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Abstract

Silica supported titanium are often reported as heterogeneous catalyst for oxidation
reaction and particularly for epoxidation of alkenes where isolated titanium sites are
known to be the active species. However, site isolation on a refractory surface like silica
remains a challenge since most metals like titanium tend to aggregate into oxide clusters.
The strategy adopted here consists to graft titanium isopropoxide by reaction with surface
silanol groups, the quantity of which has been decreased at low temperature by chemical
capping instead of high temperature thermal condensation. The originality resides in the
molecular control of such operation using the so-called molecular stencil patterning
(MSP) specifically developed for cationic templated silicas in the laboratory. Indeed,
these silicas presents very high surface areas and very well calibrated cylindrical 1D
nanochannel in the range 2.5 to 10 nm that is favorable for high metal dispersion and for
post organic modification without loss of accessibility for reactants. Indeed, MSP
overcome the diffusion problem for metal dispersion using a surface masking method
based on the templating surfactant kept at a controlled filling factor inside the channels.
After the removal of the masking surfactant, the silanol left available are located on
isolated spots where in principle any metal can be grafted.

It is shown here that MSP can be applied to graft metal directly to these isolated
silanol spots. The use of a dipodal organosilazane capping agent, leading to more stable

grafted 1-2-ethanebis(dimethylsilyl) moieties (EBDMS) than the monopodal



trimethylsilyl moieties (TMS) was tested and found applicable but less convenient for
surface coverage control. Nonetheless, the templated mesoporous silicas capped with
dipodal organosilyl EBDMS groups contain as planned more isolated sites than the
unmodified silica. This advantage depends on the titanium loading and it is more
pronounced at low Ti loading where site isolation is at the best. A drastic blue shift of the
ligand to metal UV transition attest for a profound effect on Ti dispersion in strongly
correlated with the epoxidation activity as expected. Quantitative ¥Si NMR and FT-IR
reveal that EBDMS are mostly bigrafted. After Ti grafting part of EBDMS are directly
linked to grafted Ti sites likely via the formation of a direct Ti-O-Si bridge.

The organosilazane precursor of the quite stable grafted EBDMS is much more
expensive and less convenient than HMDS. Therefore stabilization of the grafted
monopodal TMS moieties was studied using a thermal treatment. The goal was to convert
TMS into di-or trigrafted species using TGA profile as an indicator for the best choice of
temperature. Thanks to a quantitative >’Si NMR monitoring, the highest temperature to
avoid a loss of grafted organosilyl moieties was determined (500 °C). The so-obtained
ultra-stable organically modified surface are shown also to keep their properties of metal
dispersion at least for Ti according to UV characteristic of the solids.

To quantify the grafted Ti species that are always present as a mixture, it was
necessary to determine their molar coefficient of extinction. It was found that five
different Gaussian only were necessary to simulate the quite large number of UV spectra
obtained from the different syntheses. Each Gaussian was assigned to different groups of
species: isolated tetra coordinated, penta-coordinated and hexa-coordinated Ti species
with also small and large clusters of TiO,. It was found for the first time on a surface that
this coefficient decreases by two order of magnitude along the above series over

representing isolated and tetrahedral species by far.



These studies required a panel of physical techniques such as X-ray diffraction
(XRD), Nitrogen adsorption, thermogravimetry analysis (TGA), Diffuse reflectance UV
(DR-UV), Fourier transformed Infrared (FT-IR) as well as *’Si and "*C magic angle solid
state nuclear magnetic resonance (MAS-NMR) techniques. The epoxidation properties

were tested on cyclohexene using tert-butyl hydroperoxide (TBHP) as oxydant.
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Résumé

Les sites actifs de I’époxydation des alcenes dans les catalyseurs au titane supporté

sur silice sont des ions Ti(IV) isolés. La stratégie d’isolation de site adoptée ici consiste a



greffer I’isopropoxyde de titane par réaction avec les groupements silanol de surface dont
la densité est diminuée par «capping » chimique remplacant le traitement thermique
usuel, tres énergivore. La technique du pochoir moléculaire a motifs périodiques (PMP) a
été appliquée pour forcer I’isolation de site. Dans les silices poreuses mesostructurées par
un tensio-actif, c’est ce dernier, partiellement extrait, qui génere 1’effet PMP lors du
capping. Son élimination a I’étape suivante libere des flots de groupements silanol sur les
quels sont greffés les ions Ti(VI). Une étude spectroscopique quantitative menée en
paralléle par FT-IR et par RMN du solide du *’Si démontre que le pochoir organique
inverse formé de groupement organosilyls greffés est conservé a toutes les étapes de
synthese. La spectroscopie UV en corrélation avec 1’activité catalytique en époxydation
du cyclohexene montent que ces surfaces originales favorisent un nombre beaucoup plus
grand de sites mononucléaires isolés que les surfaces de silice non modifiées. La
démonstration est faite avec une fonction de capping dipodale, 1-2-
ethanebis(dimethylsilyl) (EBDMS), beaucoup plus stable que le monopodal classique,
trimethylsilyl (TMS). Par ailleurs, le pochoir organique inverse issu du TMS ou de
EBDMS voit sa stabilité augmentée par traitement thermique tout en préservant son effet
dispersant pour le titane. Pour ce faire, un suivi quantitatif de la décomposition des
organosilanes greffés a été réalisé par RMN du solide du *’Si. Finalement, une description
affinée et quantitative du mode de greffage du titane a été réalisée par simulation des
spectres UV sur une série de catalyseurs supposant 5 types d’especes comprenant les sites

1solés et les clusters, les derniers se différenciant par leur gamme de taille.
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Chapter I Introduction

1.1 General Introduction

Alcohol, ketone, or carboxylic functions are the most important functions in organic
chemistry and are related to the capacity of the chemists to add an oxygen atom at any
places required in a given molecule. Such a type of transformations are classified among
oxidation reactions and lead to more and more thermodynamically stable molecules with
the deeper oxidation. For instance, a di-alcohol (diol) is more stable than a mono-alcohol,
or a ketone is more stable than the corresponding alcohol. Eventually the more stable and
oxidized form of carbon is CO,. This is one of the fundamental reasons why selective
oxidation reactions will remain the most challenging for the chemist. In addition, the
classical inorganic oxydants (chromates, permanganates etc...) based on metal are very
polluting and should be recycled or merely suppressed for cleaner one. Organic peroxides
or even better hydrogen peroxides are excellent alternatives. Nonetheless, they are very
difficult and dangerous to use at the industrial scale and necessitate very soft condition
that cannot be met without the help of a catalyst. The role of the latter is to maintain the
reaction media far from the reactive conditions except at the so-called the catalytic site (or
center). The latter may accelerate one of the many possible reactions and provide the
selectivity towards the desired product. As far as oxidation reactions are concerned,
transition metal ion complexes are the best choice. In addition, for economic and
environmental concerns, the separation of the catalysts from the products and even better
its regeneration for other catalytic runs (recycling) prompts us to prefer solid catalysts
operating in gas or liquid reaction media, i. e., the so-called heterogeneous catalysts.
Therefore, the search for novel heterogeneous catalysts for oxidation reactions is
mandatory to develop cleaner and safer valuable chemical processes. This is the topic of
this thesis concerning particularly the reaction that consists to add a single oxygen atom
onto a double C=C bond leading to a three member CCO ring. The latter molecules called
epoxides are important industrial intermediates.

Among heterogeneous catalysts, titanium substituted zeolites such as TS-1, Ti-beta
and Ti-MWW are reported to be efficient oxidation catalysts, in particular for small olefin
epoxidation due to the very small micropores where the catalytic site are located (< 1.2
nm)."” The discovery of mesoporous templated materials with much larger pores (2 to 10
nm) and their titanium modifications, namely, Ti-MCM-41, Ti-HMS, Ti-MCM-48 and
Ti-SBA-15, expanded the capability to catalyze bulky reactant molecules that were not

able to access the Ti sites embedded in the zeolites framework.*’ Unfortunately, the




Chapter I Introduction

activity and selectivity of such materials are lower than that of TS-1 so far. In particular,
in the case of olefin epoxidation, adsorption of the epoxide on the hydrophilic silica
surface often leads to ring opening and therefore to the formation of diols.'*"!

Modification of Ti-containing

hydrophili
. . . AN X ydc::’nZn;Ic |
mesoporous materials with or ganic L Sig } R / Sk

crowded

silanols \
4

groups can both increase the stability
of the material and modify the
catalytic activity (Figure 1). These

functions can be introduced either by

post-grafting  using  organosilanes hydraphobic "

12-15

functions or by direct synthesis

where the organic function and the Figure 1 Proposed distribution of hydrophilic and

titanium precursors are added in the hydrophobic domains on silica-supported titanium

initial gel.'51® catalysts.™

Direct synthesis presents the advantage of affording a homogeneous distribution of
both Ti species and hydrophobic functions in the material. In addition, the pore size is not
obstructed affording higher molecular diffusion. However, the coordination environment
of the Ti sites is difficult to control. Indeed, Ti species with 4-, 5-, and 6-fold coordination
as well as TiO, oligomers may coexist depending on the experimental conditions.'®"

The post-grafting approach is proposed as a viable alternative although titanium
oxide clusters either on the internal channel or on external silica surface are sometimes
formed when unstable titanium alkoxydes or titanium chloride are used as precusors.zo'21
Several attempts have been reported to optimize both the synthesis protocol’”** and the

2527 in order to favour isolated tetrahedral Ti sites, which are the

titanium precursors
active species, to improve the catalytic performance of the material.

However, in comparison to the co-condensation route, there are three features that
had to be controlled prudently since: i) Ti site isolation mostly depends on the
optimization of the Ti source or the additives during the synthesis to avoid localized
condensation that may lead to inhomogeneous ‘patches’ of functions, ii) most often, the
post-capping hydrophobic functions are monopodal such as trimethylsilyl (TMS) i. e.,
they react onto a single silanol leading to a fragile single Ti-O-Si bridge easy to cleave

during a multistep synthesis or to leach out during a catalytic run and, iii) the number of

effective Ti active centre in the material involved in the catalytic reaction is difficult to
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determine leading to an underestimate of the true turnover number (TON) of the effective

Ti catalytic centres.

To tackle the problem of site
isolation, a novel technique, so-called
molecular stencil patterning (MSP)
has been developed to achieve an
homogeneous distribution of two
functions inside the nano-channels of

templated mesoporous silicas by

cationic surfactant (Figure 2).28'29 It
is based on a periodic patterning of
self-repulsing quaternary ammonium
cations acting as a protecting mask
during the capping of the unprotected
silanol groups using organosilanes.
The role of the first capping is to fix
the “latent image of the mask™ by a
covalently graft negative image. The
removal of the mask (i.e. the residual
ammonium cations) leaves behind
patches of silanol islands of about the
size of a hydrated ammonium head
(Figure 2). This is just enough to graft
a single function, F1, on these islands.

Then, it is expected that a second

function, F2, will be isolated one to

another depending on the coverage F1.

The role of the latter is to dilute the

@=a* DODODD

=CTA*
HCl

Figure 2 Example of stepwise built up of a bifunctional
surface obtained via MSP technique. HMDSA is
hexamethyldisilazane ~and AAPTMS is N-(2-
aminoethyl)-3-amino-propyltrimethoxysilane. The mask
is held electrostatically onto the surface by silanolate
counter-charges. The surface covered by such a mask is
controlled by extraction of CTA* or TMA™ via partial
neutralization of silanolate. The mask is made of the
remaining cationic templating surfactant it-self
(cetyltrimethylammonium, CTA") or an ersatz of it, i.e.,
the tetramethyl ammonium (TMA®) mimicking the
surfactant positively charged head. The capping
function, F1, is here a monopodal trimethyl silyl
moieties (TMS). In the present example the second
function, F2, is the N-(2-aminoethyl)-3-amino-

propylsilyl mieties (AAPS).

former at full surface coverage as described in previous experiments.” The question
remains whether or not MSP site isolation technique might be applied to isolated
transition metal by directly reacting them with the remaining silanol of such isolated
islands. The challenge is to prove that the molecular control is kept at each step of the

synthesis.
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Such questions are fundamental for the design of heterogeneous catalysts where the
nuclearity of the catalytic site is at stake. In this context, the main objective of the thesis
appears clearly to answer such general questions in the particular case of titanium (IV)
ions where isolated mononuclear species are known to be the active in the catalytic
epoxidation of alkenes. This proof of concept implies the study of the organic coverage
stability at different steps of the surface elaboration. The characterization of each
different Ti surface species or type of species will be necessary to identify and eventually
quantity the isolated ones among them. The latter is based mainly on the electronic
spectra obtained from diffuse reflectance UV spectroscopy, Kubelka Munk data
transformation and signal deconvolution. The catalytic activity in epoxidation of
cyclohexene by terbutyl hydroperoxide (TBHP) has been used also to probe the isolated
Ti sites. The same effort is also brought on the organic part with FT-IR and *°Si solid
state NMR deconvolution and quantification as been applied. A special effort has been
made also to improve the quality of the covalently fixed organic mask using either a
dipodal organosilane or a controlled thermal stabilization step.

The first part of the thesis is the present one followed by six other chapters. The
second one is a survey on the actual background and development on this kind of catalyst
including synthesis, characterization and application. The third part is the experimental
section that includes the description of the primary matter, the material for synthesis,
some typical recipes and the techniques used to collect the data. Chapters four to six
report on the results and discussion: the fouth is devoted to the use of a dipodal capping
function, 1-2-ethanebis(dimethylsilyl) (-SiMe,CH,CH,Me,Si-, EBDMS)**** applied to
our knowledge the first time in a heterogeneous catalysis.” The fifth treats the thermal
stabilization treatment of the organic modified silica material. The sixth reports on the
first tentative to our knowledge of quantifying Ti species from electronic spectra and on
finding the true TON of the isolated Ti species in silica grafted by Ti. The seventh and

last chapter provides the general conclusion of this thesis.
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2.1 Mesoporous material

2.1.1 Definition and history

Porous solids have been attracted numerous scientific and technological interests
because of their ability to interact with atoms, ions and molecules not only at their
surfaces, but throughout the bulk of the material. According to the definition of IUPAC,
mesoporous materials are those that have pore diameters between 2 nm to 50 nm while
the pore sizes in the range of 2 nm and below are microporous and those above 50 nm are
macroporous.

The discovery of porous materials can trace back to 1756 that the zeolite was found
by the Swedish scientist Cronstedt when he heated an unidentified silicate mineral in a
blowpipe flame it fused readily with marked fluorescence, thus he called this mineral
‘zeolite’ actually in Greek meaning ‘boil (zeo) stone (litho)’. In fact, zeolites are
crystalline aluminosilicates belonging to the term molecular sieve. The latter is commonly
denominated for a kind of porous material which has a property of selective adsorption of
molecules smaller than 5 A in diameter. Nonetheless, it also includes the porous materials
with pore size >5 A like the ultra large porous VPI-5, etc. since the success of synthetic
crystalline has been achieved aiming at realizing the desired functional porous materials
(Table 1)."

Indeed, the distribution of pores sizes, shapes and volumes of the void spaces in
porous materials directly affect their performance for a particular application. The
traditional applications derived from the porous materials involve ion exchange,
adsorption and catalysis can be achieved in microporous molecular sieves. The structural
capabilities at the scale of a few nanometres can hardly meet the demands of the growing
applications in processes involving large molecules, for example, biological and
petroleum products. Thus, these motivations sparked the development the 1980s that the
first report of a crystalline microporous material with uniform pores larger than 1.0 nm
appeared' and pillared clays (PLS), which possess mesopore sizes, was extensively
investigalted.2 However, the former one including VPI—S,3 cloverite,4 etc. has the limit in
pore size no more than 1.5 nm although they are perfect inorganic crystals on the
molecular scale with 3D framework structures, while the latter is ill in its widely
distributed pore sizes and disordered pores arrangement seeming the significance of

“template” was not realized that had used to function in the crystalline of zeolite.
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Table 1 Representative examples of porous materials development

Year
reporte Material Definition Ring size/Pore size TEM image
d
1997 | Macro. Mater Macropore 0.15-1 pum
' | (> 50 mm) i
Hierarchical Macroporous
Silica with Mesoporous
Frameworks®
Mesopore
1992 | MCM-41 4.0
99 C (2-50 nm) nm
MCM-41°
1991 | cloverite 20 MR, 6.0 * 13.2 A
1990 | AIPO,-8’ 14 MR, 7.9 8.7 A
1990 | ZSM-5° 10 MR, 5.3 %5.6 A
1988 | VPI-5 Micropore | 18 MR, 12 A
1984 | SAPO-34° (<2mm) | g MR 43 A
1756 | Zeolite <50A —

In the early 1990s, the concept of “template” was first postulated in the synthesis of

mesoporous silicate materials was reported by the separate report from Japanese scientists

and Mobil scientists. Using the supramolecular templates to enhance pore size, the

success of synthesis of meso-structured material characteristic of MCM-41 (M41S) more

or less on the base of researches about the extra-large pore crystalline materials such as

VPI-5, cloverite, etc.'” Fllowing the discovery of a new family of mesoporous molecular

sieves, MCM-48,"! SBA-15'% and FDU-n"*"* such typical mesoporous materials had been

explored and opened a new field of industrial and fundamental application studies.'>'® In

a board sense, the mesoporous materials are also molecular sieve. It possesses a periodic

8
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arrangement of a moiety and gives well-defined diffraction spots on the mesoscale 2-50
nm.

And till 1997, O. D. Velev et al. used a method in which modified colloidal crystals
of close-packed uniform microspheres such as polystyrene and poly(methyl methacrylate)
(PMMA) are benefited as templates for silica polymerization that yields products with
highly uniform and structured pores of tuneable size in the submicrometre region (0.15-1
pum), so-called 3D macroporous material. These macroporous materials are of importance

in the research fields of photonic crystals, sensor devices, and caltallysts.”’18

2.1.2 Mesoporous material

2.1.2.1 Types and composite of mesopore wall

Despite of past several decades’ discussion about advanced materials applications
on inclusion of electro-, photo- and bio-active guest molecules in porous host materials,
few of these materials led to practical success. Nonetheless, when facing our
understanding of the structure of ordered porous materials and how to control and tune, it
has increased considerable advances leading to the promising future for the uses of ever
more sophisticated versions of these materials.

The development of ordered mesoporous materials broadened a series of novel
materials that possess uniform mesopore sizes (1.5-10 nm), highly ordered nanochannels
with liquid-crystal structures, and huge surface areas (~1500 m*/g). Since then, various
types of mesoporous materials have been found and designed depending on the different
meso-structures mainly including two-dimensional (2D) hexagonal with space group
p6bmm, three-dimensional (3D) hexagonal (P6s/mmc), 3D cubic (Pm3m, Pm3n, Fd3m,
Fm3m, Im3m), bicontinuous cubic (Ia3d), etc,1213:19:2021

Concomitantly, a variety of different framework compositions has been synthesized
since the 1990s when the MCM-41 mesoporous silica and aluminumsilicate materials
were first reported and synthesized.">*® They also cover metals and metal compounds
such as platinum,22 zirconium-based materials, vanadium (phosphorus) oxide, niobium

23,24,25,26,27

oxide, tantalum oxide, etc, as well as the polymers like phenolic resin, and

o 13,14,21,28,29,30,31
carbons derivatives developed over the last ten years. 3:14.21.28.29.30.3
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2.1.2.2 Synthesis

The periodic arrangements of inorganic-organic composite nanoarrays have been
synthesized by novel approaches based on the mechanistic idea that is mainly concerned
with “building mesopores”. A general synthesis route to form inorganic mesoporous
materials is in a simple binary system of solvent-surfactant that the organic template
molecules usually a kind of supramoleculars are used in different assembly processes or
textural templates, around which the inorganic precursor can condense. It is established
on the basis of the interactions between the inorganic precursor and organic template

(Figure 1, A-B).

® B

A ®®®
T i GGy dw (OO
o

X c“"P"G'::i:a Sol- Mesostructured Oxide
Hybrid Network

Self-Assembly

B x/“f(—x
MX,
Surfactant
(Template)
Hydrolysis/ 3
et Senantion T = T ool s Mesostructured
C M(OR)n . # . Assemblies of NBB
Nanobuilding e A
Block (NBB}) Trapping into
Template
Intercalating ion
Layered or molecule
D structure é
o ] . .
2900000008 jtercylating SEDODOD o foligting S curling rolling
0000000000 _> 000000 _> o o _.,
0000000000 So00000 = >
e ———— °
Nanotubes

Nanosheelts

Figure 1 Schematic overview of the main synthetic approaches to mesostructured materials. (A)
Liquid crystal templating, (B) self-assembly and cooperative self-assembly, (C) nanometric

building blocks, and (D) sheet-folding mechanism.*
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In addition, the template-free synthesis mechanisms like the nanobuilding block
(NBB) mechanism and other approaches e.g. folded sheet nanotubes have been also
reported. The NBB route applies nanoparticle which can form in solution or in micelle
interiors, emulsions, or vesicles. These NBB can be subsequently assembled and linked
by organic connectors or by taking advantage of organic functions dangling on the
particle surface (Figure 1, C).*> While the sheet-folding method can be applied especially
in the synthesis of titanate and titania nanotubes (Figure 1, D).3 4

The first ordered mesoporous materials M41S family including MCM-48 and
MCM-50 as well were synthesized in a typical way that a S'T direct interaction between
an ionic surfactant and a negatively charged silica source in a basic environment. The
template molecules are dissolved firstly in the solvent which is usually affected by pH,
temperature, additives, co-solvents etc, and then the silica source is added in. The
template is usually quaternary ammonium salts (C,Hzp+1(CnHom+1)3NX with n = 6-22, m
= 1-4 and X = OH/CI, OH, Cl, Br or HSO,4) or gemini surfactants ([CyHam+1(CH3),N-
CHy-N(CH3),ChHop41]Br, with m and n = 16-18 and s = 2-12). After a stirring period at
a certain temperature to allow hydrolysis and pre-condensation, the temperature will be
increased. Here sometimes it combines with the process enhancement such as
hydrothermal treatment, microwave radiation, the addition of additives or pH changes etc,
in order to optimize the condensation. Then next, the products is recovered, washed and
dried. Finally, the mesoporous silica solid is obtained by removing the template via
calcination or extraction.

In 1994, mesoporous silicas SBA-1 was prepared as the first one under a strongly
acidic conditions which was regarded a breakthrough compared to the normally basic
routes.>> The synthesis uses cetyltriethylammonium bromide (C;¢H33-N(CH,CHs3);Br,
CisTEABr) as a template and TEOS as a silica precursor. Thereafter, until 1998 other
members of the new SBA (the acronym for Santa Barbara acids) family have been
developed in an acid medium typically by the use of commercial non-ionic poly(alkylene-
oxide) block copolymer or oligomeric alkyl poly(ethylene oxide) as template. The most
representative template used are Pluronic® non-ionic triblock copolymers (EOQ,POLEO,)
such as P123, F127, etc., which consists of large hydrophilic polyethyleneoxide (EO),
and hydrophobic polypropyleneoxide (PO),, blocks (Figure 2).%

11
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The hydrophobic part gathers as the core of the meso-channel and the pore diameter
can reach 8-10 nm due to its large block size. While the hydrophilic part has strong
affinity with the silica source via the hydrogen bonding and it goes through the wall of
silica as the branches during the condensation. Thus after removing the surfactant, it
leaves the micropores in the pore wall with considerable stability which shows the novel

application potentials.

HO[CH,CH O] TCH CHCH 0] JCHCH 0] H

FZ0 PPO FPEC

Figure 2 Schematic representation of SBA-15 before and after calcination™

Obviously, the template acting as an important role in the synthesis has been
reported in various forms that include organic compounds like surfactant molecules,
amphiphilic block copolymers, dendrimers etc which are also divided into ionic and non-
ionic (Table 2), as well as biomolecules, forming micellar assemblies and/or liquid crystal
mesophases. In the same way, the silica source can be derived from tetraethyl

orthosilicate (TEOS), metasilicate, fumed silica etc.

Table 2 Synthesis Routes to Mesoporous Materials with the Emphasis on Silicates®’

route imteractions symbols conditions classical products
o e electrostatic S*. cationic surfactants basic MCM-41.¢ MCM-48_¢
Coulomb (frequently used cationic surfactants MCM-50.° SBA-6,7
force are shown in Figure 2); SBA-2%2 SBA-8 %
™. anionic silicate species FDU-2 % FDU-11.%
FDU-13." etc.
i Gl electrostatic S~ antonic surfactants. aqueous mesoporous alumina, etc ®
Coulomb C,Hz,::COOH, C,H,,150;H.
force C,H,:1050,:H. C,H;,-,0PO-H:
1™, transition metal ions. such as AFF*
L, e electrostatic S*. cationic surfactants (Figure 2): acidic SBA-1°:SBA 2%
Coulomb I". silicate species: SBA-3%2
force, double X, Cl~.Br . . SO NO;~
layer H bond
ST electrostatic $-, anionic surfactants (lab-made) (Figure 3): basic AMS-pes6-100
Coulomb N, cationic amino group of
force TMAPS or APS:
™. anionic silicate species
SXT electrostatic S~ anionic phosphate surfactants basic W. Mo oxides®’!
Coulomb CrHan1COOH, CyiH2n+150:H.
force. double C;H24+1050-H. C,H,,-10P0O.H;
layer H bond I~. transition metal ions, WO~ Mo, O
Xt Na® Kt Cr_ Ni¥*, etc.
o i Hbond 5% nonionic surfactants, neutral HMS, MSU, disordered
(N'I%) oligomeric alkyl PEO surfactants, worm-like mesoporous
and triblock copolymers: silicates!01.102

N°, organic amines,
CyHap+1NHy, HyNCyHyy 41 NHa:
I°. silicate species, aluminate species
S'HX T+ electrostatic 5. nonionic surfactants (Figure 3); acidic, SBA-n(n=11_12.15.
Conlomb T+ cilicate eneripe: nH < ~2 and 16Y3LT FD s (n —
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For non-siliceous materials first reported in 1995-1996, special attention has to be
paid to hydrolysis rates, redox reactions, phase transformations etc in addition to those
important parameters that control the formation of the structure.”’ Consequently, another
novel approaches have been developed like evaporation-induced self-assembly (EISA),
with  which the synthesis of mesoporous phenolic polymer FDU-14,15 and

mesostructured silica-polymer have been achieved,'**®

and the “nanocasting” technique,
allowing the replica of ordered mesoporous carbons and metals® from the molds of
mesoporous silica such as MCM-48, MSU-1, and SBA-15, etc.

The synthesis of mesoporous polymer FDUs was achieved by Zhao and co-workers
for the first time in 2005 as a breakthrough in the mesoporous world. A resol synthesized
from the reaction of formaldehyde with phenol or the derivatives such as resorcinol,
pholorglucinol '*'**4% a5 building blocks in a weak basic aqueous medium. The resol
oligomers contain a large number of hydrophilic hydroxyl groups which form hydrogen
bonding with the hydrophilic PEO block of the Pluronic surfactant. Undergoing further

thermal polymerization, the resols cross-link into polymers in the same meaning as

silicate condensation (Figure 3).
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Figure 3 Schematic representation of the procedure used to prepare mesoporous polymers and

14
carbon frameworks.

PH value plays a key role during the synthesis since strong basic condition will
destroy the hydrogen bond interaction, and neutral or acid media prolongs the
polymerization time of resol. Therefore, the structures of assembled framework of
mesoporous polymers can be tuned by controlling the copolymer/resol ratio or choosing
different template from ordered 2D hexagonal (p6mm) FDU-15, to 3D cubic (Im3m)
FDU-16, (Ia3d) FDU-14, face-Centered-Cubic Fd3m FDU-17 or lamellar polymer.

2.1.2.3 Mechanism

The synthesis mechanism for mesoporous materials, compared to that of
microporous one, especially the templating effect used to remain a question. Three types
of mechanisms, liquid crystal templating, self-assembly and cooperative self-assembly
had been suggested for the synthesis of M41S materials based on the applied synthesis

2,41

conditions.”™ In fact, the mesostructured materials derive depending on pore geometry

and diameter are remarkably influenced by the concentration of surfactant in solution and
processing conditions. Hence, the formation mechanism of ordered porous silica phases
have been proposed so far through two typical synthetic strategies that one is called true
liquid-crystal template mechanism (LCT) and the other is cooperative liquid-crystal

11,42

template mechanism (Figure 4). They include basically the possible pathways of

10,43 44,45 46
143,445,496 The former

mesostructure growth, accompanied by other modified routes.
mechanism 1is related to the presence of templates in the synthesis media at the very

beginning and then the self-assembly process of the templates is followed by the

14
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formation of the mineral network, which occurs at accessible interfaces built by pre-
organized or self-assembled templates, creating the mesostructure in the material. While
in the latter case the templates and the mineral network precursors present in the same
mediate and a cooperative self-assembly is considered to take place in situ between the
two yielding an organized architectures.

Therefore, the primarily rational control of surfactant-silica will determine the
organic-inorganic interactions and the subsequent cooperative assembly (Figure 4, middle
section).  Correspondingly, the packing parameter (g value) or the
hydrophilic/hydrophobic volume ratio (Vy/Vy1) of template molecule is diagrammed as the
decisive factors to the final mesostructures (Figure 4, upper section). Packing parameters
g = V/ayl are widely used in predicting and explaining the final mesostructures in the
hydrothermal synthesis, templated by the surfactant with cationic ion as head group.47
Hence, as a derivation organic cosolvents have been applied during the synthesis to
control the phase of mesoporous solid, which in fact, change the total volume of
surfactant hydrophobic chains V. Penetrating into the centre of hydrophobic chain-
compositing part of micelle, a polar additive acted as a swelling agent will raise V letting
g decrease, and non-polar additive will increase g.*® The expected mesophase sequence as
a function of g value resumed that cubic (Pm3n, etc.) and 3D hexagonal (P63/mmc) with g

< 1/3, 2D hexagonal (p6mm) with 1/3 < g < 1/2, cubic (la3d) with 1/2 < g < 2/3, and

f @ G

Packing parameter g = V/ayl (13<8<172) (12<g <23) g=1

lamellar with g ~1.4

Rod-Shaped Hexagonal

—

?l\ Spherical?
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v

+
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Figure 4 Formation mechanism of typical silica materials with hexagonal, cubic and lamellar
meso-structures. (Upper: packing parameter of cationic surfactant and its relevance with meso-
structure. Middle: phase sequence of surfactant-water binary system. Lower: two typical synthetic
routes to generate meso-structure: a, true liquid-crystal template; b, cooperative liquid-crystal
template)

2.1.2.4 Structural characterization of hexagonal mesophase

Among three main mesophases having been identified, the hexagonal mesophase
represented by MCM-41, is the firstly reported in 1992 followed by the lamellar in 1993
and cubic phases in 1994 sequently. Compared to the two latters, the hexagonal
mesophase possesses highly regular arrays of uniform-sized channels whose diameters
are in the range of 1.5-10 nm depending on the templates used, the addition of auxiliary
organic compounds, and the reaction parameters. By changing the synthesis conditions, it
is possible to alter the types of structures among the three materials in the M41S
family.49’50

The pores of this hexagonal mesostructured material are nearly as regular as, yet
considerably larger than those present in crystalline materials such as zeolites, thus
offering new opportunities for applications in catalysis. Furthermore, the hexagonal
mesostructure retains when the pore wall consisting amorphous silica is replaced by
another heteroelements such as Al,51 Ti, 352 Co,53 Zr,54 Fe, Zn, Cu,55 organic groups,56 etc.

The classic MCM-41 material shows a typical characteristic of 2D hexagonal
structure with p6mm space group in the X-ray diffraction pattern (XRD) (Figure 5, A).
The XRD pattern contains four main reflection peaks, [100], [110], [200], and [210] at

low angles (0.5 < 20 < 10°) associated with p6mm hexagonal symmetry.
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Figure 5 XRD pattern with indices of the diffraction planes of (A) MCM-41*" and (B) SBA-15 by

(a) as-synthesized and (b) calcined."

A broad feature arises between 17° and 30°, similar with that of silica gel rather than
the sharp Bragg reflections given by quartz crystalline, revealing the amorphous silica
mesopore wall. Moreover, these reflections would only be very weak in any case, owing
to the strong decrease of the structure factor at high angles.

As to another typical hexagonal mesoporous silica SBA-15, the XRD pattern also
shows four well-resolved indexable reflections that are the same as those of MCM-41
indicating the periodic arrays of meso-channel (Figure 5, B). Three additional weak peaks
related to the [300], [220], and [310] scattering reflections in the 2.5° to 3.5° 26 range,
indicating that as-synthesized SBA-15 has a high degree of hexagonal mesoscopic
orgalnizaltion.47 The intense [100] peak reflects a d spacing of 104 A corresponding to a
unit-cell parameter ap = 120 A which is twice larger than that of MCM-41 (ap = 54.4 A),
indicating an enlarged meso-channel in the copolymer template material.

As well, the transmission electron microscopy (TEM) images suggest more detailed
information about the overview of the two classic mesoprous silica (Figure 6, A). Both of
them show uniform 2D channels of a long range with 3-4 nm mesopores for MCM-41
and about 8-9 nm for SBA-15. Note that it is difficult to image the disordered micropores
in the mesopore wall of SBA-15 by the high resolution transmission electron microscope
(HRTEM) technique. A 3D SBA-15 synthesized by Fan et al. using a swollen agent to

expand micropore region, leaving a 2-8 nm connection that can be traced by TEM”’
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(Figure 6, B, right).

Figure 6 Transmission electron microscopy (TEM) images of (A) MCM-41% and (B) SBA-15"
(left: traditional SBA-15; right: 3D SBA-15).

The N, adsorption/desorption measurement for both of MCM-41 and SBA-15
attributes a typical type-1V isotherms. MCM-41 has the same capillary condensation of
adsorption and desorption at P/Py = 0.35 that indicates the uniformly cylindrical meso-
channel in the material (Figure 7, A). While SBA-15 exhibits the type-H1 hysteresis loop
and the capillary condensation occurs at a higher relative pressure P/Py = 0.75 (Figure 7,
B). They both possess nearly 1000 mz-g'1 BET specific surface area and 1.0 cm3-g'1 total
pore volume, and the corresponding sharp pore diameter distribution shows around 3.2
nm mesopores in the classic MCM-41 (Figure 7, A, insert) and 8.0 nm for SBA-15, which
matches well with the TEM profile.
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Figure 7 Nitrogen sorption isotherm and the corresponding pore radius distribution of (A) MCM-

41,” (B) SBA-15" and (C) FDU-15 (a: FDU-15; b: FDU-15-SO;H).™®

As characterized by XRD, the pore wall of the mesoporous silica materials is
amorphous compared the strictly tetrahedral constructed networks of zeolites, and not all
SiO4 units in the wall are four-connected, instead, three-connected and even two-
connected SiO; units can be detected by Si NMR, which generate a hydrophilic surface
with more hydroxyl groups Si-OH. Although many efforts have been made to the
synthesis of mesostructured silica with zeolite-type walls, there has been no major
success in reproducibility. Nonetheless, increasing the thickness of pore wall can enhance
the hydrothermal stability of the mesoporous silica.

For another hexagonal P6mm mesostructured material, FDU-15 is best known for its
phenolic polymer matrix, which performs the superior application in the heterogeneous
phase reaction.”® Its nitrogen sorption isotherm, despite of a typical IV type confirming
the characteristic of uniform mesostructure, the adsorption and desorption branches does
not overlap completely in the region of low relative pressure, due to a typical nature of
these polymer material (Figure 7, C).'* Nevertheless, the mesopolymer possesses highly
specific surface area (c.a. 600 mz/g), narrow pore size distribution (c.a. 7 nm) and large
pore volume (c.a. 0.6 cmS/g). It has highly hydrothermal stability and is inert to base or
acid (Figure 7, C, b). Furthermore, an ordered mesoporous carbon can also be obtained
directly by inert gas-calcination at 900 °C to the as-made material, with consequent

structure’s shrink.!'>!4?!

2.2  Modification of the internal mesopores surface

2.2.1 Chemical properties of the internal surface

In comparison with the strictly constructed (TO4) networks by aluminosilicate

tetrahedron in the zeolite, the pore walls of mesoporous materials such as SBA-15,
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MCM-41 etc, are amorphous (SiOz4n2Hy, n = 0-1). And not like the low number of
surface hydroxyl groups in zeolites, three-connected and two-connected Si-O4 units
(Si024n2Hyn, n = 1-2) can be detected in mesoporous silica materials, which generate a
characteristic of hydrophilic nature and reactivity with more hydroxyl groups Si-OH or
Si-(OH), reaching the Si-OH density of ca. 1-2 nm?, related to Q3 and Q2 in the *Si
NMR spectra.5 ?

Different types of silanol groups (Figure 8, A) are always present on the surface and
their relative ratios depend on the surface pre-treatment procedures employed. During the
procedure of removing the surfactant in pores for obtaining pure mesoporous silica,
mainly two ways are developed: calcination and extraction. Calcination in the high
temperature (500 °C-600 °C) condenses the silanol group at the same time making the
inner surface more Si-Oj4 structure, more hydrophobic (Figure 8, A) which generates more
Q4 silica species and less Q3 as shown in *’Si NMR spectra (Figure 8, B); surfactant
extracted by ethanol solution containing acid such as HCI, HNOs;, etc. that provides
proton to the negative charged Si-O" countered with surfactant cation, thus leaves more
Si-OH group on the surface profiting the Si-OH used functionalization. For the same
reason in the silylation, the conditions of pre-treatment to the surface of silica are reported
important, where the dehydration occurs to change the environment of silanol groups to

be modified by silylating reagents.(’0
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Figure 8 (A) Simplified description and (B) 'H proton decoupled *’Si MAS NMR spectra of
MCM-41 materials post-treated by (a) calcined, (b) extracted.”!

2.2.2 Chemical modification
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Modifications of the mesoporous framework wall, and the pore interior have led to

facile accommodation of organic,'”° 62,63

64,65

organometallic or even biologically active

functional groups, which give enormous impetus to the field of novel inorganic-
organic hybrid solid materials with distinct physical properties or chemical functions. In
general, two complementary strategies: direct route and post-grafting route, are pursued

to tailor the chemical environment of mesoporous materials (Figure 9).

2.2.2.1 Direct synthesis

In the direct route, so-called one-pot synthesis, an organosilane (R’0O);Si-R or
bridged silsesquioxane precursors of the type (R’0);Si-R-Si(OR’); (R: organic bridging
group, R’: methyl or ethyl) is hydrolytically condensed with conventional organosilica
sources such as tetramethyl orthosilicate (TMOS) or tetraethyl orthosilicate (TEOS),
etc. - %7-% Such mesoporous hybrids have been classified as periodic mesoporous
organosilica (PMO). PMO hybrids are created firstly in 1999 by applying the concept as
that for the surfactant directed synthesis of ordered mesoporous silica to covalently

bonded organic-silica scaffolds (Figure 9, B).
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Figure 9 Outline of organo-functionalization for the mesoporous material*"

The functional group R can range from simple hydrocarbons or heteroaromatics
bridges such as ethylene, ethenylene, phenylene, thiophene etc. to metal complexes.”"”
The allylorganosilane compounds like R[Si(CH,CH=CH;);,(OR’)3_n], (m = 2, 3) can be
processed in an additional hydrolysis or condensation as an alternate route.” As well, the
template can both be ionic surfactant and amphiphilic block copolymer. The former is
preferably used to prepare conventional PMOs and the latter usually results in large-pore
with different symmetry of mesostructures. PMOs can be controlled in the diameter range
of 1.5-30 nm by the appropriate selection of template surfactants and additives used in the
polycondensation process. The one-pot synthesis takes the advantages of homogeneous
distribution of the functional groups and short preparation time, etc.”*">%"’

Some efforts have been taken to satisfy the common criteria of co-condensation
reaction system as well as the predict models people want. The factors are the type of
surfactant pathway (Figure 10),” the adding amount of functional precursor, the variety

of organic group, the surfactant-extraction condition, etc.®®
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Figure 10 Direct synthesis of bifunctional mesoporous silicas based on self-assembly in the
system of surfactant of (a) cationic, (b) anionic, and (c¢) a mixture of cationic and anionic

surfactants.

All the choices are needed to avoid phase separation of the precursors to obtain
uniform distributions of functional groups and avoid Si-C bond cleavage during the sol-
gel reaction and during surfactant removal. Successful examples have been given, for
example like the [(R’0)3Si-R-Si(OR’);] and [(R’0)3SiR] can be combined in a mixture
for the co-condensation reaction with TEOS/TMOS. The resulting bi-functional PMOs
then consist of a combination of bridging organic units inside the framework and terminal

organic groups whose ends point mainly into the channels (Figure 11).”

(H.C,0),-5 i-@-ﬁi- (OC;H,),
BTER
TP
(HOY-8i-{CH,),C-0"Na*
CES
+
(PEO) (PPO),(PED),
KOCVHCIH, O

Figure 11 Co-condensation of 1,4-bis(triethoxysilyl)-benzene (BTEB) and carboxyethylsilanetriol
sodium salt (CES) in a typical one-pot synthesis system solution containing KCI and P123.
2.2.2.2 Post-grafting

Surfaces of mesoporous silica with different philicity due to the silanol groups
allow to incorporating a wealth of chemical species, such as inorganic cations or anions,
or organo-functional molecules such as silanes, silazanes, diones, phosphates,
carboxylates, etc. The post-grafting route can be used to tailor the accessible pore sizes of
mesoporous solids, increase the surface hydrophobicity, passivate silanol groups, and
thereby protect the framework towards hydrolysis (Figure 9, A). The porous materials
tend to strongly adsorb species in solution, leading to partition and preconcentration of

reagents in the pore networks. Molecules can remain just adsorbed, or react with the Si-
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OH from the dehydrated pore surfaces to functionalized pore surfaces, which will present

a modified behaviour (Eq. 1—3).15

base, room temp.

=Si-OH+CI-SiRs — » =Si-OSiRs + HCl-base (1)
80-100 °C

=Si-OH+RO-SiR; .~ =Si-OSiR; + HOR ()

=Si-OH + HN-(SiRs)2 =Si-OSiRs + NH3 (3)

The reactions of organosilanes primarily based on the direct bonding to the surface
silanol groups by condensation reactions. Organoalkoxysilanes (R’O-SiR3) or
organochlorosilanes (CI-SiR3) have been widely used, as well as the silazanes HN-(SiR3)3
(R = functional organic group; R’ = Me, Et). A number of the organosilanes, with their
functional group R such as olefins, nitriles, alkylthiols, alkyl amines, alkyl halides, and
epoxides, etc, are reactive, permitting further functionalization.

Among these, the trimethylsilylation of silanol groups (=SiO-Si(CH3)3) is
considered a convenient and widely applied post-grafting approach to improve the
internal surface hydrophobicity of the porous silica (Figure 9, A). Reactions with or
without solvent of various silane reagents have been reported such as
hexamethyldisilazane =~ (HMDZ), trimethylchlorosilane  (TMCS), N-methyl-N-
(trimethylsilyl)trifluoroacetamide (MSTFA), trimethylsilylimidazole, and
hexamethyldisiloxane (HMDS). The degree of trimethylsilylation is affected by the
reactivity of silane itself, the anhydrous environment in the pores, and reaction
temperature, etc.*

Although the post-grafting leads to the distribution of functional groups sometimes
non-uniformly that decorates mostly on the surface rich in silanol group, and causes a
reduction in the porosity of the hybrid material, it preserves the framework structure of
the parent mesoporous materials with ignorable harmfulness. Moreover, a functional
surface environment can be designed via several chemical steps by benefit of abundant
surface silanol groups, uniform ordered mesochannel and large space area (Figure
12).8"82 The functionalization on the solid materials supplys a favorable route for the
generation of highly reactive entities in several processes such as catalysis, adsorption,
selective membranes, optical materials, biointerfaces, new electronics, etc. through

. . . . . . 56,65,8
tailoring the meso-, micro- and local environment of active surface sites.”**>** Both the
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microenvironment and meso-environment can affect the selectivity of a catalytic

transformation and the stability of highly reactive intermediates, respectively.

Figure 12 Schematic presentation of various surface organometallic environments in the porous
materials. Left: (2r;) pore diameter; (L*) ancillary ligand; (R*) surface-attached group; (n) the
podality of the metal center M; (OH) residual surface silanol groups; the blue, green, and orange

ring covering areas indicate the target metal’s meso-, micro-, and local- environment,

. 62,63
respectively.”™

Heterogeneous catalysis reactions have a wide range to apply the organic modified
mesoporous solids especially using the post-grafting method. The hybrid material
provides a means of introducing steric selectivity and thus greater specificity to a reaction.
And as the catalyst it can be retained and easily separated from the liquid phase by
filtration. Furthermore, a followed regeneration will help it recycling. The catalytic
reactions that have been studied using functionalized mesoporous solids include acid
catalysis, base catalysis, oxidations, reductions, enantioselective catalysis, stereospecific
polymerizations, and other catalytic reactions that produce fine chemicals.®**

In one case of catalytic study applied Ti-loaded MCM-41 as catalyst, the materials
was silylated TMS groups after Ti species deposition. The catalyst is highly
hydrophobized on the Ti incorporated silica surface (Chp. I, Figure 1). Thus it can
become readily available in the completely separated organic phases with TBHP even a

little H,O introduced into the reaction system, and show remarkably superior catalytic

activities for the oxidation of cyclododecene (Figure 13).**
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Figure 13 Oxidation of cyclododecene using heterogeneous catalyst.

However in comparison to the co-condensation route, the grafting procedure is
usually related to the fact that it can be difficult to achieve a homogeneous distribution of
one or more organic groups. Since there are three features had to be controlled prudently:
(a) tuning the philicity and reactivity of the surface with the organo-function to avoid
localized condensation that leads to the formation of function ‘‘patches’’; (b) avoiding
competition of the anchoring group with other nucleophiles species in solution such as
water, etc; (c) avoiding auto condensation of the functional molecules that can lead to
pore blocking or a complete closure in the pore entrances due to the formation of (R-
SiO)x polymers.

Therefore, precise control of the organic modification via post-synthetic sequence
has been developed in order to meet the application requirement. The best known case is
the molecular imprinting technique that aims to create solid materials containing chemical
functionalities that are spatially organized by covalentl or non-covalent interactions with
imprint (or template) molecules during the synthesis process. Subsequent removal of the
imprint molecules leaves behind designed sites for the recognition of small molecules,
making the material ideally suited for applications such as separations, chemical sensing
and catalysis.

M. Davis et al. have reported in 2000 the imprinting of bulk amorphous silicas with
single aromatic rings carrying up to three 3-aminopropyltriethoxysilane side groups. This
generates and occupies microporosity and attaches functional organic groups to the pore

walls in a controlled fashion. The triethoxysilane part of the molecules' side groups is
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incorporated into the silica framework during sol-gel synthesis, and subsequent removal
of the aromatic core creates a cavity with spatially organized aminopropyl groups
covalently anchored to the pore walls.*

Applying the new route, a pair of designed bis-silane precursor such as acid/thiol,
can be grafted at two points on the surface, followed by link cleavage with an acid wash,
resulting in the deprotected two functional sites within certain fixed distance (Figure 14).
Tuned by the linker in the precursor, the distance can be greater uniform when using a
more rigid linker. The modified material acts as a bi-functional catalyst in a cooperatively

catalytic reaction, increasing the dynamic and outperforms the randomly distributed

catalyst.86
IO\ 0 HO, .0
/S, HS
s ¢ 0
d © A TCEP-HCI JN
f_/’ - Hz0 _
Et0-Si Si-oMe HO-5i Si-oH
e % ki %
I R R R R R RS RR Y R R RN R AR R R RNy

Figure 14 Synthesis of paired acid/thiol catalyst by deprotection from grafted disulfide/sulfonate
ester intermediate. (TCEP-HCI: tris(2-carboxyethyl)phosphine hydrochloride)

However, the molecular imprinting technique can control the distribution of a paired
function rather than the vicinity of each function one to another. Different approaches
have been described in the literatures to generate site-isolation or site-to-site distance
control in porous materials.®’8%89 Among these, Y. Shin et al. synthesized a hierarchical
porous material containing a rigid mesoporous oxide frame coated by a soft
‘microporous’ molecular monolayer (Figure 15, A). The ‘microporous’ is generated by
template molecules that are embedded in the long-chain molecular monolayers as cavities.
The template molecule can be systematically varied by tripod or dipod silane that tunes

the size and shape of the cavities (Figure 15, B).

H* ﬁA H* ]& =
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Figure 15 (A) Scheme representation of hierarchical porous material containing a rigid
mesoporous oxide frame coated by a soft ‘microporous’ molecular monolayer by (B) varying the
template molecules with tripod or dipod. The triangular shape represents the template molecules,
or the idealized shape of cavity; APS: aminopropyltrimethoxysilane; OTS:

octadecyltrimethoxysilane.

Lately, Jones et al. proposed a technique applied in mesoporous MCM-41 that takes
advantage of the amino group protection-deprotection sequence to introduce steric
hindrance for distance control between amino groups. Firstly, the amino group is direct
bonded with the large trityl groups, which prevents incorporation of the function silane on
the surface at sites immediately adjacent to each other. Then, with the functionalization of
the designed aminosilane on the surface, the rest unreacted silanols are covered by
trimethylsilyl group. A selective hydrolysis can remove the trityl groups giving the
isolated amino group and a further capping is able to consume the additional silanol group
generated in the hydrolysis (Figure 16). The latter technique allows the function group to
work at full coverage in comparison to the other techniques. However, it does not provide

control of the vicinity between two different species in comparison to pure molecular.
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Figure 16 Scheme representation of a molecule patterning technique for the effective spacing of

. . oy 0
aminosilane groups on a silica surface.”

As a novel technique, it has been developed especially for the homogeneously
positioned bi-functional post-grafting by L. Bonneviot et al, so-called molecule stencil
patterning (MSP). It follows the sequences that a monolayer of template molecules are
coated on the surface of mesoporous silica, soon afterwards some of them are selectively
removed and it gives rise to cavitated patterns within the coated material, which refers to
the free silanol groups. Subsequently, the first grafted funtion are deposited on the
unoccupied surface of the silica substrates via condensation with silanol groups. Finally,
the residual template molecules are removed from the surface with a mild acid wash,
leaving the cavities for the eventual grafting of second functional group (Figure 17). Note
that, the role of the first grafted function is to dilute the second function in order to avoid
close molecular proximity between the functions of the second type even at full surface
coverage.

Usually, the template molecules refer to the cation of surfactant used in the synthesis
of mesoporous silica like cetyltrimethylammonium (CTA"). After partial removal, a self-
repulsion between the positively charged cations is meant to provide a regular pattern
cavities homogeneously distributed all through the channel. The masking cation
molecules are bulky with their long alkyl chains and may affect the distribution of the
functions grafted at first (Figure 17). Thus, the template cation can be replaced by a
smaller one like trimethylammonium (TMAY) that the grafting of the first function is
promoted with a controlled coverage tuning the concentration of the masking cation (Chp.

1, Figure 2).
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HCI

Figure 17 Synthetic steps of MSP technique using long alkyl chain cation CTA" as masking

template.”"”?

2.3 Ti-substituted mesostructured silica materials

Titanium is often called as the element of the 21st century because of its excellently
thermodynamical reactivity, as well as its compounds, especially the extremely broad
range of industrial applications of titanium-based materials.

The Ti-based porous silica materials have been famous for a long time as an
efficient catalyst in oxidation reactions in the liquid phase using hydrogen peroxide or
alkyl hydroperoxides as oxygen donors. The preliminary catalysts TiO,-S10,, obtained by
dispersing a titanium precursor on the surface of silica, have showed interesting activities
and selectivities in the epoxidation of 1-octene with terz-butyl hydroperoxide (TBHP). In
1983, the first synthesis of titanium-substituted silicalite, TS-1 zeolite was reported,
which was particularly active and selective in the oxidation and hydroxylation of small
substrates with dilute H,O, solutions. These properties promoted the development of new
catalytic systems, based on zeolitic or amorphous materials. However, the small pores of
TS-1 zeolite (0.7 nm) with the MFI topology limits its application to relative small
molecules and imposes mass transport limitations.

Considerable effort has been devoted in the later more than twenty years to the
synthesis of large pore Ti-incorporated zeolites, such as Ti-f (6.4 X 7.6 A), ITQ-7 (6.1 x
6.5 10%), and Ti-MWW (7.1 x 18.2 A), Ti containing mesoporous silicas like Ti-MCM-41
(~3.5 nm), Ti-MCM-48, Ti-SBA-15 (7~10 nm), and Ti-containing hierarchical
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macroporous silica with mesoporous framework, etc.”?***9>90:9798.99 1 particular, the
discovery of Ti(IV) contained mesoporous materials which possess the wider pore sizes
(2~10 nm) and high surface area as reaction space opened new opportunities in various

organic reactions with bulky substrates.

2.3.1 Synthesis

The titanium ion can be immobilized in the framework of mesoporous silica matrix
via two ways as those for synthesizing mesoporous silica: one-pot synthesis and post-
synthesis. During the hydrothermal one-pot synthesis, Ti precursor is usually added in the
initial mixture solution, hydrolyzing with the silica source to form a homogeneous gel.
However, the solubility of titanium source used to be a problem, which is partly solved by
application of titanium tetrachloride TiCls or different titanium alkoxides Ti(OR), easily
subjected to hydrolysis and form a homogeneous precursors solution. Titanium
consequently exists in the bulk silica lattice and anchored on the wall randomly like the
framework substituted type and grated type in Figure 18. Additionally a hydrolysis
retarding agent related to the complexing polyalcohol such as 2,2°,2”-nitriletriethanol,

glycerol are added used for stabilizing the titanium species due to its high viscosity.loo’101
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Figure 18 Schematic representation of strategies for heterogenization of Ti centre (M).'”*

The titanium alkoxides are also applied commonly in the post-synthesis of Ti-
mesoporous Si, instead of titanium tetrachloride to avoid damage the Si framework from
the corrosive by-product HCI. However, there is a marked tendency that the titanium
alkoxides sometimes lead to oligomeric titano-oxo species or/and some anatase in the
channels or on the external surface of the catalysts during the grafting. To result in high
titanium dispersion on the silica surface, the use of chemically modified titanium

precursors with lower reactivity were therefore explored, like titanocene dichloride
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108,109 ¢11b-nanometric

(TiszClz),103’104’105 titanium chelates,l%’lo7 titanosilicate molecular,
multinuclear titanium cluster '° (Figure 19) and so forth. And with different titanium
precursors, the metal ion centres will differ as tethered branch on the silica surface by
grafting dimeric titanosilicate complex or ship-in-a-bottle in the mesopores by using
titanium cluster or the normal grafting species on the wall surface by applying the
titanium alkoxides or titanocene compounds (Figure 18).

The Ti(IV) substituted porous silicas have been one of the most heavily studied
heterogeneous catalysts in recent years since they exhibit a remarkably high catalytic

111,112,113

efficiency and selectivity in olefin epoxidation, phenol hydroxylation, and

15116 ysing H,0, or TBHP as conventional

secondary alcohol dehydrogenation,''™* etc
oxidants. '’ However, the structure of the active Ti site has not been definitively
identified due to the extremely low concentration of the titanium site in the framework,
even the catalyst materials have been extensively characterized by various techniques
aiming to discovering the relation between microenvironment of active Ti sites and

reactive phenomenon.

Several experimental and computational results demonstrate that the substitution of

Si by Ti is isomorphous in well-prepared samples. In zeolites, the activity has been
118,119

attributed to isolated, generally tetrahedrally coordinated, framework Ti species.
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Figure 19 Scheme of chemically modified titanium precursors: (a) acetylacetone chelated titanium
alkoxide, (b) dimeric titanosilicate complex, and (c) hexanuclear titanium oxo carboxylato

alkoxide cluster with a size of ca. 8 A.

However, the situation in mesoporous silicas is generally believed that the

distribution of Ti over the available framework sites is at least partially disordered. It is
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reported that Ti-MCM-41 or Ti-HMS materials actually contain Ti species with 4-, 5-,
and 6-fold coordinations. ' The higher coordination sites most likely result from
hydration of tetrahedrally coordinated Ti species, as well as the TiO; nano-particles inside

the mesopores due to the presence of excess titanium precursor.

2.3.2 Characterization

A variety of techniques have been developed able to detect and discriminate tetra-
coordinated framework titanium from extra framework titanium atoms with higher
coordination in the solid silica matrix. They are related to diffuse reflectance UV
spectrum (UV), UV resonance Raman spectroscopy (UV-Raman), X-ray absorption
spectroscopy (XAS), and electron paramagnetic resonance spectroscopy (EPR)/electron
spin resonance spectroscopy (ESR) and so on, besides to the conventionally physic-
chemical characterizations for mesoporous silica and its functionalized materials: powder
X-ray diffraction (XRD), transmission electron microscopy (TEM), nitrogen adsorption
isotherms, Fourier transform infrared spectra (FTIR), solid-state *’Si magic angle
spinning nuclear magnetic resonance (*’Si MAS NMR), C cross-polarization magic
angle spinning nuclear magnetic resonance (°C CPMAS NMR) and elemental analysis

(EA).

2.3.21 FTIR

The peak assignments of the pure mesoporous silica can be made on the basis of
early studies on various silicates. In the basic photoacoustic-FTIR spectrum of MCM-48
(Figure 20), which proves an excellent comparison for mesoporuos silica since its peaks
are clearly resolved, the sharp band at 3745 cm™ is assigned to isolated SiO-H stretches
and a broad band accompanies from 3400 to 3700 cm™ assigned to stretching frequencies
of hydrogen bound silanols. Associated with the isolated SiO-H stretches there is a band
observed at 978 cm™' which is assigned to the Si-0” stretching, as well as the band in the
910-830 cm™ region for Si-OH stretching (not shown). The relative narrowness of this
peak at 978 cm™ can be explained by the contribution from the predominance of isolated

silanols on the silica surface.
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Figure 20 Photoacoustic-FTIR spectra of (A) pure silica MCM-48 and (B) Aerosil-600

amorphous silica.

Three framework bands are observed at lower frequencies for the Si-O-Si
asymmetric vibration (v,s) at 1243 and 1083 cm™! with a weak peak at about 1195 cm'l,
and a strong peak at 817 cm™ is attributed to Si-O-Si symmetric vibration (Vsym). As to its
bend mode, the peak appears at 470~500 cm™', which is commonly used as the reference
for semi-quantitative of certain peaks.”’ The band at 604 cm™ can be ascribed to the
“crystallinity peak” resulting from the formation of silica 5-rings during hydrothermal
treatment as formed in zeolite synthesis. The presence of this peak, which is notably
absent in the spectrum of Aerosil-600 amorphous silica, is evidence for some
intermediate range order within the walls of mesoporous silica materials.'*'

The organic species show the natural FTIR characteristic after anchored on the
silica matrix only when the band is overlapped by that from silica. For example, when the
amine group and carboxylic group are both grafted by the relative silanes on the SBA-15,
the FTIR spectra displays all the peaks corresponding to the functional groups (Figure 21,
A). The bands at 1330 cm'l, 1480 cm'l, and 1590 cm’! correspond to the C-N stretching,
the stretching and deformation frequencies of N-Hs" and N-H respectively, belonging to
the amino group. While the bands at 1400 cm™ and 1620 cm’, are assigned to the typical
asymmetric and symmetric frequencies of ionic carbonyl (O=CO ) which confirming the
successful grafting of carboxylic group on the silica. Moreover the absence of bands in
the 1754-1720 cm™ range due to the C=O stretching from -COOH reveals a co-existence

of carboxylic acid group in the acid-base bifunctionalized hybrid solid material.'*
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In the high region of FTIR spectra, the silanol group band at 3700 cm™ disappearing
in functionalized samples with silanes (Figure 21, B), is a clear indication of the chemical
reaction between the organo-silane reagent and the terminal and geminal silanol groups.
Furthermore, the bands appear between 3000-2800 cm™ range due to the typical C-H
stretching vibration that proves the formation of -CHj; groups during the silylation

process, accompanied by a Si-C stretch at 850 cm™ (no shown in the Figure).”'
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Figure 21 FTIR spectra of organic goup modified (A) SBA-15 and (B) dehydrated TiO,/SiO, and

it silylated Samples'122,123

However, as to the Ti containing silica material like TiO,/Si0,, Ti-MCM-41, and
Ti-SBA-15, the IR spectra showing a SiO-Ti stretching band centered in the 950~960 cm”
! range without any other featured peaks in the high region, is generally attributed to the
overlapping of antisymmetric SiO-Ti stretching and Si-OH stretching.'** But Wu e al.
have reported that the band could split into two bands after evacuation at 573 K and
turned out to be a new band with a maximum adsorption at 948 cm™' when evacuation
was done at 773 K (Figure 22, A). The results suggest the 948 cm™ band could be
assigned to purely the tetrahedral Ti species in Ti- mesoporous silica. Since the intensity
of band at 948 cm™ could hardly change with the evacuation temperature and gradually
increased with increasing Ti content, the findings could be obtained through the

dependence illustrated in the Figure 22 (B) that Ti species are incorporated into the silica
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framework to occupy initially the tetrahedral sites and then partially the octahedral sites

with a gradual increase in Ti incorporation.'”!
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Figure 22 IR spectra for (A) Ti-SBA-15 (Si/Ti=36) without evacuation (a) and after evacuation at
(b) 373K, (c)473 K, (d) 573 K, (e) 673 K, and (f) 773 K each for 1 h and (B) dependence of the
intensity of the 948 cm™ band on the Ti content of Ti-SBA-15 and Ti-MCM-41.

2.3.2.2 Solid ”Si & *C NMR

The basic structural units of organic-inorganic moiety in the mesoporous silica
materials can be confirmed by solid state magic-angle spinning nuclear magnetic
resonance (MAS NMR) technique. The technique can remove line broadening from the
dipolar interaction, first-order quadrupolar interaction and the chemical shift anisotropy
by fast rotation of the sample about an axis inclined at a certain angle (magic angle) to the
direction of the external magnetic field.

The pure mesoporous silica functionalized by silanes to hybrid material is
confirmed the inorganic Si environments by the presence of typical chemical shifts
assigned to the signals Qs (-110 ppm), Q3 (-100 ppm), and Q, (-90 ppm). Si in the
siloxane networks give the distinct signals of T, (-57 ppm) and T3 (-65 ppm) which is
formed from n-alkyltrimethoxysilanes, D; (-10 ppm) and D, (-16 ppm) formed from n-
alkylmethyldimethoxysilanes, and M; (13 ppm), My (18 ppm), and M;-M; (7 ppm)
formed from n-alkyldimethylmethoxysilanes (Figure 23).%'%

The populations of these silicon environments can be calculated quantitatively
using the integrated intensities supported by *’Si NMR spectra and the signals T,, D, or

M, assigned to the organic species are indicative quantification of the organosilyl groups
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in the hybrid silica materials. Assuming that all Qg4, Qs3, and Q, sites are accounted the
composition of inorganic surface and interior walls, normalized by which the organic
moieties (Si,) related to the surface coverage are estimated as Siy% =
(To+T3)/(Qr+Q3+Q4)*100%  for example if it’s only derived from n-
alkyltrimethoxysilane. As well, the silanol group can be proportional by Si-OH% =
(2#Q+Q3)/(Q2+Q3+Q4)*100% to the whole silica matrix system.'**'2°

(IJSI IOR <|>R
550/5\ "OSi  Si0 \ “0Si  sj0 “OR
Me~ - Me osi osi osi
) -110 ppm -100 ppm -90 ppm
¢ ¢ ¢
()
sio /‘SK""”’OSi sio /sk""”’OR S0 /'SK‘"'”’OR
OSi 0osi OR
-65 ppm -57 ppm -48 ppm
LMQ
¢ ¢
L L R = H, Metal or alkyl
. m:'lllc . /St""’ e .
(b) sio Vsi sio - C = organic group
3 -16 ppm -10 ppm
2T
T
@ @ ¢ -m c -m c c
L | Cu\. L
s I — | — sio /s\u,,c RO /5\::,,,0 .ﬁ.l\o /E\""’C
50 0 -50 -100 -150 ¢ c ¢ ¢
(a) 13 ppm 18 ppm 7 ppm
Chemical shift / ppm

Figure 23 *Si MAS NMR spectra of silica modified by (a) n-Alkyltrimethoxysilanes, (b) n-
alkylmethyldimethoxysilanes and (c) n-alkyldimethylmethoxysilanes

Covalently bonded to the immobilized patterning Si species, the carbon atoms are
showed the characteristic signals in the solid state '>C cross-polarization (CP) NMR
spectrum. However, the signals for the same carbon position demonstrate different
chemical shift when in the different type of silanes. For example, an ethane fragment
sandwiched by silicons (Si-CH,CH,-Si), the chemical shifts of methylene carbon (-CH,-)
vary 2.0 ppm, 5.4 ppm, and 9.3 ppm when the “sandwiches” form as (OH);Si-CH,CH>-
Si(OH);,  (0Si);Si-CH,CH»-Si(0Si);, and  (CH3)2(0Si1)Si-CH,CH,-Si(OSi)(CHs),,
respectively.'?”'*® According to the theory of NMR, the chemical shift is effected by the
adjacent group which is electron donor or withdraw, more electron donor, higher
chemical shift, as the comparison between -NH, and -Cl noted in Table 3, entries a-d.

Normally the carbon shift is similar as that in the liquid phase for the Si atom acts like a
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prone (Table 3, entries e-f).

Table 3 ?C NMR resonances of organic patterning agent functionalized on the silica.*'*

Entry Assignment Resonance (ppm)
a -Si-CH,-CH,-CH,-Cl 26
b -Si-CH,-CH,-CH,-NH, 22
c -CH,-CH,-Cl 46
d -CH,-CH,-NH, 42
e -CH=N- 165
f -CH,-C-(Ph); 145
g -Si-CH, 0
h -Si-CH=CH, 137
i -Si-CH=CH, 132
j -Si-CeHs 128
k -Si-OCH, 49

2.3.2.3 UV & UV-raman spectroscopy

The influence of Ti containing silica solids on the catalytic properties is quite
difficult to estimate due to the simultaneous presence of Ti species with different
coordination states. The in situ X-ray absorption spectroscopy establishes unequivocally
the averaged structure of the Ti site of surface-grafted Ti-MCM-41 is tetrahedral
containing around three Ti-O-Si bonds.”* And most commonly, UV-vis spectroscopic and
catalytic studies have revealed that the surface Ti sites which gives the best
activity/selectivity performance corresponds to the isolated and tetrahedral, while the
presence of titanium dimers or oligomers is thought to accelerate decomposition of the
peroxide and octahedrally coordinated titanium is inactive for the epoxidation of alkenes
since it lacks free coordination sites.”>® %711

UV-vis spectroscopy is proved a very useful tool as it gives direct information on
the chemical events occurring in the first coordination sphere of Ti(IV). Bands at 48000
cm™ are assigned to Laporte allowed ligand to metal charge transfer (LMCT) transitions
in [TiO4] and [O5TiOH] tetra-coordinated structures. New bands appearing as an optical

transition in the 40000~30000 cm™ range is assigned to LMCT bands in [TiO;], clusters,
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or from a direct interaction of incoming adsorbate ligands with the Ti(IV) atoms, leading

the coordination number of Ti(IV) increases (Figure 24).

Absorbancer

200 300 400 " 500
/nm

Figure 24 Diffuse reflectance UV—Visible spectra of mesoporous titanosilicates with Si/Ti of (a)

49.9: (b) 34.9; (¢) 19.0; (d) 8.3; (e) 1.9.'%

In the molecule orbital of [TiO4] (Figure 25), LMCT arises because the absorbed
UV radiation causes an electron jumping from e orbital at low energy mainly composed
of O z-bongding to the e* orbital in which there is a large contribution from the
unoccupied Ti d orbitals. The wavelengths (nm) of bands observed in the UV-vis spectra
depend on the ease with which an electron can be removed from the ligand. The
wavenumber (cm'l) of a particular band increases with an increase in the ionisation
energy of the ligand np electrons which normally contribute to the e orbital. When the
ionisation energy increases, the energy of the np levels decreases, and so the energy gap
between the ligand and metal orbitals increases. Therefore the charge transfer O*—Ti**
occurs at the highest energy for the isolated [TiO4] unit in the silica network, which can
attributed to the higher electronegativity from surrounding Si(IV) than from the Ti(IV) in
Ti-O-Ti bonds.
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Figure 25 Partial orbital energy-level diagram for the tetrahedral [TiO,] formed from filled o-
130

bonding and n-bonding O orbitals.
Mainly based on the theoretical considerations and interpretations of the UV-vis
spectra of titanosilicates solid materials, the coordination of Ti species can be assigned

' for octahedral

generally to an increase of the excitation energy from 42000 cm
coordinated Ti(OH)s, to 48000 cm’! for the tetrahedral one, Ti(OH)s; for perfect
symmetries."*' However, J. Klaas ef al simulated satisfactory diffuse reflectance UV-vis
spectrums (Figure 26, A) for hydrated zeolites Ti-NaY and Ti-NaX, and assumed three
different bands with absorption maxima at about 36000 cm'l, 45000 cm'l, and 49000 cm’!
with relevance to the Ti monofunctional, bifunctional, or multifunctional bonding manner
to the zeolite framework, respectively.'>* L. Bonneviot e al deconvolved the UV-vis
spectrums of dehydrated TS-1 into three peaks at 50200 cm™, 44060 cm™ and 40000 cm™
(Figure 26, B) which account respectively for the Ti-OSi, Ti-OH in the tetrahedral open

site and Ti-OSi in the stressed tetrahedral closed site.'*?
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Figure 26 Normalized diffuse reflectance UV-vis spectrum F(R) of TiO, species in (A) zeolite
NaX (solid line: experimental spectrum; dashed line: silmulated curve; dotted line: fits) and (B)
dehydrated TS-1 (solid line: experimental spectrum; dashed line: fits; line on the base: the

difference between fits and experimental).
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Usually in the UV region, the characteristic bands directly associated with the
coordinated transition metal ions, whose wavelength is chosen for the UV laser of
resonance Raman spectra (UV-Raman) to enhance the excitation of the ligand to metal
charge transfer. It is more efficient to identify the isolated framework metal ions in
microporous and mesoporous materials.'**

For the Ti containing silica materials TS-1 or Ti-MCM-41, the charge transfer
transition of tetrahedral Ti-OSi is commonly considered to be observed at 220 nm in the
UV-visible diffuse reflectance spectrum (Figure 27, A). The laser line at 244 nm was
chosen to excite the electronic transition absorption of the Ti species in Ti containing
silica materials for the Raman spectrums. A distinct band appears at 1125 cm™ for TS-1,
the microporous titanosilicate, and band at 1110 cm’! are observed for Ti-MCM-41
(Figure 27, B and C). The appearance of these bands is associated with the tetrahedral
coordinated Ti but not with silica framework, which are ascribed to the asymmetric
stretching vibration of Ti-OSi. When excited by laser at 325 nm and 488 nm, new bands
appear at 144, 390, and 637 cm’ which are assigned to the extra-framework Ti clusters

(anatase), instead of those in the 1000~1200 cm’! range.m’136

Aex =244 nm

§8 2

-
o
-

1
1
J
)
]
1
o .
al i E 3
— 1 — i
2l 11 & @ 2 : Ti-MCM-41
7] : “© ~ ) 5
g\ | s § 3 8
£l : : £ E o v
' ; : g5
P i MCM-41
H iSilicalite-1!
R H
— 1 T T T T 7 .
200 300 400 500 250 750 1250 500 1000 1500
Wavelength / nm Raman shift / cm™ Raman shift / em*!
(A) (B) (©)

Figure 27 (A) UV-visible diffuse reflectance spectra, (B) Raman spectra excited with different
laser lines at 244, 325 and 532 nm of silicalite-1 and TS-1, and (C) UV-Raman spectra of MCM-
41 and Ti-MCM-41 (Si/Ti = 200) excited with 244 nm.
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According to the subtle dissimilarity between the coordination environments of Ti**
in microporous and mesoporous materials, there is a red shift from 1125 cm™ for rigid
tetrahedral Ti-SiO in TS-1 to 1085 cm™ for very flexible site on amorphous SiO,, which
can be used as a figure of merit in assessing the coordination geometry of Ti** in

microporous or mesoporous materials (Figure 28).

Rigid Flexible
Coordination enviroment

Figure 28 Comparison of the three Ti-SiO coordination environments and the corresponding UV

Raman bands at 1125, 1100, and 1085 cm™, respectively, for TS-1, Ti-MCM-41, and Ti/SiO,."**

2.3.2.4 XAS

With high fluxes of penetrating and continuously tunable X-rays (A = 0.1 nm~100
nm), X-ray absorption spectroscopy (XAS) for fine structure measurements
unambiguously establish the atom-specific structure of active centres. It yields electronic
information of strictly local, short-range structure concerning bond lengths, coordination
numbers, and mean square deviation in bond distances as well as the oxidation
state, 137138139

The pre-edge intensity in EXAFS of Ti arising from the transition between core
level Ti 1s to the unoccupied 3d° level of Ti(IV), which is known to be sensitive to the

symmetry of the coordination environment. Accordingly, the characteristic sharp pre-

edge peak at 4967 eV has been ascribed to the Laporte allowed A;—E characteristic
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transition of tetrahedral [TiO4] units. The structures of analogous Ti-centered silicates can
be independently determined as shown in Figure 29 that lack of inversion symmetry for a
tetrahedral coordination geometry yields an intense peak, whereas systems with
octahedral coordination have small pre-edge intensities. In particular, five-coordinated
systems, where there is a double bond as in JDF-L1, have intensities that are intermediate
between those of the octahedral and tetrahedral cases. Hence the intensity of this pre-edge
peak has been used to estimate the fraction of tetrahedral Ti(IV) by comparing the
intensity of the pre-edge peaks of normalized spectra of some samples containing a
different proportion between octahedral and tetrahedral Ti(IV).'*

The change in type of neighbours to the coordinated Ti is identified with the local
structural parameters given by EXAFS. G. Sankar et al have set out in 1995 the catalyst
prepared from TiCp,Cl, loaded in MCM-41. The XAFS results offered bonding lengths
differing from the free Ti precursor, surface adsorbed molecules, anchored species and
calcined Ti state that revealed in the final catalyst isolated Ti(IV)-centered active sites,
composed of a tripodally linked titanol groups abound on the mesopores surface, without
Ti-O-Ti linkages, nor of any titanyl group (Ti=0), which was active in the epoxidation of

cyclohexene with TBHP.'”
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Figure 29 Ti K-edge XANES of three X-ray crystallographically well-defined titanosilicates in
which there is four-fold (Ti-(OSi(Ph);),), five-fold (JDF-L1), and six-fold (ETS-10) coordination

of oxygens around the central Ti.”®

2.3.2.5 EPR_

The metal ions with an odd number of unpaired electrons are excellent candidate for

43




Chapter Il Literature Survey_

electronic paramagnetic resonance studies (EPR). As a consequence that the Ti(IV),
either in the precursors or coordinated in the network of solid compound is ESR silent.
The reduction of Ti(IV) to Ti(Ill) with a reductant has been promoted that it helps study
in detail the molecular structure or species intermedia of the products generated during
the  reaction, where the unpaired electron makes the complexes
paramagnetic, 141:142143.144.145

The structure of titanium incorporated into both MCM-41 and MCM-48 materials
were elucidated by EPR spectroscopy in Figure 30. After reduced Ti(Ill) in Ti-MCM-41
and Ti-MCM-48, species A with g, = 1.952 and g, = 1.902, characteristic of titanium

atoms in tetrahedral coordination is observed in both materials.
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Figure 30 EPR spectra of (A) Ti-MCM-48 and (B) Ti-MCM-41 with different amounts of
titanium ions. The spectra were recorded at 5 K after illuminating the samples in the presence of 1

M glycerol under UV irradiation at 77 K for 30 min."**

As Ti loading increasing, a second species B with signals g, = 1.988 and g, = 1.957
appears in the spectra of Ti-MCM-48 that corresponds to Ti(IIl) as in bulk anatase.'*®'*’
The g values indicate presence of both octahedral and/or five-coordinated Ti atoms,
which has also been proved in the Ti-SBA-15 MA strong signal near g = 2.004 observed
in all spectra is due to radicals formed in the reduction as the sacrificial hole scavenger to
suppress charge recombination .

A catalytic cycle can be schemed as well by the method of Ti(IIl) EPR, for
example, research reported by C. Petit et al. for the reduction of tertiary phosphine oxides

(TPO) by hydrosiloxane using titanium alkoxides as catalyst.'*> The ESR spectrum

observed two narrow features at g = 1.964 and 1.960 and a shoulder at 1.956 which are
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far below the resonance of the free p-type unpaired electron g. = 2.0023, and silicon,
carbon and phosphorus radicals are always reported with values above 2.000. Compared
furthermore to a similar isotropic signal of reduced tetraisoamyloxide titanum species
which is known not to form any oligomers, the features are finally assigned to the
Ti"™(OR); in solution as a intermedia obtained by reaction between tetramethyldisiloxane

and titanium isopropoxide during the reduction of TPO.

2.3.3 Enhancement of catalytic activity

Immobilized either on inert materials, or on functionalized solid supports, the Ti
containing heterogeneous catalysts combine the advantages of homogeneous and
heterogeneous phases and offer superiorities over homogeneous materials such as, ease of
separation from reaction mixture, significant reduction in problems of waste disposal, and
reuse applications by recycling, etc.'*®!% Besides to this, however, as to the catalytic
behaviour, it is greatly influenced by many other factors like the material preparation
route, the support natural characters, the reaction system, and the affinity between the
interaction phases, etc.

During the one-pot synthesis, Ti(OR); as the common precursor to form
homogeneous parent mixture with Si source, has a tendency for oligomeric titano-oxo
species or/and anatase cluster leading to low chemical homogeneity and phase
segregation. J. El Haskouri et al. reported that a complexing polyalcohol was added as the
hydrolysis retarding agent of the Ti species which could prepare thermally stable
mesoporous titanosilicate molecular sieves with Ti content up to a minimum Si/Ti molar
ratio value of 1.9 and the highest amount of tetrahedral Ti-sites was maintained.'®

Followed by more options of proper Ti source as titanocene dichloride, titanium
chelates (as describe in 2.3.1), both of the direct synthesis and post-grating pay more
attention to the isolated formation of tetrahedral Ti coordination. However, limited
numbers of reports have dealt with Ti-substituted mesoporous silica material. S. Chen et
al. dealt with a as-made Ti-SBA-15 material with Ti loading up to 10 mol% upon

calcination at 600~1000 °C that the extreme high temperature contrary generated
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tetrahedrally coordinated Ti(IV) species on the superficial areas of SBA-15 silica
framework and acted as more effective catalytic sites in cyclohexene epoxidation
compared to that calcined below 600 oC. 150

Nonetheless, A. Tuel et al. have grafted subnanometric monodispersed titanium
oxide particles on the surface of SBA-15 via Si-OH using a hexanuclear titanium oxo
cluster instead of the conventional TiCly, Ti(OR)s sources. TiO, nanoparticles formed
after calcination to eliminate all the organic ligand and showed active and selective in
oxidation reactions using H,O,. The novel catalyst with alternate Ti source confirmed that
a high activity does not necessarily mean that catalysts are free from TiO, particles and
contain only tetrahedrally coordinated species and high Ti loading with activity
decreasing must not be systematically attributed to the 6-fold coordinated species.110

Bi-component metals grafted mesoporous catalysts have been introduced as a
significant effect on catalytic activity were observed when a second metal species
modifying the silica surface prior to the Ti(IV) grafting. R. D. Oldroyd et al announced
that Ge compound modified silica leading to large number of Ge-OH groups that would
not react with Ti precursor so that it improved the isolation of Ti(IV) and therefore its
activity in the epoxidation of cyclohexene with alkyl hydroperoxides, whereas the Sn
containing material forms extraframework particles of SnO, that act as ineffective
supports for Ti(IV) centers, as demonstrated by a separate experiment where TiCp,Cl,
was grafted onto high surface-area Sn0,."** M. Popova et al. also synthesized Fe, Ti
containing mesoporous silica that increased selectivity of cyclohexanone in the
cyclohexanol conversion because of the formation of Fe** species which acting as strong
Lewis acid sites stabilized the adsorbed negatively charged intermediates.'"*

The Ti-substituted mesoporous silica materials with hydrophilic surface usually
exhibit bad affinity between catalyst and reagent compared to the zeolite when in the
catalytic oxidation of organic molecule. T. Tatsumi et al. conducted trimethylsilylation of
Ti-MCM-41 and Ti-MCM-48 in order to enhance activity in oxidation with dilute H,O,
through increasing their hydrophobicity (as described in Chp. I, Figure 1).#* The
enhancement has been developed after soon as a conventional chemical tool to modify the
hydrophobic property of solid catalyst including not only silica but also metal
oxide, 151:152.153

As to the active sites inaccessibility due to the limited pore entrance, both micro-
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and meso- structured materials have been made effort to expand their space capability.
Based on the remarkable activity of TS-1 zeolite in the oxidation reactions, H. Xin et al.
presented mesoporous TS-1 with a disordered network of mesopores penetrating the
microporous crystalline zeolite framework via a one-pot synthesis using carbon as hard
template. The catalytic superiority of meso-TS-1 compared with conventional TS-1
zeolite is mainly attributed to the improved mass transfer by passing with the hierarchical
structure.'*® The porosity of mesoporous material has also been tuned by S. Wang et al.
with employing swelling agents that are hydrophobic in nature. The addition of favorable
swelling agents leaded to an increase in pore size from 28.6 A to 48.3 A for Ti-MCM-41
accompanied by retaining the mesostructure with a certain decrease of structure ordering.
A greatly enhanced catalytic activity of Ti-MCM-41 in the shape-selective
transesterification was observed because of pore expansion.'**

From the viewpoint of hydrophobic issue, there have been two strategies to improve
the catalytic activity of Ti-substituted mesoporous silica materials in the epoxidation of
olefins: the first approach is the intrinsic enhancement of Ti sites involving silylation on
the surface, coordinated with larger ligand, etc, whereas the second approach is based on
the reaction process strengthening. A. Corma et al concluded that the presence of water is
responsible for the ring opening of the epoxide which strongly decreases the catalytic
conversion of olefin. Removing water from the reaction media, the non-silylated catalysts
display the same activity as those modified. 155 The effects of the method of adding
substrates into the reaction system have been underlined as well, especially on the
addition of hydrogen peroxide which usually deactivated rapidly on a Ti surface cluster in

i 105,156,157
mesoporous Ti-silica catalysts. 5:156.15

The catalytic behaviour was improved evidently
by applying a protocol consisting slow dropwise addition of hydrogen peroxide in the

reaction mixture, compared with adding all of the substrates at once.
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Chpater II1 Experimental and Characterization

3.1

Experimental

3.1.1 Chemicals and gases

Table 1 Reagents used in the experiments.

Product Purity | Provider cas
Sigma-
Ludox HS-40 40% Aldrich
Sodium hydroxide >99% | ACROS
Cetyltrimethylammonium tosylate (CTATos) >99% | Merck
Tetramethylammonium bromid (TMABr) >99% Merck
Hydrochloric acid in water (HCI) IN ACROS 7647-01-1
2,2,5,5-tetramethyl-2,5-disila-1-azacyclopentane
(TMDSACP) 9% ABCR 7418-19-1
Hexamethyldisilazane (HMDSA) 97% ABCR 999-97-3
Titanium isopropoxide (Ti(O-iPr)4) distilled | JANSSEN | 546-68-9
N-(2-Hydroxyethyl) ethylenediamine (ODA) 99% Alfa 111-41-1
Diethanolamine (DOA) 99% ACROS 111-42-2
1-(2-Hydroxyethyl) piperazine (OPE) >98% | Alfa 103-76-4
Chloromethyl methyl ether Tech. Aldrich 107-30-2
Zinc chloride p. a. 98% ACROS 7646-85-7
Table 2 Gas used in the experiment or characterization.
Gas Quality | Provider | Utilization Treatment
Cartridge filtration
Protection gas for multifonctions:
Argon a Air Liquid one dehydration,
synthesis .
deoxygenation,
dehydrocarbon
. .. .. | Working gas for
Nitrogen | U Air Liquid TGA No
. . .. .. | Working gas for
Air Industrial | Air Liquid TGA and ealcination No

54




Chpater 11l Experimental and Characterization

3.1.2 Preparation of products
3.1.2.1 LUS-CTA & LUS-TMA

MCM-41 type mesoporous silica, LUS-as was prepared using Ludox HS-40 as Si
source and hexadecyltrimethylammonium (cetyltrimethylammonium) p-toluene sulfonate

as surfactant, in the presence of sodium hydroxide solution (Figure 1).

1) Sodium silicate solution 2) Solution of surfactant
% H,0 50 ml s H,0 90 ml
% NaOH2g % CTATos2.5¢g
< Ludox HS-40 155 g » 60 °C, 2 h, stirring
» 60 °C, 2 h, stirring

v

3) Hydrolysis and condensation of silica precursors
» 60 °C, 2 h, stirring
» 130 °C, 20 h, static

4) Powder recovering and separation
v Filtration and washing by deionised H,O
v' Dried at 80 °C in fluent air

|

LUS-CTA (4g+0.5g)

Figure 1 Synthesis of LUS-CTA

Typically, the silica sol was formed by stirring the mixture of Ludox 15.5 g (SiO,
0.103 mol), NaOH 2 g and H,O 50 ml at 60 °C for 2 h. Then it was dropwise added into
the homogeneous surfactant solution with dissolved CTATos 2.5 g (5.5 x 10 mol) in 90

ml deionised H>O by moderately stirring at 60 °C. The precursor soon producing a cloudy
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dispersion was kept stirring at 60 °C during 2 h and subsequently statistic at 130 °C for 20
h. The obtained product was filtered, washed with deionised H,O and dried at 80 °C
overnight, here noted as LUS-CTA (or LUS-as).

The CTA" in the as-synthesized solid LUS-CTA was cation-exchanged by TMA*
obtaining LUS-TMA (Figure 2). 1 g powder was stirred in the 40 ml technical ethanol
(96%) solution containing 0.45 g tetramethylammonium bromide (TMABr, 99%,
Aldrich) at 60 °C for 30 min, followed the filtration and washing with ethanol and
acetone. In this order, the process of ion-exchanging was repeated 2 more times finally

getting the white powder LUS-TMA.

1) Solution of TMABr 2) Treated sample
% technical ethanol 40 ml < LUS-CTA1lg
% TMABro045g & ord)

» 60 °C, 0.5 h, stirring

v

3) Cation exchanging

» 60 °C, 0.5 h, stirring

Repeating 2
l times
4) Powder recovering and separation
v Filtration and washing by technical ethanol and acetone

v' Dried at 80 °C in fluent air

¢

LUS-TMA (0.65 g % 0.05 g)

Figure 2 Synthesis of LUS-TMA.
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3.1.2.2 LUS-Cx & LUS-Tx

In order to obtain the partial disilyl functionalized silica surface, LUS-CTA or LUS-
TMA was partially extracted the cation (CTA* or TMA®) by hydrochloride acid in the

technical ethanol solution (Figure 3).

1) Solution of HCI acid 2) Treated sample
+ technical ethanol 40 ml % LUS-TMAlg

% HCI(1Naq)Xml

3) Hydrolysis and condensation of silica precursors

» 40 °C, 1 h, stirring

4) Powder recovering and separation
v Filtration and washing by technical ethanol and acetone

v' Dried at 80 °C in fluent air

¢

LUS-Tx (x = 25, 50, 75 and 100)

Figure 3 Synthesis of LUS-Tx.

Taking LUS-TMA as an example, 1 g such solid was impregnated in the 40 ml
technical ethanol containing X ml HCI (I mol-L"' ag., ACROS). A partial TMA"
(tetramethylammonium cation, N*(CH3),) would be extracted by stirred at 40 °C for 1 h.
The solid was denoted as LUS-Tx after filtered, washed by technical ethanol and acetone,
and dried overnight in the air. «x» of LUS-Tx stands for the percentage of extracted
TMA" out of the total TMA" amount in the sample LUS-TMA. Herein, «x» was defined

as 25, 50, 75 and 100, meaning that 25%, 50%, 75% and 100% TMA"* would be
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extracted, respectively. The yield by weight percent is 95%, 91%, 88% and 85%,
respectively.
The added volume of 1 mol-L" HCI acid will be determined by the equation as

followed:

X, (mL)= (%Xxxl.l eq]+1 mol - [ x1000 mL Eq (1)
M is the weight of LUS-TMA, which has a mass change m% during 150-280 °C in the
TG/DTG curves assigned to the dissociation of TMA® from framewore silicate SiO .
From this mass change, a total molar amount of TMA" acting as the template in LUS-
TMA can be calculated by deviding molecule weight of TMA* 74 g-mol™. If the x (25%,
50%, 75% and 100%) TMA" is going to be extracted, the equal molar quantity of 1 N
HCl acid will be used (1 H" for I TMA™). Moreover, the acid amount is usually increased
to 1.1 eq more considering the extra TMABr adsorbing in the solid.

Concerning to the LUS-CTA sample, the equation (1) will change into:

XHCl(mL):(;:;gg—%xxxl.lqu+1mol-L_lx1000mL Eq(2)

Here, m’% is the mass change of templating CTA" appearing in the 150-300 °C region of
the TG/DTG curve and 284 g'mol” is the molecule weight of CTA*. The long-chain alkyl
surfactant cation CTA™ (cetyltrimethylammonium) is expected to disfavour the CTA™
displacement, the temperature of acid extraction was increased to 60 °C (Figure 4). To
remove 75% and 100% of template, the acid extraction is carried on 2 times to make sure
that the equilibrium of protonation will be attained. The yield of LUS-Cx (x = 25, 50, 75
and 100) by weight percent is 86%, 80%, 72% and 58%, respectively. LUS-T100 or LUS-

C100 is also named LUS.
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1) Solution of HCI acid
+»+ technical ethanol 40 ml
< HCI(1Naq) X ml

v

2) Treated sample
% LUS-CTA1lg

» 60 °C, 1 h, stirring

3) Hydrolysis and condensation of silica precursors

4) Powder recovering and separation

v Filtration and washing by technical ethanol and acetone

v' Dried at 80 °C in fluent air

|

LUS-Cx (x =25, 50, 75 and 100)

Figure 4 Synthesis of LUS-Cx.

3.1.2.3 LUS-Cx-E & LUS-Tx-E

For the subsequently effective silylation, the samples LUS-Tx or LUS-Cx was
further dehydrated at 130 °C under vacuum for 2 h to activate the silanol groups. Taking
LUS-Tx as an example, after dehydration, the system was cooled down to room
temperature (rt) under Ar gas protection. Dry cyclohexane 40 ml and TMDSACP
(2,2,5,5-tetramethyl-2,5-disila-1-azacyclopentane) Z mL was added in using a syringe
injection. The mixture was stirred 0.5 h at room temperature for the homogeneous liquid-
solid diffusion and then refluxed at 80 °C for 16 h to get LUS-Tx-E (EBDMS, ethyl 1, 2-
bis(dimethylsilyl)) after filtration, washing with technique ethanol, acetone and drying.
For the parent material LUS-Cx, the product is donated as LUS-Cx-E. When the mixture

was stirred at room temperature for 16 h, the obtained samples were denoted as LUS-Tx-

E_rt and LUS-Cx-E_rt, respectively (Figure 5).
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Regarding to the stencil patterning effect from the cation, the dipodal silazane
TMDSACP (Z ml) adding is given 5 eq. exccess to the amount of total silanol groups on

the surface of LUS material that has been reported 0.23 molar ratio. As shown in eq. (3):

M gxM'%

0 = x0.23x5 equ159 38 g-mol ' +0.842¢g-mL™" Eq(3)
g -mo

Z rypsace (mL ) = [

M g is the weight of the treated sample and M’ % is the relative residual that refers to the
Si0; at 1000 °C. 159.38 g-mol-1 and 0.842 g-mL-1 is the formula weight and density of

the silazane reagent, respectively.

1) Treated sample
s LUS-Tx (x =25, 50,75 and 100) 0.1 g
» Evacuation, 130 °C, 2 h
> RT, Ar protection

2) Solution of dipodal silazane

+ Cyclohexane 40 ml
< TMDSACP 0.6 ml
3) Silylation (80 °C) n 3)’ Silylation (rt)
> RT, 0.5 h, stirring " > RT, 16 h, stirring

> 80 °C, 16 h, stirring "

v

4) Powder recovering and separation
v’ Filtration and washing by cyclohexane and acetone

v" Dried at 80 °C in fluent air

N

LUS-Tx-E LUS-Tx-E_ rt

Figure 5 Synthesis of LUS-Tx-E and LUS-Tx-E_rt.
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3.1.2.4 LUS-Cx-E-OH & LUS-Tx-E-OH

Subsequently, the materials LUS-Tx-E and LUS-Cx-E (x = 25, 50 and 75) were
extracted by 1 N HCl X’ ml again in the technical ethanol solution to remove the rest
template acting as surface protecting group (Figure 3). X’ ml is determined by the TMA*
loss in the TG/DTG curve as described in the eq. (1). The obtained product after filtration,
washing by technical ethanol and acetone, and drying at 80 °C in fluent air, leads to a
hybrid material with both EBDSM function and silanol groups, therefore, denoted as
LUS-Tx-E-OH or LUS-Cx-E-OH. The LUS-T100 and LUS-C100grafted by EBDMS
group is considered as the full covered, named LUS-T100-E and LUS-T100-E,

respectively.

3.1.2.5 LUS-E-Ti-n, LUS-Ti-n & LUS-Ti-E

The sample LUS-T50-E-OH was dehydrated and post-grafted by different adding
amount (¥ ml) of Ti(O-iPr)4 along the same sequence and the same condition as that for
LUS-Tx-E. Finally, the product was filtered, washed by cyclohexane and acetone, and
dried at 80 °C in the fluent air, denoted LUS-E-Ti-n (Figure 6, Scheme 1). The final mass
of the product increases from 1.0 £ 0.05 g to 1.2 + 0.05 g consistently with the amount of
Ti precursor increasing from Si/Ti = 200 to Si/Ti = 20.

The amount (Y ml) of Ti precursor Ti(O-iPr)s compound was calclulated by Ti/Si (t)

based on the inorganic Si composition of LUS-T50-E.

_ N gxn%

=60 ¢ mol xtx159 g -mol™ +0.955 g - ml Eq. (4)

Ti

N g is the weight of LUS-T50-E-OH sample and n% is its residual weight at 1000 °C in

the TG/DTG curve corresponding to SiO,.
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1) Treated sample
« LUS-T50-E-OH1g
» Evacuation, 130 °C, 2 h

2) Solution of Ti(O-iPr)

r + Cyclohexane 40 ml
< Ti(0-iPr) Y ml

3) Silylation
» RT, 0.5 h, stirring
> 80 °C, 16 h, stirring

4) Powder recovering and separation
v Filtration and washing by cyclohexane and acetone

v" Dried at 80 °C in fluent air

¢

LUS-E-Ti-n

Figure 6 Synthesis of LUS-E-Ti-n.

Ti(O-iPr); was also grafted on a non-modified LUS which had been removed the
surfactant CTA" or TMA", to serve as a comparison for the characterization of the favour
materials. All the snythesis were performed in the same condition as that for LUS-T50-E-
Ti. LUS-T100 1 g was firstly dehydrated at 130 °C under vacuum for 2 h so that the silica
surface full of silanol groups could be effective to the coordination with Ti species. The
samples finally gotten were denoted as LUS-Ti-n (Scheme 1). The final mass of the
product increases from 1.0 £ 0.05 g to 1.4 £ 0.05 g consistently with the amount of Ti
precursor increasing from Ti/S1 = 200 to Ti/Si = 20.

LUS-Ti-E was prepared using LUS-T50-E-OH and Si/Ti = 20 in solution, according

to the inverted grafting orders of EBDMS and Ti(i-OPr), as that of LUS-E-Ti (Scheme 1).
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LUS-CTA
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&\\\\\\ EBDMS func.
+ Ti sites

Scheme 1 Schematic presentation for synthesis of LUS-E-Ti, LUS-Ti-E and LUS-Ti.
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3.1.2.6 LUS-xTMS

The partially TMS modified materials are prepared according to the same protocle
as LUS-Tx-E-OH, denoted as LUS-xTMS (x = 25, 50, 75 and 100) (Figure 5). Silane
precursor HMDSA is added by volume of 4:1 to the weight of sample (g), which is at
least 10 eg exccess to the amount of active silanol groups on the surface of the LUS

samples.

3.1.2.7 LUS-xE-cal & LUS-xTMS-cal

The thermal treatment was carried on in a tube furnace where the air goes through
the tube during the calcination and the final gas was absorbed by H,O (Figure 1). When
the calcination temperature was < 500 °C, a glass tube was used and if temperature > 500

°C, a tube in quartz was required (Figure 7A).

(@) )

Final gas «— '/'Solidsample -«

Crucibl
\

Glass or quartz

- /
N

Tube furnace (< 1200°C)

/
(B)
10 °C_/ min Dwell tir_ne: Oh
air 380 °C air LUS-xE-cal
LUS-Tx-E-OH —»> 4 > rt
X Sgg 2 (380, 480, 580)
- J

Figure 7 (A) Tube furnace for calcination of silica materials LUS-T100-E and (B) calcination

protocol.
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The treatment conditions were determined from the TG analysis. Heating
temperature starts from room temperature ~25 °C, rising by 10 °C/min until the target
temperature, then ends without dwelling segment. The EBDMS modified materials LUS-
Tx-E-OH (x = 50 and 100) were calcined at 380 °C, 480°C, 580 °C (Figure 7B), noted as
LUS-xE-cal (x = 50 and 100; cal: 380, 480 and 580), respectively. While for TMS
modified ones, LUS-xTMS were treated at 400 °C, 500°C and 600 °C to get LUS-xTMS-
cal (x =0, 25, 50, 75 and 100; cal: 400, 500 and 600). LUS was calcined at 550 °C for 10

h to be a reference, named LUS-550.

3.1.2.8 LUS-xE-cal-E & LUS-xXTMS-cal-TMS

The subsequently re-capping on the calcined materials was carried out according to
the same protocol as that for samples LUS-Tx-E or LUS-Cx-E (Figure 3). TMS and
EBDMS functions were grafted into the materials, respectively. The volume of HMDSA
was added by 4:1 (mL) ratio related to the weight of the calcined samples and TMDSACP
was added in a 6:1 ratio. Both of the precursors were 10 eq excess to the accessible
silanol groups that the materials possess. The final products were noted as LUS-xE-cal-E

and LUS-xTMS-cal-TMS, respectively.

3.1.2.9 LUS-xE-cal-Ti & LUS-xTMS-cal-Ti

Ti(O-iPr)4 could be grafted into the calcined materials with adding Ti/Si varied
from 20-200. Herein, the Ti(O-iPr), was grafted in a ratio of Ti/Si=200 according to the

same experimental protocol as described in 2.3 (Figure 6).
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3.2 Characterization

Low angle X-ray powder diffraction (XRD) experiments were carried out using a
Bruker (Siemens) D5005 diffratometer using CuKo monochromatic radiation.

Thermogravimetric analyses were performed using a DTA-TG Netzsch STA 409
PC/PG instrument. Samples (7-10 mg) placed in 70 pL alumina crucible were heated in
air flow (40 ml/min) up to 1000 °C at a heating rate of 10 °C/min with N, as supporting
gas (15 ml/min).

Nitrogen adsorption-desorption isotherms at 77 K were determined at BELSORP-
max (BEL Japan, INC.). In all cases, 30-50 mg samples were degassed at 80 °C for 12 h
and then at 130 °C for 2 h under a vacuum lower than 0.01 kPa before the analysis. The
specific surface area was calculated according to the BET method in the 0.05-0.25 range
of relative pressure. The mesopore diameter evaluated by the pressure of the mesopore-
filling step of the isotherm (Dggs (A)= 14.60994 + 74.67812 * x — 81.96198 * x* +
155.8457 * x*, X = P/P (0.11 < P/P, < 0.50))."

Fourier transform infrared spectra (FT-IR) were recorded using a JASCO FT/IR-
4200 (JASCO) spectrometer with ATR PRO470-H accessory, on which about 1 mg
sample was measured by reflectance (%R). IR peak intensities were height normalized for
the sake of quantitative monitoring using the peak at 460 cm’ as internal reference
(bending mode of the [SiO4] tetrahedral units).3

To confirm the amount of silanol groups in the synthesized materials ¥Si NMR
analyses was operated in a Bruker AVANCE III 500 spectrometer at 99.362 MHz. Solid
samples were tested in a 4 mm zirconia rotor and recorded by magic angle spinning
(MAS) at 5 kHz. Chemical shifts (d) of 2Si were externally referred to trimethyl silane
(TMS) at 3=0.0 ppm. Solid-state ’C CPMAS NMR measurements were collected also on

a Bruker AVANCE III 500 spectrometer. For both cross polarization (CP) was performed
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at 100.6 MHz with 6 ms (h = p/2) pulses and a repetition time of 3 s. The spinning rate of
the rotor was about 5 kHz and the number of scans was 10000.

Solid UV-visible spectra were recorded using a JASCO V-670 (JASCO)
spectrophotometer in the diffuse reflectance mode. The selected recording parameters
comprised a spectral bandwidth of 5.0 nm, a scan speed of 400 nm-min”', and a data
interval of 1 nm. The powders were filled in a hole (20 mm in diameter and 2 mm deep)
of a sample holder, and the surface was smoothed and the layer can be regarded as
infinitely thick. The standard spectroteflon from JASCO with 82% reflectivity was used

as a reference (Figure 8).

Figure 8 Sample holder of JASCO V-670 spectrophotometer in the diffuse reflectance mode.

The samples were stored under normal conditions, and spectra were recorded
directly in air with no further pre-treatment. When showing an absorbance of F(R) > 1.0
samples were diluted with LUS-cal which was calcined at 550 °C for 10 h after the
removal of surfactant. Since the Kubelka-Munk theory predicts that F(R) is proportional
to the concentration ¢ of the absorbing species as long as the assumptions of the theory
are fulfilled, namely, that the absorbance of the sample is not too high (Figure 9). F(R)mnax
= 1.0 is limited to be sure that the absorbance is linear, if not, a higher absorption causes a

change that is observed as a blue shift in the F(R) spectrum.4 The minor absorbance of
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diluent is 0.15. All spectra presented in this work are corrected for the absorbance of the
support and diluent.

The absorption per Ti can be calculated regarding to the F(R) and the Ti molar
amount in one unit, as eq. (5):
F(R)

26mg -cm > * dilution%*Ti wt %
48¢g -mol™

Total Abs/Ti(mmol-cm™) = Eq. (5)

Here, the 26 mg-cm™ was obtained by a test that increasing the thickness of pure silica
under the UV radiation until the absorption was completely full by the powder. Dilution%
is the weight ratio between the diluant and Ti-contained sample and Ti wt% was given by
elemental analysis.

Unpolarized Raman spectra were excited with 514.5 nm and 244 nm of an argon-
ion laser and recorded by the Horiba Jobin-Yvon Labram HR800 visible spectrometer in
backscattering geometry at room temperature. This Raman system consists of a

microscope with 100* objective lens, which allows a spot size of ~1um.

Hypothese de KUBELKA et MUNK

Rélexion

Flux incident =B 7
B / P rayonnement

incident

— sibsiat | Jsubsirat réléchissant

Soit équations différentielles :
K = coefficient d'aborbtion et 5 -di = -(S+K)i dx + §j dx,
S = coefficient de diffusion dj = -(S+K)j dx + Si dx,

Figure 9 Hypothesise of Kubelka-Munk theory.
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3.3 Catalytic Reaction.

A typical heterogeneous catalytic epoxidation experiment was conducted at 60 °C
for 2 h by using 50 mg catalyst stirred in a mixture of 10 mmol cyclohexene (>98%), 10
mmol tert-butyl hydroperoxide (TBHP, 30%) and 10 ml acetonitrile as solvent. After the
catalyst powder was removed from the reaction system by centrifugal separation, the
products were analyzed on a gas chromatograph Shimadzu GC-2014 with a FID detector.
All the chemicals for catalytic characerization were commercial from China National
Medicines Corporation Ltd.

The conversion of products was calculated according to the GC peak area (S)

percentage of each products and the reactant:

Z S(product)
n=4

product S (reactant) + z S(product,)

n=4

Conv.%

x100% Eq. (6)

Concomitantly, the turnover number (TON) of the catalyst is:

o Conv.% ... X10mmol
product, (MOl —=Ti-h™) = - : Eq. (7)
(50mg xXTiwt% +48g - mol)X2h

TON

The products of epoxidation of cyclohexene mainly include (1) cyclohexene epoxide, (2)
1,2-cyclohexanediol obtained by hydrolysis of (1), (3) 2-cyclohexen-1-ol and (4) 2-
cyclohexen-1-one both obtained by side redox reactions. Therefore, the selectivity of the

product (1) is:

_ S(product))
product | z S(productn )

n=4

Selec.% x100% Eq. (8)

69



Chpater II1 Experimental and Characterization

34 Reference

1 A. Galarneau, D. Desplantier, R. Dutartre, F. DiRenzo, Microp. Mesop. Mater., 1999, 27, 297.
2 J. IAPICHELLA, thesis « Structuration hiérarchique des particules et des monolithes siliciques pour

la chromatographie », I’Université Montpéllier II, 2006.
3 K. Zhang, B. Albela, M.Y. He, Y.M. Wang, L. Bonneviot, Phys. Chem. Chem. Phys., 2009, 11, 2912.

4 J. Klaas, G. Schulz-Ekloff, N.I. Jaeger, J. Phys. Chem. B, 1997, 101, 1305.

70



Chpater 11l Experimental and Characterization

71









Chapter 1V

Titanium Dispersion Control using Organic

patterning of the silica surface









Chapter IV Titanium Dispersion Control using Organic patterning of the silica surface

4.1 Introduction

Titanium substituted zeolites such as TS-1, Ti-beta and Ti-MWW are reported to be
efficient oxidation catalysts, in particular for olefin epoxidation . The discovery of Ti-
incorporated mesoporous molecular materials such as Ti-MCM-41, Ti-HMS, Ti-MCM-48
and Ti-SBA-15 greatly expanded the capability to catalyze reaction involving bulky
reactant molecules that were not able to access embedded Ti sites in the framework of
microporous zeolites -9, Unfortunately, the activity and selectivity of such materials is
lower than that of TS-1 so far. In particular, in the case of olefin epoxidation, adsorption
of the epoxide on the hydrophilic silica surface often leads to ring opening and therefore
to the formation of diols '*".

Modification of Ti-containing mesoporous materials with organic groups can both
increase the stability of the material and modify the catalytic activity. These functions can

be introduced either by post-grafting using organosilanes functions 1215

or by direct
synthesis where the organic function and the titanium precursors are added in the initial
gel 1618 In particular, hydrophobic agents such as hexamethyldisilazane (HMDSA)
trimethylchlorosilane ~ (TMCS), hexametyldisiloxane = (HMDSO), N-methyl-N-
(trimethylsilyl) trifluoroacetamide (MSTFA) 19 and N-trimethylsilyl-imidazole (TMSI) 20
are often reported as capping agent replacing silanol by trimethylesilyl groups (TMS).
Tatsumi et al. grafted the highly reactive HMDSA on the surface of Ti-MCM-41 and Ti-
MCM-48, respectively, to achieve the maximum degree of silylation of 2.35 and 2.06
trimethylsilyl groups per nm” '*.Such highly hydrophobic samples present an outstanding
conversion on the oxidation of cyclododecene even in the presence of a high amount of
water.

Direct synthesis presents the advantage of affording a homogeneous distribution of

both Ti species and hydrophobic functions in the material. In addition, the pore size is not

obstructed affording higher molecular diffusion. However, the coordination environment
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of the Ti sites is difficult to control. Indeed, Ti species with 4-, 5-, and 6-fold coordination
as well as TiO, oligomers may coexist depending on the experimental conditions '**'.
The post-grafting approach is proposed as a viable alternative although titanium oxide
clusters either on the internal channel or on external silica surface are sometimes formed

when unstable titanium alkoxydes or titanium chloride are used as precursors *>**. To

improve the catalytic performance of the material, several attempts have been reported to

1 24-26 27-29

optimize both the synthesis protoco and the titanium precursors in order to
favour isolated tetrahedral Ti sites, which are the active species.

Many hydrophobic functions such as TMS are linked onto the silica surface by a
single covalent Si-O-Si bridge and, are likely liable to leaching often observed during
recycling or even during a stepwise synthesis protocole. Instead of the monopodal TMS
moieties, we propose in this study the use of a dipodal hydrophobic agent, ethyl-1,2-
bis(dimethylsilyl) (-SiMe,CH,CH,Me,Si-, EBDMS) ***? that eventually forms two Si-O-
Si bridges less prone to a double cleavage and to leach out of the catalyst. To our
knowledge, this is the first time that such dipodal hydrophobant agent is used in
heterogeneous catalysis. This dipodal function has been reported once in the presence of
other grafted function but was added after the first function as a mere hydrophobic agent
33, Here, the hydrophobic function is introduced prior the incorporation of the Ti species

to also act as a dispersant as described according to molecular stencil pattering (MSP)

technique *.
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4.2 Masking the surface by TMA" or CTA"

The temperature of silylation is often reported at the refluxing temperature of
toluene, ca. 110°. Here, the use of cyclohexane which is much less toxic imposes at most,
80 °C which is expected to be high enough to graft the dipodal EBDMS function
quantitatively. This were tested first on a silica surface free of any cationic surfactant or

organic moieties and then applied on modified surfaces with masking agents such as

those used in the MSP technique.

4.2.1 Characterization of template free LUS capped with EBDMS

The LUS-C100 and LUS-T100 are intermediate materials in the MSP sequential
treatment, they still contain either the CTA" templating agent (as-synthesized LUS) or
TMA" when the latter is exchanged for the former. After acidic extraction of the
ammonium, they are called ammonium free LUS-C100 and LUS-T100, respectively. The
presence of organic matter is evaluated first from mass loss measured using TGA as it
will be systematically done in the actual thesis. To better underline the temperature at

which particular losses may occur, the derivatives (DTG) are also reported (Figure 1).

150 150
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125 P J e S IO T T R R R BT Lo
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Figure 1 TG/DTG profiles of materials; in A, starting material containing CTA, LUSCO (black

line), 100% surfactant extracted material, LUS-C100 (red line) and, EBDMS grafted materials,

LUS-C100-E (green line); In B, as in A except that the series starts with the fully TMA®

exchanged material, LUS-TO (black line), followed by the fully extracted TMA material, LUS-

T100 (red line), and the EBDMS grafted material, LUS-T100-E. (Note that letter C as CTA stands

for the first series and the letter T as TMA stands for the second series.
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The as-synthesized LUS-CO exhibits three weight loss regions dominated by the
water release (<150 °C), the surfactant decomposition (150-450 °C) and the silanol
condensation (450-1000 °C) (Figure 1A). The weight loss between 150 °C and 300 °C
accounting about 23 wt% have been noted as the decomposition of CTA" linked to the
surface silanol, SiO . The latter are typical of the electrical {S*, I'} electrical interface
characteristic of LUS, MCM-41or MCM-48 materials. The following loss between 300-
450 °C are attributed also to CTA™ that are still associated with their anionic counterions
(here tosylate, Tos) and remaining trapped in the channel and accounting for as much as
20%. Their weaker interaction with the interface may explain the delay (or higher
temperature) observed for their decomposition.

Like LUS-CO, LUS-TO presents similar weight loss regions. Between 150 and 290
°C TMA" decomposition accounts for ca. 11 wt% (Figure 1B). The region 290-450 °C is
slightly different and characterized by a first narrow peak ca. 310 °C and a second one at
ca. 400°C. The first one is assigned to the decomposition of TMA" associated to bromide
ion (Br). The origin of the second peak near 400°C is not yet clear. However, it
reasonable to think that carbonaceous residue of the surfactant decomposition might stick
to the surface and finally decompose at such high temperature. For CTA, such a peak
does not show up clearly since a larger range of decomposition temperature is expected
with a larger diversity of carbonaceous residues than for TMA. Anyhow, these residue
accounts for less than 1% mass loss. After extraction of the ammonium, both materials
(LUS-C100 and LUS-T100) exhibit similar and rather flat TG/DTG curves (Figure 1A-B,
red lines). Nonetheless, some physically adsorbed water molecules are detected below
100°C and water produced by silanol condensation between 300 and 500°C, for a total
loss of less than 5 wt%.

Then, the surfactant-free materials were fully silylated using 2,2,5,5-tetramethyl-

2,5-disila-1-azacyclopentane (TMDSACP) yielding LUS-C100-E and LUS-T100-E
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materials. The latter are distinctively hydrophobic according to the absence of any mass
loss below 100°C showing that there is no adsorbed molecular water molecules (Figure
1A-B, green lines). The discontinuities of the TGA curves better seen on the DTG curves
reveal two new weight loss peaks, one rather sharp at around 320 °C and the other
broader in the region 450-600 °C. The first one is doubtlessly due to EBDMS while the
second one is probably due to carbonaceous residues of the EBDMS combined with
silanol condensation.

At this stage, a better understanding of the surface species evolution is necessary ,
justifying the use of our quantitative ¥Si MAS NMR and *C CPMAS NMR study. The
material after calcination at 380 °C which used the exact heating programme as that in

TG measurement was also characterized (Figure 2).

(A) (B)

0 150 100 50 0 -50 -100

50 0 -50 -100 -150 200 100 80 60 40 20 0 20 -40
Chemical shift (ppm) Chemical shift (ppm)

Figure 2 Quantitative *Si MAS NMR (A )and >C CP MAS NMR spectra of the materials (B,
the insert shows all the spectral range investigated); a) LUS-T100-E and b) after calcination at
380 °C. The chemical shifts in the *’Si MAS NMR spectra are : Q;=-111.0£0.3, Q; =-101.9 £
03,Q,=-91.8+04; M =141£0.1,My=18.6+04,M,"=6.7+0.1, T; =-654+0.2; T, =-
57.1+0.1; T;=-49.0+£0.1; D, =-154 £ 0.4; D; =-8.2 £ 0.1. Linewidths are the same for all Q,
species and equal to 9.21 ppm in spectrum “a” and 9.45 ppm in spectra “b”, respectively; M
species are treated similarly with a single linewidth of 4.90 ppm in “a” and 4.78 ppm in “b”; in
spectrum “b”, the linewidths of all D, and T, species are equal to 11.00 ppm. The lineshape is the

same for all signal with a Gaussian/Lorentzian ratio of 1.00.
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The ®Si MAS NMR spectrum for LUS-T100-E (Figure 2A, a) exhibits the
characteristic signals at -110.8 (intense, Q4) and -101.9 ppm (Q3) assigned to the [SiO4]
tetrahedral connected fto four or to three other tetrahedral units, respectively. There is
also three smaller signals, arising on the low field side at 6.7, 14.1 and 18.6 ppm that can
be ascribed to silicon atoms in [R3SiOSiR3] units (M;”), [R3SiO(SiO3)] unit (M;), and
[R3SiOH] unit (Mp) (R = -CHj3 or -CH,-) respectively. The small signal M;” indicates
than some EBDMS species have condensed together into dimers or oligomers. However
in most of the cases this signal remains small. The dominant species M; at 14.1 ppm is the
fingerprint of the grafting of EBDMS on the silica surface. However, the presence of
species My shows that not all organosilyl function are grafted suggesting that single
grafted EBDMS are also produced. Meanwhile, in the °C CPMAS NMR spectrum two
signals appear at -2.4 and 8.5 ppm attesting for the presence of methyl and methylene
carbon atoms (R = -CHj or -CH,-) in the EBDMS moieties, respectively, (Figure 2B, a)
without signals at high chemical shift region, related to the other C species (Figure 2B,
insert).

Among the possible surface EBDMS species according to R. Anwander et al, the
dipodal silazane is digrafted in the ring siloxyl group (E2), the bulkier siloxyl bridged
dimer (E1-El) and the monopodal siloxyl group (E1) on the surface of dehydrated LUS-
T100 as presented in scheme 1. Note that the digrafted E2 function affords M; groups
only while monografted species E1 is characterized by My and M;' neighbouring groups.
M; and M/’ are similar groups that are not resolved, since they differ only by different
next neighbours (Scheme 1). Therefore, the relative intensities between My, M+ M;” and
M;” is directly related to the relative distribution among E1, E2 and E1-El1 grafted
species.

The *Si NMR spectra of LUS-TI100-E material calcined at a temperature

corresponding to the second mass loss corresponds i. e., 380 °C does not exhibit M;” nor
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M, species anymore. Concomitantly, the methylene BC NMR signal (8.5 ppm)
diminishes consistently with a partial decomposition of the digrafted E2 EBDMS
moieties and a total disappearance of the monografted E1 and the grafted dimer E1-El
(Figure 2B, b). The appearance of D and T species shows that the residue of EBDNS
decomposition still contains organic silicon species that are linked by two or three
covalent bond to the surface instead of one in EBDMS. This will be described in detail

later.

.
O ij i
8M1’ ?\ I giwz 2

lllllllllllllllll

Silica pore wall

Scheme 1 Possible EBDMS surface species generated upon silylation of dehydrated mesoporous
silica LUS using silazane 2,2,5,5-tetramethyl-2,5-disila-1-azacyclopentane (TMDSACP,
HN(SiMe2CH2-)2); M;, M,’, M,", and M refer to the Si signals observed in »Si-NMR.

4.2.2 EBDMS Grafting in the presence of surface masking ammonium agent
The retention of ammonium cations adsorbed on the surface is expected to limit and
control the coverage of grafted organosilane. This masking role of adsorbed ammonium is

investigated in the following.

4.2.2.1 Monitoring of the grafting sequence using FT-IR
All the solids were characterized at different step of the surface treatments
including XRD, TGA, Nitrogen isotherms and NMR techniques. However, the daily

monitoring was based on the FT-IR technique that is fast and simple. It has been also
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found easier to rely first on this technique to described all the stages of the surface
modification before to get through all the other complementary techniques.
4.2.2.1.1 Preparation of the ammonium mask: LUS-Cx & LUS-Tx

On the basis of MSP technique, when partial template is removed, the self-repulsion
between the cation (CTA" or TMA™) is meant to provide a regular pattern homogeneously
distributed all through the channel. This step also depends on the diffusion of the
organosilane to be grafted. A large molecule for masking agent such as CTA™ may have a
negative effect on the diffusion of the organosilane all along the channel (Scheme 2). The
replacement of CTA* by TMA™ as masking agent, which was shown to applied to the

MSP technique for the control of the TMS coverage is applied also here (Scheme 2).

HCI NHISi(CH,)s],
e — _—

A f 3
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Scheme 2 Synthetic steps for TMS partial grafting in the nano channels of mesoporous silica
surface templated by CTA" or TMA™.

The masking efficiency of CTA* or TMA" onto the grafting of EBDMS were
compared using LUSCO and LUS-TO extracted at 0%, 25%, 50% and 75%.
In the high frequency region (2400-4000 cm™), the bands centered at ca. 1490 cm™

(Figure 3, a). They are assigned to C-H stretching (vc.y) and bending (3c.y) vibrations,
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respectively. As expected, the intensity of those bands decreases drastically after partial
removal of CTA™ in LUS-C50.

The characteristic IR bands of CTA" are replaced by those of TMA®, after
exchanging the former by the latter (Figure 2A, c¢). A sharp single peak rises up at 1490
cm’”’ replacing the much broader set of peaks assigned to C-H bending vibration of CTA”
in LUSCO. This single peak of TMA assigned to the C-H bending vibration of -CHj
compared to. Consistently, the former peak decreases further in proportion with the level
of TMA" extraction (Figure 2A, d-g). Therefore, the band of C-H bending is noted as a
characteristic of the phenomenon that a part of silanol groups have been protonated while

the rest TMA™ protecting the silicate surface.
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Figure 3 FT-IR monitoring of partial removal of CTA* or TMA". a, starting LUSCO; b, 50%
extracted leading to LUS-C50; c, starting LUS-TO; d, 25% extracted leading to LUS-T25; e, 50%
extracted, LUS-T50; f, 75% extracted, LUS-T75; g,100% extracted, LUS-T100. C-H stretching
vibrations of -CH;z- and -CH,- in the range of 2850~2960 cm™ and C-H bending vibration at
~1490 cm™; Si-O stretching vibration of Si-O at 964 cm” and of Si-OH at 938 cm’; C-N
stretching of TMA™ at 950 cm™.

Note that the narrow band arising at 950 cm™ also is due to the presence of TMA*

and may be assigned to N-C vibration mode or to another type of Si-O stretching mode
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specific of the presence of TMA (vide infra). It diminished with the removal of TMA™
(Figure 2, d-g). The Si-O stretching mode of the surface Si-O™ units paired with either
CTA* or TMA" ions appear at 964 cm’ (Figure 3, a~f). By comparison, the
corresponding mode of the Si-OH covering surface of the fully extracted LUS-T100 and

LUS-C100 materials is broad and centred at 938 cm™ (Figure 3, g; LUS-C100 not shown).

4.2.2.1.2 EBDMS grafting in the presence of the mask: LUS-Cx-E & LUS-Tx-E

The LUS-Cx-E materials obtained after grafting EBDMS show similar FT-IR
spectra before and after silylation in the range 1000-4000 cm™. In particular the IR band
assigned to C-H stretching and bending modes are still there at about the same intensity
than before grafting, showing that CTA" was retained in the pore. The main evolution are
observed at lower wavenumbers where two bands appear at 758 and 834 cm™ both
assigned to the Si-C stretching (Figure 4A). The former strongly overlaps with the band at
800 cm™ due to the symmetric stretching mode of the [SiO4] units. The latter (red line) is
emphasized since this band is a fingerprint of the EBDMS moieties that can be used for
quantification. By contrast to CTA", EBDMS can hardly be detected in the region 2800-
2900 cm’ where the C-H stretching bands remain very weak (Figure 4A, e’).
Nonetheless, the retention of the peak due to SiO™ at 950 cm™ in LUS-C100-E and the
drastic decrease of the Si-O stretching mode at 938 cm™ assigned to the SiOH group is
consistent to the grafting of EBDMS by reaction of the unmasked silanol groups and the
protection of the silanolate groups.

Basically, the same evolution of the FT-IR spectrum is observed in LUS-Tx-E
materials in comparison to LUS-Cx-E indicative for the success of EBDMS grafting onto
a silica surface partly protected by ammonium ions (Figure 3, c; Figure 4B, a). The main
difference with CTA" lies on the 940-960 cm™' region where in the presence of TMA™ no

other band than that at 950 cm™ remains. This is questioning the attribution of the latter
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to any N-C vibration mode and supporting instead an assignment to a Si-O stretching

specific of Si-O” counterbalanced by TMA™. Moreover, it is clear that EBDMS grafted in
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Figure 4 FT-IR spectra for the materials after EBDMS grafting in the presence of partially
extracted masking ammonium cations: A) CTA" and B) TMA™; a’, LUSCO-E; b’, LUS-C25-E; ¢’,
LUS-C50-E; d', LUS-C75-E; e', LUS-C100-E. a, LUS-TO-E; b, LUS-T25-E; c, LUS-T50-E; d,
LUS-T75-E; e, LUS-T100-E. The red lines point out the spectral ranges of C-H stretching (left),
C-H deformations (middle) and one of the Si-C stretching (834 cm’) modes.

4.2.2.1.3 Elimination of masking ammonium layer: LUS-Cx-E-OH & LUS-Tx-E-OH
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The EBDMS grafted materials were treated using 1N HCI acid ethanol solution in
order to titrate the remaining silanol groups and remove the masking ammonium. 1.1 egq.

HCI per ammonium was used to avoid any excessive acidity. Regarding to the difficulty

7 0,20 -
in ion-ext ing CTA""with long alky[/chain, the dci] extraction to LU -E was
0,10 Pg}g g 2961 & y ] 964 55
monitored using FT—ifﬁz%pectra (Figure 5). 1 ! 9?8 SiL0-Si
] :‘ 0,15 |
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Figure 5 FT-IR spectra of the material after extraction of the masking CTA ammonium agent: A)
high and B) low wavenumber regions; a) before extraction LUSCO-E b) after first extraction,
LUSCO-E-OH_1%, c) after second extraction, LUSCO—E—OH_2rd and d) after the third extraction,
LUSCO0-E-OH_3" (= LUSCO0-E-OH).

The FT-IR monitoring leads us to proceed three consecutive acid washing to
achieve an appropriate removal. Indeed, the 1450-1500 cm™ range was used to follow the
removal of CTA", which is almost completed at the first washing (Figure 5A, a-b). At the
third washing, the only C-H stretching left arise at 2961, 2922 cm™ and belong to
EBDMS (Figure 5A, d). The normalized intensity of 834 em’ Si-C stretching band
changes from 0.19 £ 0.01 for LUS-CO-E to 0.21 = 0.01 for LUS-CO0-E-OH, indicating that
EBDMS species remain stable under such weak acid condition (Figure 5B).

The other ammonium masked and EBDMS grafted materials were also extracted

following the same acid treatment yielding LUS-Cx-E-OH or LUS-Tx-E-OH (Figure 6).
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Very similar spectral evolution is observed except the relative intensities of the FT-IR
band following the expected trend, i. e., less masking agent for more grafted EBDMS.
Additionally, the protected silanolate groups (band at 950 cm™) in both LUS-Cx-E and

LUS-Tx-E materials are converted into silanol groups (band at 938 cm'l, Figure 6A, b'-d’;

B, b-d). As to thefully EBDMS ggvered . 00-E, no Si-
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Figure 6 FT-IR spectra for EBDMS grafted materials after removing the template: A) CTA" and
B) TMA" masking agent; a’) LUSCO, b’) LUS-C25-E-OH, ¢’) LUS-C50-E-OH, d’) LUS-C75-E-
OH, e') LUS-C100-E. a, LUS-TO; b, LUS-T25-E-OH; ¢, LUS-T50-E-OH; d, LUS-T75-E-OH; e,
LUS-T100-E.
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4.2.2.2 Complementary investigations using various techniques
In complement to the FT-IR investigations presented above, the meso-structures of
materials were characterized by X-ray diffraction and nitrogen sorption isotherm, TGA

and solid state NMR throughout all the synthetic sequences.

4.2.2.2.1 Structure of LUS-Cx-E-OH & LUS-Tx-E-OH

Like the genuine CTA" templated material, LUS-TO and its derivatives exhibit the
same typical 2D-hexagonal XRD patterns with a p6mm point group (Figure 12). The
weaker peak intensity of the [100], [110] and [200] reflections for LUSCO compared to
those of LUS-TO, is due to the high channel filling factor by the long alkyl chain of CTA"
(Figure 12, a-b). Both of acid washing and EBDMS grafting bring no change to the
reflection peaks, suggesting that the meso-structure was retained during the patterning

sequences (Figure 12, c-f).
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Figure 12 Small-angle powder XRD pattern of materials: a) LUSCO, b) LUS-TO, ¢) LUS-T50, d)
LUS-T100, e) LUS-T50-E-OH and f) LUS-T100-E.
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Consistently, the N, adsorption isotherms are typical of MCM-41 type of materials
for either template extracted or EBDMS grafted ones. For instance, LUS-T100, LUS-
T50-E-OH and LUS-T100-E exhibit all a characteristic type IV sorption profile (Figure
13). For the fully extracted TMA LUS-T100, a steep step of adsorption branch at P/Py= ~
0.4 indicates a narrow mesopore size distribution centred at 4.0 nm for a surface area of
1025 m*/g and a pore volume of 1.0 cm*/g (Figure 13A-B, black line; Table 4, entry 2).
Similarly, LUS-C100 is characterized by 1063 m2/g and 1.0 cmS/g, respectively (Table 4,
entries 1-2). This demonstrates that the exchange of TMA for CTA followed by a full
chemical extraction affects the surface area for less than 5%, i. e., within the experimental
error. As expected, the EBDMS grafted LUS-T100-E and LUS-T50-E-OH material with
a corresponding nominal surface masking level of 0 and 50 % exhibit a lower capillary
condensation pressure at P/Py= ~ 0.25-0.3 that correspond to 3.4 £ 1 and 3.2 £ 1 nm pore
diameters, respectively (Figure 13A-B, red and green lines; Table 4, entries 4-5).

More precisely, after masking by TMA™ groups with nominal coverages of 100 %,
50% and 0%, LUS-TO-E-OH and EBDMS sylilation, LUS-T50-E-OH, and LUS-T100-E
materials are characterized by a reduction of specific surface areas of 70, 67, and 59%,
and smaller pore volumes of 58%, 56% and 53% in comparison of the genuine material
LUS-T100, respectively. Moreover, the C parameter, which represents the affinity
between the absorbant and the absorbate, decreases from 111 for LUS-T100 down to 35,
32 and 29, respectively. The evolution of all these parameters is consistent with 1D nano
channels covered by the hydrophobic EBDMS functions (Table 4, entries 3-5). By
comparison, materials with CTA™ protected surfaces at similar masking coverage in LUS-
CO0-E-OH, LUS-C50-E-OH, and LUS-C100-E exhibit a reduction of 84, 68, and 59% of
the specific area and 70, 63 and 53% of the pore volume of LUS-C100, respectively for C
parameters decreasing from 121 of LUS-C100 to 41, 37 and 28, respectively (Table 4,

entries 1, 6-8).
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Figure 13 A) N, ads-desorption isotherms and B) pore size distribution from BJH analysis (add
ca. 0.7 nm for more precise BdB equivalent) of a) LUS-T100 (offset of +200 ml (STP) g'l), b)
LUS-T50-E-OH (offset of +100 ml (STP) g) and ¢) LUS-T100-E.

Noteworthy, the fully extracted LUS-C100-E and LUS-T100-E are rather similar and
possesses the characteristic of the conventional calcined LUS or MCM-41 materials
(Table 4). Therefore, exchanging CTA for TMA does not modify the material. Therefore,
the reduction of pore volume and surface area after grafting are assigned the layer of
EBDMS grafted in the internal surface of the materials. Moreover, LUS-Tx-E-OH
samples possess slightly smaller surface area, pore volume and C value than LUS-Cx-E-
OH materials consistently with more grafted EBDMS. So concerning to the MSP
technique, herein, CTA" has a higher protecting effect against EBDMS grafting than
TMA®. By comparison, the coverage of TMS in similar masking conditions was smaller
than EBDMS, matching a full coverage of the unmasked surface and no significant
difference was noted between both ammonium masking properties. The higher coverage

observed with EBDMS (more pronounced for TMA® masking ammonium) clearly
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indicated that the dual grafting properties favors in some extent the displacement of the
ammonium away from the surface. This effect remains partial since the coverage of
EBDMS is smaller in the presence of both masking ammonium ions. Both a lower
hindrance or a higher mobility may favor the partial displacement of TMA that needs to
be confirmed by chemical analysis.

Table 4 N, adsoption isotherm data for LUS-C100 and LUS-T100 materials and after EBDMS

functionalization.
Entries Samples Swer (" ) Vi (em’ g")  Dpgg® (nm)  C*
% vs ref*
1 LUS-C100 100 1.0 4.0 121
2 LUS-T100 100 1.0 4.0 111
3 LUS-CO0-E-OH 84 70 3.5 41
4 LUS-C50-E-OH 68 63 3.2 37
5 LUS-C100-E 59 53 3.3 28
6 LUS-TO-E-OH 70° 58 33 35
7 LUS-T50-E-OH 67 56 32 32
8 LUS-T100-E 59 53 34 29

a, In the 0.05< P/P, <0.25 range , LUS-C100 and LUS-T100 surface areas of 1063 and 1024 m*/g are taken
as references for each series; b, Total pore volume measured at P/Py= 0.92; ¢, Y (BdB Pore Diameter, A)
=14.60994+74.67812%x~81.96198*x*+155.8457%x>, X=P/P, (0.11< P/P<0.50); d, BET-plot parameter, +
2; e, Sper(sample)/Sger(LUS support)*100%; Vo (sample)/V o (LUS support)*100%.

4.2.2.2.2 Chemical analysis

The chemical composition of the EBDMS modified samples were characterized by
TG/DTG, elemental analysis and quantitative Si MAS NMR. Typical TG/DTG curves
are shown in Figure 7 for genuine and intermediate materials of the sequential grafting of

EBDMS with 0% and 50% extraction of CTA or TMA.
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The material LUS-C50 exhibits a weight loss of 15.29 wt% between 150-320 °C
assigned to the decomposition of the CTA*SiO surface ion pairs that has to be compared
with 22.57 wt% mass loss in the genuine material, LUSCO. Note that is only 32% less
than 50% planned. The weight loss in the same temperature range rises up to 18.09 wt%

when EBDMS is grafted (LUS-C50-E) showing that the decomposition of EBDMS
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Figure 7 TG (solid line) with related DTG (dot line) curves for templated materials functionalized
by EBDMS with 50% ammonium extraction (a,b) or no extraction (c,d) with CTA (righ) or TMA
(left) as masking agent : a) LUSCO, LUS-C50, LUS-C50-E and LUS-C50-E-OH; b) LUS-TO,
LUS-T50, LUS-T50-E and LUS-T50-E-OH; ¢) LUSCO, LUSCO-E and LUSCO-E-OH; d) LUS-
TO, LUS-TO-E and LUS-TO-E-OH.

In the range 150-290 °C, the weight loss of LUS-T50-E is about twice less than for
LUS-TO, i. e., 5.44 instead of 10.91 wt%. This temperature range is assigned to the mass

loss occurring during the decomposition of TMA*SiO . This is consistent with the
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expectation showing in this case that the removal has efficiently taken place contrary to
the above observation for CTA". Another difference with the CTA masked surface,
resides in a reduction of the mass loss down to 3.81 wt% in the same temperature range
when EBDMS is grafted. It suggests that some TMA™ cations have leached out during the
grafting process. Above this range, a sharp peak at 320 °C in the DTG curve is present
LUS-TO and is shifted up to 340°C. This evolution already observed by Zhang Kun in his
thesis was attributed to different salt of TMA™ retained in the channel after exchange and
partial extraction. The first salt is TMABTr that is the salt used to exchange CTA for TMA
and the second one is TMACI produced during the extraction using HC1 (Figure 7, b).
Anyhow these DTG peaks are small details here since they correspond to a very small
mass losses. TG/DTG curves confirms that the partial surface masking using the MSP
technique lead to a control of the amount of grafted EBDMS function. This technique
show further that the masking power (ammonium retention) is lower against EBDMS
grafting than against TMA grafting and that CTA" has better masking capabilities than
TMAT" (Table 2).

CTATos acting as a surfactant remains in the channel of the as-synthesized LUSCO
in two different situations as ions pairs {SiO", CTA"} surface ion pairs or {Tos’, CTA"}
free ion pairs filling the voidin the channe left by the surface ions pairs. As a results, the
{Tos’, CTA"} pairs can be replaced by any other molecular filling agent such as grafted
EBDMS. This is monitored here using the N element to calculate the amount of
ammonium retained in the materials. Indeed, comparing LUSCO and LUS-C-E with N/Si
of ca. 0.150 and 0.121 for a decrease of ca. 0.3 N/Si, i. e., about 20% of CTA"* . This
matches the the proportion of {Tos’, CTA"} pairs expected in such materials according to
previous reports Table 2, entry 1).>* A comparable removal occurs during the exchange of
CTA for TMA where the none electrostatically retained ammonium are washed out.*

However, for the present cation exchange, a stronger N/Si decreases down to 0.102 was
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produced may be because of harsher conditions than those of ref. 32 (Table 2, entry 1,
LUS-TO0). Anyhow, the most stricking results of the first line is the drastic EBDMS
grafting reaching up to 57 and even 71% of coverage in the presence of CTA" or TMA™.
In fact removing 25% or 50% of the surfactant does increase the coverage by EBDMS but
not as much as expected since about 64 and 66% of EBDMS coverage is produced in the
presence of CTA", respectively. For TMA™ masking agent, the EBDMS coverage is
systematically higher than in the case of CTA" as already anticipated from FT-IR, and N2
isoterm investigations. One of the difference comes from already from the cation
exchange that yield from 20 to 46% Iss ammonium in the channel while the second is the
higher loss of TMA during EBDMS grafting evolving from 13 to 18% from CTA and
about 45% for TMA. This allows to generate a series of surfaces that are covered from
57 t0 92 %, i.e., in the range of interest for site isolation (> 66%).

Table 2 Elemental analysis of materials via sequential EBDMS grafting

CTA* TMA®
Entries  Samp. CTA"/Siy EBDMS/Si. TMA"/Siy, EBDMS/Sio.
(LUS-Cx-E) (LUS-Tx-E)

B N/Si® N (wt%) C (wi%h) Sig/Siior %°d N/Si N (wt%) C (wi%) Sig/Siior %:

(LUS-Cx) (LUS-Cx-E) (coverage %) (LUS-Tx) (LUS-Tx-E) (coverage%)

1 0 0.150 0.121 6.58 0.13 57* 0,102 0.099 7.84 0.15 (68)°

2 25 0.097 0.084 7.75 0.15@5  0.078 0.045 10.82 0.20 1)

3 50 0.076 0.065 7.91 0.15@65  0.056 0.036 9.33 0.17 (77)

4 75 0.057 0.047 9.68 0.1983  0.031 0.017 10.89 0.20 1)

5 100 0.002 0.002 11.84  0.23 ooy 0.005  0.003 11.74  0.22 (100

a) nominal extraction level based on a HCl/ammonium extraction ratio of 1:x =0, 25, 50, 75 and 100; x =0
stands for LUSCO and LUS-TO

b) molar ratio: N/Si = [(N wt%/14 g mol™)]/(Si wt%/28 g mol™) * 100%, from EA

¢) molar ratio: Sig/Si = [(C wt%/12 g mol™")/31/(Si wt%/28 g mol™") * 100%, from EA

d) The relative EBDMS coverage considering LUS-C100-E as 100% coverage reference

e) The relative EBDMS coverage considering LUS-T100-E as 100% coverage reference
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To further investigate the effect of different masking properties of TMA and CTA
for the grafting of EBDMS, the intensity of IR peak at 834 cm™ has been monitored
quantitatively by normalization to the IR peak at 450 cm™ (scissor bending mode of the
0-Si-0 angle of the [SiO4] units). This band is a local vibration mode of the [SiOCs3] units
characterizing silicon atoms of EBDMS denoted also as Siy,. Both types of ammonium
masking and both temperatures of grafting are compared.what we call the organic silicon
and its intensity is related to the number of grafted function assuming as we will see
below from NMR that most EBDMS are digrafted. The figure 8 collect all the data for
both LUS-Cx-E-OH and LUS-Tx-E-OH series of materials where the masking agent is
either TMA or CTA for EBDMS grafting using in one case TMS grafting as a reference.
As expected from previous report and announced before, it is found that tetramethylsilyl
function coverage follows in excellent accordance the surface left by the masking TMA*
(Figure 8, green bar). By contrast EBDMS function follows this trend only above 50%
CTA extraction. Below the the EBDMS coverage is much higher than expected > 50%.
The coverage is even higher when TMA is the masking agent with a coverage remaining
above 80% for TMA" extraction of 25% or higher. The quantification is in full

agreement witip @%nﬁm%%@qﬁlrmgggﬁlgﬁﬁﬁl)usmn that TMIA+ is a poor
masking agsmo the grafting of EBDMS while CTA" remaias, effective for partial

o~

extraction 50\&050%.
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Figure 8 Evolution of the specific IR band of TMS or EBDMS depending on the nominal masking

level and the type of ammonium after grafting at 80 °C and mask removal. (Dot line: y = X)

Further analysis of samples by quantitative *’Si MAS NMR were performed to
assess the chemical grafting of the dipodal silyl group to the silica network. In all the
spectra, the resonances at ca. -111, -102 and -92 ppm represent Qs [Si(SiO)4], Qs
[Si(Si0)3(OR)], and Q [Si(SiO),(OR);] silicon sites, respectively (R = H, C). The
supporting materials LUS-C100 and LUS-T100 are observed in the Q4/Qs3/Q, relative
populations of 63/33/4 and 61/36/3, respectively, revealing no significant changes to the
SiOy4 connectivity when exchanging CTA* for TMA™ (Figure 9, a-b; Table 3, entries 1-2).
After calcination in air at 550 °C for 10 h, the samples LUS-C100-cal550 and LUS-T100-
cal550 exhibit also very similar Q4/Q3/Q; relative populations of 59/37/4 and 60/35/5,
respectively. Both calcined materials presents more Qs or Qs species indicating a higher
cocnetration of silanol groups certainly due to a restructuration of the surface to maintain

a stable framework (Figure 9, c-d; Table 3, entries 3-4).

(a) N (b) o
Q3
Q
50 0 50 4100 -150 -200 50 0 50 -100 150 200
Chemical shift (ppm) Chemical shift (ppm)

50 0 50 -100 -150 -200 50 0 -50 -100 -150 -200
Chemical shift (ppm) Chemical shift (ppm)
Figure 9 Single echo »Si MAS NMR spectra of the materials (a) LUS-C100, (b) LUS-T100, (c)
LUS-C100-cal550, (d) LUS-T100-cal550. Gray line: raw curve, red line: cumulative curve, blue

lines: fits of Q, species silicon.
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After EBDMS grafting, the resulting LUS-Tx-E and LUS-Cx-E (x = 0 or 50)
materials present two additional peaks at 7.0 and 13.0 ppm. The former is narrow and can
be ascribed to a silicon atom (M;") of [R3570SiR3] moieties characteristic of monografted
pairs, E1-El. Strikingly, there is no My signal precluding the formation of any single
grafted EBDMS species, E1. The signal at 13 ppm is likely due to a M; type silicon atom
of [R38i(0OSi)] moieties in bigrafted E2 or monografted pairs E1-E1 species (Figure 10, a-
b; Scheme 1). Interestingly, the width of M; peak is 0.3 ppm broader when TMA™ or
CTA" ammoniums are present comparing LUS-C50-E-OH or LUS-T50-E-OH) to LUS-
C50-E or LUS-TS50-E (Figure 10a and 10b versus 10c and 10d). Similar observation are
made when grafting is performed without partial extraction of the masking ammonium
comparing LUS-CO0-E-OH or LUS-TO0-E-OH to LUS-CO-E or LUS-TO-E (Figure 11a and
11b versus 11c and 11d). The narrow signal appears much less abundant when the Carl-
Purcel cross polarization technique is applied (CP-MAS). The poor CP magnetization
transfer is consistent with free rotation species that do not follow the MAS rotation rate
contrary to the grafted species for which the transfer is optimized. Another qualitative
information is for most of the appearance of a broader and less intense (in most of the
cases) M;"” peak at the expense of the narrow one after extraction of the ammonium
masking agent. This is further support the hypothesis that at least some non-grafted
molecular dimeric species are retained in the channel and removed only during the

extraction of the masking ammonium ions.
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Figure 10 Single echo »Si MAS NMR spectra of the materials (a) LUS-C50-E, (b) LUS-T50-E,
(c) LUS-C50-E-OH, (d) LUS-T50-E-OH. Gray line: raw curve, red line: cumulative curve, blue

lines: fits of Q, silicon species, green lines: fits of M, silicon species.

(2) (b)

50 0 50 -100 150 200 50

Chemical shift (ppm)
°4 %
(©)
Q3
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Mo ﬁ MMy %

50 0 50 -100 4150 -200 50 0 50 -100 150 200

Chemical shift (ppm) Chemical shift (ppm)

Figure 11 Single echo »Si MAS NMR spectra of the materials (a) LUS-CO-E, (b) LUS-TO-E, (c)
LUS-TO-E-OH, (d) LUS-TO0-E-OH. Gray line: raw curve, red line: cumulative curve, blue lines:

fits of Q, species silicon, green lines: fits of M, species silicon.
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Table 3 Percentage of Q,, M, obtained from »Si NMR and related grafted species after different

grafting steps and for different masking coverages by CTA" or TMA" for grafting at 80°C.

Entrios Sample Q Q Qi Siwre My My M, Si,' E2° EI° (EI-El)
% % % % % % % % % % %
1 LUS-C100 4 33 63 100 — — — @— — — —
2 LUS-T100 3 36 61 100 — — — @— — — —
3 LUS-C100-cal550 4 37 59 10 — — — — — — —
4 LUS-T100-cal550 5 3 60 10 — — — — — — —
5  LUS-CO-E 2 32 52 & 9 0 3 12 67 0 33
6 LUS-C0-E-OH 3 33 53 89 9 2 0 11 64 36 0
7 LUS-TO-E 2 26 52 80 15 0 5 20 67 0 33
8  LUS-TO-E-OH 1 25 57 8 12 2 3 17 50 29 21
9 LUS-C50-E 2 27 57 86 12 0 2 14 83 0 17
10 LUS-C50-E-OH 1 26 59 8 12 2 0 14 71 29 0
11  LUS-T50-E 0 15 65 80 17 0 3 20 82 0 18
12 LUS-T50-E-OH 2 16 63 8 14 2 3 19 56 25 19
13 LUS-CI00E 0 17 61 78 15 6 1 22 38 57 5
14 LUS-T100E 0O 11 68 79 16 4 1 21 55 40 5

a, percentage of Si,, obtained from Pg;ore = XPyi = Pyvo +Pmi + Pur

b, percentage of E2, Pg, = 100 x (Py; - Pyo - Pumit”) / [Pumo + Puil; percentage of M1 type of signal

belonging to E2 is proportional to Py (E2) = Py - Pyo - Pumt” Jie., P =k . Pyi(E2) /2 (k =
200/[Pwo + Pai] according to XPgj = Pg; + Pgy + Pgi.gi =100 and to Pg; and Pg,.g; expressions
provided in ¢ and d (notice that E2 possesses 2 Sir,)

¢, percentage of monografted Pg; = 200 x My / [Pyo+ Puil; Pei =k . Pyo

d, percentage of dimer Pg;g; = 100 x M," / [Pyo+ Pumi]; Peigi =k . Pyp/2

e, Analytical integral error by noise of baseline (£ 2)
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Considering now quantitative aspects of the 2Si signal, it appears that in all the
cases the concentration of organosiloxane species, grafted or non-grafted, seems
unchanged after extraction of the ammonium according to the fraction of Si,, species in
accordance with previous conclusion from FT-IR (Table 3). The maximum Si,, coverage
achieved here is 0.28 obtained from Sioy / Siinore molar ratio (Table 3, ratio between
column 6 & 10, entries 13 & 14). It compares well with 0.22-0.23 molar ratio for full
coverage of monopodal TMS species taking into account that most of the species are
monografted in these samples and only part of the Si,, are grafted.*” * Consequently, the
non-grafted species (non grafted dimers) present before ammonium extraction are mostly
converted into grafted species. Those non-grafted dimers are at the highest concentration
for the highest ammonium masking coverage, evolving from ca. 30 down to 5% of the all
grafted species in the present series of materials (Table 3, last three columns). Their
grafting into dimers is maximum when TMA is the masking agent. Conversely when the
masking agent is CTA, few or none of them survive to the acidic extraction and end up as
grafted monomeric and monografted E1 species. The data of column 1 of table 3 reveals
also that part of the digrafted species E2 are converted into monografted E1 species
particularly when the masking agent is TMA. This insight into the distribution of the
grafted species confirms that TMA does not protect the surface as efficiently as CTA.
However it is not clear whether it comes from an additional steric hindrance due to the
long chain of CTA or merely from a different dynamic effect. In the following both

hypotheses are confronted with respect to the temperature dependence of grafting.

4.3 Masking by CTA" and TMA" at room temperature (rt)
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For efficient silanol capping, chlorosilanes, SiCl,Rwu. and alkoxysilanes
Si(OR),R4.y), are reacted in refluxing solvent, i.e., ca. 80°C in cyclohexene as here or
110°C in toluene often used even in the presence of catalytic (e.g., H,O) or stoichiometric
amounts of additives (e.g., pyridine). In addition, these silylating reagents often display
multifunctional surface reactions producing (undesired) by-products such as alcohols and
alkylammonium halides which are difficult to separate. In contrast, silazane-based
silylation precursors were reported for (1) mild reaction conditions, (i1) a relatively slow
surface reaction, (iii) monografted surface reaction, (iv) favourable for atom economy,
and (v) ease of thermal desorption of the by-product ammonia.

For the MSP technique, the reaction performed at 80 °C led to excellent capping for
TMS. *** However it has been found in the case of EBDMS that grafting leads to a
mixture of species with variable stability upon ammonium removal and titanium grafting
(see below when titanium grafting will be at stake). Then EBDMS grafting at room

temperature was investigated.

4.3.1 FT-IR for monitoring the grafting sequence

The same type of analyses has been applied as above starting first with the FT-IR
investigation. As before, LUSCO(or TO), LUS-C(or T)50, and LUS-C(or T)100 were
submitted to similar grafting conditions except for the temperature maintained at 25°C
instead of 80°C. The first important information is the evidence of a significant EBDMS
grafting at room temperature according to the C-H stretching bands appearing in the
range 2860-2950 cm™ and the Si-C stretching at 834 cm™ for both of LUS-Cx-E_rt and
LUS-Tx-E_rt. In addition as above the masking ammonium remains during grafting
according to the characteristic bands of C-H bending in the 1400-1500 cm™ range (Figure

14A-B, a-b).
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Figure 14 FT-IR spectra for monitoring the synthesis of materials using (A) CTA" and (B) TMA"
as surface protecting groups to silylation at room temperature. In (A): a, LUS-TO-E_rt; b, LUS-
T50-E_rt; ¢, LUS-T100; d, LUS- TMA-E_rt-OH; e, LUS-T50-E_rt-OH; f, LUS-T100-E_rt; a,
LUSCO-E_rt; b, LUS-C50-E_rt; ¢, LUS-C100; d, LUS- CTA-E_rt-OH; e, LUS-C50-E_rt-OH; f,
LUS-C100-E_rt.

As previously observed, the extraction of the masking agent using an acid solution
is evidenced by the disappearance the C-H stretching bands and preservation of the
grafted organosilyl species with unmodified Si-C stretching band intensities. In addition,
the decrease of intensity of the Si-OH stretching band in the range 938-964 cm™ is
corresponds to a higher EBDMS grafting rate in relation with the extent of masking
produced by TMA or CTA. Indeed, the fully extracted LUS-C(T)100 materials exhibit the
most intense band associated to EBDMS. Moreover, the broad band of O-H stretching in
the 2800-3400 cm™' range diminishes to almost no absorption from LUSCO(TMA)-E_rt-
OH to LUS-C(T)100-E_rt-OH in agreement with a complete silylation of all IR-

detectable silanol group (Figure 14A-B, c-f).
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4.3.2 Chemical characterization

The weight loss of EBDMS modified LUS-T50-E_rt and LUS-C50-E_rt materials
are shown by the TG/DTG curves (Figure 15). LUS-C50-E_rt exhibits TG-DTG curves
with 22.93 wt% loss in 150-300 °C range to be compared with 15.33 wt% before grafting
for LUS-CS50 for a higher temperature. As stated before for EBDMS grafting at 80°C, this
is related to a rearrangement of the electrostatically retained CTA™ cations likely due to
the removal of the CTA ammonium not retained by silanolate SiO- groups and remaining
in the channel as void filling agent under the form of a CTATos (Figure 15A, a-b). This is
also consistent with less organic matter despite the grafting with respect to the smaller
weitgh loss at 1000°C. When the TMA is the masking agent there is no excess of TMA*
in comparison of SiO" groups and consistently, no loss of TMA was observed during
grafting with respect to the weight in the 120-300°C range (5.37% weight loss after

grafting in LUS-T50-E_rt for 5.62 wt% before grafting in LUS-T50; (Figure 15B, a-b). In
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Figure 15 TG-DTG traces of materials functionalized by EBDMS at room temperature with (A)
CTA" and (B) TMA" as protecting group. In (A): a, LUS-C50; b, LUS-C50-E_rt; ¢, LUS-C50-
E_rt-OH; In (B): a, LUS-T50; b, LUS-T50-E_rt; ¢, LUS-T50-E_rt-OH.
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Elemental analysis has also been performed to compare EBDMS grafting at R.T.
versus 80 °C (Table 5). The N/Si atom ratio calculated from N wt% show that the

ammonium mask resists at RT as well as at 80°C which is logical for a lower temperature.

Table 5 Elemental analysis of materials via sequential EBDMS grafting

CTA" TMA*
. EBDMS/Si EBDMS/Si
Entries Samp. N/SiC S/ N/SE© S/
(LUS-Cx-E_rt-OH) (LUS-Cn-E_rt-OH)
C Sig/Sie ¢ C Sie/Si”
LUS-Cx LUS-Cx-E_rt LUS-Tx LUS-Tx-E_rt
(wt%) (coverage %)° (wt%) (coverage %)"

1? 0 0.150 0.097 6.10 0.012 (57) 0.102 0.095 4.66 0.09 (36)
2P 0 0.150 0.105 6.58 0.013(57) 0,102 0.099 7.84 0.015 (68)

3¢ 50 0.068 0.070 7.10  0.013(62) 0.054 0.048 9.99  0.019 (76)
4° 50 0.068 0.065 7.91 0.015(65)  0.056 0.036 9.33  0.017(77)
5° 100 0.002 0.001 11.47 0.021(100) 0.001 0.001 12.79  0.025 (100)

6" 100  0.002 0.002 11.84 0.023 (100) 0.005 0.003 11.74  0.022 (100)

a) grafting at 80 °C

b) grafting at 25 °C

¢) molar ratio : N/Si = [(N wt%/14 g mol™)]/(Si wt%/28 g mol™")*100%

d) molar ratio: Sig/Si = [(C wt%/12 g mol™)/31/(Si wt%/28 g mol™)*100%

e) The relative EBDMS coverage considering LUS-C100-E as 100% coverage reference
f) The relative EBDMS coverage considering LUS-T100-E as 100% coverage reference

Considering a grafting yield based on the carbon content, there is only little
change in comparison with the grafting at 80°C when CTA" is the masking agent (LUS-
Cx-E_rt°). The main change is a better retention of TMA during grafting as evidence
comparing LUS-Tx-E_rt-OH with the LUS-Tx-E-OH. Consistently, the grafting yield is
lower consistent with a better masking efficiency for TMA™ at 25°C in comparison with

80°C. since no changes are found for CTA", the role of the long organic chain is
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negligible other wise a higher masking efficiency would have been observed. Since the
ammonium head is the main effect for CTA, and TMA* produces the same hindrance, the
rational for a lower masking efficiency is likely due to the molecular dynamics. Indeed,
TMA" is expected to move more freely than CTA and cover less efficiently the surface. A
quantitative IR is necessary since it is more function specific than an overall chemical
analysis that can be affected by solvent trapped in the material. The trend is depicted in
figure 16 using as a probe, the IR band at 834 cm™, which is a local vibration mode of the
[SiOC;3] units characterizing silicon atoms of EBDMS. Both types of ammonium masking
and both temperatures of grafting are compared.

As before, the quantification is based on the normalized intensity of IR peak at 834
cm’. There is systematically less grafting at room temperature than at 80°C. The
difference is the largest when the ammonium is not extracted. Therefore, one cannot
invoke the steric hindrance of the CTA" long chain since the effect is observed with the
same amplitude when TMA" is the masking agent for none partially extracted samples
(LUSCO-E-OH or LUS-TO-E-OH). Finally, FT-IR quantification confirms that the
masking efficiency increases for TMA" at room temperature. The FT-IR quantification
that is function provides a much better evaluation of the grafting yield shows that TMA is
still a not as good as CTA for masking the surface particularly when the ammonium
masking coverage is set at 50%. A better insight on the binding mode of EBDMS is

required as above and was investigated also using *’Si Solid State NMR.
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Figure 16 Evolution of the normalized IR band at 834 cm™ depending on the nominal masking

level and the type of ammonium after EBDMS grafting at 25 or 80 °C and mask removal.

Figures 17 and 18 depict the Si NMR spectra of materials grafted at room
temperature without extraction of the masking ammonium or after a nominal extraction of
50%. The materials exhibit very similar spectra than those obtained for materials grafted
at 80°C. The simulation of the different peaks was also performed according to the same

technique. Both M; and M, signals are indeed observed before extraction of the masking

ammonum and M, signal appears after extraction at the expense of M;”. As expected, the
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Figure 17 *Si MAS NMR spectra of the materials (a) LUSCO-E_rt, (b) LUS-TO0-E_rt, (c) LUSCO-
E_rt-OH, (d) LUS-TO-E_rt-OH; M1-M1 stands M,” at at 7 ppm at the right hand side of the M,

signal.

50 0 -50 -100 -150 -200 50 0 -50 -100 -150 -200
Chemical shift (ppm) Chemical shift (ppm)

Q

T T T

50 0 -50 -100 -150 -200 50 0 -50 -100 -150 -200
Chemical shift (ppm) Chemical shift (ppm)




Chapter IV Titanium Dispersion Control using Organic patterning of the silica surface

Figure 18 *Si MAS NMR spectra of materials (a) LUS-C50-E_rt, (b) LUS-T50-E_rt, (c) LUS-
C50-E_rt-OH, (d) LUS-T50-E_rt-OH.

same E1, EI1-E1 and E2 species are all present. The same trend is also observed upon
ammonium extraction. Sole the relative concentration of species are different in some

cases particularly when the surface is partially masked by TMA.

Table 6 Percentage of Q,, M, obtained from »Si NMR and related grafted species after different
grafting steps and for different masking coverages by CTA" or TMA™ for grafting at 80°C

Entries Sample Q Q Qi Siw M M, M" Si,' E2%" EI%° (EI-E1)%°
1 LUS-T100 3 3 61 100 — — — @— @@= — —
2 LUS-C100 6 40 54 100 — — — — @—  — —
3 LUS-CO-E 0 31 60 9/ 8 0 1 9 8 0 12
4 LUS-CO-E-OH 2 32 5 90 7 1 0 8 75 25 0
5  LUS-TO-E 1 29 53 8 13 0 4 17 69 0 31
6 LUS-TO-E-OH 2 29 54 8 12 2 1 15 64 28 8
7 LUS-C50-E 2 28 57 8 10 0 3 13 70 0 30
8 LUS-C50-E-OH 2 27 60 8 11 2 1 14 64 29 7
9  LUS-T50-E 2 20 59 8 13 0 5 18 62 0 18
10 LUS-T50-E-OH 0 19 64 8 11 2 4 17 38  3I 31
11 LUS-CIO00E 2 18 61 8 12 7 0 19 26 74 0
12 LUS-T100E 1 16 62 79 14 6 1 21 35 60 5

a, percentage of Si,, obtained from Pg;ore = XPyi = Pyvo +Pyi + Pur

b, percentage of E2, Pg, = 100 x (Py - Pymo - Pvi”) / [Pumo + Pui]; percentage of M1 type of signal
belonging to E2 is proportional to Py (E2) = Py - Pyo - Pui” Jice., Peo =k . Pyi(E2) /2 (k =
200/[Pyo + Pyi] according to XPg; = Pg; + Pgy + Pgi.g =100 and to Pg; and Pg,.g; expressions
provided in ¢ and d (notice that E2 possesses 2 Sior,)

¢, percentage of monografted Pg; = 200 x My / [Pymo+ Pwmil; Pei =k . Pumo
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d, percentage of dimer PEI»EI =100 x Ml" / [PM()+ PMI]; PEI-EI =k. PMI’»/Z

e, Analytical integral error by noise of baseline (+ 2)

Concerning species E1-El characterized by the signal M,” it disappears
completely after ammonium extraction when CTA 1is the masking agent (Figure 17 c)
which is not the case when TMA is the masking agent. After extraction, the M;” signal is
broader as already observed after grafting at 80°C and this is also assigned to grafted
dimers (Figure 17 d). Therefore, some non-grafted dimers are removed and some are
grafted (if not grafted already) as observed when the grafting temperature is 80°C. A
quantitavive ’Si NMR investigation was done to further comment the transformation of
the grafted species on the surface under the ammonium extracion and reported in Table 6.

At first sight, it appears that the surface masking properties of CTA are not much
affected by the grafting temperature while obvious differences are observed for TMA. A
thorough synthesis of the data provided in Table 3 and 6 is needed to get a better insight
on the subtle effects. First, the quantitative NMR analysis shows that extraction of the
masking ammonium causes a systematic though rather small loss of Si., species (10 to
15% at most) whatever the grafting temperature. The rational is the loss of a part of the
free rotating and non-grafted species dimers during extraction of the masking ammonium.
in both CTA and TMA masked surfaces for grafting performed at 25°C. When TMA is
the masking agent, there is apparently more grafted dimeric species that remains grafted
after removal of the masking ammonium. This is more obvious for grafting at 80°C than
for grafting at 25°C where both CTA of TMA produces very similar distribution of
species with the stricking exception of LUS-T50. Indeed, the latter materials is the only
one that exhibit a high yield of grafted dimers E1-E1 (LUS-T50-E-OH, Table 6, entry
10). This is not related to the large quantity of non-grafted dimers before extraction since

LUS-TO-E with similar dimer concentration yield a LUSTO-E-OH relatively poor in E1-
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El grafted species (8 for 31% for the former, Figure 17d & 18d). Moreover, a higher
content of dimer after removal of the mask support the idea that part of the grafted
dimers are generated from bigrafted E2 species as suggested before looking at the
distribution of species in LUS-T0-E-OH and LUS-T50-E-OH grafted at 80°C in Figure 10 d,
table 3, entries 8 & 12 of Table 3). Therefore, it appears that at half coverage, the
masking properties of TMA is les effective than at full coverage with respect to the
quantity of grafted dimers. In a lesser extent, this is also true for CTA. This can be
rationalize rather by the mobility of the ammonium heads that is higher for TMA than
CTA and higher at 80°C than 25°C.

All the characterization techniques applied here show consistently that EBDMS can
be grafted at room temperature and the molecular stencil patterning using ammonium
masking agent can be applied using either CTA and TMA. It appears that the masking
properties of TMA are improve at low temperature and approach those of CTA
ammonium as masking agent. Previous data clearly show that the long chain of CTA is
not acting via its potential steric hindrance since for monopodal TMS there is no
difference between TMA and CTA masking effect.** Therefore, the a dipodal siloxyl
moieties like EBDMS make a difference because it moves away TMA™ more easily than
CTA" as evidence with a higher grafting yield than monopodal grafting but also from its
capacity to generate E1-E1 grafted pairs. Nonetheless it is demonstrated that TMA can be
successfully used as masking agent if the grafting temperature is lowered (Scheme 3A). A
too dynamic molecular mask favors the formation of grafted pairs. The very low content
of grafting dimers in absence of masking agent reveals that despite the mobility at half
masking coverage there is still a surface confinement that favors dimers grafting versus

monomer digrafting.
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Scheme 3 Three effects of (A) template, (B) silylation temperature and (C) silica surface property
on the grafting of EBDMS.

It is shown also that the temperature of grafting and the nature of the masking
ammonium agent can be used to tune the distribution of grafted species (Scheme 3B).
More grafted species are favoured at high temperature formation of grafted pairs is
favored by TMA at intermediate masking coverage. As a consequence, dipodal EBDMS
provides novel grafting possibilities for grafting a second function in comparison to
monopodal capping agent like TMS. The size of the surface silanol patches that remain

for further grafting should scale the size of the ammonium head that is about 0.7 nm
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diameter. The effect of the molecular roughness of the surface that is close to such very
small islands remains an open question. Nonetheless, to go further in the design of a
catalysts, the effect of such novel surface on the nuclearity of grafted Ti species has been

investigated below.

4.4 Incorporation of Ti into mesoporous silica (LUS-E-Ti-n & LUS-Ti-n)
4.4.1 Characterization

The Ti amount in the final material was checked by elemental analysis and the
coordination of Ti sites in the solid samples was characterized by DR-UV spectroscopy
without any pre-treatment.

Twelve different Ti catalysts were generated starting from LUS-T50-E-OH treated
with various amounts of Ti(O-iPr)s in an excess of solvent cyclohexane for 16 h, noted
LUS-E-Ti-n. The Ti amount in the final material ranges from 0.6 to 5.5 wt %, which
corresponds to 0.0082 and 0.086 Ti/Si molar ratio, respectively (Table 7, entries 1-12).

For comparison, eight catalysts using unmodified mesoporous silica (LUS-T100)
was prepared by incorporation of Ti(O-iPr)s resulting in LUS-Ti-n, the Ti incorporation
yield is total up to Ti/Si molar ratio of 0.2 (Table 7, entries 13-20). By contrast, on the
mesoporous silica modified by EBDMS grafting, LUS-E-Ti-n, the maximum
incorporated was found for Ti/Si = 0.08 (Table 7, entry 8). At this step also, EBDMS
functions were not removed, as shown by *’Si NMR and by the IR according to the peak
intensity at 833 cm™, which correspond to the Si-C stretching that remains unaltered
(Figure 19). In addition, the shift of a local asymmetric stretching vibration mode of the
[SiO3(OH)] units from 964 down to 935 cm’ usually assigned to the formation of
[SiO3(T1)] unit where at least one Si-O-Ti covalent bridge is formed. This is consistent

with a direct bonding of the metal to surface accessible silanol groups.
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Again, nitrogen sorption isotherms are consistent with a preserved channel structure
with a characteristic sharp adsorption step typical of such mesoporous silica after the
titanium grafting. Consistently with the titanium incorporation, a decrease of specific
surface, pore volume and pore diameter was observed (Table 8, LUS-E-OH and LUS-E-
Ti-n). Furthermore, the Ti incorporation followed the same trend with an increasing effect

Table 7 Ti content in the initial gel and in the final solid, UV characteristics of LUS-E-Ti-n and

LUS-Ti-n series of materials.

Ti/Si
Entries Sample Vonax/M° Yins/NM®
Solution* Solid* Solid "
1 LUS-E-Ti-1 0.009 0.008 0.58 217 257
2 LUS-E-Ti-2 0.017 0.015 1.0 223 266
3 LUS-E-Ti-3 0.019 0.018 1.27 222 264
4 LUS-E-Ti-4 0.038 0.033 2.26 235 272
5 LUS-E-Ti-5 0.062 0.065 4.27 251 295
6 LUS-E-Ti-6 0.080 0.078 5.08 256 300
7 LUS-E-Ti-7 0.081 0.086 5.51 255 299
8 LUS-E-Ti-8 0.10 0.083 543 259 305
9 LUS-E-Ti-9 0.12 0.046 3.1 242 276
10 LUS-E-Ti-10 0.12 0.045 3.01 238 273
11 LUS-E-Ti-11 0.20 0.035 245 237 272
12 LUS-E-Ti-12 0.33 0.033 2.3 234 271
13 LUS-Ti-1 0.002 0.003 0.17 250 275
14 LUS-Ti-2 0.005 0.007 0.46 248 280
15 LUS-Ti-3 0.01 0.012 0.84 251 285
16 LUS-Ti-4 0.02 0.024 1.55 253 288
17 LUS-Ti-5 0.04 0.049 3.01 253 287
18 LUS-Ti-6 0.10 0.105 5.85 255 290
19 LUS-Ti-7 0.20 0.216 10.65 264 304
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20 LUS-Ti-8 0.30 0.150 8.67 255 299

a) Molar ratio; determined in the solid by elemental analysis, accuracy + 0.001
b) Ti loading in wt% including both organic and inorganic matter
) Amax Wavelength at band maximum or Ai,q at inflexion point as shown in Figure 21A

for higher metal loading (Table 8, LUS-E-Ti-n (n = 3-4, 8)). In the »Si MAS
NMR spectra, apparently some of the monografted and dimeric species disappear at the
expense of digrafted ones. The rational is likely that Ti may bind both silanol groups of
the silicasurface and those of the pending monografted EBDMS, E1 (Table 8, E1%,
E2%). Similarly, the decrease of the grafted dimeric species, E1-E1, can be explained by
Si-O-Si opening and formation of Ti-O-Si bridges (Table 8, E1-E1%). This evolution is
in consistent with the Ti loading (3.5 mol%) and the quantity of grafted EBDMS implied
(~ 2 molar %).

Within the measurement accuracy (+ 5%), a total yield of Ti incorporation is
observed up to the maximum of ca. 0.08 and 0.21 Ti/Si molar ratios for organically
modified and for the unmodified supports, LUS-Ti-n and LUS-E-Ti-n, respectively
(Figure 20). This is consistent with a 68% decrease access to free silanol species on
organically modified surfaces, consistent with the organic surface coverage of 71%
(Table3, entry 10). Strikingly, for higher Ti concentration in solution, the Ti incorporation
decreases drastically instead of reaching a plateau. This is a fingerprint of a drastic
decrease of surface accessibility. Since the structure has not collapsed, the rational is a
fast deposition of titanium at the channel entrance favoured by high Ti concentration
resulting in pore plugging and strong diffusion limitation for the titanium precursor.
Nonetheless, the channel blockage occurs at higher Ti loading when the surface presents
higher Ti incorporation capacity showing that both diffusion and grafting rates a

comparable .
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Figure 19 (A) FT-IR spectra of materials (a) LUS-E-OH, (b) LUS-E-Ti-11and (C) *Si MAS
NMR of LUS-E-Ti-11. Normalized intensity of 833 cem’! v e peak: (a) 0.28 = 0.01, (b) 0.31 £

0.01.

Table 8 textural analysis, Ti , Si,, contents and grafted species distribution in materials LUS,
LUS-E-OH and LUS-E-Ti-n

s n SBETb 1A DBdBd . . e f h
Sample Ti/Si Siore/Siinore  E1%  E2%* EI1-E1%

m’g") (em’g!) (nm)

LUS-E-OH — 644 0.51 3.27 0.20 25 56 19
LUS-E-Ti-3  0.018 621 0.48 3.17 — — — —
LUS-E-Ti-4  0.033 600 0.46 3.13 0.20 35 53 12
LUS-E-Ti-8  0.083 582 0.43 3.11 0.20 30 61 9
LUS-E-Ti-11  0.035 603 0.46 3.17 0.21 32 53 15

a) Elemental analysis as in Table 2
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b) accuracy + 5%

c) total pore volume measured at P/Py, = 0.92, accuracy + 0.01

d) Y = 14,60994 + 74,67812 * X + 81,96198 * X* + 155,8457 * X°, X = P/P, (0.11 < P/P; < 0.45), Y = pore
diameter (in A), accuracy + 0.1

e-h) calculation made as in Table 3 and 6

® o %
/ !
0,1 4
g ,', *t e
S 0.05 090 To1 02 o
&9 [ i
<
[= / 1
0,00 — — — —
0,00 0,05 0,10 0,15 0,20
Ti/Si_40q

Figure 20 Correlation between Ti in the solution and Ti in the material for LUS-Ti-n (black circle)
and LUS-E-Ti-n (green and red circles) materials; numbers refer to n of the sample name. Inset

for full scale. The blue straight line stands for 100% yield Ti incorporation.

In addition to a much lower capacity for grafting Ti(iPrO)s, the oxide deposits
exhibit very different UV characteristics depending on titanium and the type of surface.
For equivalent Ti loadings, the UV band is much more red shifted on the unmodified
surface up to the maximum loading incorporation pointed above (Figure 21). For instance
compare LUS-E-Ti-1 (Ti/Si = 0.009) with LUS-Ti-2 (Ti/Si = 0.005) (Figure 22A). LUS-
E-Ti-1 and LUS-E-Ti-3 are characterized by bands centred at 217 and 222 nm,
respectively (Figure 21A, a-b; Table 7, entries 1 and 3). With the similar Ti loading on

unmodified surface, LUS-Ti-2 and LUS-Ti-4 display boarder spectra with maximum
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absorption centred at 248 nm and 253 nm, respectively (Figure 21B, f-g; Table 7, entries
2 and 4).
Moreover, the red shift increases when the Ti content increases in both series

(Figure 22B). Then, a similar band position is reached at much higher Ti loading on

ofBicatt frfred Wit ISEs Ti/Si 20657 or CUS-E-TH-9 (T/ST= 0.046)
- — LusETi3 (A) - —LusTi2 (B)
. . : . A X — US-Ti-4
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Figure 21 UV-vis spectra for (A) LUS-E-Ti and (B) LUS-Ti with incorporated Ti/Si ratio of (a)
0.0082 (0.58 wt%), (b) 0.0180 (1.27 wt%), (c) 0.0323 (2.26 wt%), (d) 0.0628 (4.27 wt%), (e)
0.0831 (5.43 wt%), (£) 0.0072 (0.46 wt%), (g) 0.0240 (1.55 wt%), (h) 0.0487 (3.01 %), (1) 0.2160
(10.65 wt%), respectively. Note that all the curves fall into the same range of intensity expressed
according to the Kubelka-Munk theory developed for quantitative exploitation of diffuse

reflectance spectra; this was obtained by trial and error dilution of the solid (see experimental

part).
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Figure 22 UV-vis spectra for (A) the similar Ti incorporation loading and (B) the same UV-vis
spectra for the different Ti incorporation loading on the LUS-TiPr and LUS-E-TiPr.

Another general feature of the spectrum is the shape that is not purely Gaussian nor
purely Lorentzian. Its deformation upon increasing Ti loading denotes the presence of a
mixture of several species with different spectral characteristics. This has been observed
in the literature where the red shift has been described by mere increase of coordination
number in TS-1 materials.* In monomeric species like in metal complexes these UV
bands are related to the so-called ligand to metal transition, LMCT. The band is blue
shifted particularly for strong ligands or short bond lengths; this is the case for tetrahedral
species. A red shift is expected for octahedral species since its generate longer bonds. In
addition, bridged ligand, like oxo O* ligand in oxides, provides even longer bond lengths.
When the number of metal centers in an oxide cluster increases for larger clusters, the
number of molecular orbitals increases and the LUMO-HOMO energy splitting decreases
leading to lower LMCT transition progressively evolving towards physicist call the band
gap characterized at the inflexion point (position 2 in Figure 21). Then, the red shift is
even more pronounced when TiO, oxide clusters are present and further increases when
the size of these cluster increases up to the position of bulk TiO, arising at 330-350 nm
(effect known as the quantum size effect).’® Here, the band at 200 nm are assigned to

tetrahedral Ti site like in TS-1.%

Monomeric species pentahedral or octahedral ones may
lies in the 250 range but other band belong to dimers where hydroxo or oxo bridges are at

stake or eventually to larger clusters. Nonetheless, The absence of absorption above 325

nm precludes the existence of bulk TiOs.
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Therefore here the variation of the UV absorption, is interpreted as a fingerprint for
the formation of dimeric or other higher oligomeric Ti(IV) species. To better visualized
the trend the shift of the wavelength at the peak maximum (position 1) as well as the peak
at the inflexion point (position 2) are provided in Figure 23. Knowing that there is a
mixture of species, position 1 will better probe the center of the distribution of species in
terms of size and coordination while position 2 will be more sensitive to the largest TiO,
clusters. Consequently, according to the position 1 below Ti/Si = 0.05, more octahedral
site and larger oligomers are formed on the silica free surface (LUS-Ti-n series). By
contrast, more monomeric tetra-, and penta- and hexacoordinated Ti sites are formed in
the in LUS-E-Ti-n The proportion of which is more sensitive to the Ti Loading (Figure
23A). Note also that above the maximum Ti incorparation, the average TiO; cluster size
decreases since the loading decreases. The position of the maximum is very slightly red
shifted in comparison with the materials obtained with comparable Ti loading and
obtained with less Ti in solution (LUS-E-Ti-n, n = 11 &12 in comparison to LUS-E-Ti-4,
with a Ti/Si molar ration of ca. 0.033, i.e., 2.3 Wt% Ti).

The most sensitive position for clustering is position 2 as anticipated above. Figure
23 B depicts the trend extracted from the inflexion point. As expected, this is close to the
maximum of Ti incorporation that differences are evidenced. Indeed, one observed a
higher red shift for the organically modified surface in LUS-E-Ti-n, n =5-8 while for the
same loading the free surface is far from saturation. The shift for both surface is
maximum and the same at the saturation for LUS-E-Ti-8 and LUS-E-Ti-7 for Ti/Si =

0.0083 and 0.216 (i.e., for 5.35 and 10.65 wt%T1i).
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Figure 23 The relevance between the incorporation amount of Ti and UV absorption at (A) pos. 1
and (B) pos. 2 (black circle: LUS-Ti-n; green and red circles: LUS-E-Ti-n).

In conclusion, capping of the silica surface inside the channels using EBDMS as
capping agent and the MSP technique to reach a patterned organic coverage of ca. 70%
leads to new surface for grafting metal ions such as titanium. In comparison to non-
capped surface, a much higher metal dispersion, i. e., high concentration of monomeric Ti
sites, are obtained for metal loadings smaller than 2.5 wt%Ti. To further probe these
isolated sites that seems scarce on non-capped surface, reactivity of such materials were
compared in catalytic epoxidation reaction known to run on isolated Ti sites.

4.4.2 Catalytic reaction

Expoxidation of cyclohexene in CH3CN was performed on materials LUS-E-Ti-n
and LUS-Ti-n using t-butyl hydroperoxide (TBHP 30 wt% in water) as oxidant. These
conditions were chosen to better probe the hydrophobic surface generated in the present
series of materials.

The epoxidation generate the cylohexane-1-2-epoxide and the cylohexane-1-2-
epoxidediol. The latter is obtained as a side hydrolysis reaction of the former. In addition,
hydroxylation in beta position of the double bond (allylic position) produces 2-
cyclohexen-1-ol and by consecutive oxidation 2-cyclohexen-1-one. Therefore, both
activity (cyclohexene transformation) expressed in turnover number (TON after 2 hours)
and selectivity in peroxide was ploted versus Ti/Si molar ratio in the catalysts (Figure 24).
Green symbols are related to the LUS-E-Ti-n series modified using EBDMS while black
symbols provides the catalytic characteristic of the free silica surface and all the data are

available in Table 9.
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The drastic decrease of TON per Ti for higher metal loading indicates that the
proportion of active site decreases (Figure 24A). The minimum of catalytic activity is
found at the maximum incorporation level for the EBDMS grafted surface. More
precisely, the decrease is not linear showing that among the species certainly several are
not active. In addition, when the Ti concentration is too high (Ti/Si > 0.08), the lower Ti
loaded materials do not exhibit TON as high as the materials synthesized with the
appropriate Ti concentration (Ti/Si < 0.08). This is fully consistent with the hypothesis
that a lower yield of Ti incorporation for Ti/Si > 0.08 is due to diffusion problem that
indeed should generate concentration profile and a larger distribution of grafted Ti
species, i. e., less isolated active species; compare LUS-Ti-7 or LUS-Ti-8 that are ca.
40% less active than LU-E-Ti- 4 (Table 9, entries 3, 5 & 6). Confirmation of the UV
investigation is further supported by the catalytic activity of materials synthesized without

organic patterning.

Table 9 The TON and selectivity of epoxidation of cyclohexene on the Ti/Si incorporated ratios
of LUS-E-Ti and LUS-Ti

Product selec. (mol%)

. s s Conv. TON
Entries Sample Ti/Sigggea Ti/Siincor Lo
" (mol%)  (mol(mol-Tih) o i4et  Allylic® Diols®
1 LUS-E-Ti-1 0.009 0.008 14.7 122 91 8 1
2 LUS-E-Ti-3 0.019 0.018 22.6 85 95 5 0
3 LUS-E-Ti-4 0.038 0.033 23.1 49 94 5 1
4 LUS-E-Ti-5 0.062 0.065 26.5 30 94 4 2
5 LUS-E-Ti-7 0.081 0.086 10.5 9 94 4 2
6 LUS-E-Ti-8 0.10 0.083 16.1 15 89 7 4
7 LUS-E-Ti-11 0.20 0.035 15.3 30 88 10 2
8 LUS-E-Ti-12 0.33 0.033 16.2 34 91 4 5
9 LUS-E-Ti-13 0.050 0.045 18.5 28 93 5 2
10 LUS-T50-Ti-E — 0.044 3.9 8 79 20 2
11 LUS-Ti-1 0.002 0.003 1.5 41 46 54 0
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12 LUS-Ti-2 0.005 0.007 23 24 66 32 1
13 LUS-Ti-3 0.01 0.012 2.1 12 72 26 2
14  LUS-Ti4 0.02 0.024 2.7 8 80 18 3
15  LUS-Ti-5 0.04 0.049 7.4 12 82 12 6
16  LUS-Ti-6 0.10 0.105 59 5 &9 7 5
17  LUS-Ti-7 0.20 0.216 10.8 5 73 10 16
18  LUS-Ti-8 0.30 0.150 54 3 72 16 11
19  LUS-Ti-9 0.050 0.047 55 9 47 50 3

a) Cyclohexene epoxide , b) 2-cyclohexen-1-ol and 2-cyclohexen-1-one, c) 1,2-cyclohexanediol
and d) Sige/Siinere = 0.176

Indeed, the drop down of activity observed at low Ti loadings ( < 2.5 wt%) is so
important that for similar Ti loadings of ca. 0.5 wt% Ti, in LUS-E-Ti-1 and LUS-Ti-2, the
activity is about six times lower on the silica free of organic. This confirms the UV

investigation showing that the organically patterned silica surface inhibit the formation of

clusters.
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Figure 24 (A) The TON per Ti atom and (B) selectivity of epoxidation of cyclohexene on the
Ti/Si incorporated ratios of LUS-E-Ti and LUS-Ti. In (A), green circles: LUS-E-Ti-n (n = 1, 3-5,
7-8); black circle: LUS-Ti-n (n = 1-7). In (B), green solid triangle: epoxide product on LUS-E-Ti-
n; black solid triangle: epoxide product on LUS-Ti-n, black inverted triangles: allylic by-products
on LUS-Ti-n, black circle: diol by-products on LUS-Ti-n.
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It has been observed that inverting EBDMS and Ti graftings generates much less
active catalysts for the same Ti loading; compare LUS-T50-Ti-E (Table 9, entry 10) with
LUS-E-Ti-13 (Table 9, entry 9) that is ca. 5 times less active (Figure 25). Note that the
EBDMS grafting upon a surface where Ti has been already grafted does not displace the
grafted Ti species (LUS-T50-Ti; Table 9, entry 19). All these observations consistently
support the idea that the patches of silanol groups are small enough to enforce site
isolation upon Ti alkoxydes grafting.

In addition to conversion, selectivity is also affected be the grafting EBDMS partly
due to the increase surface hydrophobicity. In fact in most of the case investigated here,
hydrophobization using EBDMS capping moieties favours high selectivity into epoxide
(> 90%) at relatively high conversion (up to 26 %) and high TON ( > 30 % up to 120%)
to the expense of hydroxylation in allylic position. By contrast, formation of diols (>
10%) is favours at relatively high Ti loadings (Ti/Si molar ratio > 15% ) for rather low
TON (< 11) showing that Ti clusters favours the formation of diol according to a rather

low reaction rate.
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Figure 25 TON and selectivity in cyclohexene epoxidation on LUS-T50-Ti, LUS-T50-E-Ti and

LUS-T50-Ti-E materials possessing ca. 0.5wt% Ti loading.
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4.5 Conclusion

Using a convergence of proves based on different physical characterization
techniques and the catalytic reactivity in cyclohexene epoxidation, it has been shown that
the dipodal EBDMS organosiloxyl grafting is compatible with the molecular patterning
technique like the monopodal tetramethylsiloxyl capping agent using both CTA or TMA
as surface masking agents. The temperature of grafting and the nature of the masking
ammonium agent can be used to tune the distribution of grafted species. More grafted
species are favoured at high temperature formation of grafted pairs is favored by TMA at
intermediate masking coverage. As a consequence, dipodal EBDMS provides novel
grafting possibilities for grafting a second function in comparison to monopodal capping
agent like TMS. The size of the surface silanol patches that remain for further grafting
should scale the size of the ammonium head that is about 0.7 nm diameter. The subnano
silanol islands of such organically modified surfaces favours site isolation of titanium
during Ti(i-PrO), alkoxide grafting. Much more active and selective epoxidation catalysts
have been synthesized according to this technique. Nonetheless, the best catalysts still
contains mixtures of species leaving some room for further improvement. In addition
some clarification is needed on the participation of monografted EBDMS EI species in
the fixation of the Ti sited. This technique of dispersion can be applied to many other

metals or non-metal as far as silanol are involved for covalent fixation of the element.
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Scheme 4 Possible heterogeneous surface functionalized by EBDMS group and Ti species. M,

and M," refer to the Si signals observed in »Si-NMR.
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Chapter V- Thermal Treatment of Organically Patterned surface and effect on subsequent grafting

5.1 Introduction

The molecule stencil patterning technique allows a post modification with vicinity
control of multiple functions on the mesoporous silica surface. As we described in the
«Chapter IV», a dipodal group 1-2-ethanebis(dimethylsilyl) (EBDMS) is less flexible in
patterning thus leading to a difficulty in surface coverage control compared to the
monopodal trimethylsilyl (TMS) group ', but it is more stable to anchor on the silica
surface and furthermore favours Ti site isolation. Nonetheless, a way to make the organic
grafted layer on silica starting from TMS function is to create more linkage of the silicon
atoms directly with the silica surface. This implies that Si-C bonds should be connected
into Si-O bond in the grafted organic moieties. Moreover, the coverage can be more
flexible in full range of ex. 25%, 50% and 75% according to the MSP technique °. TMS
as to do, it is proposed in this chapter to investigate the effect on a controlled thermal
treatment to benefit both of the controlled organic covering and the stable grafting.

Herein, the mesoporous silica functionalized by EBDMS or TMS are thermally
treated at proper temperatures. A thermal gravity analysis (TGA) profile has curve table
to find the appropriate temperatures. Therefore, the same temperature ramp as in TGA is
applied to the samples up to the desired temperature then the temperature drops down. To
check the effective stable of the organic grafted moieties, a set of FT-IR spectra as well as
»Si MAS NMR in solid state is applied. A FT-IR spectra simulation profiles the
evolution of Si-C and Si-O-Si bonds at different calcination temperatures with Gaussian
function fitting independently for the bands which are assigned to the symmetric vsi.c and
symmetric Vvsi.o-si, then those corresponding organic moieties can be identified and
quantified by *Si MAS NMR. In order to probe the new isolated space opened by
calcinations and the extra silanol groups converted from Si-C, a re-capping of EBDMS,

TMS or Ti species has been applied.
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5.2 Temperature of thermal treatment

The TG-DTG-DTA curves where the LUS-100E and LUS-100TMS change their
mass within the heating temperature between 25-1000 °C supply the condition of post-
thermal treatment (Figure 1). LUS-100E has two distinguished DTG peaks due to the
weight loss at around 300 °C and 450-600 °C (Figure 1, blue solid line). The former is
probably the thermo-decomposition of the cyclic dimer bridge (M;"-M;", Scheme S1) and
methylene in the EBDMS group according to the results of *’Si MAS NMR and "*C CP
MAS NMR (Chp. IV, Figure 2, A), thus characterized a sharp step, so-called thermal
decomposition segment. While the latter displays broader resulting from the combustion
of alkyl moieties, so-called combustion segment (Figure 1, black solid line). Moreover, a
small exothermic peak occurs at 800 °C in the DTA curve for LUS-100E revealing a
silica crystallization (Figure 1, red solid line). Accordingly, a choosing of calcination
temperatures at 380 °C, 480 °C and 580 °C observes the convertion of EBDMS to the
inorganic silica subsequently with a C-C bond cutting, Si-C bond oxidation to Si-OH, etc

(Figure 1, arrows 1-3).
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Figure 1 TG-DTA-DTG traces of LUS-100E (solid line) and LUS-100TMS (dot line). The arrows
(1) 380 °C, (2) 480 °C, (3) 580 °C, (4) 400 °C, (5) 500 °C and (6) 600 °C; (1)-(2), (4)-(5): thermal

decomposition segment; (2)-(3), (5)-(6): combustion segment.
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LUS-100TMS has the similar TG-DTG curves (Figure 1, black&blue dot lines) that
a sharp mass change step at around 380 °C probably due to the decomposition of free
TMS molecule (Chp. IV, Figure 2, B). Nonetheless, a large endothermic peak is observed
between 100-800 °C in the DTA curve corresponding to the unstable monopodal group
compared to the EBDMS (Figure 1, red lines). Consistently, the temperatures at 400 °C,
500 °C and 600 °C are selected for the calcination of TMS modified materials to find a

proper thermal point for both of organic covering and the stable grafting (Figure 1, arrows

4-6).

5.3 Characterization
5.3.1 Structure of material

The mesostructure of the solids after post-thermal treatment is checked at each step
of the synthesis using X-ray diffraction and nitrogen sorption isotherms. For instance,
XRD pattern of LUS-100E displays the typical MCM-41 profiles of 2D-hexagonal
structure with p6mm plain group and even after calcination at 580 °C, the structure of
LUS-100E-580 maintains as parent’s indicating the harmfulness of calcination at each

defined temperature can be ignorable to the meso-structure of materials (Figure 2, a-b).
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Figure 2 Small-angle powder XRD of materials (a) LUS-100E, (b) LUS-100E-580, (c) LUS-
100E-380-E, (d) LUS-100E-480-E, (e) LUS-100E-580-E.
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Again, nitrogen sorption isotherms are consistent with a preserved channel structure
for the calcined materials (Figure 3). The LUS-550 shows a slight decrease of pore
volume due to an unsurprisingly structure shrink at the conventional calcination condition
(Figure 3, a-b; Table 1, entries 1-2). Moreover, LUS after fully covered by TMS then
followed calcination at 600 °C, the meso-structure of LUS-100TMS-600 has not only
maintained indicating its thermal stability, but also recovered to the same structure as that
of LUS-550, with continuously surface area increasing and pore volume decreasing due
to the extra introduced organic Si (Figure 3, c; Table 1, entry 5). By contrast, the
incomplete structure recovering of LUS-100E-580 with specific area and pore volume
diminished to 719 m*g"' and 0.58 cm’g"' respectively reveals the superior thermal
stability of EBDMS at such high temperature (Figure 3, c; Table 1, entry 4). In addition,
the C parameter, which represents the affinity between the adsorbant and the adsorbate,
evolved from 111 = 3 of LUS to 99 + 2 of LUS-550, as a consequence of the
hydrophobization of the surface due to the thermal condensation of the silanol groups. As
to the LUS-100TMS-600 and LUS-100E-580, the C parameter has decreased to 74 and
71, respectively indicating the presence of organo group causes more Si-O-Si linkage on

the pore wall surface.
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Figure 3 (A) N, sorption isotherms and (B) pore size distribution of (a) LUS, (b) LUS-550 (offset
of + 200 ml (STP) g, (c) LUS-100E-580 (offset of + 450 ml (STP) g') and (d) LUS-100TMS-
600 (offset of + 600 ml (STP) g™).
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The thermal effect to the structure of materials calcined at different temperatures
has been summarized in the Table 1. Normally, a full coverage of EBDMS or TMS
function to the LUS-T100 causes the specific area reducing to ~80% and pore volume
~70% (Table 1, entries 1, 3 and 7). Whereas, the calcinations after the first thermal
decomposition segment (RT-480 °C for LUS-100E, and RT-500 °C for LUS-100TMS) to
LUS-100E or LUS-100TMS would continue to decreasing the specific area and pore
volume (Table 1, entries 3-5 and 7-9). It may result in the new intermedia species
occupying the space of the material.

Table 1 N, sorption isotherm analysis for the materials

SgET Vo  Pore distribution (nm)
Entry Sample (mz g'l) (cm3 g'l) DBde Do
1 LUS 824 0.75 3.6 2.8 111
2 LUS-550" 837 0.72 3.7 2.9 99
3 LUS-100E 663 0.52 32 2.5 27
4 LUS-100E-380 648 0.53 33 25 31
5 LUS-100E-480 638 0.52 35 2.6 33
6 LUS-100E-580 719 0.58 3.6 2.7 71
7 LUS-100TMS 667 0.53 33 2.5 27
8 LUS-100TMS-400 655 0.55 35 2.6 26
9 LUS-100TMS-500 605 0.54 33 25 34
10 LUS-100TMS-600 843 0.71 3.6 2.7 74
11 LUS-50TMS-500-TMS 594 0.66 33 25 27
12 LUS-100TMS-500-TMS 447 0.39 32 24 24

a, Total pore volume measured at P/Py= 0.92;

b, Y = 14,60994 +74,67812%x - 81,96198%x” + 155,8457*x’, X = P/P, (0.11 < P/P, < 0.50), Y = Pore
Diameter (Angstrom, 10%);

¢, BET-plot parameter.

d, Calcined at 550 °C for 10 h
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While after the combustion segment, the structures of LUS-100E-580 and LUS-
100TMS-600 materials were conserved well with a characteristic adsorption step typical
of such mesoporous silica (Figure 3A-B, c-d). Compared to LUS-550, LUS-100E-580
recovered 86% specific surface, 80% pore volume, and almost the same pore diameter.
And LUS-100TMS-600 recovered to the same structure as that of LUS-550. It indicates
that the high temperature calcinations returned the organic surface of LUS-100E and
LUS-100TMS to the inorganic one without any harmfulness, and moreover, an extra
framework was generated from EBDMS function but no effect from TMS group (Table 1,
entries 2, 6 and 10). In addition, the C parameters of the both materials decreased to 71 +
2, consistently with the more composition of orgranic part in the hybrid material resulting
in more hydrophobic Si species, Si-O-Si.

The structure of calcined materials maintains after further re-capping EBDMS or
TMS. LUS-100E-cal re-capped with EBDMS leading to LUS-100E-cal-E exhibits again
the regular array of meso-channel as well as the retention of the cell parameters evincing
a homogeneous dispersion of EBDMS on the surface of LUS-100E-cal (Figure 2, c-e).
Nonetheless, the specific surface area, pore volume and pore diameter consistently
decreases with introducing the extra organic function. For instance, LUS-100TMS-500
losses 10% surface area due to the new intermediate produced while the pore volume and
pore diameter keeps constant compared to LUS-100TMS (Table 1, entries 7 and 9). After
re-capping, LUS-100TMS-500-TMS possesses a diminished structure indicating a full
channel decoration by the organic moieties in particular which leads to the C parameter
decreasing to 24 more hydrophobic than LUS-100TMS and LUS-100TMS-500 (Table 1,

entry 12).
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5.3.2 Chemical properties
5.3.2.1 LUS-100E-cal and LUS-100E-cal-E

The FT-IR spectra monitored the calcination of LUS-100E under 380 °C, 480 °C
and 580 °C, respectively. The distinct bands centred at 833 cm™ and 757 cm’™ assigned to
the Si-C stretching and appearance of C-H stretching in the 2860-2950 cm™ region
indicates a strong signal of the EBDMS group anchored on the surface of the original
LUS-100E material (Figure 2A-C, a). Increasing the temperature of calcination, the Si-C
band diminishes gradually as well as the C-H bands announcing the consumption of the
alkyl part on the EBDMS group (Figure 2A, C, b-c). After the 580 °C calcination, the C-
H bands totally disappeared and Si-C band became a slight shoulder on the band of Si-O-
Si bending at 800 cm’! (Figure 2(A, C), d). At the same time, the Si-O-Si band reduced

correspondingly suggesting a cut of the Si-O bond.
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Figure 4 FT-IR spectra monitoring the thermal treatment to the materials LUS-100E in the (A)
inorganic region and (B) organic region, respectively. a, LUS-100E; b, LUS-100E-380; c, LUS-
100E-480; d, LUS-100E-580.

The deconvoluted FT-IR spectra of LUS-100E-cal materials, show three bands

centred at 758, 834 and 870 cm’! that are associated with Si-C stretching modes of —
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Si(CH;,),CH3; in EBDMS function. In addition to these peaks, a band at 800 em’ s
generally attributed to symmetric stretching vibration of Si-O-Si in the mesoporous silica
framework (Figure 5A). The Si-C stretching bands diminish with the calcination
temperature increasing among which the main band at 834 cm™ has reduced to 1/5 in the
LUS-100E-580. As to the Si-O-Si symmetric stretching band, it keeps stable until 480 °C,
then it is reduced (Figure 5B-C). It probably because the first connected layer of surface
silica was destroyed by a varity of the new species generated during the combustion of
organic group, thus the evolution of the organic group directly linked to the surface Si
decreases the symmetry of Si-O-Si revealing a surface property modification by the

thermal treatment like the transformation of Si-C into Si-OH, the Si-O-Si linkage fracture,

etc (Figure 5D).

A - B
(A) t\ . (B) t"}

Abs
Abs

700 750 800 850 900 950

700 750 800 850 900 950
Wavenumber (cm™)

Wavenumber (cm™)

(©) (D)
) 3 * *

Abs
Fit area
*

“ L]
\

) * . .
l| N‘

] /

,I ’ I' ‘\ 1& L 2

I I
700 750 800 850 900 950 nocal 380 480 580  LUS-T100

Wavenumber (cm) LUS-100E-cal

Figure 5 Simulated IR spectra of (A) LUS-100E, (B) LUS-100E-380 and (C) LUS-100E-580, and

(D) the revelance of peak intensity and calcination temperature. In (A-C), black square line: raw
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spectrum; green dash line: fit of 758 cm’, width 8 cm’™; pink dash line: (A) fit of 794 cm’, width
14 cm™, (B) fit of 801 cm™, width 19 cm™, (C) fit of 804 cm™, width 20 cm™; blue dash line: (A)
fit of 834 cm™, width 15 cm™, (B) fit of 841 cm™, width 15 cm™, (C) fit of 842 cm™, width 14 cm

L orange dash line: (A) fit of 873 cm’!, width 14 cm™; yellow circle line: cumulative line. In (D),

blue diamond: blue fit; pink diamond: pink fit.

The question remains about the regenerated surface with new silicon species during
the calcination and the more detail is discriminate by the quantitative *’Si MAS NMR. As
shown in the Figure 6A, My, M; and M;” that are characteristic of C;-Si-OH
(monografted), C3-Si-O-Si-O; (bigrafted) and C;-Si-O-Si-Rj3 (grafted dimers) type of
groups, arising at 18.6, 14.1 and 6.7 ppm, respectively. As expected, LUS-100E material

possesses mainly bigrafted EBDMS (~80%) and some grafted dimeric species (Table 2,

entry 2).
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Figure 6 ’Si MAS NMR spectra of the materials (A) LUS-100E, (B) LUS-100E-380, (C) LUS-
100E-480, and (D) LUS-100E-580. Peak position (ppm): Q4 =-111.0 £ 0.3, Q; =-101.9 £ 0.3, Q,
=-91.8+04, M, =141£0.1,M;=18.6+04, M,”"=6.7+0.1, T3 =-654 £ 0.2; T, =-57.1 =
0.1; Ty =-49.0£0.1;D,=-154+04; D, =-82 £ 0.1.

Fits width for Q species is 9.21 ppm in (a), 9.45 ppm in (b), 9.73 ppm in (c), and 10.22 ppm in
(d). Fits width for M species is 4.90 ppm in (a), 4.78 ppm in (b), and 4.70 ppm in (c). Fits width
for T species is 13.21 ppm and D species 11.00 ppm in (b-d). Analytical integration accounts for
the same G/L ratio 1.00.

After 380 °C calcination, the signals of My and M,"” disappear and Q, species rises
at -91.8 £ 0.4 ppm again. Simultaneously, several new signals appear in the 0~-20 ppm
and -40~-70 ppm regions declaring the generation of D and T species of Si atoms (Figure
6B). With the calcination temperature continuingly rising, the M; species weakens

gradually until the disappearance of LUS-100E-500 (Figure 6C-D; Table 2, entry 5).

Table 2 *Si MAS NMR deconvolution results for the materials LUS-100E calcined by different
temperature and followed grafted EBDMS group again.

Entry Sample Q Q QS 5 T, T, D, DI M M, My T D M Siy
1 LUS 63 34 3 100 — — — — — = = = = = =
2 LUS-100E 69 11 0 s$Of - —- — — — 1 16 3 — — 20 20
3 LUS-100E-380 67 12 2 81 1 4 1 6 2 0 6 0 6 7 6 19
4 LUS-100E-480 64 16 2 83 4 2 1 5 2 0 3 0 7 7 3 17
5 LUS-100E-580 60 27 7 94 1 2 2 1 0 0 0 0 5 1 0 6
6 LUS-100E-380-E 68 11 0 79 3 2 1 4 2 1 7 2 5 6 10 21
7 LUS-100E-480-E 68 12 1 81 2 2 1 5 1 1 6 1 5 6 8 19
8 LUS-100E-580-E 59 18 3 80 2 2 1 2 1 3 8 1 5 3 12 20
Q" Q@ Q@ — T/ T T D’ D/ MY M) M) T D M Siy
9 LUS-100E 86 14 0 — o 0 O 0 0 0 20 5 0o 0 25 25
10 LUS-100E-380 83 15 2 2 5 1 7 2 0 8 0 8 9 8 25
11 LUS-100E-480 77 20 3 — 4 3 2 6 2 0 4 0 9 8 4 21
12 LUS-100E-580 65 28 7 — 2 2 2 1 0 0 0 0 6 1 0 7
13 LUS-100E-380-E 86 14 0 — 3 2 1 5 2 1 9 3 6 7 13 26
14 LUS-100E-480-E 84 15 1 — 3 3 1 6 2 1 8 1 7 § 10 25
15 LUS-100E-580-E 74 22 3 — 3 2 1 2 1 4 11 2 6 3 17 26
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a, Mi = MI”+M1+M()
b, Siorg =T;+D;+ M;
¢, Analytical integral error by noise of baseline ( 1)

d, Qi, = Qi /ZQ“ Ti' = Ti / ZQU Di' = Di / ZQ“ Mi, = Mi / EQI, Siorg, = ZSiorg_i / ZQl Error £0.5

After 380 °C calcination, the signals of My and M,"” disappear and Q, species rises
at -91.8 (£0.4) ppm again. Simultaneously, several new signals appear in the 0 ~ -20 ppm
and -40 ~ -70 ppm regions declaring the generation of D and T species of Si atoms
(Figure 6B; Scheme 1). According to the integral intensities of each species illustrated in
Table 2, D is the first generated from M species, converting to T species soon afterwards.
Nonetheless, D and T species acing as the intermedias are considered to be produced
simultaneously without distinguishable order along the whole process.

Obviously, the T and D species silicon increases in the calcined materials while M
species decreases consistent with the calcination temperature rising. Up to the LUS-100E-
480, most of the organic groups are conserved including 7% T, 7% D and 3% M species,
among which the latters two correlated to di- or tripodal of one silicon atom indicating a
more stable linkage. Besides to the organic moieties, a considerable amount of silanol
groups retain, isolated by the organic Si nucleis (Table 2, entry 4; Scheme 1).

The M, species finally disappears in LUS-100E-580 that 94% inorganic silicon
representing in Si-O is recovered from the organic moieties Si-C (Figure 6C; Table 2,
entries 8 and 15). Strikingly, the Q, and Q3 species are strengthened to 27% and 7%
respectively, by contrast of Q4 decreasing compared to the LUS-100E revealing a drastic
hydrophobic/hydrophilic property conversion on the surface. Therefore, the conversion is
presumable that Q, was the main species generated from the organic moieties, in the
meanwhile, assuming a 1:1 pending Q5:Q; stoichiometry for the condensation of silanol it

would consequently lead to the same amount of Qs (Scheme 1).
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Scheme 1 Evolution of the organic function in the calcination.

The calcined surface tested by re-capping EBDMS function on LUS-100E-cal
materials is characterized by FT-IR spectra. Both of the Si-C band at 834 cm™ and C-H
bands in the 2860-2950 cm™ have been enhanced showing the successful EBDMS
capping on the thermal treated surface (Figure 4, b-d; Figure 7, b’-d’). However, the Si-C
band could not reach the same intensity as that of LUS-100E, reflecting the calcined
samples are irreversible compared to the initial material LUS even after the complete
calcination at 580 °C.

As displayed in the 2600-3800 cm™ region, the hydrophobicity on the surface due
to the initial EBDMS function had weakened when calcinations temperature increased,
which is especially represented by the LUS-100E-580 with a broad H-O stretching band
(Figure 7B, a, d and d’). But the re-capping of EBDMS made it disappear emphasizing
the hydrophobizing property of the dipodal function and moreover, the reversibility of
hydrophobic/hydrophilic properties of the organically modified silica surface realized by

the alternative ways concerning calcination and grafting.
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Figure 7 FT-IR spectra of materials LUS-T100-E-cal-E in the (A) inorganic region and (B)
organic region, respectively and (C) the evolution of EBDMS coverage vesus the calcination
temperature present in IR intensity of peak 833 cm’’. a, LUS-100E; b, LUS-100E-380; ¢, LUS-
100E-480; d, LUS-100E-580; b’, LUS-100E-380-E; ¢’, LUS-100E-480-E; d’, LUS-100E-580-E.

The normalized intensity of IR 834 cm™ peak before and after re-capping EBDMS
group on the calcined materials is illustrated in the Figure 7C. Calcination causes the
intensity of Si-C decreasing by 60%, while the re-capping EBDMS made it increase.
Compared with LUS-100E-380-E, LUS-100E-480-E and LUS-100E-580-E have the
double and triple intensity of EBDMS, respectively, due to the abundant silanol groups
derivate from the D and T species as well as the re-generated Qs and Q; species.

The re-capping materials were characterized by the solid *’Si MAS NMR to vertify
the grafted Si species on the calcined surface. The M species including My, M; and M "
appear again in the samples LUS-100E-380-E, LUS-100E-480-E and LUS-100E-580-E

(Figure 8).
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Figure 8 *’Si MAS NMR spectra of the materials (A) LUS-100E-380-E, (B) LUS-100E-480-E,
and (C) LUS-100E-580-E. Peak position (ppm): Q4 =-111.0 £ 0.3, Q; =-101.9 £ 0.3, Q, = -91.8
+04,M;=141£0.1,M;=18.6+04,(M,")=6.7%+0.1, T3=-654+02; T, =-57.1 £ 0.1; T, =
-49.0 £ 0.1; D, = -15.4 £ 0.4; D, = -8.2 £ 0.1. Fits width for Q species is 9.26 ppm in (A), 9.02
ppm in (B), and 9.91 ppm in (C). Fits width for M species is 4.58 ppm in (A), 4.57 ppm in (B),
and 5.10 ppm in (C) while for M;-M; species is 0.78 ppm in (A), 0.97 ppm in (B), and 5.10 ppm
in (C). Fits width for T species is 9.77 ppm in (A), 10.57 ppm in (B), and 9.65 ppm in (C). Fits
width for D species is 7.48 ppm in (A), 8.84 ppm in (B), and 8.82 ppm in (C). Analytical

integration accounts for the same G/L ratio 1.00 except for that of M," species 0.5.

A set of distinct M species appear at 7-19 ppm region with the coexistence of T and
D species. However, the Q, species in LUS-100E-580-E was not exhausted as that in
LUS-100E revealing some of the silanol groups generated by thermal pyrolysis of
EBDMS function are non-accessible.

As the integral intensity illustrated in the Figure 9, the M species of the three
materials increse to 13%, 10% and 17%, respectively, compared to the 8%, 4% and 0%
before re-capping. At the same time, the Q3 and Q; species decrease with Q4 increasing
indicating the silanol groups were consumed as the grafting sites (Figure 8 A-B; Table 2,
entries 10-15). The amount of organic Si contained in all the re-capping materials
recovered to the same level as that of LUS-100E, but it composites of M, T, and D

species silica, which would supply a varity of organic functions to the surface properties.
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Figure 9 Quantitative *’Si MAS NMR spectra for the comparison of (A) organic Si and (B) its Si-
O-Si linkage contained in the materials LUS-100E, LUS-100E-cal and after EBDMS re-capping
LUS-100E-cal-E. In (A), Sio/Siinore % = XSigrgi / XQ; * 100%, XSierei = T+D+M; In (B), Si-O-
SiMap+1y/Sinorg = Z[1*(M#D+T)+2*(Do+T2)+3*T5] / £Q; (i = 2-4).

A slight change in total amount of D or T species during the re-capping proves not
only the stability of the related organic groups but also the di- or tripodal firmly
anchoring on the surface (Figure 9). Calcined at 380-480 °C produces more Si-O-Si from
T or D species as well as offering silanol group to induce an internal transformation from
D to T during the re-capping (Scheme 1). In these cases, the position of M; species is
considered to shift to M;” because of the linkage of RyO34Si-O-SiC; (X=1-2) between

EBDMS and D or T species Si atom (Figure 8C).

5.3.2.2 LUS-100TMS-cal and LUS-100TMS-cal-TMS

The same calcination processes were carried on the LUS-100TMS shown in the FT-
IR spectra (Figure 10). Compared with LUS-100E, the bands assigned to Si-C stretching
in TMS function appears at 847 cm™ and 757 cm™ as well as the typical C-H stretching
bands in the 2880-2950 cm™' region. Moreover, another accompanied band centred at 760
cm™ due to the C-H out-of-plan bending mode (Figure 10A-B, a). The organic group was

consumed with increasing calcinations temperature to the samples and from LUS-
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100TMS-500 to LUS-100TMS-600, the bands, especially of the Si-C stretching and C-H
bending, disappeared at once revealing the stability of TMS group limited in the 500 °C-

600 °C region (Figure 10A, b-d).

Tt 0,10
0,20 Si-C
(A) 847, 757 (B)
C-H
0,15 -M
» 2 c
g 0,10 < O’OS—WM
b
0,054 LT ——
M__
0’00- 1 N 1 N 1 . 0’00...1...1...1...
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Figure 10 FT-IR spectra monitoring the different calcination temperatures to LUS-100TMS
presented in (A) inorganic region and (B) organic region. a, LUS-100TMS; b, LUS-100TMS-400;
¢, LUS-100TMS-500; d, LUS-100TMS-600. Si-C stretching vibration in TMS at 847 cm™.

The same three bands due to Si-C stretching and one band of Si-O-Si symmetric
stretching are shown in the deconvoluted FT-IR spectra of LUS-100TMS and its calcined
products (Figure 11A-C). The thermal treatment made the intensity of Si-C stretching
bands decrease correlatively. The Si-O-Si symmetric stretching band, by the contrast it
increases to the maximum at 500 °C then decreases (Figure 11D). Therefore, it can be
presumable that the symmetry of Si-O-Si connectives were improved when partial methyl
group in the TMS function was burned, turning -Si(CHj3); into =Si(CHy),. With
continuous calcination to 600 °C, the organic groups disappeared leading to more
inorganic silica that caused the surface silica structure more asymmetric.

Consistently, LUS-100TMS-cal materials show the similar change for the Si-C
bands with temperature increasing (Figure 10, b-d). Nonetheless, the LUS-100TMS

presents less relative intensity of the Si-O-Si symmetric stretching compared with LUS-
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100E (Figure 11, A). However, the calcination of TMS group causes Si-O-Si symmetric
stretching strengthened until 500 °C that turning partial -Si(CH3); into -Si(CHy),OR or -
Si(CHy)1(OR); (R = H or Si) in the TMS function can improve the symmetry of Si-O-Si
connectives (Figure 11, B-D). While continuous calcination to 600 °C, the organic groups

are burned leading to the silica surface rich in silanol groups that makes silica structure

more asymmetric as the initial status of LUS.
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Figure 11 Simulated IR spectra of (A) LUS-100TMS, (B) LUS-100TMS-500 and (C) LUS-
100TMS-600, and (D) the revelance of peak intensity and calcination temperature. In (A-C),
black square line: raw spectrum; green dash line: fit of 758 cm™, width 6 cm™; pink dash line: (A)
fit of 802 cm™, width 20 cm™, (B) fit of 808 cm™', width 20 cm™, (C) fit of 805 cm™, width 20 cm®
'; blue dash line: (A) fit of 847 cm”, width 10 cm™, (B) fit of 848 cm™', width 10 cm™, (C) fit of
845 cm™, width 10 cm™; orange dash line: fit of 870 cm’, width 8 cm™; yellow circle line:

cumulative line. In (D), circles are corresponding to fits with the same color.

12Q




Chapter V. Thermal Treatment of Organically Patterned surface and effect on subsequent grafting

Compared with LUS-100E-cal materials, the LUS-100TMS-cal ones are simpler
observed in the solid ?Si MAS NMR spectra (Figure 12). The material with full coverage
of TMS (LUS-100TMS) exhibits M; and My Si species at 13.4 and 19.0 ppm,
respectively (Figure 12A). M is also the characteristic of Si in TMS function (Cs-Si-O-
Si3) and My indicates an excess addition of TMS precursor that causes a C3-Si-OH free
species adsorbed in the solid after filtration and washing by technical ethanol and acetone.
15% organic Si was introduced in leading to the structure with inorganic Si of 63% Qu,
34% Q3 and 3% Q; adjusting to 81% Q4, 19% Q3 and 0% Q,, respectively (Table 3, entry

1. (A) Q,

50' o 0 o 5;0 - '-1&)0' - '-1|50' - '-2|00
Chemical shift (ppm)

(B) (®)] (D)
Q,
Q,
M,
Q3
D, P2 J\
50 0 -50 -100 -150 50 0 -50 -100 -150 50 0 -50 -100 -150
Chemical shift (ppm) Chemical shift (ppm) Chemical shift (ppm)

Figure 12 *Si MAS NMR spectra of the materials (A) LUS-100TMS, (B) LUS-100TMS-400, (C)
LUS-100TMS-500 and (D) LUS-100TMS-600. Peak position (ppm): Q4 = -111.0 £ 0.3, Q; = -
1019+£0.3,Q,=918+04;,M;=134+£04,M;=190+£04;T;=-654+0.2; T, =-57.1 £
0.1; Ty =-49.0 £ 0.1; D, =-16.0 £ 0.2, D, =-10.0 £+ 0.1. Fits width for Q species is 8.90 ppm in
(A), 9.58 ppm in (B) and (C), 11.54 ppm in (D). Fits width for M species is 4.21 ppm. Fits width
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for T species is 9.68 ppm. D species is 11.00 ppm in (A) and (B). Analytical integration

accounts for the same G/L ratio 1.00.

LUS-100TMS-400 shows only 4% new generated D species silicon atom that

leading to 84% Q4 and 16% Q3 compared to 81% and 19% in LUS-100TMS, revealing

more Si-O-Si linkage of organic moieties direct to the surface is produced (Figure 12B;

Table 3, entries 2 and 6). The T species appear in LUS-100TMS-500 with Q4 decreasing

and Qs increasing indicating part of silanol is released by the thermal treatment besides to

a novel ultra-stable surface (Figure 12C; Table 3, entries 3 and 7). Up to 600 °C, all the

organic Si had been cleaned off leading to a inorganic structure consisting of 79% Q. and

21% Q3, by contrast, LUS-100TMS-cal produce few Q, as LUS-100E-cal having due to

the monopodal grafting (Figure 12D; Table 3, entries 4 and 8).

Table 3 *Si MAS NMR deconvolution results for the materials LUS-100TMS calcined by

different temperature.

Entry Sample QG Q@ Q S T3 T T D DI M” M My T D M Sy
1 LUS-100TMS 69° 16 0 85 —_ - = - = 0 11 4 — — 15 15
2 LUS-100TMS-400 72 13 0 85 0 0 0 3 1 0 11 0 0 4 11 15
3 LUS-100TMS-500 69 19 1 89 08 14 08 16 03 0 6 0 3 2 6 11
4 LUS-100TMS-600 79 21 0 100 0 0 0 0 0 0 0 0 0 0 0 0
Q' Q@ Q@ — T T T D/ D/ MY M) My T D M Siy
5 LUS-100TMS 81 19 0 — _ = = = — 0 13 5 — — 18 18
6 LUS-100TMS-400 84 16 0 — 0 0 0 3 1.7 0 13 0 0 5 13 18
7 LUS-100TMS-500 78 21 1 — 1 2 1 2 0.3 0 7 0 4 2 8 14
8 LUS-100TMS-600 79 21 0 — 0 0 0 0 0 0 0 0 0 0 0 0

a,M=M1”+M1+M0

b, XSiyi=T+D+M

¢, Analytical integral error by noise of baseline (+ 0.5)

d, Qi, = Qi /ZQI, Ti’ = Ti / ZQI, Di’ = Di / ZQI, Mi, = Mi / ZQI, Siorg, = ZSiorg_i / ZQI Error £ 0.5
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Accordingly, the combustion of TMS functionalized material is more clearly than
that of EBDMS modified ones. It displays a procedure containing transition of M to D
species firstly, then from D to T species, and finally the complete conversion from
organic Si (D or T) species to inorganic ones Q;. The M species Si atom changed from
15% in LUS-100TMS to 11%, 6% and 0% in the corresponding three calcined materials,
respectively. At the same time, Q3 decreased from 16% to 13% in LUS-100TMS-400 and
increases to 19% in LUS-100TMS-500 meaning that the silanol groups were involved in
the transition between organic Si species but re-generated in the conversion from organic
to inorganic (Table 3, entries 1-4).

The relative composition of each Si atom species is shown as entries 5-8 in the
Table 3. Q4 and Q3 reached 84% and 16% in LUS-100TMS-400 compared to 81% and
19% in LUS-100TMS. While My disappeared and M; kept no changed indicating that
there was a grafting between the adsorbed Cs-Si-OH (My) free species and Si-OH (Q3)
when M; transited to D species (Table 3, entries 5-6). With the calcinations temperature
increasing, C-H continues to be oxidized into OH group. On the other hand, the oxidation
was trend to opening the Q4 ring to be helped to form D,, T, or Ts species (Scheme 2).
Thus, Q4 decreases in the LUS-100TMS-500 and LUS-100TMS-600 materials with the
contrast of the Q3 increasing (Table 3, entries 7-8). Not like LUS-100E-cal, LUS-

100TMS-cal produced few Q, due to the monopodal function on the silica surface.
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Scheme 2 Evolution of the TMS function modified material in the calcination.

5.3.2.3 LUS-xTMS-cal & LUS-xTMS-cal-TMS

Accordingly, the proper calcination temperature can be determined at 500 °C for the
surface improvement to the other LUS-xTMS materials (x = 0, 25, 50 and 75) because of
the stable surface generated with dipoal or tripodal linkage of organic moieties as well as

the kept properties of metal or new organic species dispersion. The obtained samples are

characterized by FT-IR spectroscopy and ¥Si MAS NMR for a overview of the novel

surface

The FT-IR spectra of LUS-xTMS-OH (x = 25, 50, 75 and 100) display a regular

intensity increasing of Si-C band at 847 cm™ with decreasing template TMA* (Figure

13A). It proved the excellent templating effect of TMA™ during the TMS function

grafting in good accordance with the work reported by K. Zhang.” Whereas, the intensity

of 847 cm™ band decreases to a certain extent after calcinations at 500 °C (Figure 13B;

Figure 14).
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Figure 13 FT-IR spectra for monitoring (A) the partially TMS group covered materials (B)
thermally treated at 500 °C and (C) grafted by TMS function again. In (A): a, LUS-25TMS; b,
LUS-50TMS; c, LUS-75TMS; d, LUS-100TMS. In (B): a’, LUS-25TMS-500; b’, LUS-50TMS-
500; ¢’, LUS-75TMS-500; d’, LUS-100TMS-500. In (C): a”, LUS-25TMS-500-TMS; b”, LUS-
50TMS-500-TMS; ¢”, LUS-75TMS-500-TMS; d”, LUS-100TMS-500-TMS.

Detected by *’Si MAS NMR, the relative integral intensity of each Si atom species
in the calcined materials are listed in Table 4. Compared to the inorganic Si structure of
LUS which contains 63% Q4, 34% Q3 and 3% Q,, the LUS-100TMS exhibits the situation
of 81% Q4, 19% Q3 and 0% Q, where all the accessible silanol groups were consumed by
the monopodal group (Table 4, entry 8).

As to the LUS-xTMS, some of the silanol groups were left with existence of TMS
function such as LUS-50TMS who owns 22% (Q3+Q>) and 12% Si, (Table 4, entry 1).
They were calcined at 500 °C leading to LUS-xTMS-cal materials (x = 25, 50, 75 and
100) possessing 4%, 7%, 9% and 5% (D;+T;) from the reduced M species, respectively, as
well as the slightly changed (Q3;+Q,) species (Table 4, entries 3-6). Moreover, the
structure of inorganic Si was preserved well after calcinations (Table 4, entries 7 and 10,

8 and 12).
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Table 4 *’Si MAS NMR deconvolution results for the materials LUS-xTMS (x =25,50, 75 and

100) calcined at 500 °C.

Entry Sample QG Q@ Q Sih T3 T T D D M M, My T D M Siy
1 LUS-50TMS 66° 21 1 88 - — — — — 0 11 1 - — 12 12
2 LUS-100TMS 69 16 0 8 - - - — — 0 11 4 — — 15 IS5
3 LUS-25TMS-500 62 26 3 92 1 1 0 1 1 0 5 0 2 2 5 9
4 LUS-50TMS-500 66 19 2 87 21 1 2 1 0 6 0 4 3 6 13
5 LUS-75TMS-500 66 18 1 85 2 2 2 2 0 6 0 5 4 6 IS
6  LUS-100TMS-500 69 18 1 89 08 14 08 16 03 0 7 0 3 2 7 I2
7 LUS-50TMS-500-TMS 66 17 0 83 L5 1 0 2 05 0 10 2 25 25 12 17
8  LUS-100TMS-500-TMS 66 18 1 85 2 1 05 2 05 0 8 1 35 25 9 15

Q' Q@ Q@ — T T T/ D’ D/ MY MY M) T D M Sy
7 LUS-50TMS 75 24 1 S — 0 13 1 — — 14 14
8 LUS-100TMS 81 19 0 — —_ = = = = 0 13 5 - — 18 18
9  LUS-25TMS-500 68 29 4 — 1 1 0 1 1 0 6 0 2 2 6 10
10 LUS-50TMS-500 76 22 2 — 2 2 1 3 1 0 6 0 5 4 7 IS
11 LUS-75TMS-500 77 21 2 — 3002 1 3 2 0 7 1 6 5 7 18
12 LUS-100TMS-500 78 21 1 — 12 1 2 03 0 7 0 4 2 8 4
13 LUS-50TMS-500-TMS 80 20 0 — 2 1 0 2 1 0 13 2 3 3 15 21
14 LUS-100TMS-500-TMS 78 21 1 — 21 1 25 05 0 10 1 4 3 11 I8

a,M:Ml”+M1 +M0
b, XSigei=T+D+M
¢, Analytical integral error by noise of baseline (+ 0.5)

d, Qi, = Qi /ZQ“ Ti' = Ti / ZQU Di' = Di / ZQ“ Mi, = Mi / EQI, Siorg, = ZSiorg_i / ZQl Error £0.5

Evolution of TMS coverage versus HCI/TMA% is presented by the intensity of IR 847
cm’' peak. It increases upon the more removal of TMA® (Figure 14A, black square) and
further decreases (Figure 14A, red circle) due to the combustion of organic moieties
under the subsequent thermal treatment. Nonetheless, re-capping TMS groups on the
calcined materials results in a strengthened intensity of the IR 847 cm™ peak due to the

growth in number of Si-C (Figure 13C; Figure 14A, green triangle). It indicates the
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successful grafting of TMS function on the novel Si surface as well as an effective

thermal activation to the surface silanol.
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Figure 14 Evolution of TMS coverage versus HCI/TMA% reported in molar ratio by (A) the IR
intensity of peak at 847 cm” and (B) the quantitative *’Si MAS NMR spectra. In (B), Si-O-
Simap+1yStinorg = Z[1FM+D+T)+2*(D2+T,)+3*T5] / XQ; (i = 2-4); bar marked 1: LUS-xTMS,
marked 2: LUS-xTMS-500, marked 3: LUS-xTMS-500-TMS.

However, the amount of re-capping group decreases consistent with increasing the
TMS coverage before calcination. Indeed, LUS-500-TMS shows 1.5 more coverage of
TMS compared to LUS-100TMS-500-TMS. Assuming a 1:1 pending TMS/Si-OH
stoichiometry in the former, the moieties TMS in the latter is not only monopodal but also
di- and/or tripodal linkage direct with the surface silanol group which causes the available
silanol decreasing. Consistently, the dipodal and tripodal can be presumed to increase by
0-20% upon the increasing of TMS coverage before calcination which leads to an ultra-
stable surface.

Further information about the dipodal and tripodal Si-O-Si linkage is obtained from
the quantitative *’Si MAS NMR (Figure 14B). The amount of M silicon atom in LUS-
xTMS is reduced more than half after 500 °C calcinations (Figure 14B, bar marked 1;

Table 4, entries 7-8, 10 and 12). Instead, D and T species silicon is generated in principle

14K
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leading to double and triple Si-O-Si directly linked to the surface, respectively. The
factors which determine the results of new species silicon are investigated when
comparing LUS-50TMS-500 and LUS-100TMS-500. The latter produces more Si-O-Si
linkage although it possesses more TMS revealing the presence of the residual silanol
group is promotive to the conversion. Accordingly, LUS-75TMS-500 producing more
than LUS-50TMS-500 proves the amount of TMS is also a way to tune the linkage
(Figure 14B, bar marked 2). The re-capping causes the Si-O-Si decreasing in consistence
with the reduced D and T species indicating a further conversion between the species

(Figure 14B, bar marked 3; Table 4, entries 13-14).

5.4 Ti post-grafting and catalytic reaction

The novel Si surface after calcinations was detected by post-grafting of Ti(i-OPr)4
as well. And UV spectra were utilized to characterize the coordination of Ti species in the
calcined materials. With increasing the calcination temperature, the incorporation of Ti
led to more penta- or octahedral species that cause red-shift in the UV spectra (Figure
15A-B; Figure 16).

On the other side, LUS-50E-380-Ti absorbed at 232 nm maximum compared to the
LUS-50E-Ti centred at 215 nm, possessing half Ti loading (Ti: 0.26 wt%) than that of the
latter (Ti: 0.58 wt%). And the material without organically modification LUS-T100 was
incorporated 0.17 wt% Ti but has more red-shift in the UV spectrum (Figure 15C). The
organically modified surface of the materials became more hydrophilic under the thermal

treatment, due to the loss of organic function and the generated silanol groups.
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Figure 15 UV-vis spectra for Ti post-grafted on (A) LUS-50E and (B) LUS-100E after calcined at
380 °C (black line) and 480 °C (red line) and (C) the comparison of LUS-50E-Ti (Ti: 0.58 wt%;
blue line), LUS-50E-380-Ti (Ti: 0.21 wt%) and LUS-Ti (Ti: 0.17 wt%; pink line).

Nonetheless, the TMS function modified materials have more hydrophilic surface
than that of LUS-XxE. The LUS-xTMS-cal-Ti absorbed less energy in the 200-220 nm
region which is assigned to the absorption position of tetrahedral species (Figure 16,
black lines). Furthermore, the LUS-xTMS-600-Ti displayed the same UV spectrum as
that of LUS-Ti when after calcined at 600 °C (Figure 16A, red line and pink line). It
means the LUS-xTMS-600 material was totally recovered into the initial pure
mesoporous silica by the thermal treatment with accordance in the results of N
adsorption.

The thermal treatment made the silica surface rich in silanol groups as well as the
considerable organic functions. Therefore, the former supplies chances to accommodate
other groups via using the silanol groups, and the latter can not only hydrophobized the

surface but also isolated the new introduced groups, such as Ti species.
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Figure 16 UV-vis spectra for Ti post-grafted (A) LUS-50TMS and (B) LUS-100TMS after
calcined at 500 °C (black line) and 600 °C (red line) and the comparison of LUS-50TMS-400-Ti
(Ti: 0.21 wt%) and LUS-Ti (Ti: 0.17 wt%; pink line).

Compared to the no-capped LUS-500-Ti, the LUS-xTMS-500-Ti catalysts shows
considerable activity in epoxidation of cyclohexene although low Ti loading leads to
weak conversion (Figure 17A, green bar; Table 5). Obviously, the TON reaches the top at
LUS-75TMS-500-Ti in good consistence with the result of Si-O-Si from quantitative *Si
MAS NMR (Figure 17A, red symbol). Note that the activity is optimized with the ultra-
stable surface that the retention of organic moieties has been improved by dipodal and
tripodal anchoring on the surface. Nonetheless, the selectivity of epoxide gets the highest
point at LUS-50TMS-500-Ti probably due to the optimized hydrophobicity and
accessible metal sites, and then decreases with increasing by-products of allylic and diols
because of the reduced reaction area and less hydrophobic moities (Figure 17B).

As to the LUS-xE-cal-Ti catalysts, LUS-50E-380-Ti and LUS-50E-480-Ti showed
nearly no difference in the catalytic activity, in the well accordance with the UV spectra
(Table 5, entries 7-8; Figure 15A). The LUS-100E-cal-Ti catalysts display a slightly

decreasing difference on both of the TON and epoxide selectivity with calcination
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temperature increasing owning to the less tetrahedral Ti incorporation (Table 5, entries 9-

10; Figure 15B).
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Figure 17 Dependence of (A) the TON consistent with Si-O-Si linkage from organic moieties and
(B) the products selectivity on the LUS-xXTMS-500-Ti (x = 0, 25, 50, 75 and 100).

Table 5 Epoxidation of cyclohexene with TBHP over LUS-xTMS-cal-Ti and LUS-xE-cal-Ti.
Convn TON Selec. (mol%)

Entries Sample T1/Siiora 4 i i i
(mol%) (mol(mol-Ti-h™)) Oxide Allylic Diols
1 LUS-500-Ti* 0.009 2,7 15 43 54 3
2 LUS-25TMS-500-Ti 0.003 2,0 47 75 24 1
3 LUS-50TMS-500-Ti 0.003 2,1 50 78 21 1
4 LUS-75TMS-500-Ti 0.003 2,3 55 57 41 2
5 LUS-100TMS-500-Ti  0.003 1,8 43 55 43 2
6 LUS-50TMS-600-Ti 0.003 0,8 19 23 73 4
7 LUS-50E-380-Ti 0.003 1,1 27 56 43 1
8 LUS-50E-480-Ti 0.003 1,2 29 50 47 2
9 LUS-100E-380-Ti 0.003 1,7 40 60 38 3
10 LUS-100E-480-Ti 0.003 1,3 31 51 46 3

a, Catalyst weight: 25 mg.

5.5 Conclusion
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The organic functionalized mesoporous silica treated thermally is shown a stable
structure as well as keeping the initial organic groups in a controlled distribution.
Moreover, the surface calcined at a proper temperature favours grafting extra new silane
groups such as EBDMS, TMS etc. or Ti species with an excellent isolating effect.

The calcination temperatures are chosen 380 °C, 480 °C and 580 °C for the EBDMS
modified materials and 400 °C, 500 °C and 600 °C for the TMS modified materials from
the TGA curve tables. Calcined at superior temperatures, the structure of the materials
with either EBDMS or TMS have been preserved with the approximate specific surface
area, pore volume and pore diameter as those of LUS-T100 according to the nitrogen
sorption isotherm. Note that calcined at 600 °C LUS-T100-TMS material can be
recovered to the initial meso-structure although full TMS coverage before.

The evolution of the organic surface is profiled by FT-IR spectra that the Si-C
moieties in EBDMS groups loss half below 380 °C then retains until 480 °C, whereas they
stay stable in the TMS groups up to 400 °C and begin to loss consistently with
continuously temperature increasing. Additionally, the Gaussian fitting reveals that the
symmetry of [SiO4] moieties in the siliceous pore wall has been increased drastically by
the graft of TMS function, while EBDMS has no such effect. The symmetry decreases
with the organic species burning into Si-OH, but there is an increasing ramp consistently
with temperature rising to 500 °C in the TMS covered surface probably due to the
generation of D, intermediate [(Si0),SiC,] rather than other species.

Abundant ultra-active silanol groups as well as di- or tripodal organic moieties
generated after calcinations are detected by means of solid state *’Si MAS NMR, taking
advantage of which, EBDMS, TMS and Ti species have stably been re-capped on with
isolated dispersion. Note that the presence of some initial silanol groups on the organic
modified surface can cooperatively promote the conversion of Si-C into extra Si-O-Si. As

a result, the calcined surface which had been covered with 75% TMS (LUS-75TMS-500)
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is probed an ultra-stable organic surface leading to a superior TON in epoxidation of
cyclohexene.

The calcined samples containing organic groups with a vicinity control also display
as an ultra-stable catalyst that favors the Ti site isolation in comparison to non-modified
silica surface. Consequently, they perform the superior activity and selectivity in the

epoxidation of cyclohexene using tert-butyl peroxide as oxidant.
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Chapter VI Assignment and quantification of grafted Ti species using UV-Visible Spectroscopy

6.1 Introduction

As described in the Chapter III and IV, the silyl groups including monopodal e.g.
trimethylsilyl (TMS), and dipodal e.g. 1-2-ethanebis(dimethylsilyl) (EBDMS) partially
capping the mesoporous silica surface via a controlled grafting technique or a thermal
treatment before Ti grafting can both hydrophobize the silica surface and isolate the Ti
sites.

It is well known that the Ti-substituted silica catalysts, such as TS—l,l'5 Ti—ﬂ,6'7 Ti

11-12

.. . -1 .
containing ordered mesoporous silica,*!° amorphous xerogels, and Ti-supported

silica'®'® have exhibited a remarkably high efficiency and molecular selectivity in the

catalytic reactions thanks to the different types of isolated or bulky active sites loaded in

17-19

the support silica. Note that those reactions include photodegradation, aromatic

22-23

hydroxylation,”®  alkane  oxidation,”  olefin  epoxidation, cyclohexanone

24-25 26-27

ammoximation, oxidation of ammonia to hydroxylamine, and the conversion of

secondary amines to dialkylhydroxylamines28 and secondary alcohols to ketones.”’
Currently, thus, the UV spectroscopy is generally used as a simple means to predict
or verify the coordination environment around a titanium center in the solid state. It
shows an absorption associated with the ligand to metal charge transfer (LMCT) from the
oxygen atom to the Ti(IV) ion, namely Ti**O* — Ti**O". Band appears in the A = 200-
220 nm region arising from the LMCT of oxygen to titanium(IV) in the tetrahedral sites.
When the tetrahedral Ti is coordinated by the inserted water (or ammonia) molecules,
absorption band shifts at A = 220-260 nm, indicating the pentahydral or octahedral
species.” A broader band besides to the formers exhibits in the range of A = 260-320 nm

assigned to an incipient oligomerization of Ti tetrahedral species like TiOx nanocluster,

bulky anatase, etc.
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Numerous experimental and theoretical studies using UV spectroscopy have
advanced the detail about the coordination of Ti in the solid silica materials and its active

31-36

sites for the heterogeneous catalysis. Normally, the tetrathedral Ti site demonstrates

highly catalytic activity in the oxidation with H,O5 or tert-butyl peroxide as oxidant’’*
and the penta- or octahedral Ti species will generate Bronsted acid sites due to the
hydroxyl groups or water in their coordination sphere.”*° Moreover, the TiO, has been
widely studied for the removal of several types of organic pollutants particularly owing to
its excellent photocatalytic activity.'”'® Nonetheless, to our knowledge no study concerns
the quantification of Ti sites that would relate to the ‘real’ turnover number (TON) of Ti-
loaded catalysts.

Herein, each Ti sites including tetrahedral, octahedral and TiOx oligomer in the
catalysts LUS-E-Ti-n which were applied in the Chapter III are quantified. The
quantification method processes several steps: first, using diffuse reflectance UV
spectroscopy (DR UV) to characterize the samples in solid state, then the UV spectra are
simulated independently by a set of Gaussian function that correlates to each Ti site.
Since the absorption area of fit is proportional to the measured Ti content, based on the
Kubelka-Munk theory,41 the extinction coefficient constant (g) of each Ti site in the TiO,-
Si0; solid state can be calculated. Thus the coefficient constant of Ti site can furthermore

amend the virtual amount of active Ti nucleus involved in the catalytic epoxidation of

cyclohexene that relates to the real TON.
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6.2 Calculation of extinction coefficient constant (g)
6.2.1 DR-UYV spectroscopy for Ti deposits on the surface of silica

The Ti deposits were characterized using diffuse reflectance UV spectroscopy (DR-
UV). During the measurment, the samples were stored under normal conditions, and
spectra were recorded directly in air with no further pretreatment. According to Kortiim,
the absolute reflectance R.. of an infinitely thick layer must be used to calculate Kubelka-
Munk spectra. The theory predicts that F(R) is proportional to the concentration ¢ of the
absorbing species as long as the assumptions of the theory are fulfilled, namely, that the

absorbance of the sample is not too high (eq. 1).

(1 ltoo )2
F R == Eq 1

0

The standard form spectroteflon with the absolute reflectivity Ryq = 80% was used
as reference. The reflectivity of the sample Rgmp which is related to the measured
intensity of both standard reference Jgq was corrected according to Remp = 0sdaSsamp/Jstd-
After K-M calculation, F(R) spectra were found to be linear up to F(R)max = 1.0. A higher
absorption causes a change in the spectrum that is observed as a blue shift in the F(R)

spectrum (Figure 1A, black line).
6
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Figure 1 UV spectra of Ti incorporated silica materials and after dilution using LUS-cal as
diluent. Black line: initial sample; green line: initial sample after dilution; blue line: LUS without
surfactant calcined at 550 °C for 10 h; cyan line: LUS with surfactant TMABTr calcined at 550 °C
for 10 h.
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In our case, samples showing an absorbance of F(R)>1 were diluted with 550 °C
calcined LUS (Figure 1A, green line). The diluent exhibits an absorbance of 0.15 centred
at 190 nm and LUS with surfactant TMABTr calcined at 550 °C for 10 h still exists several
bands in the 250-350 nm region (Figure 1B, insert). Therefore, the obtained F(R) is the
Kubelka-Munk spectrum calculated with the reflectance of the sample relative to an
absorbing diluent LUS-cal.

During the measurement, although the layer of powder in the holder can be
regarded as infinitely thick, at least 5 times repeating to get the approximate K-M
absorption of the real sample. For example, the error from measurements of 6 times
repeating can actually reach = 8.0% of the final average K-M absorption (Figure 2).
Therefore, the total absorption usually results from the average value of 5 times

measurement.
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0,7 P o °
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Figure 2 Repeating times of the UV spectra measurement.

It is known that tetrahedral Ti species, which are mostly contained by catalysts such
as TS-1 (Figure 3, black line), Ti-B, i.e. present a O—Ti ligand-metal charge transfer
band centered at 200-220 nm. The tetrahedral sites has been reported to be active in the
catalytic reactions, for example the epoxidation of olefin, for the -O-O- in oxidants such

as H,O,, tert-butyl hydroperoxide i.e. can coordinated within the coordination sphere of

156



Chapter VI Assignment and quantification of grafted Ti species using UV-Visible Spectroscopy

the tetrahedral Ti sites. While the introduction of water molecule leads to the penta-
coordianted or octahedral sites, these bands appear between 225-260 nm. Upto the
saturated coordaination of TiOy, the nanoclusters and bulky TiO, phases the maximum

arises at 280-320 nm like the anatase (Figure 3, red line), rutile titanium oxides.

F(R)

T T T T T T T v —T T T T
200 250 300 350 400 450 500
Wavelength (nm)

Figure 3 UV-vis spectra for diluted TS-1 (black line) and anatase (red line).

6.2.2 Simulation of UV spectra

The excitation energy of the charge transfer transitions (LMCT) between the O
and the empty d orbital of Ti** can be estimated from the optical electronegativities ) of

ligand O and Ti** by the following equation:

vlem™)=300000[y,,(0)- z,,, (Ti)] Eq. (2)

The Yop(Ti) varied from 1.85 to 2.05 with the increase of the coordination of Ti
from tetrahedral to octahedral. Moreover, the published o (O) are quite arbitrary due to
the different second coordination sphere such as xopt(Si—O_):3.17, xopt(H—O_):2.9—3.45,
xopt(Oz')=3.45, and Yopi(H20)=3.5, etc. Therefore, the energy change is not only due to the

coordination of Ti but also is accompanied by a change in the second coordination sphere
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of ligalnd.42 For perfect symmetries, an increase of the excitation energy from 49000 cm’
for the tetrahedral one [Ti1(OSi)4], to 44000 cm’! for octahedral coordination [Ti(OSi)e] is
calculated (Figure 4A).

Actually, for TiO, species bonded to supports such as zeolites, mesoporous silica
i.e., a strong deviation from perfect symmetries can be expected so that exact calculations
of excitation energies will not be possible. However, the basic conclusion that the
energies will increase with decreasing coordination number should be applicable for an
assignment. The assignments of the absorption maximum at around 49000, 45000, and
36000 cm™, gleaned from the spectra analysis, to the different TiOx species bonded in a
tetrahedral, penta- or octahedral, TiO; nano- or bulk phases in the general manner of the
silica framework is mainly based on theoretical considerations and interpretations of the

UV-vis spectra of TS-1 and anatase.>
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Figure 4 (A) UV-vis spectra and (B) Gaussian fits for diluted TS-1 and anatase. In (A), black line:
TS-1, red line: anatase. In (B), square: experimental data, yellow solid circle: cumulative data,

colourful dash line: fits (detail, Table 1)

158



Chapter VI Assignment and quantification of grafted Ti species using UV-Visible Spectroscopy

The UV-vis spectra of the Ti incorporated samples which had been explored in the
air, are dominated by the overall absorption of each species. For TS-1, the spectrum
demonstrates narrow and concentrated at 49000 cm™. The mainly Gaussian fits can
consist of a strong band at 49000 cm™ and two slight shoulders at 39000 cm™ and 35000
cm’', respectively (Figure 4B, upper). While that for anatase is broad and red shifted in
the lower energy region, those fits are more interpreted in the way that a fraction of penta-
coordinated species at the 44000 cm™” and octacoordinated one at the 39000 cm™.
Moreover, the growing bands related to the TiOx nano-oligomer and TiO, bulky clusters
appear at 35000 cm™, 33000 cm™ and 30000 cm™, respectively (Figure 4B, lower). These
observations are generally consistent with previous findings except that the dehydrated
species without oligomer and clusters of TiO; at low wavenumber were reported.3 3

The fits with the defined centre are cumulated in the simulation of UV spetra curves

by using the the Gaussian equation (eq. 3).

_l(x—xc j
y=y,+A-e " Eq. (3)
Where the yy is related to the spectrum baseline, usually equals 0, and e is Euler’s number
2.718281828. A is the intensity of each fit determined by the cumulative need. x, will use
the centre parameter in wavenumber (cm™) and w stands for the width of each Gaussian
peak (cm™). According to the definition of Gaussian function, the fit will be symmetric
and represent each independent Ti species. Six fits have been defined corresponding to
the coordinated Ti sites of tetrahedral, pentahedral, octahedral, two types of oligomers,

and TiO; cluster (Table 1).
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Table 1 Parameters of Gaussian fits for deconvolving the UV spectra

Fit 1 Fit 2 Fit 3 Fit 4 Fit 5 Fit 6

Coordination | Tetrahedral | Pentahedral | Octahedral | Oligomer 1 | Oligomer 2 | Cluster 1

Centre/cm™ | 490002500 | 442484400 | 390632300 | 350884250 | 327874200 | 30120£150

Centre/nm 20412 22612 25612 285142 30542 33242
Width/cm™ 5000 4100 2700 1800 1800 1800
Color of line red green blue cyan pink orange

The appearance of the oligomers bands at 35000 cm™ and 33000 cm™ with rising Ti
loading corresponds to the presumed intermedia species which contain the growing
molecules of the octahedral species, nonetheless smaller than the anatase TiO,.

With the six defined fits, the UV spectra of samples LUS-E-Ti-n are well simulated
by the cumulative Gaussian curves (Figure 5). The relative content of the tetrahedral
species presented by the red dash line in Figure 6, has been decreased with the increasing
amount of the incorporated Ti. While the octahedral species was strengthened gradually
indicating the conversion between the two sites. However, the pentahedral species, acting
as an intermedia from tetrahedral to octahedral sites, increased from the Ti/Si of 0.0082 to
0.0465 (Figure 5, a-d; Table 5, entries 1, 3, 4 and 7) and decreased when Ti/Si > 0.0628
(Figure 5, e-f; Table 2, entries 11 and 13). The trend reflects the saturated coordination of
tetrahedral sites leading a conversion to the pentahedral ones, and the latter also forced

the generation of the octahedral sites simultaneously.
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Figure 5 UV-vis spectra deconvolution for LUS-E-TiPr with the Ti/Si ratio of (a) 0.0082 (0.58
%), (b) 0.0180 (1.27 %), (c) 0.0323 (2.26 %), (d) 0.0465 (3.10 %), (e) 0.0628 (4.27 %), (f) 0.0831

(5.43 %), Ti weight percentage in the parentheses. Hollow square for the experimental curve,

yellow solid circle for the cumulative curve, dash lines for fits (detail in Table 2)

When up to the 2.26 wt% Ti incorporated, the oligomer 1 appeared and until 4.27

wt% Ti, the oligomer 2 emerged, which reveals the growing procedure of the Ti species

from the monomer to the polymer. Both of the oligomers increased (Figure 5, c-f; Table

2, entries 4, 7, 11 and 13) with more Ti loading in the accordance with the trend in the
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Figure 4B. The oligomers have been reported as a non-favorable species in the catalysis,

where the H,O, or TBHP will be inactivated by the consumption of -O-O- when bonded

with the Ti sites in oligomers.3 >

As to the UV spectra of LUS-Ti-n samples without organic modification have a
distinguished difference with those of the modified ones. After deconvolution, all the
spectra consist of the fits of penta-, octahedral and oligomers with a disappearance of the
tetrahedral species (Figure 6). Impregnating in the excess cyclohexane solution, the Ti
precursor was able to distribute along the mesoporous channels. However, the
coordination of Ti was much faster in the pure silica surface than that with the EBDMS

group and tetrahedral sites were active and less stable that it is easier to become the

pentahedral or more ones.
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for fits (detail in Table 1).
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The species with more coordination number were developed by the increasing the
Ti loading as well as that in the LUS-E-Ti-n samples. Surprisingly, the oligomer 1
appeared when Ti incorporated in for 0.46 wt% and the oligomer 2 formed in the sample
containing Ti > 1.55 wt%, which are almost 5 times and 3 times more in the LUS-E-Ti,

respectively (Figure 6, a-b; Table 2, entries 4 and 19, 11 and 21).

Table 2 Analytical results of UV spectra for Ti incoordinated mesoporous silica

Abs%

Fotries | Thwie 200 nm | 225 nm | 255 nm | 285 nm | 305 nm | 330 nm Total abs./Ti
1 0.58 35 55 10 0 0 0 1,90E+06
2 1 34 47 19 0 0 0 2,52E+06
3 1.27 22 61 17 0 0 0 2,48E+06
4 2.26 15 59 24 3 0 0 2,26E+06
5 245 13 62 24 2 0 0 1,97E+06
6 3.01 15 58 25 2 0 0 —

7 3.1 5 62 30 3 0 0 1,85E+06
8 3.28 12 52 29 6 1 0 2,00E+06
9 3.8 4 55 32 7 2 0 1,24E+06
10 4.18 41 40 12 6 0 0 1,76E+06
11 4.27 2 48 35 11 3 0 1,43E+06
12 5.08 0 44 38 12 6 0 1,38E+06
13 5.43 0 41 38 14 7 0 1,01E+06
14 5.51 0 47 36 11 5 0 8,31E+05
15 5.77 5 51 34 2 0 1,06E+06
16 7.03 0 56 34 1 0 7,42E+05
17 8.67 0 46 36 11 7 0 8,60E+05
18° 0.17 0 39 58 0 0 —
19 0.46 0 62 32 0 0 —
20 0.84 0 55 35 1 0 —
21 1.55 0 48 41 10 1 0 —
22 3.01 0 47 42 10 2 0 —
23 5.85 0 46 41 11 2 0 —
24 10.65 0 30 45 16 9 0 —
Anatase 60 0 23 28 12 17 20 —
TS-1 1 96 0 3 1 0 0 4.80E+06

a, Entries 1-17: LUS-E-Ti-n
b, Entries 18-24: LUS-Ti-n
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The area of each fit is obtained by the giving full width at half maximum (FWHM)
and height (A in eq. 3). Compared to the total area of the spectrum, the relative area
(Abs.%) is considered as the absorption energy proportion for each Ti species. Moreover,
it also stands for the probability of the possible formation for one Ti atom since the total

area of the spectrum is normalized by the amount of Ti atoms (Table 2).

6.2.3 Extinction coefficient constant (g) of different Ti sites

The results derivative from UV spectra deconvolution, was put into multiple linear
regression to get the extinction coefficient constant g,. In the equation (4), «abs,%>» is
related the proportion of Ti species with tetrahedral, octahedral or clusters coordination
which would contribute to the total absorption. And «g,» (n=1-5) stands for the extinction

coefficient constant of each Ti species that was simulated in fit-n.

E =abs;% * ¢ + absy% * €, + absz% * €3 + absa% * €4 + abss% * &5 Eq. (4)

There are two ways to calculate the g,. One is to put the «E» and «abs,%» into
calculation by the analysis tool «multiple linear regression» in the Excel or Origin
software. The constants €;, €, and &; related to the absorption of Ti coordinated
monomer, including tetrahedral, pentahedral and octahedral, are about several times
intensive than the &, and &5 of clusters.” Thus the multiple linear equation contained only
€1, €, and &3 three polynomials assumed &4 and €5 having no effect (eq. 5). Then &4 and &5
can be calculated by multiple linear regression again using the obtained €3 to eliminate
the influences of Ti monomer (eq. 6-7). The other calculation of ;.5 was carried out by
defined programme applying linear least-squares fit method. It gives the optimized €;.s

that matches the results from the first way well (Table 3, A).
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E = abs|% * g1 + abs,% * &, + abs;% * &5 Eq. (5)

E’ =abs;% * g1 + abs,% * &, + absz;% * &3 Eq. (6)

As expected that the g, due to the tetrahedral site is nearly 4 times to the constants
of pentahedral and octahedral sites and 10-10? times to the €4 and &5, which are assigned
to the extinction coefficient constants of small TiOx polymer and bulky TiO, cluster,
respectively (Table 3). These spectral differences are related to different Ti-OSi bonding
length and bond angle of the Ti sites. With more insert ligands, such as H,O or -OTi, the
Ti-O bonding length increases and O-Ti-O angle decreases. Therefore it will weaken the
7 bonding between the p orbital of O and unoccupied d orbital of Ti, leading to less

electrons jumping from the bonding e molecular orbital to the anti-bonding e*.

Table 3 Extinction coefficient constant for Ti species in the hydrated mesoporous silica material

Cons.
(mmol - cm?) &1 £ & & 8
A (250422) E+04 | (70434) E+04 | (80160) E+04 | (2+2) E+04 | (1148) E+04
B? 230 E+04 60 E+04 75 E+04 4 E+04 17 E+04

a, Calculated by computerial programme using linear least-squares fit.

The comparasion between the UV absorption of one Ti unit (tot. abs/Ti) in the solid
material «E» and calculated «E",» and «E",» using g&;51is presented in Figure 7. It
contains 10% error considering the influences resulting from the UV spectra measure,
curves simulating, i.e. Most of the calculated results E" fit the UV absorption. While
increasing the Ti loading, the tetrahedral species gradually transfer to the penta-, octa-
hedral and clusters (Table 1), and consequently the absorption decreases due to the much

smaller constants of latters.
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Abs area/Ti (mmol/cri?)
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Figure 7 Fitness between the UV spectra deconvolution and the calculation for Ti incorporated
mesoporous silica. Blue diamond: experimental E; pink circle: calculated E",; yellow triangle:

calculated E",..

It is worthing to note that the samples applied in the simulation using Gaussian
function represent a sort of material which are hydrophobized by organic group and
hydrated. The LMCT may be affected by the micro-environtment around the metal
centres. Thus a series of dehydrated Ti-MCM-41 should be investigated in the further

study.

6.2.4 DFT simulation

As described in the experimental section, the independently deconvolved tetra-,
penta-, octahedral and dimer species has been employed to the DFT method using SiH3 as
coordination ligand to simulate the Ti(IV) sites in the mesoporous silica and to study its

interaction with added H,O molecules (Table 4).

166



Chapter VI Assignment and quantification of grafted Ti species using UV-Visible Spectroscopy

Table 4 Geometrically optimized features of the Ti tetra-, penta-, octahedral and dimer moieties.

Tetrahedral Pentahedral Octahedral Dimer
OSiH, _
| H20\~ OSIHS‘/‘HZO OH -
Structure P Tieeny 3.20 / Ti; 3.16 HySIO, o, L OSiHy
) 'l OSiH i iH, i O, Lo
H,SiO osit, 3 HaSIO (LSiH3OSH o N NG
AbS . /nm 194 208 207 218-260
Bondin TiO =2.00
len tl’ll/ TiO =1.80 TiO = 1.80-1.84 TiO = 1.80-1.84 TiOH =1.80
cne TiOSi = 1.81
T1—O—S; 140 151, 167 130, 160 164, 166
Angle/
Stability — -40.56 kJ/mol +5.6 kJ/mol —

A single tetrahedral coordinated with four —SiHj is reported in the optimized
bonding length TiO = 1.80 A with Ti-O-Si angle 140°. After inserting a H,O molecule
leading to pentahedral causes an elongation of the Ti-O bond to TiO = 1.80-1.84 A,
averaged over the five framework atoms. In the meanwhile, the angles in pentahedral
coordination have been widen to 151° and 167° related to the horizontal and vertical Ti-
O-Si, respectively. Apparently, the insertion of H,O molecule has two effects compared
with the tetrahedral: 1), decreasing the electron density around the Ti center due to the
electrophile O atom; 2), distorting site geometry thus the Ti-O-Si angle enlarging. The
former one results in the weaker interaction thus the longer bonding length, while the
latter suggests an probability of a ® donation from O to the electronic empty d orbital of
Ti via the more opening Ti-O-Si bond.*'?* As to inserting two H,O molecules in

octahedral, the change of Ti-O bond distance is too slight to observe but the angles
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showing 130° and 160° indicate a more distorted structure by force. Note that the
octahedral is calculated less stable than pentahedral with the final binding energy +5.6
kJ/mol compared to -40.56 kJ/mol of the latter.

As far as the species with geometrically optimized features is concerned, their
absorption in UV radiation region is shown in Figure 8. The introduction of H,O
molecule within the coordination sphere of the tetrahedral Ti site leads to a red-shift of
the electronic transition calculated by DFT to a greater wavelength (Figure 8, red, green
and blues lines). This finding agrees with the experimental observation that an increase in
the coordination number of the titanium center causes the wavelength of the LMCT
transition to shift. However, it is difficult to distinguished the pentahedral and octahedral

upon the absorption energy which corresponds to the similar bonding length.

DFT simulated UV -vis

T

Td
Penta
016 | Ocla
dimer

014 F

01 F

0.08 |

Absorbance {arbitrary unit)

006

0.04

002

0 1 1 1 -y - — 'l 1 1 1
160 180 200 220 240 260 280 300 320 340

lambda (nm)

Figure 8 Calculated UV spectra of Ti coordination species.

A spectrum with multiple bands at the right side indicating a fastest red-shift from
the tetrahedral species is attributed to the three main transitions in the dimer (Figure 8,
pink line). As shown in Table 3, Ti-O = 2.00 A in the Ti-O-Ti bridge is longer than Ti-
OH =1.80 A and Ti-OSi = 1.81 A in the outer sphere since the electron donation is

stronger in the latter two than in the Ti-O-Ti bridge. Therefore, the band centred at A =
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220 nm probably concludes the transitions of Ti-OH and Ti-OSi while the most right
band centred at A = 220 nm should be attributed to the bridge Ti-O.

These attributions reached show two markedly differences as those obtained from
experimental simulation. 1), It is difficult to separate the pentahedral and octahedral
species in the hydrated samples and moreover, the former is more stable than the latter
revealing the impossibility of transformation from the penta- to octa-. 2), The absorption
scale is large for dimer that overcrosses ~40 nm including three types of Ti-O transitions
(Table 4). Therefore, as defined in Table 1 the Gaussian fits for deconvolving the UV
spectra should be adjusted that fit 2 used to be attributed to pentahedral actually contains
octahedral and fit 3 used to be the octahedral is supposed to combine with fit 4 and fit 5
for the dimer transitions (Table 1°).

Table 1’ Parameters of Gaussian fits modified with DFT results for deconvolving the UV spectra

after DFT tuning

Fit 1 Fit 2 Fit 3 Fit 4 Fit 5 Fit 6

Coordination | Tetrahedral | Penta + Octa Dimer Cluster

Centre/cm™ | 490002500 442484400 390634300 | 350884250 | 327874200 | 30120£150

Centre/nm 20442 22642 25612 28542 305142 332142
Width/cm™ 5000 4100 2700 1800 1800 1800
Color of line red green blue cyan pink orange

6.3 Active Ti sites in the epoxidation of cyclohexene and the real TON

Normally, the activity of Ti incorporated silica materials in the catalytic reaction
which is presented by turn over numbers of the active sites (TON). The tetrahedral site is
usually considered as the active role. However, TON is under estimate because the
numbers of the actual active sites use the total loading Ti amount. The coefficient

constants g, represent the capability of the energy absorption for the ligand-metal charge
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transfer of Ti-O. Each site can be deconvolved using the €;.s. One Ti atom in the
tetrahedral site contributes more absorption under the UV radiation compared to another
one in the other coordinated sites. It means the material even has sharply absorbed UV
spectrum centred at 200-220 nm region which could possess small amount of tetrahedral
Ti sites.

The TON of the epoxidation of cyclohexene on the LUS-E-Ti-n materials has been
recalculated using the coefficient constant €,. According to the increasing of Ti loading in
the catalysts, the TON decreases if total Ti amount was accounted (Figure 9, black circle).
However, the new content of Ti site at 200 nm result in nearly a plat of TON except a
linear increasing due to the trades of tetrahedral species after Ti/Si = 0.03 in the EBDMS
modified catalysts (Figure 9, red circle). Note that the TON refined to 1000 to 2000 is
similar to that of classic TS-1 which is uniquely tetrahedral Ti incorporated in the
framework. As to the sites at 225 and 250 nm absorption, the former shows a slight
change to the raw TON and the latter drops largely with non-ignorable error, both offer

the weak supportiveness to the identification of active Ti sites in the reaction.

2000
@ TON
@ TON(200nm)
TON(225nm)
- @ TON(250nm)
- ¢
S
£ 1000 -
£
2
g ¢
|—
.. ® &
0 W| W| |g T T |. T |ﬂ_\
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

Ti/Si
Figure 9 Recalculated TON of the epoxidation of cyclohexene on the LUS-E-Ti-n materials has
been recalculated using the coefficient constant g, Black square line: TON; pink square line:

TON/(200+225 nm) Ti mol%; green triangle line: TON/(225 nm) Ti mol%; TON/(200+225+255

nm) Ti mol%.
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6.4 Conclusion

Since the UV spectra of LUS-E-Ti-n samples were recorded in ambient air
containing water the coordination of Ti is more or less saturated producing penta-
/octahedral or oligomer coordination states and intermediate red-shifts with the inserted
molecules H,O, or Ti species.

The spectra are fitted independently by a set of Gaussian functions centred at 50000,
44000, 40400, 36000 and 32000 cm™! assigned to the tetrahedral, pentahedral, octahedral,
TiOx nanoparticle and bulky anatase, respectively. Indeed, this is consistent with the
observation that tetrahedral TiO4 become less simultaneously with the increase octahedral
and oligomers when loading more Ti species. And the pentahedral Ti sites as defined, is
actually an intermediate in the transformation from tetrahedral to octahedral.
Consequently, the extinction coefficient constants (€) of each Ti sites are calculated
(250+22)E+04, (70+£34)E+04, (80+60)E+04, (2+2)E+04, (11+8)E+04 mmol-cm™ for
tetrahedral, pentahedral, octahedral, TiOy nanoparticle and bulky anatase, respectively.
Note that the tetrahedral absorbs ca. 4-5 times more energy than octahedral, and 2
magnitude orders more than TiOx nanoparticle or bulky anatase.

Accordingly, the ‘real’ TON has been improved strikingly applying these € to
calculate the active Ti centres which had been used to employ the total Ti loading. The
real TON turns out to be a constant for the reactions with a target catalyst, regardless of
the kinetic factors. Note that the tetrahedral and pentahedral species are considered as the

active sites for the epoxidation of cyclohexene using LUS-E-Ti as catalyst.
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Silica supported titanium are often reported as heterogeneous catalyst for oxidation
reaction and particularly for epoxidation of alkenes where isolated titanium sites are
known to be the active species. However, site isolation on a refractory surface like silica
remains a challenge since most metals like titanium tend to aggregate into oxide clusters.
The strategy adopted here consists to graft titanium isopropoxide by reaction with surface
silanol groups, the quantity of which has been decreased at low temperature by chemical
capping instead of high temperature thermal condensation. The originality resides in the
molecular control of such operation using the so-called molecular stencil patterning (MSP)
specifically developed for cationic templated silicas in the laboratory. Indeed, these
silicas presents very high surface areas and very well calibrated cylindrical 1D
nanochannel in the range 2.5 to 10 nm that is favorable for high metal dispersion and for
post organic modification without loss of accessibility for reactants. Indeed, MSP
overcome the diffusion problem for metal dispersion using a surface masking method
based on the templating surfactant kept at a controlled filling factor inside the channels.
After the removal of the masking surfactant, the silanol left available are located on
isolated spots where in principle any metal can be grafted.

It is shown here that MSP can be applied to graft metal directly to these isolated
silanol spots. The Ti-contained mesoporous silica catalyst was prepared using a novel
post-hydrophobization agent, a dipodal 1-2-ethanebis(dimethylsilyl) (EBDMS) group via
partially capping the silanol groups before the titanium isopropoxide grafting. EBDMS
moieties are mostly bigrafted by quantitative *’Si NMR and FT-IR, thus more stable than
the monopodal trimethylsilyl moieties (TMS) and was tested and found applicable but
less convenient for surface coverage control. Nonetheless, the templated mesoporous
silicas capped with dipodal organosilyl EBDMS groups contain as planned more isolated
sites than the unmodified silica. Part of EBDMS is directly linked to grafted Ti sites likely

via the formation of a direct Ti-O-Si bridge during the sequent Ti post-grafting. This
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advantage depends on the titanium loading and it is more pronounced at low Ti loading
where site isolation is at the best. A drastic blue shift of the ligand to metal UV transition
attest for a profound effect on Ti dispersion in strongly correlated with the activity in
epoxidation of cyclohexene with tert-butyl hydroperoxide (TBHP) as oxidant.

The organosilazane precursor of the quite stable grafted EBDMS is much more
expensive and less convenient than that of TMS. Therefore stabilization of the grafted
monopodal TMS moieties was studied using a thermal treatment. The goal was to convert
TMS into di-or trigrafted species using TGA profile as an indicator for the best choice of
temperature. Thanks to a quantitative ¥Si NMR monitoring, the highest temperature to
avoid a loss of grafted organosilyl moieties was determined (500 °C). An ultra-stable
organically modified surface was obtained and the hydrophobic/hydrophilic surface
properties could be tuned. Furthermore, a post modification at least for TMS, EBDMS
and Ti can be available on the calcined surface.

To quantify the grafted Ti species that are always present as a mixture, it was
necessary to determine their molar coefficient of extinction. It was found that five
different Gaussian only was necessary to deconvolve and simulate the quite large number
of UV spectra obtained from the different syntheses. The Gaussian fits centred at 50000,
44000, 40400, 36000 and 32000 cm-1 are assigned to the tetrahedral, pentahedral,
octahedral, TiOx nano-oligomer and bulky TiO, particle respectively. Based on the K-M
theory, the extinction coefficient constant (€) of each Ti sites in the solid state of TiO2-
Si02 is calculated (250 + 22) E+04, (70 = 34) E+04, (80 £ 60) E+04, (2 £ 2) E+04 and
(11 + 8) E+04 mmol-cm?, respectively. It was found for the first time on a surface that
this coefficient decreases along the above series over representing isolated and tetrahedral
species by far. The € of the tetrahedral site is nearly 6 times than that of octahedral, and
two order of magnitude higher than that of TiOy oligomers. The success of € calculation

helps quantify the Ti sites in the solid silica state for the first time. Consequently, with €
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of tetrahedral and pentahedral Ti sites, the turnover number (TON) of active Ti centre in
the catalytic epoxidation of cyclohexene is refined to be unchangeable consistently with
the same one kind of catalysts, revealing the real active Ti centre.

The results in this thesis focus mainly on the surface study of the hydrophobized Ti-
contained mesoporous silica material. Some can be suggested such as:

1), the dipodal function may apply to other metals not only for catalysis or
separation but also for imaging by tuning fluorescence, etc;

2), the thermal treatment offers a simple way for the sustainable modification on the
silica or the other organic-inorganic hybrid materials, as well the silica surface study after
treatment in this dissertation can be cited as a basic reference;

3), the quantification of Ti sites in the solid silica state using extinction coefficient
constant € can be applied in almost the Ti-substituted silica materials and the coordinated
sites of other metals like V, Cu, etc, can also be calculated by the spectroscopy method as
we used herein;

4), the results of reaction catalyzed by Ti-Si heterogeneous materials will be more
precise with relation to the quantification of Ti sites and the TON will be fixed and well
predicted referring to the same type of materials, which use same synthesis condition

despite of varying the Ti ratio, in the same reaction mediate.
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