.2 Experimental

Phenylene-bridged mesoporous materials were synthesized wusing 1,4-
bis(triethoxysilyllbenzene (BTEB) as precursor in the presence of oligomeric

surfactants Brij 56 (C1sEO1g), Brij 76 (C1sEO1q), Brij 58 (C16EO2), and Brij 78
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(C18EO20) under acidic conditions. BTEB was prepared and purified as described in
the previous chapter. The alkylethylene oxide oligomeric Brij 56, Brij 58, Brij 76 and
Brij 78, concentrated hydrochloric acid and ethanol were purchased from Aldrich.
2M hydrochloric acid was prepared by diluting 83.8 g concentrated hydrochloric acid

to a 500 mi solution.

Preparation of phenylene-bridged mesoporous material using Brij 76 (denoted
SW3e). 2 g of Brij 76 was dissolved in 10 g of distilled water and 50 g of 2M
hydrochloric acid. After 30 minutes of stirring at 50 °C, Brij 76 was dissolved. BTEB
(4.225 g) was added to the solution and a white precipitate appeared immediately.
The mixture was kept under stirring for 20 h at 50 °C. Then, the mixture was cooled
to room temperature. A white precipitate was recovered by filtration, washed
thoroughly with water and dried. The surfactant was removed by two consecutive
solvent extractions using 150 ml of ethanol and 2 g concentrated HCI for 1 g sample
at 50 °C for 5 h. Table 3.1 lists the materials prepared using different amounts of
acid.

Table 3.1 Phenylenesilicas prepared in the presence of different

amounts of acid

Sample Amount of acid (ratio to BTEB)
SW1e 6.4

SW2e 46

SW3e 7.7

SW37e 9.2
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Additional samples (Table 3.2) were prepared using the same procedure, i.e.,
heating at 50 °C for 20 h while stirring, followed by another heating stage at 50, 70 or

95 °C for 20 h or 48 h under static conditions.

Table 3.2 Conditions of the 2nd preparation stage of phenylenesilicas

Sample Temperature (°C) Time (h)
SW38e 50 20
SW41e 70 20
SW42e 50 48
SW43e 95 20
SW44e 95 48

Preparation of phenylene-bridged mesoporous' materials using other
oligomeric surfactants (Brij 56, Brij 58 and Brij 78). The same procedure as
described for Brij 76 was applied using t'he other oligomeric surfactants. As shown
below (Table 3.3), the amount of surfactant was adjusted to keep the surfactant to
silsesquioxane molar ratio constant.

Table 3.3 Phenylenesilicas prepared in the presence of different

surfactants
Sample Surfactant used Amount of surfactant (g)
SWie Brij 56 1.96
SW8e Brij 58 3.16
SW9e Brij 78 3.24
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3.3 Preparation of PMOs using bis(triethoxysilyl)ethylene as

precursor

The ethenylene group is very active in organic reactions. Thus, PMOs containing
framework ethenylene groups can be used for post-synthesis modifications to
generate mesoporous materials with different functionalities. In addition, the only two
reports on mesoporous ethenylenesilica [38, 40] described somewhat poor quality
materials. Therefore we decided to explore the possibility of preparing highly ordered
mesoporous ethenylenesilica and to study the reactivity of the C=C double bond in
the obtained materials. The materials were prepared using bis(triethoxysilyl)ethylene

as precursor.

3.3.1 Literature review

There are very few reports on periodic mesoporous ethenylene-bridged organosilica.
Stein et al. [40] synthesized such material under basic conditions using
bis(triethoxysilyl)ethylene (BTSEY)  precursor in  the presence  of
cetyltrimethylammonium bromide (CTAB) surfactant. The resulting material had
disordered structure with narrow pore size distribution. Ozin et al. [38] also reported
a 2-D hexagonally ordered PMO with ethenylene groups (synthesized under basic
conditions using BTSEY in the presence of CTAB surfactant) and a range of ordered
materials with a framework composition intermediate between those of pure silica

and pure ethenylene PMO (synthesized using mixture of BTSEY and TEOS in the
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presence of CTAB surfactant under basic conditions). The materials showed
mesoporous systems with hexagonal symmetry throughout the sample with a pore
centre-to-centre distance of ~ 4.5 — 5.0 nm. The materials were thermally stable, and
exhibited high surface areas. In both studies, the ethenylene groups were found not
to be fully accessible for chemical reactions.

As mentioned earlier, oligomeric surfactants have proven to be excellent
supramolecular templates for the preparation of highly ordered mesoporous silicas
under acidic conditions. The current work aims at extending this synthetic approach
to ethenylene-bridged organosilicas. For completeness, preparation of nanoporous
ethenylenesilica was also carried out under basic conditions.

Recently, Zhao et al. [65] reported that using inorganic salt K;SO,, in the presence
of triblock copolymer F108 as supramolecular template has a dramatic effect oﬁ the
structure of the obtained mesophase. They obtained large pore cubic mesoporous
single crystal material instead of the usual two dimensional hexagonal SBA-15 silica.
Likewise, FlodstrOm et al. [66] obtained a cubic (434) mesostructured silica upon
addition of sodium iodide to the synthesis mixture using P123 as structure directing
agent. Another striking example of the effect of additives on the structure of the silica
mesophase was provided recently by Ryoo et al. [67]. They added butanol to a
typical mixture for the synthesis of hexagonal SBA-15 and obtained a highly ordered
large mesoporous cubic material. It was thus decided to reproduce thé synthesis
procedure of Flodstrom et al [66] and Ryoo et al [67] using

bis(triethoxysilyl)ethylene as precursor instead of tetraethyl orthosilicate.
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3.3.2 Experimental

Ethenylene-bridged mesoporous materials  were synthesized using
bis(triethoxysilyl)ethylene (BTSEY) as precursor in the presence of oligomeric
surfactants (Brij 56 (C16EO1p), Brij 58 (C1sEO2), Brij 76 (C1sEO1) and Brij 78
(C18EO20)) and triblock copolymer Pluronic P123 ((EO)20(PO)70(EO)20) under acidic
conditions, or alkyltrimethylammonium surfactants under basic conditions. As
described earlier, BTSEY was prepared and purified according to the literature [57].
Brij 56, Brij 58, Brij 76, Brij 78, concentrated hydrochlioric acid and ethanol were
purchased from Aldrich. 2M hydrochloric acid was prepared by diluting 83.8 g

concentrated hydrochloric acid to a 500 mi solution.

Preparation of ethenylene-bridged mesoporous material in the presence of
alkyl(polyethyleneoxide) surféctants. A typical synthesis was as follows. 2 g of
Brij 76 was dissolved in 10 g of distilied water and 50 g of 2M hydrochloric acid. After
complete dissolution, BTSEY (3.52 g) was added to the solution and a white
precipitate appeared immediately. The mixture was kept stirring for 20 h at 50 °C.
Then, it was cooled to room temperature. The white precipitate was recovered by
filtration, washed thoroughly with water and dried. The surfactant was removed by
two consecutive solvent extractions using 150 ml of ethanol and 2 g concentrated
HCl for 1 g sample at 50 °C for 5 h.

Several other ethenylene-bridged mesoporous materials were prepared using other

alkyl(polyethyleneoxide) oligomers and the same synthesis method except for the
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amount of surfactant (Table 3.4), which was adjusted to keep the overall molar

composition of the mixture constant.

Table 3.4 Ethenylenesilicas prepared in the presence of different

surfactants
Sample Surfactant used Amount of surfactant (g)
SW24e Brij 76 2.00
SW25e Brij 56 1.96
SW3z2e Brij 58 3.16
SW33e Brij 78 3.24

Additional ethenylenesilica materials were prepared in the presence of the four
oligomeric surfactants (Brij 56, Brij 76, Brij 58 and Brij 78) using the same method,
except that the synthesis mixture was kept first under stirring at 50 °C for 20 h, then
under static condition for another period of 20 h at 50 °C. The samples were referred

to as shown in Table 3.5.

Table 3.5 Ethenylenesilicas prepared in the presence of

alkyl(polyethyleneoxide) oligomers using two aging steps

Oligomer used Sample
Brij 56 SW36e
Brij 76 SW35e
Brij 58 SW55e
Brij 78 SWh&6e
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Preparation of ethenylene-bridged material under basic conditions (SW19e).
1.536 g of C1sTMACI was added to a solution of 0.40 g of NaOH in 41.58 g of water.
After the surfactant dissolved, 3.52 g BTSEY was added. A precipitate formed at
once. The mixture was stirred at 45 °C for 4 days, then cooled to room temperature
and filtered. The white solid was dried in ambient air. The surfactant was removed
by two consecutive solvent extractions using 150 ml of ethanol and 2 g concentrated
HCI for 1 g sample at 55 °C for 6h. Additional materials prepared under different

conditions are listed in Table 3.6.

Table 3.6 Different preparation conditions for materials under basic pH

sample reaction conditions

SWb5e | using C1sTMACI, stirred at room temperature for 24 h, then aged V
at 95 °C for 20 h

SW10e | using C16TMABTr, aged at 80 °C for 4 days

SW11e | using C1sTMACI, stirred at room temperature for 24 h

SW13e | using C1sTMACI, stirred at room temperature for 24 h

SW14e | using C1sTMACI, stirred at room temperature for 24 h added 0.8
ratio NaOH

SW15e | using C1sTMACI, stirred at room temperature for 24 h added 1.5
ratio NaOH

SW16e | using C16TMACI, stirred at room temperature for 48 h

SW17e | using C1sTMACI, stirred at 45 °C for 24 h

SW19e | using C1sTMACI, stirred at 45 °C for 4 days

SW20e | using C16TMACI, stirred at 55 °C for 4 days

Preparation of ethenylene-bridged mesoporous material using P123 (SW45e).

2 g of P123 was dissolved in 15 g of distilled water and 60 g of 2M hydrochloric acid.
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After the mixture was stirred at 35 °C for 1 day, BTSEY (3.6 g) was added to the
solution and stirred for 5 minutes. A white precipitate appeared right away. The
mixture was kept at 35 °C without stirring for 20 hours, then kept for 2 days in an
oven preheated at 90 °C. After cooling to room temperature, a white precipitate was
recovered by filtration, washed thoroughly with water and dried. The surfactant was
removed by two consecutive solvent extractions using 150 ml of ethanol and 2 g

concentrated HCI for 1 g sample at 50 °C for 5 h.

Preparation of ethenylene-bridged mesoporous material using P123 and
Butanol (SW51e). 0.986 g of P123 was dissolved in 35.1 g of distilled water, 1.9 g
of concentrated hydrochioric acid and 0.932 g butanol at 35 °C. After complete
dissolution, BTSEY (1.76 g) was added to the solution and stirred vigorously for 5
minutes. A white precipitate appeared immediately. The mixture was kept stirring
slowly at 35 °C for 1 day. It was then put in an oven and kept for 1 day at 1QO °C.
After cooling to room temperature, the precipitate was recovered, washed, dried and

solvent extracted as described above.

Preparation of ethenylene-bridged mesoporous material using P123 and
sodium iodide (SW52e). 0.96 g of P123 and 5.62 g sodium iodide was dissolved in
22.5 g of distilled water and 15 g of 4 M hydrochloric acid at room temperature. After
P123 and sodium iodide were dissolved, the mixture was moved to 55 °C oven and
BTSEY (1.22 g) was added. The solution was stirred vigorously for 1 minute. A white

precipitate appeared right after the BTSEY addition. The mixture was kept stirring
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slowly at 55 °C for 1 day. Then the mixture was put into 80 °C oven aged for 1 day.
After it was cooled to room temperature, the white precipitate was recovered and

solvent extracted.

3.3.3 Post —synthesis modification

A potential advantage of having a hybrid framework is that it can be modified further,

provided the organic groups are functionalizable and accessible.

3.3.3.1. Literature review

Numerous investigations have been devoted to the modification of terminal organic
groups within mesoporous silicas [68]. For instance, the terminal alkane thiols were
transformed into sulfonate groups [69]. Although the product was slightly less
ordered, the surface area and the pore volume decreased, and most of the pores
became micropores, °C CP MAS NMR data showed that the original thiol
disappeared. Stein et al. [70] brominated the terminal vinyl groups inside MCM-41,
and found that such groups can be brominated completely. Anwander and co-
workers [71] utilized vinyl functionalized disilazane reagents to graft vinyl groups to
the silica channel walls of preformed mesoporous silica (MCM-41), which was
subsequently hydroborated. Ozin et al. [72] reported that terminal vinyl groups
incorporated directly into mesoporous silica by co-assembling (EtO)3SiCH=CH, and

TEOS can be hydroborated and subsequently converted into alcohol groups. Only
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vinyl groups reacted, but the structure of the material was retained after
hydroboration and alcoholysis. The specific surface area, pore volume and PSD also
remained largely unchanged. There are however a limited number of investigations
dealing with the transformation of organic species directly within the framework of
PMOs. For instance, Stein ef al. [40] and Ozin et al. [38] brominated the ethenylene
groups incorporated into PMOs obtained by assembling BTSEY with surfactant
template. Stein's group found that not all the ethenylene groups in the framework
were accessible for bromination because the ethenylene carbon atoms, which
resonate at 146 ppm on a *C CP MAS NMR spectrum did not disappear completely.
Ozin's group found that after bromination the structure integrity and order of the
material was well maintained. But while some ethenylene groups (~ 10%) were
brominated, others reacted with the solvent to form ethane bridges. These resuits
show that ethenylene groups incorporated into the channel walls are paftly
accessible for chemistry although they can not be brominated completely. inagaki et
al. [59] reported the direct sulfonation of phenylene group in the pore walls of
mesoporous benzene — silica. Based on these studies, functional organic groups in
the framework appeared to be less reactive than terminal groups.

In this work, bromination of ethenylene groups in the framework and terminal vinyl

groups was investigated.

3.3.3.2 Experimental

All PMO materials were prepared and characterized as described before. Bromine
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and dichloromethane were purchased from Aldrich.

Bromination of ethenylene group in PMOs prepared using BTSEY and Brij 76.
0.05 g mesoporous material (white) was put in a tube connected to a valve. After
vacuum treatment, bromine gas was introduced into the tube. The material turned
brown. The material was kept in the presence of gaseous bromine for 24 h. It was
then washed by dichloromethane until it turned from brown back to white. The final

solid was collected by filtration and dried in ambient air.

Bromination of ethenylene group in PMOs prepared using BTSEY and P123.
0.1 g mesoporous material (white) was vacuum treated and contacted with gas. The
material, turned brown, was kept in the presence of gaseous bromine for 24 h. It was
then washed by dichloromethane until it turned from brown back to white. The white

solid was collected by filtration and dried in ambient air.

Bromination of terminal vinyl group in PMOs prepared using TEOS, TEVS and
CTAB. The material was prepared by co-condensation of TEOS and TEVS in 1:1
ratio using the method reported by Ozin et al. [73]. Bromination of vinyl containing

mesoporous silicate was carried out as described above.
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Chapter 4

Results and Discussion
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4.1 Introduction

All benzene and ethenylene-bridged PMOs were characterized by a number of
techniques including XRD, TEM, SEM, nitrogen adsorption, 2°Si and '*C NMR, IR,
UV-visible, TGA, and elemental analysis. In this work, nitrogen adsorption was used
to calculate the surface area, the pore volume and the pore size. XRD helped
determine the structure of the mesophases, and provided the dig distances to
calculate the unit cell dimensions. In combination with No adsorption data, the d1q
distance were used to determine the pore wall thickness. TEM allowed to confirm
the structure of the materials and their pore sizes. It also provided direct evidence of
the order of the pore system or the lack thereof. SEM showed the morphology of the
materials. 2°Si and '>*C NMR was used to prove that the organic groups were located
in the framework. The KJS (Kruk-Jaroniec-Sayari) pore diameter [74] was obtained
as the value corresponding to the maximum of the pore size distribution. The BET
surface area was calculated from S; = V, * N * A, where V, is the volume of
adsorbed monolayer, which is obtained from the BET equation of P/(V(Po - P)) =
1/(VmC) + (C - 1)Y/(VmC) * P/Py (V is the volume adsorbed, P is the adsorbate
pressure, and Py is the saturation vapor pressure of the adsorbate), N is the
Avogadro’'s number, A, is the cross-sectional area of the adsorbate molecule, which
is 16.2 A? for nitrogen. The pore volume was calculated from V = 0.00156 * V(g.es),
where V(g g5 is the volume of nitrogen gas (at 0 °C, P = 1 atm) adsorbed at P/P, =
0.95. The pore wall thickness was calculated using the equation b = 2d100/(3)"? —

wkys. All the data will be presented and discussed in this Chapter.
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4.2 Evaluation of bis(triethoxysilyl)benzene containing materials

4.2.1 Results and discussion

Different kinds of oligomeric surfactants were used to prepare phenylene-bridged
organosilicates. In addition, different conditions such as the amount of acid, the

aging temperature and time were also investigated.

XRD patterns (Figure 4.1) of the surfactant free materials prepared in the presence
of Brij 76 revealed a strong peak at 20 = ca. 1.7 and two minor peaks in the 20 range
of 3 — 3.5°. These features are consistent with the occurrence of two-dimensional
hexagonal structure, akin to MCM-41 or SBA-15 mesophases. They correspond to
the (100), (110) and (200) reflections. The unit cell dimension (calculated using ag =
2d100/3"? , where digo = 0.15418/(2sin@)) was 5.83 and 5.13 nm, for samples

prepared in the presence of Brij 76 and Brij 56, respectively.

Nitrogen adsorption isotherms for samples prepared in the presence of Brij 56 and
Brij 76 (figure 4.2) were typical of periodic mesoporous materials. They exhibited a
steep increase in adsorption at P/Py = 0.25-0.45 due to capillary condensation of
nitrogen in the mesopores. The pore size distributions were narrow, particularly for
the sample prepared in the presence of Brij 76. The pore volume, the surface area,
the pore size and the pore wall thickness of these two materials are shown in Table

41.
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Fig. 4.1 XRD patterns for phenylene-bridged mesoporous organosilicas
(after extraction) prepared in the presence of (a) Brij 76, and (b)

Brij 56.
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Fig. 4.2 Nitrogen adsorption isotherms for phenylene-bridged
mesoporous organosilicas prepared in the presence of Brij 76

(-o-) or Brij 56 (-e-) as structure directing agent
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Table 4.1. N, Adsorption data for materials prepared in the

presence of Brij 56 and Brij 76

Surfactant used | Pore volume | Surface area | Pore size Pore wall
cm®/g m?/g nm thickness nm
Brij 76 0.63 840 3.9 1.9
Brij 56 0.58 899 3.5 1.6

A typical 2°Si MAS-NMR spectrum for the current phenylene-bridged mesoporous
materials is shown in figure 4.3a. It exhibited three main signals at -62.01, -70.35,
and -79.21 ppm, assigned to Si species covalently bonded to carbon atoms: T
[SIC(OH/OE1),(0Si)], T? [SiC(OH/OEt)(0Si);] and T* [SiC(OSi)s], respectively.
These data are consistent with the occurrence of the organic linker within the
material framework. Small signals between -90 and —-120 ppm attributable to
condensed SiO4 species (Q", SiO,, (n = 2-4)) were also present. The overall relative
intensity of such signals was below 8%. An additional broad peak appeared at
ca. -40 ppm. While this could not be assigned to a particular silicon species, it could
be due to a spinning side bands. Unfortunataly, this was not verified.

The *C NMR spectrum (Fig. 4.3b) was dominated by a peak at 134 ppm, which
corresponds to the superposition of unresolved signals from o- and m-carbons in the
phenylene ring. This peak exhibited a shoulder attributable to carbon atoms in
positions 1 and 4, which are bonded to Si. There were two additional peaks at 16.2

and 58.8 ppm, which were assigned to non-hydrolyzed Si-O-CH,CHj3; groups. The
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2gj and °C NMR data are consistent with each other, and provide strong evidence

for the occurrence of a network composed of O4 5Si-CeH4-SiO4 5 units.

20 -40 60 -80 -100 -120 -140
b
%k %
A
250 200 150 100 50 0
Chemical shift (ppm)

Fig. 4.3 (a) °Si NMR, and (b) >°C NMR data for the phenylene-bridged
mesoporous organosilica prepared in the presence of Brij 76

* refers to spinning side bands.
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Transmission electron microscopy (TEM) images of the specimens were obtained on
a Jeol JEM-2010 instrument operating at 200 kV. When looking down the pore axis,
the hexagonal arrangement of the mesopores was confirmed (Fig. 4.4). The pore
centre to pore centre distance was about 5 nm, being consistent with the XRD
results. When viewed down the [100] direction, straight lattice fringes were observed
with a separation of 4.3 nm, which is the d-spacing of the (010) planes (Fig. 4.5a). In
addition, some fine lattice fringes were also visible, although the contrast was very
low. In order to study the detailed structure, Fourier transform of the image in Fig.
4.5(a) was performed (Fig. 4.5b). The sharp diffraction spots resulted from the
ordering of the mesopores with the d-spacing of 4.3 nm. Two pairs of greatly
diffused diffraction disks were also visible, indicating partial ordering in the wall
structure in two dimensions. An inverse Fourier ;transform of Fig. 4.5(b) by removing
the background noise enabled us to see the structural details of the framework as
shown in Fig. 4.5(c). Wave-like lattice fringes were revealed along two directions.
Calculated from both the image and the diffraction pattern, the d-spacings of these
fringes were about 1.2 nm and 0.8 nm, respectively. The latter is similar to the d-
spacing observed by Inagaki et al. [61], from their crystal-like benzene-silica
prepared under basic conditions, and it is believed that the periodicity is related to
the separation of the phenylene-bridged molecules. The spacing of 1.2 nm must
relate to the length of the molecules, i.e. partial ordering parallel to the molecules.
Unlike the observed wall structure of similar materials prepared under basic
conditions, the ordering of the bridged molecules is not parallel to the pore axis, but

with an angie of about 57°. Furthermore, there was only partial ordering of the
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molecules. This is why no sharp diffraction peaks of such ordering were observed in

the XRD pattern.

Figure 4.4 TEM image of the phenylene-bridged mesoporous product
viewed down the [001] zone axis. The white spots are the

direct images of the pores.
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Fig. 4.5 (a) TEM image of the phenylene-bridged mesoporous phase
viewed down the [100] zone axis. (b) Diffraction pattern made
by Fourier transform of (a). (c) TEM image created by inverse
Fourier transform of (b) when the sharp spots and two pairs of

diffused spots were considered.
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Figure 4.6 shows the pore size distribution of the materials prepared in the presence
of Brij 58 (SW8e) and Brij 78 (SW9e) as structure directing agents. This indicates

that these two materials had no mesopore with narrow PSD.

svP15d® (cm® nm'g™)

Pore size (nm)

Fig. 4.6 Pore size distribution for phenylene-bridged organosilicas

prepared in the presence of Brij 58 (-¢-) and Brij 78 (-0-)

Nitrogen adsorption and XRD data indicated that although Brij 56 is a suitable
template, Brij 76 is the best structure directing agent to prepare high quality
mesoporous benzenesilica. TEM observation indicated that in addition to the long
range order of the mesopore structure, the material exhibited a novel molecular
scale order within the pore walls. Attempts to prepare samples with improved

ordering within the pore walls were made by trying different amounts of acid or
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procedure described above, another hydrothermal treatment whose duration and
temperature were varied from 20 to 48 h and from 50 to 95 °C, respectively. This
also included the preparation of samples under the same conditions as described
above to check the reproducibility of the molecular order in the pore walls. Table 3.1
shows the details of the preparation conditions.

Figure 4.7 shows the pore size distribution for materials prepared using different
amounts of acid. The amounts of acid had relatively little effect on the pore size

distribution.

1.8 3.8 58 7.8

Pore size (hm)

Fig. 4.7 Pore size distribution for phenylene-bridged mesoporous
organosilicas prepared in the presence of Brij 76 with the
following HCI/BTEB ratios (-e-) 6.4, (-0-) 4.6, (-A-) 7.7, and

(-A-) 9.2
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Figure 4.8 shows the XRD patterns for samples prepared using an additional
hydrothermal stage for 20 h at different temperatures and a single step at 50 °C for
20 h (Fig. 4.8a). This indicates that the long range order of the material improved:;
however no extra sharp peaks appeared at higher diffraction angles.

Consistently with this observation, the corresponding PSDs (Figure 4.9) showed also
a clear improvement as the temperature of the additional synthesis step increased.
This indicates that the hydrothermal treatment enhances their long range order, but
TEM data showed that these materials exhibited no order within the pore walls.
Figure 4.10 showed PSDs for the materials prepared in the presence of Brij 76 by
hydrothermal treatment at 50 °C for 20 h and 48 h. The length of the hydrothermal
treatment did not seem to have any significant effect on the PSD.

Nonetheless, the sample prepared under the same condition showed the same
ordering in the - pore walls as described above, indicating that the synthesis of
periodic phenylene-bridged silica with novel ordering in the pore walls is

reproducible.

4.2.2 Summary

Among those studied, the best surfactant for the preparation of high quality phenyl-
bridged mesoporous organosilica was found to be Brij 76. The best preparation
conditions consist of stirring the synthesis mixture at 50 °C for 20 hours, and the best
HCI to BTEB ratio is 7.7 to 1. Under these conditions, a partially ordered meoporous
material with 3.9 nm pores was obtained. Further hydrothermal treatment did

improve the long range order, but as shown by TEM, the materials lost the order

within the pore walls.
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Fig. 4.8 XRD patterns for phenylene-bridged mesoporous
organosilicas (after extraction) prepared in the presence of Brij
76 in single step at 50 °C (a), or using a second hydrothermal

stage for 20 h at (b) 50 °C, (c) 70 °C, and (d) 95 °C.
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Fig. 4.9 Pore size distribution for phenylene-bridged mesoporous
organosilicas prepared in the presence of Brij 76 in single
step at 50 °C (-e-), or using a second hydrothermal stage for

20 h at (-4-) 50 °C, (-0-) 70 °C, and (-0-) 95 °C.
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Fig. 4.10 Pore size distribution for phenylene-bridged mesoporous
organosilicas prepared in the presence of Brij 76 using a
second hydrothermal stage at 50 °C for (-¢-) 20 h and

(-0-) 48 h
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4.3 Evaluation of bis(triethoxysilyl)ethylene containing materials

Different surfactants were used to prepare ethenylene bridged organosilicates,
including oligomeric surfactants (Brij 56, Brij 76, Brij 58 and Brij 78),
alkyltrimethylammonium surfactants (C1sTMACI, C4+TMACI and C4TMABr) and
triblock copolymer Pluronic P123. Different preparation conditions, such as different
hydrothermal treatment temperature and time were also investigated. Nitrogen

adsorption, XRD, SEM, NMR and TEM were used to characterize the materials.

4.3.1 Ethenylenesilicas prepared in the presence of oligomeric

surfactants

4.3.1.1 Results and discussion

Figure 4.11 shows the pore size distribution for materials prepared using Brij 76 with
and without hydrothermal treatment. It shows that after hydrothermal treatment, the
average pore size becomes larger and the pore size distribution becomes narrower
with higher maximum.

Figure 4.12 shows the XRD pattern for samples prepared in the presence of different

oligomeric surfactants. It shows that materials prepared in the presence of Brij 76
and Brij 56 reveal a strong peak at 20 = ca. 2°, attributable to the (100) diffraction

peak from 2D hexagonal unit cells. Moreover, the Brij 76-derived material exhibited
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two minor, but well-resolved peaks attributable to (110) and (200) reflections. This
assignment is consistent with occurrence of a mesophase with well-ordered
hexagonal symmetry (Figure 4.12 a). However, materials prepared in the presence

of Brij 58 and Brij 78 (Figure 4.12 ¢, d) showed the (100) diffraction peak around 28

= 1.6, but the secondary reflections were not observed.
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o
()]
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Fig. 4.11 Pore size distribution for ethenylene-bridged mesoporous
organosilicas prepared in the presence of Brij 76 in a single

step (-¢-) and using a second hydrothermal stage for 20 h at

50 °C (~0-)
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Fig. 4.12 XRD patterns for ethenlyene-bridged mesoporous
organosilicas (after extraction) prepared by a second

hydrothermal stage for 20 h at 50 °C in the presence of

(a) Brij 76, (b) Brij 56, (c) Brij 58, and (d) Brij 78
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Nitrogen adsorption - desorption isotherms for ethenlyene-bridged organosilicas
prepared under acidic conditions in the presence of different surfactants with
hydrothermal treatment at 50 °C are shown in Figure 4.13. The samples prepared in
the presence of Brij 76 and Brij 56 exhibited a steep increase due to capillary
condensation of nitrogen in the mesopores. Both isotherms also featured a
hysteresis loop. The KJS pore diameter, BET surface area and pore volume
calculated from the adsorption isotherms are shown in Table 4.2. The pore wall
thickness was also included. XRD and nitrogen adsorption data indicated that Brij 76
was the best structure directing agent under acidic conditions for the preparation of
ethenlyene-bridged mesoporous organosilica.

Figure 4.14 shows a SEM image for the ethenlyene-bridged organosilica prepared
under acidic conditions in the presence of Brij 76 with hydrothermal treatment at 50
°C for 20 h. Most particles consisted of hexagonal rods. The width for the particle

was around 0.4 to1 um and the length varied between 1 and 6 ym.

Table 4.2 Nitrogen adsorption data for samples prepared under acidic
condition with hydrothermal treatment at 50 °C for 20 h in the

presence of different surfactants

Sample | surfactant | S(m%g) | V (cm’/g) Pore size Pore wall
(nm) thickness
(nm)
Sw3be Brij76 868 0.83 5.1 1.75
Sw36e Brij56 894 0.73 4.0 2.18
Sw39%e Brij58 981 0.66 3.5 2.95
Sw40e Brij78 847 0.63 3.8 2.78
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Figure 4.13 Nitrogen adsorption-desorption isotherms for ethenylene-
bridged mesoporous organosilicas prepared using a second
hydrothermal stage for 20 h at 50 °C in the presence of (-¢-)

Brij 76, (-A-) Brij 56, (~0-) Brij 58, and (-a-)Brij 78
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Fig. 4.14 SEM image for ethenylene-bridged organosilica prepared in
the presence of Brij 76 using a second hydrothermal stage for

20h at 50°C

The ?°Si CPMAS-NMR spectra (Figure 4.15a) for the ethenylene-bridged
mesoporous material exhibited only two main signals at -73.14 and -82.63 ppm,
assigned to Si species covalently bonded to carbon atoms T? [C-SiO(OH)] and T3
[C-SiO3), respectively. The absence of SiO4 species confirms that no carbon-silicon
bond cleavage of the BTSEY molecules occurrekd during synthesis or solvent
extraction. The '*C NMR spectra (Figure 4.15b) had a single strong peak at 145.86
ppm, which corresponds to the ethenylene carbon atoms. There were also two
additional peaks at 16.07 and 58.17 ppm, which were assigned to non-hydrolyzed
Si-O-CH,CHs groups. The ?°Si and >C NMR data are consistent with each other,
and provide strong evidence for the occurrence of a network composed of O45Si-

CH=CH-SiO 5 units.
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Fig. 4.15 (a) 2°Si NMR, and (b) ">C NMR data for the ethenylene-bridged
mesoporous organosilica prepared using a second hydro-

thermal stage for 20 h at 50 °C in the presence of Brij 76
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Figure 4.16 shows TEM images for the ethenylene-bridged mesoporous
organosilicas prepared under acidic conditions in the presence of Brij 76 (Fig. 4.16a)
and Brij 56 (Fig. 4.16b) with hydrothermal treatment at 50 °C for 20 h. This showed
that both materials had hexagonal pore structure and the pore sizes were 5.4 nm

and 4.6 nm, respectively, which are comparable to data obtained by XRD and

nitrogen adsorption.

Figure 4.16 TEM images for ethenylene-bridged mesoporpous
organosilicas prepared with hydrothermal treatment at 50

°C for 20 h in the presence of (a) Brij 76 and (b) Brij 56
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4.3.1.2 Summary

Using ethenylene-silicon precursor and Brij 76, a highly ordered mesoporous
material with two-dimensional hexagonal structure was prepared. Its pore size was
5.1 nm, and its particles consisted of hexagonal rods. 2°Si and '*C NMR data
provide directly evidence for the occurrence of a network composed of O4;5Si-
CH=CH-SiO4 5 units. Likewise Brij 56 gave rise to a good quality material with 4.0 nm
pores. Oligomers with large headgroup, namely Brij 58 and Brij 78 gave materials

with somewhat broader pore size distribution.

4.3.2 Ethenylenesilica prepared in the presence of (triblock

copolymer P123

4.3.2.1 Results and discussion

The powder X-ray diffraction pattern for the solvent-extracted sample is shown in
Figure 4.17. It reveals a strong peak at 26 = 0.95 and a small broad peak at ca. 1.8.
These features are consistent with the occurrence of two-dimensional hexagonal
structure. The unit cell dimension was 10.74 nm.

Figure 4.18 shows the nitrogen adsorption isotherm for the material obtained in the
presence of P123 as suporamolecular template. It exhibits a very steep increase in

adsorption at P/Py, = 0.72-0.77 due to capillary condensation of nitrogen in the
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mesopores. It also featured a hysteresis loop. The KJS pore diameter was 8.6 nm,
the BET surface area was 676 m?%/g and the pore volume was 0.91 cm®/g.

The #Si CPMAS-NMR spectrum (Figure 4.19a) for the ethenylene-bridged
mesoporous material exhibited only two main signals at -73.14 and -82.10 ppm,
assigned to Si species covalently bonded to carbon atoms T? [C-SiO(OH)] and T*
[C-SiO3], respectively. The absence of SiO4 species confirms that no carbon-silicon
bond cleavage of the BTSEY molecules occurred during synthesis. The *C NMR
spectrum (Figure 4.19b) had a strong single peak at 146.21 ppm, which corresponds
to the ethenylene carbon atoms. The ?°Si and *C NMR data are consistent with
each other, and provide strong evidence for the occurrence of a network composed

of O45Si-CH=CH-SiO; 5 units.

Intensity (a.u.)
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Fig. 4.17 XRD pattern for ethenylene-bridged mesoporous organosilica
(after extraction) prepared in the presence of triblock

copolymer P123
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Fig. 4.18 Nitrogen adsorption-desorption isotherm for ethenylene-
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bridged mesoporous organosilica prepared in the presence of

triblock copolymer P123
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Fig. 4.19 (a) °Si NMR, and (b) "*C NMR data for the ethenylene-bridged
mesoporous organosilica prepared in the presence of triblock

copolymer P123
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Recent literature data indicated that addition of butanol [68] or Nal [67] to the
synthesis mixture of mesoporous silica in the presence of P123 generated cubic
mesophases. We found it interesting to investigate whether this dramatic effect
occurs when ethenylenesilicon is used as precursor.

Figure 4.20 shows the XRD patterns for solvent-free materials obtained using P123
in the presence of butanol and Nal additives along with the sample prepared with no
additives (described earlier). Both samples exhibited a strong sharp peak at low
diffraction angles. The material which was prepared using butanol had two additional
small peaks, whereas the other material had a single broad peak. These data
indicate that all materials exhibit two-dimensional hexagonal structure.

Figure 4.21 shows the pore size distribution for materials obtained using ethenuylene
containing precursor, P123, and butanol or Nal. Adding butanol had a dramatic
effect on the pore-size distribution, which becomes much narrower, indicating the
occurrence of much better ordered porous system. However, addition of Nal had a
slightly negative effect as the pore size distribution became somewhat broader.
Figure 4.22 shows the nitrogen adsorption-desorption isotherms for materials
obtained using the ethenylene-containing precursor, P123, and butanol or Nal as
additives. In the presence of butanol, the adsorption step became steeper which is
consistent with the narrower pore size distribution. Table 4.3 lists pore system
information for these materials.

Figure 4.23 shows TEM images for the material obtained using the ethenylene-

containing precursor, P123, and butanol as additives. This showed that the material
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had hexagonal pore structure and the pore sizes were 8.2nm, which is comparable

to data obtained by XRD and nitrogen adsorption.
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Fig. 4.20 XRD patterns for ethenylene-bridged mesoporous organosilica
(after extraction) prepared in the presence of (a) P123, (b)

P123 + butanol, and .(c) P123 + sodium iodide
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Fig. 4.21 pore size distribution for ethenylene-bridged mesoporous
organosilicas prepared in the presence of triblock

copolymer P123 only (-¢-), P123 + butanol (-0-), and P123 +

sodium iodide (-A-)
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Fig. 4.22 Nitrogen adsorption-desorption isotherms for ethenlyene-

bridged mesoporous organosilicas in the presence of triblock

copolymer P123 only (-¢-) (+600), P123 + butanol (-0-) (+200),

and P123 + sodium iodide (- A-) (-200)
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Table 4.3 Pore system data for materials prepared in the presence of

P123 (SW45e), P123 + butanol (SW51e) and P123 + Nal

(SWb2e)
Sample | dioo | Surface area | Pore Size | Pore volume Pore wall thickness
nm m?/g nm cm’/g nm
SW45e | 8.58 676 8.65 0.924 1.26
SW51e | 9.40 624 8.01 0.744 2.84
SW52e | 7.07 718 7.90 0.953 0.26

Figure 4.23 TEM Image of ethenylene-bridged mesoporous

organosilicas prepared in the presence of triblock

copolymer P123 + butanol viewed down [001] zone axis.
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4.3.2.2 Summary

Using bis(triethoxysilyl)ethylene and P123, a large pore (8.6 nm) mesoporous
material with 2D-hexagonal structure was prepared. The #*Si and *C NMR data
provided strong evidence that the framework is comprised of O45Si-CH=CH-SiO1 5.
When butanol was added, the pore size distribution became narrower and the
structure more ordered. However, contrary to pure silica, no cubic mesophase was

obtained.

4.3.3 Ethenylenesilica prepared in the presence of

alkyltrimethylammonium

4.3.3.1 Results and discussion

Table 4.4 lists the pore volume, surface area and pore size distribution (calculated
from the nitrogen adsorption branch) for materials obtained using
bis(triethoxysilyl)ethylene precursor in the presence of alkyltrimethylammonium
surfactant under different conditions (preparation conditions listed in Table 3.3). It
showed that SW19e is the best material.

Figure 4.24 shows the powder X-ray diffraction pattern for solvent-extracted SW19e

sample. It revealed only a single peak at 26 = 2.25°.
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Figure 4.25 shows the nitrogen adsorption isotherm for sample SW19e. It exhibits an
increase in adsorption at P/Po= 0.32-0.42 due to capillary condensation of nitrogen
in the mesopores. The KJS pore diameter was 3.6 nm, the BET surface area was

1271 m?/g and pore volume was 0.91 cm®/g.

Table 4.4 N, adsorption data for materials prepared under different

Conditions
sample | pore volume surface | pore size
cm®/g area nm
m?/g
SW10e 0.194 234 3.5
SW11e 0.362 - 723 3.33 + <2
SW13e 0.557 1053 2.48 + <2
SW14e 0.332 680 2.27 + <2
SW15e 0.471 957 2.53 + <2
SW16e 0.655 1178 3.07
SW17e 0.550 951 3.50
SW19%e 0.914 1270.6 3.62
SW20e 0.601 894.31 3.94
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Fig. 4.24 XRD patterns for ethenylene-bridged mesoporous organosilica

(after extraction) prepared in the presence of CTMACI
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Figure 4.25 Nitrogen adsorption-desorption isotherms for ethenylene-
bridged mesoporous organosilica prepared in the presence

of C4TMACI
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The 2°Si MAS-NMR spectrum (Fig. 4.26a) of sample SW19e exhibited two main
signals at -73.66 and -83,03 ppm, assigned to Si species covalently bonded to
carbon atoms: T? [C-SiO,(OH)] and T [C-SiOs], respectively. A small signal at -
64.31ppm was assigned to T' [C-SiO(OH), ]. The signal at -109.8 ppm attributable to
condensed SiO4 species was also present. The relative intensity of this signal was
below 8%. The *C NMR spectrum (Fig. 4.26 b) showed a single strong peak at
146.3 ppm, which corresponds to the ethenylene carbon atoms. The #°Si and *C
NMR data are consistent with each other, and provide strong evidence for the

occurrence of a network composed of O4 5Si-CH=CH-SiO; 5 units.

4.3.3.2 Summary

Using bis(triethoxysilyl)ethylene precursor and C1sTMACI surfactant, a high quality
mesoporous organosilica was prepared. The material had very large surface area
(1270 m?g) and 3.6 nm pores. The 2°Si and *C NMR data showed that the

framework was comprised mostly of O4 5Si-CH=CH-SiO1 5 units.

92



40 -0 80 100 120  -140

250 200 150 100 50 0
Fig. 4.26 (a) *°Si NMR, and (b) "*C NMR data for the ethenylene-bridged

mesoporous organosilica prepared in the presence of

C16TMACI
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4.4 Evaluation of post-synthesis reactions

4.4.1 Results and disscussion

Bromination was investigated for materials containing C=C double bonds. After
bromination, nitrogen adsorption, XRD and "*C NMR were used to characterize the
obtained materials. Nitrogen adsorption and XRD were used to investigate the effect
of bromination on the pore structure of the material. >*C NMR was used to indicate
that the bromination did take place by detecting carbon atoms bonded to bromine.
Figure 4.27 shows XRD patterns for mesoporous ethenylenesilica (SW35e) obtained
in the presence of Brij 76 before and after bromination. Both spectra exhibited one
strong and two small peaks. This indicates that the pore structure did not change
through bromination.

Figure 4.28 shows nitrogen adsorption isotherms for the same material before and
after bromination. After bromination, the pore size decreased from 5.1 to 4.4 nm, the
BET surface decreased from 868 to 489 m?/g and the pore volume decreased from
0.83 to 0.46 cm®/g.

After bromination, *C NMR data show the appearance of a new peak at 33.9 ppm
(Figure 4.29). It was assigned to C-Br, indicating that bromine did add to the double
bond. However, the peak at 146.29 ppm assigned which to C=C did not disappear

completely indicating that not all the double bonds reacted.
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Figure 4.27 XRD patterns for ethenylene-bridged mesoporous

organosilicas prepared in the presence of Brij 76 using a
second hydrothermal stage for 20 h at 50 °C (a) before,

and (b) after bromination
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Fig. 4. 28 Nitrogen adsorption-desorption isotherms for ethenylene-
bridged mesoporous organosilicas prepared in the presence
of Brij 76 using a second hydrothermal stage for 20 h at 50 °C

(-#-) before, and (-0-) after bromination

96



f | | i i i i i i i ‘ y
250 200 150 100 50 0 -50

b
] 1 | 1 1 1 I
250 200 150 100 50 0
ppm

Fig. 4.29 *C NMR for ethenylene-bridged mesoporous organosilicas
prepared in the presence of Brij 76 using a second
hydrothermal stage for 20 h at 50 °C (a) before, and

(b) after bromination
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Figure 4.30 is XRD patterns for mesoporous ethenylenesilica (SWW45e) obtained in
the presence of P123 before and after bromination. Only the intensity of the main
peak decreased after bromination indicating that the pore structure was mostly

preserved.

Figure 4.31 shows nitrogen adsorption isotherms for the same material before and
after bromination. After bromination, the pore size decreased from 8.64 to 8.53 nm.
The BET surface area and pore volume also decreased from 676 to 338 m?/g and

from 0.91 to 0.59 cm®/g, respectively.

After bromination, a '*C NMR peak, assigned to C-Br, appeared at 32.87 ppm
indicating that the bromine did add to the double bond (Figure 4.32). However, the
peak at 146.41 ppm attributable to C=C persisted indicating that not all the double

bonds were accessible to bromine.
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Figure 4.30 XRD patterns for ethenylene-bridged mesoporous
organosilicas prepared in the presence of triblock

copolymer P123 (a) before, and (b) after bromination
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Fig. 4.31 Nitrogen adsorption-desorption isotherms for ethenylene-

bridged mesoporous organosilicas prepared in the presence
of triblock copolymer P123 (-¢-) before, and (-0-) after

bromination
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Fig. 4.32 *C NMR for ethenylene-bridged mesoporous organosilicas
g
prepared in the presence of triblock copolymer P123 (a)

before, and (b) after bromination
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Figure 4.33 shows the nitrogen adsorption isotherms for materials obtained by co-
condensation of TEOS and TEVS in the presence of CTAB, before and after
bromination. After bromination, the pore size decreased from 2.4 to under 2 nm, the
BET surface area decreased from 1133 to 532 m?g and the pore volume from 0.57

to 0.23 cm®/g.

Figure 4.34 shows that upon bromination, a >*C NMR peak assigned to C-Br
appeared at 35.55 ppm. This indicates that bromine did add to the C=C double bond.
In addition, the two peaks at 129.4 and 134 which belonged to the vinyl group

disappeared completely, indicating that the vinyl group reacted fully with bromine.

4.4.2 Summary

Ethenylene-bridged mesoporous materials prepared in the presence of Brij 76 or
triblock copolymer P123 were submitted to bromination. >C NMR data showed that
only a fraction of the C=C double bonds inside the wall reacted with bromine, the
remaining ethylene groups were not accessible. One possible reason maybe the
bromine molecule is too big. Thus, not enough bromine can diffuse inside the pore
system to react with the C=C double bond. Another possible reason is that part of
C=C species are hidden within the pore wall. Material containing vinyl groups was
also tested for bromination. The >C NMR experiment indicated that all the terminal

C=C double bonds were available for reaction.
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Fig. 4.33 Nitrogen adsorption-desorption isotherms for vinyl and
ethenylene containing mesoporous organosilicas prepared in
the presence of CTAB (-¢-) before, and (-m-) after

bromination
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Fig. 4.34 ">°C NMR for vinyl and ethenylene containing mesoporous
organosilicas prepared in the presence of CTAB (a) before,

and (b) after bromination
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Chapter 5

Conclusion
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Organosilicon precursors, bis(triethoxysilyl)lbenzene and bis(triethoxysilyl)ethylene
have been prepared in good yields. 'H, '>*C NMR and mass spectrometry techniques
were used to characterize them unambiguously.

Using bis(triethoxysilyl)benzene precursor and Brij 76, excellent quality mesoporous
organosilicas were prepared under acid conditions. XRD showed that this material
has a two-dimensional hexagonal structure. Nitrogen adsorption showed that the
pore size was 3.9 nm, the surface area was 840 m?g, and the pore volume was
0.634 cm®/g. °Si and '*C NMR provided direct evidence that O+ 5Si-CsHs-SiO1 5 did
build in the wall of the channel. Detailed TEM studies showed this material has
partial molecular order in the pore walls.

Likewise, bis(triethoxysilyl)ethylene and Brij 76 gave rise to a high quality
mesoporous material under acid conditions. XRD indicated that it is two-dimensional
hexagonal structure. This mesophase has 5.1 nm pore diameter, 868 m?/g surface
area, and 0.83 cm®yg pore volume. SEM showed that its particles consisted of
hexagonal rods. The 2°Si and *C NMR indicated that the O 5Si-CH=CH-SiO1 5 units
are located in the framework.

The use of bis(triethoxysilyl)ethylene in the presence of triblock copolymer P123 also
afforded a ordered mesoporous material which has 8.6 nm pore dores. XRD data
were consistent with the occurrence of a two-dimensional hexagonal structure. The
29si and '*C NMR provided direct evidence that the framework consisted mainly of
0, 5Si-CH=CH-SiO 5 units. Addition of butanol did improve the pore size distribution.

However, no cubic structure was obtained.
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Using bis(triethoxysilyl)ethylene under basic conditions in the presence of
C16TMACI gave rise to a mesoporous material with very large surface area (1271
m?/g) and pore volume (0.91 cm?/g).

Bromination of materials with framework ethylene showed that the C=C double
bonds were reactive, but not fully accessible. However, bromination for the material
containing vinyl groups indicated that all terminal double bonds reacted with bromine.
The Phenylene-bridged mesoporous organosilicas can also be further modified
because of the high reactivity of the phenyl ring. Future work may be focused on the
reactions at the phenyl ring to generate PMOs with special properties. The
phenylene-bridged mesoporous organosilica obtained under acidic conditions in the
presence of Brij 76 has partial molecular order in the pore wall. Further
investigations to get higher molecular order in the pore walls should be undertaken.
The C=C double bonds inside ethenylene-bridged mesoporous organosilicas were
partially accessible. Many chemical reactions such as amination could be achieved
in the future.

The preparation of ethenylenesilica mesophases with different symmetry than MCM-
41 is worthwhile pursuing. Synthetic strategies leading to cubic mesoporous silicas
such as the use of additives and typical surfactant, e.g. Pluronic F127, divalent
ammobnium-based surfactant, maybe systematically investigated using BTSEY as

precursor.
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