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Abstract

Colloidal porous hosts in the form of microporous aluminosilicate (zeolite) or mesoporous
silica nanoparticles are attractive materials for a wide range of potential applications, i.e.
controlled release drug delivery systems. However, many fundamental challenges still remain
in this relatively young research field. The following work focuses on overcoming some of
the present limitations by developing new concepts for the synthesis and functionalization of
porous nanoparticles.

The number of zeolite structures available for the synthesis of stable colloidal suspensions is
very limited when compared to the large number of known frameworks in bulk materials. A
novel class of zeolite templates in the form of metal ammines was developed by taking
advantage of the unique synthesis conditions typical in colloidal zeolite systems, i.e. low
temperatures and low alkalinity. Square planar copper(Il) tetraammine complexes were
employed as co-templates in the synthesis of nanosized EDI-type molecular sieves. It was
shown that the complexes are the key elements responsible for formation and growth of the
zeolite nanoparticles, and their role in the crystallization process was thoroughly investigated.

Substitution of the copper complexes by isostructural palladium and platinum species was
demonstrated. By employing templates with similar shapes but different effects on the
nucleation rate it was possible to drastically decrease the particle size by several factors in
comparison to previously known colloidal zeolite systems and to generate stable suspensions
of non-agglomerated EDI-type nanocrystals with diameters below 20 nm.

The size and morphology of mesoporous silica nanoparticles was controlled by co-
condensation with additives, i.e. phenyltriethoxysilane, and subsequent simultaneous removal
of the functional groups and template molecules by oxidation with hydrogen peroxide in a
simple one-pot reaction.

Conversion of colloidal mesoporous silica systems with metalorganic reagents was

demonstrated. The key step for avoiding particle agglomeration and coalescence processes



involves the removal of water from the mesopores at temperatures below 90 °C either by
hydrolysis of triethyl orthoformate or by vapour adsorption from the gas phase.

In a joint project with Alexander Darga from our group, thin films of different phenyl-
substituted mesoporous silica nanoparticles were deposited on quartz crystal microbalance
chips in order to probe the intrapore surfaces by toluene sorption. It was shown that samples
prepared by grafting and co-condensation approaches bearing similar surface densities of
functional groups display considerably different toluene heats of adsorption.

Furthermore, a novel concept for the selective functionalization of mesoporous silica
nanoparticles was developed. By using a time-delayed co-condensation approach, functional
groups can be completely dispersed inside the channels, concentrated in parts of the
mesopores, or exclusively placed on the external surface depending on the time of addition.
Aminopropyl was used as a representative functionality in order to determine the density of
functional groups on the outer surface via zeta potential measurements. Staining with iridium
cations and subsequent scanning transmission electron microscopy studies allowed the
visualization of metal clusters with different radial distributions depending on the addition
time of the organosilane component. In contrast to grafting approaches, it was possible to
easily adjust the concentration of functional groups on the outer surface by variation of the

organosilane to silane ratio.
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1 Introduction 1

1 Introduction

1.1 Preface — The Renaissance of porous materials

Talking about a ‘Renaissance’ of porous hosts in the terms of revival from obsolescence is not
entirely correct, as porous materials never stopped being of utmost importance in a variety of
fields. However, it can be said that with the advent of several novel materials and advanced
applications in recent years, nanoporous media are being used in new ways and thus the
scientific interest in investigating porous materials for these tasks has been rekindled and was
born anew.

One striking example is the new direction in zeolite science. Zeolites, a species of
microporous crystalline aluminosilicates, have been one of the most important porous media
in science and industry for many decades. Their application as catalysts, especially in the

1 or as molecular

petrochemical industry,!'"! as ion exchangers in detergent formulations,”
sieves in separation technology™ made them indispensable for many products used in modern
everyday life. Correspondingly, zeolites had a big impact in materials science and were a
central focus of many academic and industrial investigations, leading to a rising number of
publications on this field. In its peak, zeolite science was responsible for up to 3-4% of all

newly published materials science publications for over two decades, thus being one of the

most dominant topics in this field during the 80s and 90s (Figure 1-1).
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Figure 1-1. Ratio of articles focussing on the topics ‘zeolites’, ‘mesoporous’ or ‘nano’
relative to the total number of new materials science publications in each year (raw data

source: SciFinder database)

In the following years, however, the relative ratio of new zeolite publications began to decline.
This was not surprising. Considering the previously performed high level of investigations in
the classic zeolite application areas of catalysis, ion exchange and molecular sieving, it
naturally became harder to generate new breakthroughs and novel results. An additional
reason was the increasing broadening and diversification inside the field of porous media. The
discovery of new classes of porous materials such as ordered mesoporous silicas and metal-
organic frameworks offered the community novel perspectives and spurred an increased

interest and number of publications, e.g., centered on materials with large pore sizes in the
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mesoscale range in order to overcome some of the limitations previously imposed by the
smaller zeolite apertures (Figure 1-1).
It therefore happens that in the last few years the field of zeolite research has been redefining

itself, slowly receding from the focus on classic industrial applications while steadily shifting

(7

into novel areas, including gas storage of hydrogen,'* > methane,'” and ammonia,'” sensor

[8, 9

devices,™ ¥ solar cell technology,!'” '"! supercapacitors,!'> '* heat storage,!'* ' biological

[16, 17] 18, 19] [20,21]

carriers, medical technology,! nanocluster host materials, and many others.

The catalyst for all these changes was the advent of nanotechnology, which led to an
explosion of scientific interest for materials with controlled structures in the nanosize regime
(Figure 1-1). Being inherently nanostructured scaffolds in the size range of about 0.5 to 1 nm,
the unique properties of zeolites provide ample opportunities, i.e., to limit growth processes
and confine matter on the nanoscale. Likewise, mesoporous materials can be used in a
complementary way for tasks requiring porous materials with more open space, i.e., host-

[22

guest chemistry with large biological molecules such as enzymes,*? surface functionalization

(23]

by attachment of organic moieties inside the channel system, ™ or controlled growth of

nanoscale wires.'*!

Many new applications also first became possible after achieving further control at the
nanolevel, i.e., by limiting the particle size of the porous hosts from micrometer-sized bulk
materials to nanoparticles with sizes between 50 — 100 nm. As with all forms of matter, such a
drastic decrease in size leads to fundamental changes in many physical aspects of the porous
hosts, including colloidal stability, optical properties, and diffusion path lengths. It also
permits the preparation of hierarchical materials, thin films, membranes, composite materials,
and stable suspensions, thus offering pathways to novel applications and research areas.>>*
It is due to these profound changes that this ‘Renaissance’ takes place, in other words, that

zeolites, mesoporous hosts and other porous media become more and more important in areas

and applications not previously associated with these materials. However, this ongoing



1 Introduction 4

development is still underway. Each new discovery raises new questions and many of the
potential new applications are still in their infancy or even wait to be created.

The following work tries to advance this exciting field by contributing a few stones to the
expanding mosaic of nanosized porous host chemistry, by investigating new fundamental
aspects of colloidal zeolite synthesis, novel functionalization methods for mesoporous silica

nanoparticles, and first steps leading these materials to future applications.

1.2 Nanostructured porous hosts

1.2.1 Introduction

The following summary will give a short overview over different types of common
nanostructured porous hosts such that the materials used in this work can be broadly
categorized. According to IUPAC, porous hosts can be classified by their pore size as micro-
(<2 nm), meso- (2 — 50 nm) and macroporous (> 50 nm) materials.!?”!

The summary focuses on ordered materials with defined pore sizes in contrast to disordered
porous hosts, e.g., porous silica gel, alumina and polymers exhibiting porosity but with

random pore size distributions. Special emphasis is given to zeolites and mesoporous silica.

1.2.2 Zeolites and zeotypes
Apart from some exceptions such as stishovite, a high-pressure SiO,-modification with [SiOg]

3% most oxosilicates are composed of [SiO4] tetrahedrons as building blocks. In

octahedrons,
the case of aluminosilicates, some of these are replaced by [AlO,4] tetrahedrons, resulting in a

negative framework charge which is compensated by counter ions inside the structure.
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Zeolites are crystalline aluminosilicates with framework-type structures and defined pores and
cavities in the range of 3 — 15 A"

The Si/Al ratio may go as low as unity, in which case each silicon is connected to one
aluminium via an oxide bridge. Lower values are prohibited by the so-called ‘Lowenstein
rule’ due to unfavourable electrostatic interactions of neighbouring aluminium tetrahedrons
bearing a negative charge. Rising Si/Al ratios lead to a decrease of negative charge in the
framework and thus of charge-balancing counter ions. At a Si/Al ratio of infinity so-called
pure silica zeolites are obtained which do not possess ion-exchange properties but instead
exhibit preferred absorption of apolar molecules and hydrophobic properties.

The history of zeolites began with the discovery of the natural mineral stilbite by the Swedish
mineralogist Acel Fredrik Cronstedt in 1756.°%! Zeolites were soon classified as a new class
of hydrated aluminosilicates. As the crystals released evaporating water and began to ‘dance’
upon rapid heating, Cronstedt termed the mineral a ‘zeolite’ based on the greek words ‘zein’
(‘to boil”) and ‘lithos’ (‘a stone”).

Following their first characterization, several key properties were discovered by investigation
of natural zeolite minerals, e.g., reversible dehydration without morphology change in 1840

33 reversible ion exchange in 1858 by Eichhorn,”* and first molecular sieve

by Damour,
effects in 1925 by Weigel and Steinhoff.””!

Following the first zeolite structure determinations in 1930 by Taylor and Pauling,”® *" the
preparation of synthetic zeolite analogues succeeded in 1948 through the pioneering work of

Barrer.*®

I Several commercially important zeolite analogues followed, i.e., the synthesis of
zeolites A, X and Y between 1949 and 1954 by Milton and Breck.””! Important industrial
applications at this time included the use as molecular sieve for paraffin isomer separation in

1959 by Union Carbide and the use of synthetic zeolite X as a cracking catalyst in 1962 by

Mobil 0il.”
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The first zeolites produced in the 40’s to early 50°s exhibited low Si/Al ratios and were
synthesized only from inorganic compounds. Starting in the 60’s, the use of organic
compounds in zeolite synthesis increased, in particular the application of quaternary
ammonium salts as so-called templates or structure directing agents (SDA).1*"*"! Due to the
decreased charge density and increased steric requirements in comparison to alkali cations,
the zeolites incorporating such organic cations as charge-balancing cations in general display

much higher Si/Al ratios. Furthermore, the size and shape of the template molecules can be

42,43

used to direct and control the crystallization of specific framework types.[*> **! A prominent

example for the template-directed synthesis of high-silica zeolites is the generation of zeolite

]

B with tetracthylammonium cations discovered in 1967.*'1 The first all-silica zeolites

appeared in the late 70’s, e.g. silicalite-1 in 1978.1*/!
The science of synthetic zeolites and related materials continues to flourish, and while

currently 48 natural occurring zeolite minerals are known, the number of available synthetic

zeolite structure frameworks is well over 150.1% %!

While classical zeolites are aluminosilicates, the scientific community soon discovered that
open frameworks with partial or full substitution by heteroelements are possible, thus leading
to the discovery of so-called zeotypes.

One prominent example are the AIPO,-materials, a series of microporous crystalline

aluminophosphate molecular sieves that were first described in 1982 by Wilson et al. at Union

)[47]

Carbide.""" Related materials are the families of silicoaluminophosphate (SAPO)*” and metal

aluminophosphateBg] (MeAPO) molecular sieves. Furthermore, several metal phosphate open

[48] [50] [51]

frameworks are known, including phosphates of gallium,* indium,*” tin,”® antimony,

molybdenum,[sz] Vanadium,[53] iron,[54] cobalt,[ss] manganese,[56] copper,[57] nickel,[sg]

[5 [60]

. . 9 . .
zirconium, !and titanium.
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Moreover, a large selection of metallosilicates has been discovered, including among others
borosilicates, gallosilicates, titanosilicates and ferrisilicates. In total over 35 elements of the
periodic table have been found to be suitable for generation of open framework structures.!®!!

These new zeotype materials offered greater flexibility in bond lengths, bond angles and
ccordination numbers, thus enabling new framework structures previously unknown in

classical zeolite chemistry. Special interest was given to materials exhibiting large ring sizes,

for example the 18 T-atom ring in aluminophosphate VPI-5 in 1988!%* or the 20-membered

[63] 64, 65]

rings of the gallophosphate cloverite!®! and aluminophosphate JDE-20.!
Apart from oxides, there is also an increasing number of nitride,® sulfide!®”! and halide!®®!

open frameworks.

1.2.3 Surfactant-templated mesoporous materials

The synthesis of ordered mesoporous silicas by cooperative self-assembly of organic
surfactants and inorganic species was first reported in the early 90’s by Beck et al.[®* ™! An
alternative approach was separately developed by Yanigawa et al. at approximately the same
time, involving the intercalation of surfactant molecules into kanemite, a layered silicate
precursor.”'" Interestingly, patent literature in 1969 already described a synthesis pathway
that, while unrecognized at that time, apparently yields ordered mesoporous materials.[’* 7!
By using quaternary ammonium surfactants, it is possible to generate supramolecular
assemblies in the form of micelles, which exhibit drastically larger size scales than typical
molecular templates previously applied in microporous material syntheses. By applying
hydrothermal synthesis in basic media, the scientists at Mobil Oil succeeded in generating a
new class of mesoporous materials possessing large uniform pore systems with narrow pore

size distributions and pore diameters above 4 nm surrounded by an amorphous silica

framework.
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Prominent examples of these first so-called M41S materials include MCM-41, with a 2D
hexagonal arrangement of cylindrical pores, MCM-48 with a 3D cubic pore system, and
MCM-50 with a 1D array of layered sheets (in these names MCM stands for ‘Mobile
Composition of Matter).”” Correspondingly, the silicates and aluminosilicates similar to
MCM-41 obtained by the kanemite intercalation approach were termed FSM-n (Folded Sheet
mesoporous Materials-n), where n denotes the carbon atoms of the surfactant alkyl chain.
Preparation of mesoporous silicas by co-operative self-assembly using non-ionic organic-
inorganic interactions, i.e. hydrogen bonding, and neutral surfactants was reported by
Pinnavaia et al. in 1994.% 7" Materials templated by primary amines, i.e., HMS materials
(Hexagonal Mesoporous Silica) and by poly(ethylene oxides), i.e. MSU materials (Michigan
State University materials), were reported. In comparison to the strong electrostatic forces
between quaternary ammonium cations and the negatively charged silica framework, these
neutral surfactants were found to be less strongly bound and thus easily recoverable, i.e., by
washing in ethanol and other media.l’®7*!

Similarly, syntheses in strongly acidic media were found to be possible by using triblock co-
polymers as non-ionic surfactants. Pluronics are a family of triblock co-polymers consisting
of poly(ethylene oxide)s-poly(propylene oxide),-poly(ethylene oxide), units with variable
chain lengths x and y, commonly used for the preparation of such mesoporous silicas.!”” *!
The resulting SBA materials (Santa Barbara materials) exhibit several interesting features, i.e.,

1]

thicker pore walls leading to increased thermal and hydrothermal stability,™! very large

obtainable pore diameters,®™ large morphological variety,®™ and additional microporosity
inside the mesopore walls after calcination caused by the partial embedding of poly(ethylene
oxide) side chains.’®”!

By using different inorganic sol-gel precursors, ordered mesoporous oxide systems were
synthesized by similar self-assembly approaches, i.e., yielding mesoporous alumina,

. J . . . . . 84-8
aluminosilicate, titania, zirconia, tantalum oxides, and wolframates, among others. 337!
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Furthermore, non-oxidic mesoporous systems with different compositions, including metal

[91-93] [94-97

sulfides,™ " metals, and other materials*®"! have been generated using various
approaches.

Periodic mesoporous organosilicas (PMOs), i.e., inorganic-organic hybrid materials featuring
organic functionalities as integral part of the framework structure, were prepared by using
bridged multipodal alkoxysilane precursors.”™

Completely organic mesoporous hosts were prepared by using different mesostructured silicas
as hard templates for ‘nanocasting’, followed by subsequent leaching of the siliceous
framework in order to generate negative carbon replicas of the pore systems referred to as
CMK-n materials (Carbon Mesostructured by KAIST).”” A different class of mesoporous
carbons was prepared using a self-assembly approach involving the polymerization of phenol

and formaldehyde around triblock copolymer templates.[loo]

1.2.4 Crystalline organic-inorganic hybrid frameworks

Porous hybrid solids began drawing academic attention in the late 80’s followed by a
continued increase in interest for this new class of materials."”''* After the pioneering work
of Yaghi et al. in 1995,'°Y the term “metal organic frameworks” (MOFs) was coined for the
new microporous materials emerging from the modular concept of combining inorganic metal
centers and organic linkers for the formation of three-dimensional hybrid frameworks.

Typical MOF frameworks consist of di-, tri-, or tetravalent metal centers connected by
organic linkers incorporating appropriate functional groups for bonding or chelating, i.e.,
carboxylates, phosphonates, sulfonates, and nitrogen derivatives such as pyridines and
imidazoles, among others.'% ' For the carbon backbone, often rigid species such as

aromatic groups are applied. Furthermore, recent investigations focus on chiral ligands!'%'®!

[109-113

and biologically relevant molecules including amino acids and peptides. I Given the
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additional possibility of functionalizing the carbon subnetwork, i.e. with halogeno-, alkyl-, or
amino groups, it becomes evident that MOFs offer an exceptionally high versatility in
structure, composition and functionality of their frameworks.

In certain cases, their modular design based on distinct molecular units allows the creation of
so-called ‘isoreticular’ frameworks (IRMOFs) by exchanging the functionalized linker against
larger groups, while retaining the connectivity of the framework in the final structure.!"'*! This
permits the systematic variation of a given structure type in order to increase pore sizes or
allow the insertion of different functionalities in the cavities. Using a similar approach known
as ‘scale chemistry’, the metal centers may also be exchanged for larger inorganic secondary
building units such as hexameric clusters, thus resulting in considerably larger frameworks.!'"”!
In such materials pore sizes can exceed 2 nm, effectively generating a class of crystalline
hybrid mesoporous solids with highly defined pore sizes, e. g., MIL-101!"'%1 and MIL-102!"""]
(Materials of Institute Lavoisier).

A different class of porous hybrid materials was introduced by Yaghi et al. in 2005.1''®
Covalent organic frameworks (COFs) were obtained by condensation of organoboronic acids,
which present a more covalent bonding in comparison to the ionic nature of metal-ligand
interactions in MOFs.!'"”!

Furthermore, Yamamoto et al. first introduced short organic bridging units into zeolite
frameworks, replacing oxygen through the generation of so-called ZOLs (Zeolites containing

Organic groups as Lattice) and ZOFs (Zeolite Organic Erameworks).[lzo'lzz]
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1.3 Silica Sol-gel and colloid chemistry

A colloid is defined as a mixture of two phases with the dimensions of the dispersed phase
being in the range of 1-1000 nm. In the case of a dispersion of solid particles in a liquid
medium, such a colloidal suspension is referred to as sol. Sol-gel chemistry deals with the
formation of inorganic networks, typically from silicon or metal oxide monomer precursors,
by formation of colloidal particles and subsequent gelation processes.!'*

In the case of silica, sol-gel chemistry typically involves the hydrolysis of alkoxysilanes in

basic or acid media. The condensation process can be described by three basic reaction steps:

7 7
hydrolysis
--0—Si—OR + H0 =———2=  ----0—§i—OH+ ROH  (1.3-1)
| reesterification |
0 o
7 ! 9
water condensation
2----0—Si—OH = = ----0—8i—0—Si—0---- + H,0  (1.3-2)
| hydrolysis | |
o o 0
o ’ o 0
[ ? alcohol condensation | |
---*O—Si—OH + ----0—Si—OR ~ ----0—Si—O—Si—0--- + ROH (1.3-3)
| | alcoholysis | |

0 o 0

Reaction conditions including temperature, time, pH, reactant ratios, concentrations, presence
of catalysts and homogenizing agents can influence the development of the sol-gel process.
The polymerization process is particularly dependent on pH levels, and the complete and
rapid hydrolysis is usually achieved by addition of acid or base catalysts. However, the acid-

catalyzed condensation mechanism involves protonated silanol species, and thus leads to a
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preferential reaction of the more basic silanolates, i.e. monomers and weakly branched

11231 On the other hand, in basic media the preferential condensation between highly

oligomers.
condensed oligomers is observed.'” '**! Acid-catalyzed condensation reactions therefore
primarily lead to more weakly connected and flexible primarily linear or randomly branched
polymer networks, while base-catalyzed reactions generate highly branched isolated clusters
(Figure 1.3-1). Gelation in acidic systems occurs due to entanglement and formation of further

branches, while under basic conditions gelation commences by agglomeration of discrete

particulate entities.

acid-catalyzed base-catalyzed
O
™~ /< ° ©
@]
® O ®
O
O o ©
® O

growth and gelation

Figure 1.3-1. The different pathways of silica condensation by acidic and basic catalysis.
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1.4 Zeolite formation

The mechanistic aspects of hydrothermal zeolite synthesis have always been one of the focal
points in zeolite research.'*! Transformation of amorphous aluminosilicate reagents into
crystalline molecular sieves usually encompasses multiple reaction stages, i.e. induction
period, nucleation, and crystal growth, which are governed by different aspects including

constitution of the growth species, template-framework interactions, and zeolite solubility.

A typical hydrothermal zeolite synthesis consists of the following steps:
- Generation of an amorphous precursor gel by mixing of the silica source, alumina
source, mineralizer, template, and solvent (water)
- After a potential aging step, the mixture is heated in a sealed autoclave (for
temperatures above 100 °C)
- During the induction period, the reactants remain amorphous after raising the
synthesis temperature

- Crystal growth converts essentially all amorphous material into zeolite

Several principal proposals for the mechanism of this conversion from reactant gels to

[125

crystalline molecular sieves have been advanced in the course of the last 50 years.'*! In a

126, 127

first approach, Barrer et al.| I'suggested a condensation polymerization of polygonal and

polyhedral anions. This was followed by the early works of Breck and Flanigen!®"! concerning

rearrangement and linkage of polyhedra mainly from the solid phase. In contrast, Kerr!'**

emphasized the crystal growth from solution species, followed by the proposal of Zhdanov!'*”!

focussing on solid/liquid solubility equilibria, nuclei from condensation reactions and

solution-mediated crystal growth. Several sophisticated concepts followed, including models

combining liquid ion phase transportation and solid hydrogel transformation pathways,**'*!

[134

nuclei generation by ordering of embryonic clathrate units,!*" pre-organized inorganic-
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organic composites followed by aggregation-induced nucleation and layer-by-layer crystal

, [135-137]

growth, and a ‘nanoslab’ theory, in which growth proceeds via aggregation of brick-

[138-194] Recent theories propose a solution-mediation model based on

like precursor units.
crystal growth by localised construction from small, mobile species ordered by the
participating cations, stating that the common presence of mobile species renders the
distinction between ‘gel rearrangement’ and ‘solid-phase transformation’ mechanism

unnecessary (Figure 1.4-1).1'*

(a) (b)

e\ N X ®
<= 7% e
OH™ (H,0)

(d) / x (©)

@11»_\
T

Figure 1.4-1. A generalized mechanism for zeolite synthesis featuring amorphous domains

(a), elements of local order (b), nucleation by forming of localized periodic structures (c), and

dissolution of amorphous areas during crystal growth (d).!'*
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In this model, fundamental importance is given to the ‘mobility’ resulting from the generation
of small reactive species by the mineralizing component, i.e., by hydroxide or fluoride anions.
Amorphous domains equilibrate with solution species (Figure 1.4-1a). The resulting building
units are ordered and assembled at the growth site by participating cations, which provide a
‘blueprint’ of the spatial architecture by coordinating water molecules, silicate anions and
other polar species (Figure 1.4-1b). Nucleation occurs by continuation of such equilibration
processes until periodic structures emerge in areas of sufficient order, followed by further
growth of the nucleus under gradual dissolution of the amorphous areas (Figure 1.4-1c,d).

The transformation processes are based on equilibria with solution species in the liquid phase,
and their self-assembly directed by solvated cations acting as templates and coordination
centers. While these reactions usually take place in bulk solution phases, it should be noted
that the concept may be extended to apparent solid-phase transformations as long as a
solvated layer exists at the solid interface. Examples for such alternative pathways to classic
hydrothermal zeolite synthesis include the steam assisted conversion, vapour phase transport,

(1451961 Here, part of the reaction components are supplied

and dry gel conversion techniques.
from the vapour phase in form of water steam or volatile amines, leading to the crystallization

of dried precursor materials.

1.5 Zeolite nanoparticle synthesis

Bulk zeolites are typically synthesized under hydrothermal conditions from highly alkaline
aluminosilicate gels at temperatures between 100 and 200 °C. However, such standard zeolite
syntheses mostly yield micrometer-sized agglomerations of individual crystalline domains. In

order to obtain colloidal zeolite nanoparticles, i.e., stable suspensions of discrete zeolite
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crystals with sizes under 100 nm and narrow particle size distributions, different synthesis
conditions have to be chosen.!"*”!

Most nanozeolite syntheses are performed using clear homogeneous solutions, prepared from
colloidal or molecular reactant sources. Given a constant amount of educts, higher nucleation
rates will result in smaller particles. Factors that can favour nucleation over growth are low
crystallization temperatures (typically 25 - 100 °C) and high levels of supersaturation.!'** '*]
Another important factor is the steric stabilization of the proto-nuclei, which is often achieved
by low alkali contents and abundant addition of organic templates. These bulky quaternary
ammonium cations can absorb on the surfaces of the growing particles and prevent further
agglomeration. The organic cations also act as structure-directing agents, thus directing the
growth of certain zeolite framework types by being incorporated into the channels and cages.
By choosing suitable compositions and reactants, it is possible to prepare clear homogeneous
solutions containing colloidal or subcolloidal amorphous particles which transform into
discrete zeolite nanocrystals after hydrothermal treatment, as compared to the initial
aluminosilicate gels yielding agglomerated or polycrystalline materials in standard zeolite
syntheses.

Compared to the wide array of different bulk zeolite structures, the scope of available
nanosized zeolites is rather limited, although ever-growing. Syntheses of zeolite colloids were
first reported in the mid-90’s for zeolites ZSM-2, ZSM-5, LTL, and silicalite-1.115%13) 1 the
following years, several other low-silica (LTA, FAU, GIS, SOD, OFF),[154'158] high-silica /
pure silica (MFI, MEL, BEA),[151: 153 139 1601 g aluminophosphate (AFI, AEL, AE])!'61-163]
colloidal molecular sieves were discovered. A recent addition to the pool of available
colloidal low-silica zeolites are the metal ammine-templated EDI nanoparticles presented in

this work.[16% 165
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1.6 Mesoporous silica formation

As discussed previously, different mesostructured materials can be obtained by variation of
the surfactant type and synthesis conditions. Generally, a typical synthesis mixture consists of
templating species, i.e., quaternary ammonium surfactants, an inorganic precursor, i.c.,
tetracthyl orthosilicate, an acid or base catalyst and water as solvent. Depending on the chosen
reactants and framework-template interactions a number of different synthesis routes have

d.l'1%] The most common routes are the S'T" pathway (S: surfactant, I:

been describe
inorganic species) for cationic surfactants and anionic silicate species in basic media, the S°I°
pathway for nonionic surfactants, and the S'XT" / S'H'XT" pathways (X: mediator ion,
usually a halide) for cationic and protonated non-ionic surfactants in acidic media,
respectively. Although less frequently used, several other denominations exist for routes
employing charged surfactants, non-silica materials, and various bonding interactions.! %!

Two different formation mechanisms can be used to describe the synthesis of mesoporous

silicas: cooperative self-assembly and ‘true’ liquid crystal templating (TLCT, Figure 1.6-1).

A Liquid Solution Mixture of Solution and Precipitation

Surfactant
Inorganic Species K port o it
Cooperative Nucleation Cooperative Aggregation Liquid Crystal Formation Further Polymerization and
and Phase Separation with Molecular Inorganics Condensation of Inorganics
P—— Template | Elimination

Mesoporous Framework
of Final Product

) Transformation
Liquid Crystal * * Incorporation of * " of Precursors to

Formation Inorganics’ Precursor Aimed Materials

Template
Elimination

Figure 1.6-1. Mesoporous silica formation mechanisms: cooperative self-assembly (A) and

‘true’ liquid-crystal templating (B).!%%!



1 Introduction 18

In TLCT, a lyotropic liquid-crystalline phase is already present at the chosen reaction
conditions before addition and subsequent polymerization of the inorganic precursor.!'®”
However, most syntheses follow the cooperative self-assembly approach, where no initial
liquid-crystalline phase is necessary. Instead, the assembly of the ordered mesostructured
phase is directed by the electrostatic interactions between the surfactant and silica species
during condensation."®” "% 7% Iy the case of a ST mechanism, Coulomb forces will cause
the silicate polyanions to assemble at the positively charged cationic headgroups of the
surfactants. This interaction will change the charge density at the interface, allowing the
surfactant to form and assemble micelles depending on the reaction conditions. Variations in
charge density proceed by continued crosslinking and polymerization of the silicate species,
thus directing the assembly of the final mesophase structure with the lowest interface energy.
Examples of different mesostructures, i.e., MCM-41 (2D hexagonal, space group p6mm),
MCM-48 (cubic, space group la3d), and MCM-50 (lamellar, space group p2), obtained by

variation of the synthesis conditions in a cetyltrimethylammonium surfactant-based system

are given in Figure 1.6-2.

(b)

Figure 1.6-2. Structures of MCM-41 (a), MCM-48 (b) and MCM-50 (c).’™

By subsequent removal of the template via calcination or extraction approaches, the
mesostructured solids may be converted into mesoporous materials. Introduction of organic

functionalities onto the mesoporous silica surfaces is commonly achieved either by in-situ co-
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condensation of organosilanes during synthesis, or by post-synthesis attachment via grafting
approaches.” In this way, it is possible to alter the surface properties of the mesoporous host

material depending on the desired application.

1.7 Mesoporous silica nanoparticles
Mesoporous silica can be synthesized in different shapes and morphologies, including films,
fibers, and particles in various forms and sizes.!'’" ' Bulk mesoporous silica syntheses
typically yield particles in the micrometer range. However, several approaches are known to
reduce particle size, i.e., for generation of nanoparticles below 100 nm. In the following, these
approaches will be briefly outlined:

(1) stopping particle growth at early stages

(2) encapsulation by a second surfactant system

(3) aerosol-based processes

(4) confined space synthesis

(5) reduced condensation speeds

Limitation of the particle size by stopping the reaction at early stages of growth, i.e., by
quenching via strong dilution, is a viable means to obtain nanosized colloidal entities.
However, the obtained yields tend to be small, and the low concentration of the resulting
highly diluted suspensions make isolation of significant amounts of product difficult.!'”* 74
Similar problems arise when slow particle growth is achieved by starting the synthesis from
highly diluted reaction mixtures.!'’>'7°!

A different approach to limit particle growth is the application of complementary immiscible

surfactant systems. In this case one surfactant acts as supramolecular template for generation
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of the mesostructure and the second surfactant acts as size-limiter by surrounding the growing
silica particles. Examples for such approaches include CTAB/Pluronic F127 and various

Y7171 In the latter case a great variety of

triblock-copolymer/fluorocarbon surfactant systems.!
different pore structures and pore sizes was achieved.!'””) However, removal of the second
surfactant system without calcination is often difficult, and partial interparticle aggregation
prevents the preparation of monomodal and stable colloidal suspensions.

Aerosol-based processes have been applied for industrial large-scale preparation of various

1801811 Similar techniques based on surfactant-containing systems enable

oxidic nanoparticles.!
the preparation of nanosized porous materials.!'*?) As the resulting products are obtained as
dry powders, redispersion as stable suspensions is difficult.

A different route for nanoparticle generation is the so-called confined space synthesis, where
particle growth is performed inside the open spaces of a surrounding hard template which is
subsequently removed, i.e., by dissolution or calcination. Shape and size of the resulting
particles are thus restricted by the dimensions of the host material. Examples include the

[183]

generation of nanosized mesoporous silica spheres in inversed opals. Furthermore,

colloidal crystal templating allows for interesting variations of the particle morphology, i.e.,
the generation of mesoporous silica nanocubes.!"*"!

Adjustment of particle size can also be achieved by precise control of the silica condensation
processes. Reducing the condensation rate is possible by adjustment of the reaction

[185, 186

conditions, I or by using complexation agents such as triethanolamine."®""® In the

latter case, the polyalcohol is supposed to generate silatrane chelates in solution, thus
stabilizing the silica against further condensation steps.!'* ')
The above triethanolamine-based approach also used in this work offers several advantages,

i.e., high yields by allowing concentrated reaction mixtures and the generation of monomodal

colloidal suspensions of non-agglomerated particles with narrow size distributions.
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1.8 Porous silicate hosts in drug delivery applications

Drug delivery systems featuring controlled release and precise time-release dosage are one of

[192-195

the most promising new developments in biomedical materials sciences. I Contrary to

traditional administration methods, which result in a saw-tooth curve of drug concentration in
the plasma, such systems would allow a near-constant plasma level of pharmaceutical agents
during the therapy. Furthermore, additional refinements such as enhanced selectivity and

triggered release mechanisms could enable the targeting of specific body areas and cell types.

[196-198

The ordered porosity and excellent biocompatibility I of porous silicates make these

materials attractive candidates for the development of controlled release systems.
Due to their versatile framework structures and ion-exchange capabilities, zeolites are ideal
host systems for the controlled delivery of small molecules and cations. While their limited

apertures inhibit the loading of most large drugs and proteins, zeolites have been shown to be

[199]

efficient carriers for different pharmaceutical agents including metal cations and nitric

oxide.?”" ?*! For example, zinc-containing zeolites have been implemented in baby care

. [202

products for the treatment of diaper ras 1 On the other hand, large-pore zeolites such as

FAU are also capable of incorporating mid-sized drug molecules and have been successfully

[203]

applied for the controlled release of ibuprofen and doxorubicin in vitro,” " as well as for the

in vivo administration of different anthelmintic drugs to rats and pigs for the efficient curing
of worm infestations due to their slow release profile.”*¥ Furthermore, the mechanical
stability of zeolites allows the formation of microneedles able to pierce human skin for
transdermal drug delievery through the permeable zeolite wall.[2*>-2%

The possibility to efficiently produce zeolites on large industrial scales makes these materials
interesting for commercial applications, thus leading to a large number of zeolite-related drug
delivery patents, [15%200: 202 206-209]
In comparison to zeolites, mesoporous silicas offer much larger pore diameters suitable for

the uptake of enzymes, polypeptides, large drug molecules, and nucleic acid sequences.** '
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They offer ordered porosity with high surface areas, large pore volumes, and well-defined
tunable pore sizes. Moreover, the silica surface-drug interactions can be tailored for different
applications by functionalization of the pore walls. The benefits of this versatile material class
thus make mesoporous silica an ideal research subject for investigations centering on
sophisticated controlled release and drug delivery approaches.'*> 212121

The drug uptake and release properties of different mesoporous silicas were extensively
studied using ibuprofen as a model drug, investigating, among others, the influence of
different particle morphologies, pore sizes, and pore architectures on the release rate.!*'*2'*]
Furthermore, modification of the release profile by functionalization of the pore walls has
been demonstrated.?'****]

Recent approaches center on stimuli-responsive controlled release by using various gating
mechanisms in order to suppress free diffusion out of the pore system. By exhibiting a ‘zero
release’ profile before reaching the target cells and tissues, such site-selective systems allow
the administration of highly toxic drugs, i.e., for tumor therapy. Depending on the mechanism,
various environmental or external stimuli can be applied for the triggered release, including
excitation by UV light and changes in pH, temperature and chemical environment.

Examples for pH-controlled release systems include ionic interactions between polycations
and carboxylic acids grafted to SBA-15, in which the polycations assemble around fewer
deprotonated acid groups at low pH, thus contracting and triggering the release of
vancomycin drug molecules.””) A different charge-controlled approach is based on the
mutual electrostatic repulsion of attached protonated polyamine chains, leading to the
obstruction of the pore entrances by forcing the chains further apart.”*! Capping was also
achieved by taking advantage of the pH-dependant polypseudorotaxane formation between

polyethyleneimine and different cyclodextrines, blocking the pores by increased complexation

at basic pH."”*"! Furthermore, it is possible to control the diffusion through the mesoporous
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silica shell of a hollow vesicle reservoir by enclosing the particles in polyelectrolyte layers

with pH dependant swelling characteristics.**"

Thermoresponsive mesoporous silica systems have been developed using temperature-

induced phase-changes in polymers, i.e. poly(N-isopropylacryl amide)./*** "

A series of cap systems based on chemically cleavable disulfide linkages was developed, thus

[231 [232]

physically blocking the pores by attachment of organic dendrimers'**'! and cyclodextrines,

233] .

or inorganic nanoparticles of cadmium sulphide,’’! iron oxide,* and gold.'***! The release

is triggered by exposition to reducing agents such as dihydrolipoic acid or dithiothreitol, i.e.,
conditions similar to the reductive environment in tumor cells.

A more sophisticated system based on pseudorotaxanes was developed, allowing the redox

chemistry-dependant reversible opening and closing of a supramolecular nanovalve.'**%*!

Variations of this nanovalve system were created, which feature a similar architecture and

respond to different stimuli, including changes in pH,**" **!! light irradiation,**": ***

243] [244]

competitive binding,***! and the presence of specific enzymes.
The photocontrolled release of guest molecules was demonstrated by UV irradiation of
coumarine-modified MCM-41, causing a reversible pore blocking and opening due to
intermolecular dimerization and cleavage of the coumarin units by exposure to light with
different wavelengths.!>*>2"!

Many of the studies presented here employ mesoporous silica nanoparticles instead of bulk
materials, as applications involving the targeted delivery of pharmaceutical agents into cells
require limited sizes for transport to the target area and successful endocytosis. The
interactions between cells and mesoporous silica nanoparticles with different sizes,

morphologies, and functionalities have been extensively investigated.!****°"!
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1.9 Goals

As stated previously, colloidal porous hosts offer several interesting opportunities for new
applications, i.e., in nanotechnology and life sciences. However, many fundamental aspects in
the synthesis and processing of such materials are still not well understood. The following
work contributes to the solution of this problem by investigating novel approaches for the
synthesis and modification of colloidal porous nanoparticles with regard to future applications,
particularly the development of sophisticated mesoporous-silica-based drug delivery systems.
In the case of colloidal zeolites, applications would vastly profit from a higher number of
available framework structure types, as well as smaller particle sizes (Figure 1.9-1a).
However, the required structure-directing ability and simultaneous increase in nucleation rates
would require new templating species having both different shapes as well as more powerful
electrostatic interactions with silicate species in comparison to classic quaternary amines. In
order to overcome these obstacles, metal ammine complexes were investigated as a novel
class of zeolite templates displaying high charge densities and uncommon geometries.

On the other hand, several shortcomings in the current synthetic knowledge of mesoporous
silica nanoparticles limit the possibilities to generate complex delivery systems such as the
one shown in Figure 1.9-1b. For example, one of the key points for the construction of such
multifunctional carriers is the control between selective functionalization of the outer particle
surface and the inner mesopore system, i.e., in order to avoid pore blocking by incorporation
of large moieties inside the mesopore channels and fine-tune the host-guest chemistry without
influencing colloidal stability.

Furthermore, the scope of available organosilanes for classical surface functionalization of
silica materials is rather limited, especially in respect to biological applications. One possible
pathway to overcome this restriction is surface grafting of metalorganic reagents, an

extremely versatile class of compounds widely used in synthetic organic chemistry. However,
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the sensitive nature of the nanosized colloidal system in comparison to bulk materials

increases the challenge as it does not permit a simple transfer of already known procedures.

(b)

wa = outer surface functionality

I = stimuli-responsive shell

- . — : = inner surface functionality
=9, = cap with stimuli-responsive

[ opening mechanism o o o = drug molecules
' = fluorescence dye = cell-penetration enhancer

Figure 1.9-1. Potential drug delivery vehicles in the form of (a) colloidal zeolite nanocrystals
with different framework structures featuring a stimuli-responsive shell for diffusion control,
and (b) capped mesoporous silica nanoparticles bearing multiple functionalities allowing
tailor-made surface interactions between the environment (cell uptake, colloidal stability,

biorecognition, ...) and the guest molecules (pore surface affinity, diffusion rates, ...)

Moreover, size and morphology of the mesoporous silica nanoparticles have to be controlled,
preferentially without introduction of unneeded functionalities and under retention of the

original surface properties. It is known that co-condensation with certain organosilanes can



1 Introduction 26

promote uniform spherical morphologies, decrease particle size, and increase the
monodispersity of the resulting suspensions, among others. However, they also induce drastic
changes in surface affinity, i.e., by introduction of hydrophobic surface groups in high
amounts, which may be detrimental for the selected field of application. A conceivable
solution would be the removal of these organic moieties in an oxidative post-synthesis step,
ideally in combination with removal of the organic template, thus simplifying the workup by
substitution of the multistep template extraction procedure.

In a joint project with Alexander Darga from our group, piezoelectric sorption measurements
by a quartz crystal microbalance were investigated as a potentially powerful tool for the
determination of molecule-surface interactions in thin films of functionalized mesoporous
silica nanoparticles. A better understanding and new insights on fundamental aspects, such as
the impact of different functionalization approaches on the surface affinity in these
nanostructured materials, are a crucial factor for later applications.

Solving the aforementioned problems in the synthesis, modification, and characterization of
colloidal porous hosts would remove some of the most limiting obstacles for the realization of

highly complex and sophisticated porous nanosystems.
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2 Characterization

2.1 Dynamic Light Scattering

Dynamic Light Scattering (DLS)!" #! is also known as Quasi Elastic Light Scattering and
Photon Correlation Spectroscopy. It is a non-invasive technique for the determination of
hydrodynamic particle diameters in colloidal solutions by measuring the intensity fluctuations
caused by interference of scattered laser light from different particles. The temporal evolution
of the fluctuations depends on the particle movement by Brownian motion, and is thus
correlated to particle size.

Coherent laser light scattered from small particles suspended in a liquid will result in a
speckle pattern on a detector area due to the constructive and destructive interference of the
light resulting from particles at different positions. If the particles would remain stationary,
the speckle pattern would also remain unchanged. However, as the particles are constantly
moving due to Brownian motion, i.e., the random collisions with molecules from the liquid
surrounding the particle, the intensity distribution of the speckle pattern changes over time. In
DLS, these fluctuations in the scattering intensity are correlated across microsecond time
scales by an autocorrelation function, i.e., a function that describes how a given measurement
relates to itself in a time-dependent manner. The second order autocorrelation curve can be

directly derived from the intensity trace according to equation 2.1-1.

(IOIE+7))

9°(a;7) = <I(t)2> (2.1-1)

g : wave vector
7 : delay time

| : intensity
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The normalized scattered electric field autocorrelation function, i.e., the first order
autocorrelation curve, is related to the second order autocorrelation curve by the Siegert
equation (2.1-2).
g% (ai7) =1+ Alg*(@;7)]*  (2.1-2)
g : wave vector
7 : delay time

P : correcting factor

The first order autocorrelation curve can be fitted by a number of mathematical approaches
(i.e. cumulant method, CONTIN algorithm, and others) in order to yield sums of single
exponential decays related to the translational diffusion coefficients of the different particle
size classes in polydisperse samples. In case of a completely monodisperse sample, a single

exponential function (2.1-3; 2.1-4) is obtained for the decay of the autocorrelation function.

g'(qir)=€e" (2.1-3)
= D . (2.1-4)
an,z . 0
( 0 sm()j
y) 2

D : diffusion coefficient
n, : refractive index of the solution

A : wavelength of the laser

0 : angle of the scattering measurement

Under defined experimental conditions, the diffusion coefficient D of the particles can be
measured from the exponent of the fitted curves. The hydrodynamic radius of an equivalent

sphere is calculated using the Stokes-Einstein equation (2.1-5).
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D KT
3znd

(2.1-5)

D : diffusion coefficient
Kk : Boltzmann constant
T : temperature

7 : solvent viscosity

d : hydrodynamic diameter

In cases where samples display broad or polymodal particle size distributions, the
interpretation of data based on the particle scattering intensity, as obtained in DLS, can be
misleading. Mie theory has to be applied in order to accurately describe the scattering of
particles similar or larger than the wavelength of the incoming light. However, the scattering
intensity of small particles in a beam of unpolarized light can be sufficiently described by

Rayleigh scattering (2.1-6).

- 1+cos?@(27)'(n® -1 i dy’ (2.1-6)
° 2R 1) n*+2)(2 '

| : Intensity of the scattered light

|, : Intensity of the incoming light

0: scattering angle

R : distance to the particle

A : wavelength of the incoming light
n : refractive index of the particle

d : particle diameter

As the scattering intensity is proportional to d°, a small amount of aggregates or larger

particles can dominate the distribution curve. It is therefore common in a lot of applications to
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give the volume-weighted and number-weighted size distributions instead, which are
proportional to d° and d, respectively. A schematic comparison between the intensity, volume,
and number distributions of a suspension containing an identical number of 10 nm and 100

nm particles is shown in Figure 2.1-1.
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Figure 2.1-1. Schematic comparison between the number, volume and intensity distributions

of two different particle size classes in DLS.

2.2 Zeta potential measurement

The zeta potential® denotes the electrostatic potential at the interfacial double layer of a
colloid or other surface as compared to that of the bulk fluid. Also known as electrokinetic
potential, it is widely used in colloid chemistry to determine the stability of dispersions by
electrostatic repulsion of the particles, i.e., in relation to the pH value of aqueous systems.

A charged surface affects the distribution of ions in the surrounding interfacial region, thus
resulting in a concentration increase of oppositely charged counter ions. Colloidal particles
will therefore form an electric double layer when dispersed in an ion-containing solution. The

liquid layer surrounding the particle can be divided into two parts. An inner region with
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strongly bound ions called the Stern layer, as well as an outer region with less firmly attached
and more diffuse ions. While the first few layers of ions and solvent molecules near the
particle can be assumed to remain relatively fixed, the liquid further away from the surface
will be free to move with respect to the particle. The outer diffuse layer can therefore be
further divided by a notional boundary. During particle motion, ions and solvent molecules
within the boundary will move with it and follow the particle, while the solvent outside of the
boundary remains stationary. This boundary is called the surface of hydrodynamic shear or
slipping plane. The term zeta potential is defined as the electrostatic potential at the slipping

plane in relation to that of the surrounding bulk liquid at an infinite distance (see Figure 2.2-1).

je——>! Electrical double layer
1

Particle with negative
surface charge

Stern layer 4—.1\', | D'ﬁuiilayer .
I

Stern potential

mV
Zeta potential

Distance from particle surface

Figure 2.2-1. Scheme of the electric double layer around a negatively charged colloid.
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Depending on the investigated system, the zeta potential can be determined by a number of
different processes collectively called electrokinetic effects: electrophoresis, electroosmosis,
streaming potential, and sedimentation potential, among others. For investigations of colloids,
one of the most commonly applied techniques is electrophoresis, i.e., measuring the speed of
the particles inside an electric field. Charged particles suspended in an electrolyte will move
towards the electrode of opposite charge, while being opposed by viscous forces of the
surrounding medium. After reaching equilibrium between those two forces, the particles will
move with a constant velocity, i.e., their electrophoretic mobility. The zeta potential is related
to electrophoretic mobility via the Henry equation (2.2-1).

_2¢-z-f(Ka)

3 (2.2-1)

Ue

U; : Electrophoretic mobility

¢ : Dielectric constant
Z: Zeta potential
f(Ka): Henry’s function

n: Viscosity

The value of Henry’s function f(Ka) is usually determined by one of two approximations. For
systems containing large particles in aqueous media at moderate salt concentrations usually
the Smoluchowski approximation, f(Ka) = 1.5, is applied. This relation is valid when the
electric double layer is very thin compared with the particle radius. Smoluchowski is therefore
a good approximation for particles larger than about 200 nm dispersed in electrolytes
containing more than 10 molar salt. On the other hand, the behaviour of systems containing
small particles in dilute salt concentrations where the double layer is relatively thick in

relation to the particle radii is better approximated by the Hiickel equation, i.e. using f(Ka) =
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1.0 as a value. The Hiickel approximation is also valid for most non-aqueous measurements,
i.e., dispersions in organic media.

Electrophoretic mobility of nanoparticles can be measured by Laser Doppler Velocimetry
(LDV)."! Laser light scattered from the moving particles is interfered with the reference beam
resulting in a fluctuating intensity signal due to the Doppler shift. As the Doppler shift
corresponds to the velocity of the particles, the resulting frequency difference forms beat

signals proportional to the speed of the particles between the electrodes in a measurement cell.

2.3 Nitrogen Adsorption

Analyzing the adsorption of gas molecules, e.g., nitrogen, on solid surfaces is a widespread
technique for the characterization of porous bodies.” ® By recording the adsorption and
desorption isotherms, fundamental data including the surface area, pore size distribution and
accessible pore volume of a given material can be obtained.

The process of adsorption, i.e., the enrichment of one or more components in an interfacial
layer, occurs when a solid material is exposed to a gas. In this case, the solid is referred to as
‘adsorbent’, the adsorbed gas molecules as ‘adsorbate’ and the gas in equilibrium with the
adsorbate as ‘adsorptive’. The following discussion will center on physisorption, i.e., the case
where the adsorbate is bound to the surface by van der Waals forces such as dipole-dipole,
London forces or hydrogen bonding, in contrast to adsorption via strong covalent chemical
bonds in chemisorption.

The two principal methods for the determination of adsorption isotherms are volumetric and
gravimetric techniques. In both cases, the adsorbent is held at a constant temperature which is
usually at or near the boiling point of the adsorptive, i.e., by cooling with liquid nitrogen in

the case of nitrogen sorption. By step-wise increase of the adsorptive pressure followed by
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equilibration of the system, the increase in the amount of adsorbed molecules can be
measured. In gravimetric systems, this is achieved by detecting the mass gain after each step,
while in volumetric systems the adsorbed gas volumes are usually calculated by comparison
of the actual pressure change with the expected pressure change in absence of the absorbent.

In a typical isotherm, the amount of adsorbed material is plotted against the partial pressure of
the adsorptive. Adsorption isotherms can be classified as one of six types according to the
TUPAC!Y! (Figure 2.3-1), each type being a characteristic for certain material types (see Table

2.3-1).

I II II1

IV V VI

Amount adsorbed =—————

Relative pressure =——

Figure 2.3-1. Type I to Type VI adsorption isotherms
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Table 2.3-1. Classifications of adsorption isotherms

Type | Interpretation

| Chemisorption isotherms or physisorption in microporous materials, where a plateau
is reached after filling of the micropores

1 Nonporous and macroporous materials with high energies of adsorption

111 | Nonporous and macroporous materials with low energies of adsorption

IV | Mesoporous materials with high energies of adsorption, often contain hysteresis
loops attributed to mesoporosity

VvV Mesoporous materials with low energies of adsorption, often contain hysteresis
loops attributed to mesoporosity

V1 | Several possibilities, including multiple pores sizes and multiple distinct energies of

adsorption

Adsorption isotherms can be described by several different models. The two principal
methods currently applied in the study of porous materials are the Brunauer-Emmett-Teller
(BET) theory and the density functional theory (DFT).

The BET theory is based on a number of simplifying assumptions in order to extend the
Langmuir model” to multilayer adsorption. For low partial pressures (p/po < 0.3) the BET

equation can be expressed in a linear form (equation 2.3-1).
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p/p° 1 C-1

= + /p° 2.3-1
n@-p/p°) n,C nmC(p P") (23-1)

p/p°: relative pressure; p’ is the saturation pressure of the adsorptive
N : amount of adsorbate
n,, : monolayer capacity

C : BET constant

Thus, the BET plot of (p/p")/[n(1-p/p")] versus p/p” gives a linear correlation with a slope of
(C-1)Yn,C and intercept 1/n,,C. Based on these data and the cross-sectional area of an
adsorbate molecule, the specific surface area of the adsorbent can be calculated. It should be
noted that the specific p/p” range of the linear region in the BET plot is dependent on the
system and operation temperature.

While it is possible to calculate pore diameters using a model developed by Barret, Joyner and

Halenda (BJH) based on the Kelvin equation,[5’6]

it was shown that the obtained pore sizes are
not exact for small pores. For mesoporous systems with pores in the range of 4 nm, pore
diameters calculated by the BJH method are typically decreased by about 1 nm in comparison
to values obtained by alternative techniques such as TEM. This deviation is due to the
assumption of certain pore-filling mechanisms and pore condensation phenomena which do
not accurately describe the behaviour of micropores and small mesopores.

In contrast to these macroscopic approaches, there are several microscopic models including
molecular simulations (Monte Carlo simulations), molecular dynamics, statistical mechanic
techniques, and density functional theory (DFT), which yield more realistic results. As a
drawback, specific knowledge about the structure and surface atoms of the investigated
materials is required in order to correctly calculate the forces and input parameters of these

models. Therefore, such approaches cannot be applied to unknown surfaces, and the

macroscopic theories are still frequently employed.
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DFT techniques model the adsorption behaviour by including assumptions about the site-wise
attractions between the surface atoms and the adsorbate molecules, and the adsorbate-
adsorbate attractions among others. The configuration of the adsorbate molecules is then
adjusted in order to obtain a minimum in the system’s overall free energy, primarily by
changing the number density as a function of distance from the surface. Furthermore, one
should distinguish between the local and the non-local density functional theory (NLDFT). In
the former, the fluid is assumed to be structureless for calculating the long-range interactions
between adsorbate particles. However, this assumption cannot be made for surface adsorption
with strongly interacting boundaries. In such cases calculation by the NLDFT becomes

necessary, as the solid walls have a considerable influence on the number density.

2.4 X-ray Diffraction

X-ray diffraction (XRD)™ is a characterization method that can be applied for the
identification of crystalline phases and the determination of certain structural properties, i.e.,
atom arrangement, grain size, preferred orientation, and defect structure, among others.

The conventional method to produce X-rays is to bombard a target with high-energy electrons.
When the electrons are slowed down by interaction with the target, part of their energy is
radiated as a continuous background spectrum termed ‘Bremsstrahlung’. Depending on the
elemental composition of the target, there also exist characteristic narrow lines in the
spectrum resulting from X-ray fluorescence. In this process the impact of primary electrons
creates a hole in a lower shell of an atom. Electrons residing in upper shells can now fill this
vacancy and the surplus energy is released as X-ray photons. By applying blocking filters, a
single energy spike can be isolated resulting in fairly monochromatic X-ray radiation. The

wavelengths of such photons lie in the Angstrom range, which is the same order of magnitude
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as the distances between atoms in solid matter. The ordered lattice of a crystal allows one to
gain structural information by observing the diffraction patterns caused by constructive and

destructive interference of X-rays scattered by the lattice planes (Figure 2.4-1).
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Figure 2.4-1. Scheme illustrating the Bragg relation. Constructive interference is achieved

when the path difference (marked in green), is a multiple integer of the X-ray wavelength.

The conditions at which constructive interference can be observed are given by Bragg’s law

(equation 2.4-1).
nA =2dsin@ (2.4-1)
n : order of interference
A X-ray wavelength
d : lattice spacing

0 : angle of incidence
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As powder samples contain a large number of randomly oriented crystallites, the resulting
diffraction patterns are formed by a set of cones from all planes that satisfy the Bragg
conditions. Powder diffraction patterns allow quick identification of crystalline phases by

comparison with sample libraries.

Furthermore, the observed half-width of the reflexes gives information about the mean
crystalline domain size. For small crystalline domains, reflex broadening is caused by
incomplete destructive interference of the out-of-phase X-rays. The mean size of the
crystalline domains can be calculated using the Debye-Scherrer formula (equation 2.4-2). As
the results are volume-based, it should be noted that small amounts of larger particles will

greatly influence the average size.

K2
- L cos(0)

(2.4-2)
D : crystalline domain size
K : Scherrer constant, in general set to 0.9

A wavelength

L full width at half maximum in radians

0 : angle of incidence
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2.5 Infrared and Raman Spectroscopy

Infrared (IR)™ and Raman!'” spectroscopy are applied to study the chemical bonding in a
material via excitation of vibrational modes. In a basic IR experiment, the intensity of a beam
of electromagnetic radiation, usually in the range of 200 - 4000 cm™, is measured after
interaction with the sample. This mid-IR radiation is capable of inducing transitions between
molecular vibrational energy levels, thus providing information about the chemical bonding in
the sample. A general selection rule for photon absorption in IR spectroscopy is the change in
the dipole moment of the molecule during the vibration. The molecule itself, however, does
not need to have a permanent dipole.

In contrast to IR spectroscopy, where the spectra are obtained by direct coupling between the
incident radiation and the electronic structure of the chemical bond, Raman spectroscopy
relies on the inelastic scattering of monochromatic light by interaction with the electron
clouds surrounding the chemical bonds. As both IR and Raman use different physical
processes to measure the vibrational spectra, they also display different selection rules for the
observable vibrational states and are thus complementary characterization techniques. The
general selection rule for Raman scattering is a change in bond polarizability during the
vibration, i.e. the signal intensity is determined by the amount of deformation of the electron

cloud.
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Figure 2.5-1. Schematic Raman spectrum

An incident photon is able to excite the system from a given vibrational state into a virtual
energy state, from which the photon is re-radiated in all directions after relaxation. Most of
the scattered light is released at the same frequency as the incident exciting light, i.e., as
Rayleigh scattering (Figure 2.5-1). However, if the excited system was in an energetically low
vibrational state, i.e., the ground state, and relaxes back into higher vibrational states, the
energy difference is deducted from the scattered photons. This so-called Stokes scattering
generates the weak side bands appearing in the spectrum at lower frequencies. Likewise,
excitation from higher vibrational states and relaxation into energetically lower states causes
lines at higher frequencies by anti-Stokes scattering. Raman lines from both Stokes and anti-
Stokes scattering can be used to measure the vibrational frequencies of chemical bonds. Due
to the requirement of excited vibrational states, anti-Stokes scattering is strongly temperature
dependant and less intensive than the corresponding Stokes lines. It is therefore rarely
measured except for specialized techniques such as coherent anti-Stokes Raman spectroscopy
(CARS).'" Accordingly, standard sample characterization by Raman spectroscopy is almost

exclusively performed via detection of the higher intensity Stokes scattering.
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2.6 Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR)!'? spectroscopy can be applied to investigate the
chemical environment of certain nuclear isotopes, i.e., their coordination numbers, local
symmetry and connectivity. For nuclei possessing a permanent magnetic dipole, the
orientations of their magnetic moments are limited to discrete quantum states relative to an
external magnetic field. By applying electromagnetic waves in the radiofrequency region,
transitions between these states can be induced when the resonance condition is met
(equation 2.6-1).

®=1By. =y(By+By) (261
o : frequency of the electromagnetic radiation at resonance condition

y . gyromagnetic ratio

B,.. : magnetic field strength at the nuclei

B, : externally applied magnetic field

B, : internal field arising from electronic environments and surrounding magnetic

moments

The measured difference between the local magnetic field strength and the applied external
field gives insight about the electronic and chemical environment of the nuclei. In the case of
solids, dipole-dipole interactions between the magnetic moments of nearby nuclei lead to line
broadening in the spectra. One common technique to eliminate this anisotropic effect is the
fast rotation of the sample at an angle of 54.7° relative to the electric field, i.e. magic angle
spinning nuclear magnetic resonance (MAS-NMR). The mobility of the nuclei in liquid
samples also creates an averaging process, leading to an intrinsic elimination of the line

broadening related to dipole-dipole interactions.
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2.7 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM)!"?! is a technique offering superior spatial resolution
and depth of focus as compared to optical microscopy. Instead of interaction with visible light,
a focused electron beam is generated under vacuum and rastered over the sample surface.
Depending on the size of the electron spot and the interaction volume, resolutions between
few nm and less than one nm can be achieved. As the electron beam penetrates the surface, a
number of interactions can occur which result in the emission of secondary electrons or
photons. Depending on the desired analysis, the resulting species are detected and evaluated.
The amounts of secondary and backscattered electrons are dependent on the acceleration
voltage of the primary electron beam. However, they are also dependent upon the sample
morphology and will increase with a decreasing glancing angle of incidence as more
scattering occurs close to the surface. This change of detected electrons and thus signal
intensity depending on the change in surface slope of the sample is responsible for the high
topological contrast in SEM.

In addition, collisions of primary electrons with core electrons from atoms in the sample result
in excited atomic states. After decaying to their ground state, the atoms in the sample emit X-
ray photons with characteristic wavelength distributions for different elements.

In this way, SEM allows one to obtain topographical information as well as elemental

composition and spatial distribution near surface regions of the investigated sample.
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2.8 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM)!*

is a standard characterization technique in
materials science. By using a focused electron beam on a thin (typically less than 200 nm)
sample, micrographs with a high lateral spatial resolution can be achieved. Presently, modern
microscopes allow resolutions down to 0.05-0.1 nm if the amount of image distortion is
reduced by aberration correctors.'™ ' Tt is possible to obtain both image and diffraction
information from a single sample by TEM. Furthermore, the interactions of the sample matter
with the highly energetic electron beam produce characteristic radiation and particles for
further materials characterization.

Electrons for TEM imagining are generated either by thermoionic emission from a tungsten
filament or by field emission. The resulting electrons are accelerated by an electric potential
and focused into a beam by a series of electrostatic and magnetic lenses. Undeflected as well
as deflected electrons penetrating the sample can be used for signal detection, resulting in
techniques called Bright Field and Dark field imaging, respectively. In both modes, the
electron scattering information is projected onto a two-dimensional detector, i.e., a fluorescent
screen or CCD array. This projection results in limited depth resolution and superimposition
of structural data on the image plane in TEM studies.

Highly charged atomic nuclei scatter electrons more effectively and to higher angles of
deflection than those of light atoms. Therefore heavy elements exhibit a higher contrast in
TEM imaging. In High Resolution Transmission Electron Microscopy (HRTEM), structures
can also be investigated by phase contrast imaging, i.e. the phase differences of scattered
electrons in the sample are used to visualize Bragg diffracting planes as periodic fringes.
Scanning Transmission Electron Microscopy (STEM)!'" is a technique where the TEM high-
energy electron beam is rastered along the specimen, in a similar way to the rastering of the
electron beam in SEM. By using a high-angle detector, i.e., in annular dark-field imaging

(ADF) it is possible to obtain high-resolution micrographs where single atoms can be
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distinguished. Contrary to the phase-contrast in HRTEM that often needs simulations for
correct interpretation of the data, the Z-contrast in STEM-ADF is directly related to the

. 2
squared atomic number Z°.

2.7 Thermogravimetric Analysis and Differential Scanning Calorimetry
Thermogravimetric analysis (TGA) relates the change in sample weight to the change in
temperature during a heating ramp. Depending on the desired information, the heating can be
performed under gas flow of reactive or inert atmospheres, i.e., to control or prevent
combustion via oxidative processes.

As a complementary technique, Differential Scanning Calorimetry (DSC) can be performed
during TGA by measuring the difference of heat needed to hold the sample and an inert
reference at the same temperature. DSC yields information about exothermic and endothermic
processes occurring in the sample during heating, i.e. combustion steps, phase transitions and

evaporation of absorbed molecules.
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3 Copper ammine complexes as new templating agents in zeolite synthesis*
3.1 Introduction

Organic molecules containing quaternary ammonium groups are widely used as structure
directing agents for the stabilization of certain framework type structures.' 2! On one side the
control and stabilization of specific molecular sieves can be achieved, and on the other side
the organic additives/templates alter the degree of saturation in the precursor solutions and
direct the formation of nanocrystallites that can be further stabilized in colloidal suspensions."!
The need for new nanomaterials with improved surface and bulk properties for the purpose of
advanced applications became more pronounced, especially in the fabrication of devices with
nano-to-micron-sized dimensions.'*® One of the standard approaches used for preparation of
nanocrystals is based on a substantial excess of organic template or additives. Thus the size of
the growing crystals is controlled by achieving a high degree of supersaturation at moderate
alkalinity. At these conditions a complete dissolution of the inorganic compounds, particularly
silica and alumina sources is achieved. In addition to the common tetraalkyl ammonium
templates of microporous nanocrystals, the preparation of molecular sieves using metal
complexes in the form of metallocenes has been reported.!” *! Besides, it was demonstrated
that metal amine complexes can serve as structure directing agent for the preparation of
microporous aluminophosphates (AIPO,).” !

Metal ammines are attractive candidates for the role of structure directing agents in zeolite
synthesis. The metal centers allow high charge densities, which are supposed to increase the
electrostatic interactions with the anionic silicate species during build-up of the zeolitic
framework. Furthermore, geometric shapes that are uncommon for classic quaternary
ammonium templates are readily available, i.e. square planar or octahedral species.

One striking disadvantage of using metal complexes in bulk zeolite synthesis is their low

stability in highly alkaline media at elevated temperatures, resulting in decomposition of the

* J. Kecht, S. Mintova, T. Bein, Chem. Mater. 2007, 19, 1203-1205.; J. Kecht, S. Mintova, T. Bein,
Micropor. Mesopor. Mater. 2008, DOI=10.1016/j.micromeso.2008.04.010.
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complexes and formation of metal oxides or hydroxides. However, colloidal zeolites are
typically synthesized at temperatures below 100 °C and from clear precursor solutions
exhibiting lower alkalinities than the aluminosilicate gels used in bulk zeolite synthesis. Thus,
incorporation of metal complexes as structure directing agents could become a viable
approach in such systems.

Tetramethyl ammonium (TMA) aluminosilicate solutions have been found to be a very
fruitful system for the generation of various colloidal molecular sieves. Colloidal suspensions
containing microporous nanosized crystals with FAU,[13] LTA,[M] OFF,“S] and GISHY
framework type structures were synthesized from different precursor solutions containing
TMA cations. It is stated that the TMA provides steric stabilization of the proto-nuclei formed
in the precursor suspensions by generating a high level of supersaturation and preventing
agglomeration of the nanocrystals. Thus leading to a large number of nucleation centers,
which yield monodisperse colloidal suspensions of zeolite nanocrystals.™

Square-planar copper(Il) tetraammine [Cu(NH3)4]*" was chosen as a model complex due to
several advantages, including high stability and charge density, interesting geometry, and the
simple and preferential in-situ formation in aqueous solutions in the presence of both copper

cations and ammonia.

3.2 Experimental Section

A typical precursor solution used for preparation colloidal zeolite had the following chemical
composition: 2.37 (TMA),O : 0.05 Na,O : 1.00 ALO; : 4.16 SiO, : 244 H,0: 0.50 CuO : 15
NHj; (sample Cul-N1). The chemical reactants copper nitrate trihydrate (139 mg, 0.58 mmol),
double distilled water (2.80 g, 155 mmol), concentrated ammonium hydroxide solution (1.0 g,
28 wt.% NHj, 16 mmol), and tetramethylammonium hydroxide pentahydrate (0.98 g, 5.9

mmol) were mixed in a polypropylene bottle at ambient condition. After complete dissolution
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of these reactants, aluminium isopropoxide (468 mg, 2.3 mmol) and Ludox HS-30 colloidal
silica (0.96 g, 30 wt.% SiO,, 4.8 mmol) were added, and then the reaction mixture was stirred
for 30 minutes, resulting in a blue-colored transparent solution. This solution was aged at
room temperature without stirring for 3 days, and then transferred in a Teflon-lined stainless
steel autoclave for hydrothermal treatment at 100 °C for 3 days. After complete
transformation of the amorphous into crystalline phase, the resulting nanocrystals were
purified by multi-step high-speed centrifugation and subsequently re-dispersed in double-
distilled water. Finally, the crystalline zeolite samples with deep blue color were stabilized in
aqueous suspensions at pH = 10.6 and a concentration of solid particles of about 5 wt. %.

Additionally, numerous samples from different precursor solutions (see Table 3-1) were
prepared. Furthermore, the precursor solutions with the same chemical composition were
subjected to variable synthesis conditions including aging, synthesis temperature and time of

hydrothermal treatment (see Table 3-2).
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Table 3-1. Chemical composition of precursor solutions used for synthesis of nanosized

molecular sieves.

Sample* | (TMA),0 Na,0  ALO;  SiO, H,0 CuO NH;
Cul-N1 2.37 0.05 1.00 4.16 244 0.50 15
Cu0-NO 237 0.05 1.00 4.16 244 0 0
Cul-NO 237 0.05 1.00 4.16 244 0.50 0

Cul-N0.5 237 0.05 1.00 4.16 244 0.50 75
Cul-N2 237 0.05 1.00 4.16 244 0.50 30
Cu0-N1 2.37 0.05 1.00 4.16 244 0 15

Cu0.1-N1 2.37 0.05 1.00 4.16 244 0.05 15

Cu0.5-N1 2.37 0.05 1.00 4.16 244 0.25 15
Cu2-N1 2.37 0.05 1.00 4.16 244 1 15

Al-0.5 2.37 0.05 05 4.16 244 0.50 15

Al-2 2.37 0.05 2 4.16 244 0.50 15
T-0.33 0.79 0.05 1.00 4.16 244 0.50 15
T-0.66 1.58 0.05 1.00 4.16 244 0.50 15
T-1.33 3.15 0.05 1.00 4.16 244 0.50 15
H-0.56 2.37 0.05 1.00 4.16 137 0.50 15
H-2.2 2.37 0.05 1.00 4.16 537 0.50 15

"All samples were aged for 72 h and treated at 100 °C for 72 h.
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Table 3-2. Conditions for preparation of molecular sieves from colloidal precursor

suspensions.

Sample Aging [d]  Synthesis temperature [°C] HT treatment time [h]
Cul-N1 3 100 72
Age-0d 0 100 72
Age-1d 1 100 72
Age-7d 7 100 72
Age-180d 180 100 72
HT-0h 3 - 0
HT-3h 3 100 3
HT-8h 3 100 8
TE-60°C 3 60 72
TE-150°C 3 150 72

3.3 Characterization

The crystallinity of the samples was proven by X-ray diffraction (XRD) study performed on a
Stoe powder diffractometer in transmission geometry (Cu-K,, A=1.5406 A). The size of the
crystalline domains in the zeolite samples was determined based on the Scherrer equation,
using the line broadening of several Bragg reflections (the fitting of the diffraction patterns
was carried out with WinXPOW Size/Strain1.02, STOE & Cie GmbH). The instrumental
peak broadening was resolved by measuring lanthanum hexaboride as a reference material

(Aldrich). Besides, the colloidal suspensions containing EDI-type nanozeolites were
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characterized by dynamic light scattering (DLS) with a Malvern Zetasizer-Nano instrument
equipped with a 4 mW He-Ne laser (633 nm) and avalanche photodiode detector.

The chemical composition of the dried zeolite samples was determined by inductively
coupled plasma atomic emission spectroscopy (ICP-AES, VARIAN-VISTA).
Thermogravimetric analyses (TGA) were performed on a Netzsch STA 440 C TG/DSC
(heating rate of 10 K/min in a stream of synthetic air of ~25 mL/ min). Transmission electron
microscopic (TEM) images were recorded using a JEOL JEM 2011 microscope operating at
200 kV. IR spectra were measured on a Bruker Equinox 55 under diffuse reflectance
conditions (samples were mixed with KBr, spectra are background subtracted). Raman spectra
were recorded on a Jobin Yvon Horiba HR800 UV Raman microscope using a HeNe laser

emitting at 632.8 nm.

3.4 Results and Discussion

In order to elucidate the role of the [Cu(NH;3)4]*" complexes in the formation of EDI-type
molecular sieves, two series of precursor solutions consisting of different concentrations of
copper and ammonia were prepared, respectively (Table 3-1). The sample Cul-N1 was
chosen as a reference. Samples with a constant concentration of ammonia and different
amounts of copper are designated as Cu0-N1, Cu0.1-N1, Cu0.5-N1, and Cu2-NI. Besides,
samples with a constant concentration of copper and different amounts of ammonia were
prepared and abbreviated as Cul-NO, Cul-N0.5 and Cul-N2. The chemical composition and
the XRD data of the final crystalline products are summarized in Table 3-3 and Figures 3-1

and 3-2, respectively.
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Table 3-3. Type of crystalline phase based on XRD (a) and chemical composition of samples

determined by ICP-AES elemental analysis (b).

Sample Phase” Cu/Al° Na/Al° Si/AI°
Cu0-N1 FAU/LTA - 0.39 1.71
Cu0.1-N1 FAU/EDI 0.20 0.21 1.76
Cu0.5-N1 EDI/FAU 0.45 0.16 1.39
Cul-NI1 EDI 0.39 0.08 1.37
Cu2-N1 EDI 0.44 0.10 1.32
Cu0-NO FAU - 0.43 1.70
Cul-NO FAU 0.24 0.43 1.90
Cul-NO0.5 FAU/Cu(OH), 1.91 0.32 1.98
Cul-N2 EDI 0.34 0.10 1.37

Intensity, a.u.
—
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Figure 3-1. XRD patterns of samples prepared with constant ammonia content and different

amounts of copper: Cu0-N1 (a), Cu0.1-N1 (b), Cu0.5-N1 (c), Cul-N1 (d), and Cu2-N1 (e).
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Figure 3-2. XRD patterns of sample Cu0-NO prepared without copper and ammonia (a) and
with constant copper content and different amounts of ammonia: Cul-NO (b), Cul-NO0.5 (c),

Cul-N1 (d), and Cul-N2 (e).

As can be seen, the precursor solution with no addition of copper and NH; (Cu0-NO) was
transformed into pure FAU nanosized crystals (Figure 2a). The same crystallites were
obtained from the solutions containing ammonia (Cu0-N1) and copper (Cul-NO) only (Figure
3-1a, 3-2b). In the case of sample Cu0-N1, the formation of nanosized LTA crystals as a side
phase was stimulated; the reflections corresponding to the LTA phase at 7.2°, 12.5°, and 21.8°
20 are presented in the XRD patterns (Figure 3-1a). By combining copper and ammonia in
different ratios the formation of crystalline products with variable framework structures was
possible. In the presence of ammonia and at low copper concentrations (Cu0.1-N1), the
crystallization of the FAU-type zeolite is inhibited, and a second set of reflections
corresponding to the EDI-type molecular sieve are occurring in the pattern, but with low

intensity and high peak broadening (Figure 3-1b). Furthermore, by increasing the copper
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concentration in the precursor solutions (Cu0.5-N1) and keeping the ammonia constant, this
effect is enhanced, thus resulting in the formation of only small amounts of FAU-type zeolite,
and predominantly EDI type zeolite is formed. By further increasing the copper concentration
(Cul-N1, Cu2-N1), discrete EDI nanocrystals were synthesized as a pure phase with a high
degree of crystallinity (Figures 3-1d and 3-le). A similar development in the crystalline
pathway is observed at constant copper amounts by variation of the ammonia concentrations.
The single addition of copper without ammonia (Cul-NO) is resulting in the formation of
FAU-type phase (Figure 3-2b). Low NHj concentration (Cul-N0.5) is not sufficient for the
formation of [Cu(NH3)4]*" complexes in the highly basic reaction media and leads to the
generation of copper hydroxide as a side phase: the reflections at 16.7°, 23.8° and 33.8° 26
correspond to copper hydroxide (Figure 3-2c). When both copper and ammonia with
sufficient concentrations are present in the precursor solutions, the formation of [Cu(NH;),]*
complexes is enabled, resulting in pure EDI-type phase. A slight peak broadening is observed
for the sample synthesized with very high ammonia concentrations (Cul-N2, Figure 3-2e),
which is related with the size of the individual grains. The position of the Bragg reflections
for all EDI samples match well with Na-exchanged zeolite K-F (EDI-type),!'”) however
considerable broadening which is a signature of nanocrystallites is observed.

The size of the particles was determined based on the Scherrer equation. The mean size of the
crystallites of pure FAU synthesized from solutions Cu0-NO and Cu0-NI1 is about 80 nm,
while in sample Cul-NO, a slight increase in the particle size to 90 nm was measured. In the
EDI material (sample Cul-N1), smaller crystallites of 50 nm are obtained. In order to gain
further information on the particle size distributions (PSDs) and morphology, all samples
were investigated by dynamic light scattering (DLS) and transmission electron microscopy

(TEM) (Figures 3-3, 3-4, 3-5).
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Figure 3-3. DLS curves of suspensions containing crystalline samples Cu0-N1 (a), Cu0.1-N1

(b), Cu0.5-N1 (c), Cul-N1 (d), and Cu2-N1 (e).
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Figure 3-4. DLS curves of suspensions containing crystalline samples Cu0-NO (a), Cul-NO

(b), Cul-N0.5 (c), Cul-N1 (d), and Cul-N2 (e).
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Figure 3-5. TEM micrographs of samples Cul-NO (a), Cu0.1-N1 (b), Cul-N1 (c¢) and Cul-N2

(d). (scale bar =200 nm)

The size ranges of the particles determined from the DLS curves are in a good accordance
with the values calculated by the Scherrer equation. The PSD curves of samples prepared by
single addition of ammonia (sample Cu0-N1, Figure 3-3a) are broader in comparison to the
sample without ammonia (Cu0-NO, Figure 3-4a). This is most likely caused by agglomeration
of particles with different sizes (see sample Cu0-N1).

For sample Cu0.1-N1, a polymodal PSD curve is measured (Figure 3 b), which coincides with
the existence of a mixture of two phases as detected by XRD, i.e. FAU and EDI types zeolites.
Supporting information is provided by TEM, showing a mixture of orthorhombic FAU-type
nanocrystals and flake-shaped particles assigned as precursors of EDI-type zeolite (Figure 3-5
b). By further increasing the copper content in sample Cu0.5-N1, the amount of FAU

crystalline particles is greatly reduced, but still a great degree of agglomeration leading to
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broader PSD curves starting at 100 nm and ending at about 1 um is measured (Figure 3-3c).
Only at certain amounts of copper a pure and well crystalline EDI-type phase with
comparatively narrow and monomodal PSDs was obtained (sample Cul-N1, Figure 3-3d).
The corresponding TEM micrographs show that the pure EDI crystals exhibit perfect cubic
shape (Figure 3-5¢) in contrast to the sample containing both EDI and FAU particles.
Moreover, further increasing the amount of copper in sample Cu2-N1 (Figure 3-3e) does not
have any effects on either particle size distribution or degree of crystallinity as proven by
XRD.

Similar DLS results are obtained for the samples synthesized with different amounts of
ammonia and constant copper (Figure 3-4). In the case of copper addition without ammonia
(Cul-N0O), a very broad PSD curve is measured (Figure 3-4b). No secondary phase is
identified in the XRD pattern, while TEM reveals the generation of needle-shaped particles
with large aspect ratios in addition to the orthorhombic FAU nanocrystals. Most likely these
particles are constructed of copper hydroxide or copper silicate species (Figure 3-5a). For
sample Cul-NO.5, a polymodal PSD curve is measured, which is in accordance to the phase
mixture detected by XRD. Finally, the PSD curves of samples Cul-N1 and Cul-N2 have a
slight broadening (Figure 3-4d,e). The sample Cul-N2 shows a high degree of intergrowth of
crystals and less symmetric morphologies in the TEM picture (Figure 3-5d) in comparison to
the regular cubes obtained in sample Cul-N1.

In conclusion, the presence of copper ammine complexes is necessary for the continuous
growth of pure EDI-type nanocrystals. The single addition of copper cations or ammonia
leads to crystallization of nanosized FAU zeolite as the main crystalline phase, whereas the
combination of both compounds generates EDI-type microporous material. When the amount
of one of the components is less and not sufficient (sample Cu0.1-N1), only a partial
crystallization of the EDI-type phase is achieved. Most likely the incorporation of

[Cu(NH3)4]*" as a templating agent during zeolite growth led to a partial depletion of the



3 Copper ammine complexes as new templating agents in zeolite synthesis 69

complexes and subsequent nucleation of FAU phase as well. In this case, the flake-shaped
EDI precursor was not completely transferred into a crystalline material and an amorphous
phase remained.

In order to elucidate the type and amount of copper complexes incorporated in the samples,
IR/Raman spectroscopy and TG analysis on samples prepared at different concentrations were
performed. The first striking difference in the IR spectra is the appearance of a band at 1275
cm'l, which corresponds to the symmetric deformation of NH; coordinated to Cu2+, and is
specific for copper-ammine complexes.!'™ This band appears only in the samples with Cu and
NH; being used simultaneously in the synthesis (Figure 3-6). As can be expected, the band is
most prominent in sample Cul-N1 (Figure 3-6e) and less intense in sample Cu0.1-N1 (Figure
3-6d), with the lowest amount of [Cu(NH;3)4]*". Correspondingly, the band at 1620 cm™ in
EDI-type material is caused by the doubly degenerate anti-symmetrical deformation vibration
of NHj (Figure 3-6e,d). The TMA cations present in the zeolite structures give rise to the
bands at 1490 cm™ (asymmetric deformation mode of the CHs groups), 1420 cm™ (N-CH;
rocking modes) and 950 cm™ (C-N asymmetric stretching vibrations).!"” The first band at
1490 cm™ is not obstructed by others and it is the most intense, thus being clearly visible in
the spectra. The highest intensity of the bands is for pure FAU samples, where the TMA is the
only one template in use (Figure 3-6a,b,c). However, in the dually templated EDI zeolite the
amount of incorporated TMA is less and therefore the intensity of this band is lower (Figure
3-6¢). In the low wavenumber region variations in the intensity of the IR bands associated
with the secondary building units of zeolites are also observed (650-400 cm™).*” The band at
567 cm” caused by vibration of the double-six-ring (D6R) units in the FAU structure
disappears in EDI-type samples and is replaced by a vibration at 615 cm™. Furthermore,
changes in band intensities of the two zeolite structures can be observed at 420 cm™ and 466

-1
cm .



3 Copper ammine complexes as new templating agents in zeolite synthesis 70

1490 567 420
] 1620 | 1275 615: 4661
i I : ' ! 'l

transmittance, a.u.

D
[l 1l Vol
[ | | 1! 1|
1 N 1 ! I N 1 N 1 N 1 N 1 1
1800 1600 1400 1200 1000 800 600 400

wavenumber, cm’”
Figure 3-6. IR spectra of samples Cu0-NO (a), Cul-NO (b), Cu0-N1 (c), Cu0.1-N1 (d), Cul-

N1 (e), and Cul-N2 ().
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Figure 3-7. Raman spectra of samples Cu0-NO (a), Cul-NO (b), Cu0-N1 (c¢), Cu0.1-N1 (d),

Cul-N1 (e), and Cul-N2 (f).
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The presence of [Cu(NH;)4]*" complexes in zeolite crystals is demonstrated by the appearance
of a band at 448 cm™ related with the v(Cu-N) (A1g) vibration in the Raman spectra of EDI
samples (Figure 3-7). Additionally, the signals at 3188 cm™ and 3271 ecm™ corresponding to
the v4(N-H) (Bo,, E,) and v¢(N-H) (Ajg) vibrations were observed, respectively (Figure 3-
7d,e,f).*" ** The structure-sensitive band related to the motion of an oxygen atom in a plane
perpendicular to the T-O-T bonds can be found at 517 cm™ for the FAU samples, and is
shifted slightly to 525 cm™ for the EDI material. This is in good accordance with the
observations made for zeolite structures containing exclusively even-numbered rings (FAU
and EDI), where the band occurs at around 500 cm™.**) In the FAU samples, a splitting of the
symmetrical NC, stretch of the TMA cations is observed at 755 and 772 cm™ (Figure 3-
7a,b,c). This was attributed previously to the close fit of the TMA cation in the sodalite cages
of the FAU framework."**! In the EDI samples no such shift is detected (Figure 3-7d,e,f). Only
in the Cul-NO sample a band with relatively low intensity at 3559 cm™, was observed, which
is attributed to the CuO-H stretch vibration, indicating the presence of copper hydroxide
species (Figure 3-7b).

The amount of [Cu(NH3)4]*" complex incorporated in the microporous inorganic matrix is
determined by TG/DSC and elemental analysis (Figure 3-8, Table 3-3). The pure EDI-type
zeolite is an aluminium-rich material with a Si/Al ratio of 1.37 (sample Cul-N1, see Table 3).
The amount of Cu in EDI type material is higher in comparison with FAU zeolite, i.e. a Cu/Al
ratio of 0.39 is obtained for sample Cul-N1 vs. 0.24 for sample Cul-NO, and the amount of

sodium decreases from FAU to EDI-type samples, accordingly.
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Table 3-3. Type of crystalline phase based on XRD (a) and chemical composition of samples

determined by ICP-AES elemental analysis (b).

Sample Phase® Cu/Al° Na/Al° Si/AIP
Cu0-N1 FAU/LTA - 0.39 1.71
Cu0.1-N1 FAU/EDI 0.20 0.21 1.76
Cu0.5-N1 EDI/FAU 0.45 0.16 1.39
Cul-N1 EDI 0.39 0.08 1.37
Cu2-N1 EDI 0.44 0.10 1.32
Cu0-NO FAU - 0.43 1.70
Cul-NO FAU 0.24 0.43 1.90
Cul-NO0.5 FAU/Cu(OH), 1.91 0.32 1.98
Cul-N2 EDI 0.34 0.10 1.37
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Figure 3-8. TG (solid black line) and DSC (dashed grey line) curves of sample Cul-N1.

The TG curve of sample Cul-N1 contains one endo- and one exo- peak due to the release of
water and decomposition of TMA and the copper complex, respectively (Figure 3-8). Under
the assumption that the zeolitic water is removed from the pores at temperatures up to 100 °C
(4 %), the remaining exothermic effect from 100 °C to 600 °C (~17 %) is attributed to the
combined decomposition of TMA and the copper complex. Taking into account the amount of
copper and sodium determined from elemental analysis, it can be calculated that the TMA/Al
ratio needed for charge balancing of the zeolitic framework is 0.14, which is expected to be
about a 5 % weight loss. The remaining weight loss of 12 % can be attributed to the release of
copper-bound ammonia from the aluminosilicate structure. The calculated NH3/Cu ratio of 3.8
is in good accordance to the expected stoichiometry of 4 in the square planar [Cu(NH;)4]*"

complex. Thus it can be concluded that the amount of [Cu(NH3)4]*" incorporated in the EDI

material is very high, and around 82 % of the channel intersections are filled by the
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[Cu(NH;)4]*" complex in sample Cul-N1 (0.39 Cu per 2.37 T-atoms). This can be used as an
indication that the copper ammine complexes have a structural directing instead of a pore
filling role.

The crystallization process for pure crystalline EDI phase was subjected to further
optimization, where many parameters such as amount of aluminum, TMA, sodium and water
were varied (see Table 3-1). The corresponding XRD patterns and DLS curves of this series

of samples are given in Figures 3-9 and 3-10.

Intensity, a.u.

20, deg

Figure 3-9. XRD patterns of samples Al-0.5 (a), Al-2 (b), T-0.33 (c), T-0.66 (d), T-1.33 (e),

H-0.56 (f), and H-2.2 (g).
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Figure 10. DLS curves of suspensions containing crystalline samples Al-0.5 (a), Al-2 (b), T-
0.33 (¢), T-0.66 (d), T-1.33 (e), H-0.56 (f), and H-2.2 (g); the dashed line marks the scattering

maximum of sample Cul-NI1.

As can be seen, in the presence of both copper and ammonia, the EDI phase was obtained
from suspensions with different initial compositions. The decrease (sample Al-0.5, Figure 3-
9a) and the increase (sample Al-2, Figure 3-9b) of aluminum in the synthesis mixture yield
less crystalline products in comparison to sample Cul-N1 considered as a reference (Figure 3-
2d). Also the particle size is increased in the case of sample Al-0.5, and a high polymodal
particle size distribution is measured for sample Al-2 (Figure 3-10b). The micrometer-sized
particles present in sample Al-2 most likely consist of non-reacted aluminum oxide/hydroxide

species. This is also indicated by the presence of an additional reflection at 20 °20 in the X-
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ray patterns (see Figure 3-9b,c), which is the strongest reflection of AI(OH); phase. The same
reflection is also found in the XRD pattern of sample T-0.33, where low pH resulting from the
strong decrease of the organic base led to an incomplete dissolution of the aluminum species
(Figure 3-9b). However, no additional reflection is observed in sample T-0.66, which is
indicating the presence of pure EDI-type phase. Furthermore, the hydrodynamic diameter of
the crystallites is decreased in comparison to sample Cul-N1 (Figure 3-10d). If the TMA
content is increased in the precursor suspension, then the generation of a sodalite phase is
observed (sample T-1.33, Figure 3-9¢). Additionally, the water content in the precursor
solutions is changed and the crystallization process is followed. No decrease in particle size in
the systems with lower water content was detected; while at higher water content (see sample
H-2.2) the mean particle diameters and degree of crystallinity are increased (Figures 3-9g and
3-10g).

Apart from the chemical composition, the physical parameters such as the aging time, the
time of hydrothermal treatment and the synthesis temperature were altered. Precursor
solutions with the same chemical composition as for sample Cul-N1 were subjected to
hydrothermal treatment after different times of aging. The generation of EDI-type material
proceeds very quickly and the crystallization was completed in less than 8 hours (Figure 3-11).
It is important to note that the initial precursor solution obtained after mixing of all reactants
was transparent but deep blue. However, after several hours of aging, small amounts of a
bright precipitate, which was identified as Cu(OH), was formed (Figure 3-11a). During the
hydrothermal treatment, these copper hydroxide species redissolve, thus the reflections
corresponding to copper hydroxide species greatly diminish after 3 hours of hydrothermal
treatment at 100 °C (Figure 3-11b). The transformation of the amorphous matter to crystalline
material is completed after 8 hours (Figure 3-11c), and no significant differences in the

crystallinity and particle size were observed if the samples were treated longer than 72 hours.
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Figure 3-11. XRD patterns of samples HT-0h (a), HT-3h (b), and HT-8h (¢).

Aging is an important stage for the synthesis of nanozeolites; it is expected to result in the
formation of a great number of small particles during the hydrothermal treatment. Moreover,
the aging period is vital for incorporation and stabilization of the copper ammine complexes
inside the inorganic aluminosilicate matrix prior hydrothermal treatment. Preliminary
experiments showed that a precursor solution having the same composition as sample Cul-N1
without silica and alumina is not stable at room temperature and decomposes by forming a
black precipitate of copper oxide. However, after adding silica and alumina sources, the same
suspension at similar alkalinity (pH = 13.79 without Al/Si and 13.78 with Al/Si; measured
with a gel electrode 1.5 hours after mixing of all reactants) was found to be stable against
decomposition even after 6 months of storage at room temperature. Therefore this effect was
attributed to the interaction of negatively charged aluminosilicate species with the cationic
[Cu(NH;)4]*" complexes, thus shielding them and stabilizing against the attacking hydroxide.

This effect was confirmed with zeolite samples aged for different times prior to the
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hydrothermal treatment. The clear precursor solution of sample Age-0d was subjected to
hydrothermal treatment without aging except stirring at room temperature (1.5 hours) to

ensure dissolution of all alumina species. The resulting products are presented in Figures 3-12

\’\UMM(E‘)

(b)

and 3-13.
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Figure 3-12. XRD patterns of samples Age-0d (a), Age-1d (b), Age-7d (¢), and Age-180d (d).

Figure 3-13. TEM micrographs of samples Age-0d (a) and Age-7d (b) (scale bar = 100 nm).



3 Copper ammine complexes as new templating agents in zeolite synthesis 79

As can be seen, sample Age-0d shows a low crystallinity, which is confirmed by the TEM
displaying irregular flake-like particles instead of the regular cubes that are found in the aged
samples (Figure 3-13). The reflections at 35° and 38° and 7.2 °26 correspond to copper oxide
and FAU, respectively. These data prove that without aging only a part of the [Cu(NH;3)4]*"
can be incorporated in the aluminosilicate matrix to stabilize the growth of pure EDI-type
material. The non-stabilized complexes are decomposed during the hydrothermal treatment
leading to the formation of copper oxide as a side phase. Moreover, the low amount of copper
ammine complexes causes the incomplete crystallization of EDI and the formation of FAU
material as a side phase. Besides, similar materials were obtained from precursor solutions
containing low amounts of copper (see Figure 3-1 for samples Cu0.1-N1 and Cu0.5-N1). The
IR-band at 1275 cm™ assigned to the symmetric deformation vibration of Cu-NH; confirms
that despite the formation of large amounts of copper oxide in sample Age-0d, part of the
[Cu(NH;)4]*" was stabilized and did not decompose (Figure 3-14c).

1275 1120 800 480
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()

transmittance, a.u.
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T+~ 1~ 1 * 1T * 1T * 1T * T * 1
1800 1600 1400 1200 1000 800 600 400

-1
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Figure 3-14. IR spectra of samples TE-60 °C (a), TE-150°C (b), and Age-0d (¢).
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The amount of incorporated and stabilized copper complexes is expected to increase with
aging time. A relatively high crystallinity and absence of copper oxide are observed for
sample Age-1d, thus suggesting that most copper complexes have been stabilized (Figure 3-
12b). However, the copper oxide is still present in amounts below the XRD detection limit
(~5 %), and the formation of a black color side phase was observed. This copper oxide was
reduced after aging of the suspensions (2 days), and further pure EDI phase was obtained after
3 days of aging. Consequently, the aging process influences both the crystallinity and
morphology of EDI zeolite. After 7 days of aging a change in the morphology of the cube-
shaped particles is visible (Figure 3-13b).

The influence of the temperature for hydrothermal treatment on the stability of the copper
ammine complexes was also studied. The sample Cul-N1 aged for 3 days was subjected to
treatment at 60 °C and 150 °C for 72 hours. The XRD patterns and the corresponding TEM

micrographs of the samples obtained under these conditions are shown in Figure 3-15.
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Figure 3-15. XRD patterns of samples TE-60 °C (a) and TE-150 °C (b). The insets show

TEM images of the corresponding samples. (scale bar = 100 nm)
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As can be seen, sample TE-60 °C has low crystallinity, which is explained with the slower
growth process at the low temperature (60 °C). The existence of core-shell particles is visible
in the TEM micrograph (see inset of Figure 3-15a). The presence of amorphous highly
siliceous parts in the core-shell crystals is also proved by the emerging of additional bands at
1120 cm™, 800 cm™ and 480 cm™ in the IR spectrum of sample TE-60 °C (Figure 3-14a).1> %]
This is also supported by the ICP chemical analysis data, where sample TE-60°C has higher
Si/Al ratio (1.90) in comparison to the crystalline EDI samples (1.37) (see Table 3-4). No
core-shell type particles are identified in samples treated at higher temperatures (sample TE-
150 °C, Figure 3-15b). Most of the particles have a well-defined cube-shaped morphology
with sharp edges and high crystallinity according to the XRD. Once the [Cu(NH3)4]*"
complexes are incorporated in the amorphous matrix during the aging period, they are stable
even after the hydrothermal treatment in a basic media at 150 °C. This study demonstrated
that the EDI nanoparticles are crystallized at different temperatures, however the conversion

rate from amorphous into crystalline phase is varied.

Table 3-4. Chemical composition of samples determined by ICP-AES.

Sample Cu/Al Na/Al Si/Al

TE-60°C 0.43 0.12 1.90

TE-150°C 0.42 0.11 1.53
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3.5 Conclusions

The crystallization of nanosized EDI type zeolite is shown to be directed by square planar
[Cu(NH;)4]*" complexes used as co-templating species to the tetramethylammonium cations.
Besides, the single addition of copper cations or ammonia leads to the crystallization of pure
nanosized FAU type zeolite, whereas the combination of both generates EDI type
microporous material. If a sufficient amount of copper ammine complexes is added to the
precursor solution, then the EDI phase is crystallized from a wide range of solutions with
different initial compositions. Incorporation of the copper complexes during the aging period
was found to be a key step in the crystallization pathway. In contrast to the pure [Cu(NH3)4]*"
complexes, which decompose at room temperature in highly basic media, their incorporation
into the sol-gel matrix leads to a stabilization of the metal ammine species even at harsh
conditions, such as hydrothermal treatment at 150 °C for several days.

The new templating approach opens up the possibility to prepare new or well-known zeolites
in colloidal form by using the versatile class of metal-ammine templates. Metal ammine
complexes are promising templates for zeolite synthesis as they carry a high positive charge
density for interaction with the anionic silicate species and offer new shapes such as square

planar or linear, which are not common for classical quaternary ammonium templates.
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4 Extending the templating concept to other metal complexes:
Exceptionally small zeolite nanocrystals synthesized with Pd and Pt
ammines*

4.1 Introduction

Colloidal suspensions of nanosized molecular sieves with narrow particle size distributions
and diameters below 200 nm have attracted considerable attention in the last few years.!") The
development of nanotechnology and the requirements for synthesizing nanoscale multi-
functional materials present new fascinating goals to the modern solid-state chemistry of
nanosized porous systems. Particularly the miniaturization of advanced devices requires
molecular sieve crystals in an appropriate form, namely nanocrystals with controlled size,
morphology and monomodal particle size distribution. To accomplish these requirements of
modern technologies, new innovative approaches in the synthesis and processing of porous
solids are required.

Zeolite nanocrystals have been used for the generation of films and membranes, and as
precursors for preparation of catalysts and structures with hierarchical porosity.>®! Actual and
new applications of nanosized molecular sieves often utilize the unique spatial structuring of
zeolite channel systems for novel concepts such as the stabilization of nanoscale forms of

[10-12] Furthermore, a

matter,”) size-selective chemical sensing,™ medical diagnostics,” etc.
number of forthcoming applications depend not only on the control of the pore structure and
intra-zeolite chemistry, but also on the ability to control the external features and morphology
of the crystals.!* !

However, the generation of very small non-aggregated nanozeolites with sizes below 50 nm
poses great synthetic challenges. Some zeolite syntheses can yield crystallite sizes in this
range after hydrothermal treatment of clear precursor solutions, i.e. in the case of MFL!*
LTL" and BEA framework zeolites,!"” among others. Although the products can often be
recovered in the form of colloidal suspensions, these small secondary crystallites tend to

agglomerate into larger particles with sizes of 50 to 200 nm.

* J. Kecht, S. Mintova, T. Bein, Langmuir 2008, 24, 4310-4315.
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A different approach for the generation of small crystallites with sizes of 7-30 nm is based on
the confined space synthesis, where an inert mesoporous carbon matrix limits the growth of

17201 Due to the calcination necessary for removing the matrix, the final

the zeolite particles.!
zeolite nanoparticles are irreversibly agglomerated and display broad size distributions, which
makes them unsuitable for the preparation of colloidal suspensions.

A possible solution to this problem is the development of highly active nucleation agents,
which would induce a high amount of simultaneously growing proto-nuclei. As shown before,
copper ammine complexes are highly effective templates for the preparation of nanozeolites
at temperatures lower than 100°C, thus avoiding the decomposition of thermally unstable
complexes. By replacing the copper species with isosteric square planar complexes
[PA(NH3)4]* and [Pt(NH;),]*" as templates, a similar structure-directing behaviour is expected
due to the same geometry of the compounds. However, the variation in size, electronic
configuration, and complexation behaviour by employing different metal centers is supposed
to change the interactions with the anionic silica species and thus alter the nucleation rate. The
resulting suspensions resulting from copper, palladium and platinum complexes are therefore
expected to generate the same framework structure but to show different particle size
distributions.

As will be shown, the heavy metal centers induce a drastic decrease in particle size, allowing

for the first time the synthesis of stable monomodal suspensions containing high amounts of

colloidal zeolite single crystals below 20 nm.
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4.2 Experimental Section

All chemicals were supplied by Aldrich and used as received without further purification for
preparation of the initial colloidal solutions. The chemical composition of the precursor
solutions is as follows:

2.37 (TMA),0 : 0.05 NayO : 1.00 AL,Os : 4.16 SiO; : 244 H,0O: 0.50 (TM)O : 15 NHs, where
TM is the transition metal, i.e. Cu, Pd or Pt. Copper(Il) nitrate trihydrate (93 mg, 0.38 mmol),
tetraamminepalladium(Il) nitrate solution (10 % in H,O; 1.152 g, 0.38 mmol), or
tetraammineplatinum(Il) chloride (129 mg, 0.38 mmol) were dissolved in double distilled
water (2.02 g, 112 mmol for Pd samples; 2.14 g, 119 mmol for Cu and Pt samples).
Concentrated ammonium hydroxide solution (28 wt. % NH;; 0.70 g, 11.5 mmol for Cu
samples; 0.61 g, 10 mmol for Pd/Pt samples) and tetramethylammonium hydroxide
pentahydrate (TMAOH, 0.65 g, 3.62 mmol) were mixed in a polypropylene bottle. After
complete dissolution of the TMAOH, aluminium isopropoxide (312 mg, 1.52 mmol) and
Ludox HS-30 colloidal silica (30 wt. % SiO; 635 mg, 3.17 mmol) were added, and the
mixture was stirred for 30 minutes. The precursor solution is aged at room temperature
without stirring for 3 days and transferred in a Teflon-lined stainless steel autoclave. After
hydrothermal treatment at 100 °C for 3 days (samples Cu-100, Pd-100, Pt-100) or at 60 °C for
7 days (samples Cu-60, Pd-60, Pt-60), the resulting zeolite nanocrystals were recovered by
multi-step centrifugation and washed with double-distilled water. Alternatively, sample Pt-60-
dia was purified by dialysis in a Medicell International dialysis tubing (size 10). Furthermore,
two samples with mixed metal contents were prepared from precursor solutions with the
molar ratios of CuO : PdO = 0.25 : 0.25 (sample CuPd-a) and CuO : PdO = 0.45 : 0.05
(sample CuPd-b). After hydrothermal treatment, all solutions were purified and stabilized in
aqueous suspensions at pH = 9.2 — 9.8; a concentration of solid particles of 1 - 3 wt. % was

kept in all colloidal suspensions.
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4.3 Characterization

X-ray diffraction (XRD) measurements were performed on a Stoe powder diffractometer in
transmission geometry (Cu-K,;, A=1.5406 A) and a Scintag Inc. XDS 2000 in theta-theta
geometry (Cu-K 41, A=1.5406 A; Cu-K 4, A=1.5444 A) to confirm the type of the crystalline
phase synthesized from the precursor colloidal system. The size of the crystalline domains in
the zeolite samples was determined based on the Scherrer equation, using the line broadening
of the Bragg reflections in the range of 10 - 35 °20 (the fitting of the diffraction patterns was
carried out with WinXPOW Size/Strainl.02, STOE & Cie GmbH). Prior to the size
determination, the instrumental peak broadening was resolved by measuring lanthanum
hexaboride as a reference material (Aldrich). In addition, dynamic light scattering (DLS)
measurements in colloidal suspensions were performed with a Malvern Zetasizer-Nano
instrument equipped with a 4 mW He-Ne laser (633 nm) and avalanche photodiode detector.
The chemical composition of the dried zeolite samples was determined by inductively
coupled plasma atomic emission spectroscopy (ICP-AES, VARIAN-VISTA).

All samples were subjected to thermogravimetric analyses (TGA) performed on a Netzsch
STA 440 C TG/DSC (heating rate of 10 K/min in a stream of synthetic air of ~25 mL/ min).
Transmission electron microscopic (TEM) images were recorded using a JEOL JEM 2011
microscope operating at 200 kV.

The spectroscopic studies including IR and Raman were carried out on purified solid samples
after freeze-drying. The IR spectra were measured on a Bruker Equinox 55 under diffuse
reflectance conditions (samples were mixed with KBr, spectra are background subtracted).
Raman spectra were recorded on a Jobin Yvon Horiba HR800 UV Raman microscope using a

HeNe laser emitting at 632.8 nm.
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4.4 Results and Discussion

Colloidal suspensions containing nanosized EDI-type zeolite crystals were prepared by
hydrothermal treatment of precursor solutions containing Cu-, Pd-, and Pt- tetraammine
complexes at 60 °C and 100 °C (samples Cu-60, Pd-60, Pt-60, Cu-100, Pd-100, Pt-100).
Depending on the templating metal species, the kinetics of the crystallization process are
varied, thus resulting in different types of zeolite materials (Figures 4-1, 4-2; positions of the
Bragg reflections match with Na-exchanged zeolite K-F (EDI-type), see reference *'). The
copper based system readily crystallizes at 100 °C, while at 60 °C the sample contains both
crystalline and amorphous phases (Figures 4-1a,b). This observation is combined with an

increase of the hydrodynamic diameter of the final colloidal particles (Figures 4-2a, b).
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Figure 4-1. XRD patterns of samples Cu-100 (a), Cu-60 (b), Pd-100 (¢), Pd-60 (d), Pt-100 (e),

and Pt-60 (f).
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Figure 4-2. Unweighted (full line) and number weighted (dotted line) DLS curves of samples

Cu-100 (a), Cu-60 (b), Pd-60 (c), Pt-100 (d), Pt-60 (e), and Pt-60-dia (f).

As discussed previously, the increase in the particle size for Cu-EDI at low temperatures is
likely caused by the partial generation of core-shell zeolite particles containing amorphous
silica, which are observed by TEM (Figure 4-3a, b). This behaviour has been attributed to the
different growth and dissolution kinetics of the zeolite phase and intermediate silica species,
respectively. The crystallization process of EDI type zeolite with Cu at low temperature is not
completed. Probably the crystallization starts at the solid-liquid interfaces going from the
periphery to the core of the particles. The growing outer zeolite shell also further limits the
dissolution and recrystallization of the silica core. It should be noted that in contrast to

conventional zeolite materials, all metal-ammine containing samples were found to be highly
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electron beam sensitive, leading to amorphization and formation of metal clusters in TEM

after few seconds of irradiation.

Figure 4-3. TEM micrographs of samples Cu-100 (a), Cu-60 (b), Pd-60 (¢), Pt-60 (d), and Pt-

100 (e) (scale bar =200 nm in all micrographs).

Completely different crystallization behaviour is observed in the systems containing
palladium and platinum ammines as templates. In the case of Pd-100, the hydrothermal
treatment at 100 °C resulted in the generation of elemental Pd° in the form of a black
precipitate, while the reaction at 60 °C generates fully crystalline EDI-type phase (Figure 4-1c,
d). A similar behaviour is observed for platinum-containing samples. The pure crystalline
phase is obtained at a lower temperature in sample Pd-60, while in Pd-100 an unidentified
side phase is generated; see new reflection at 20.3 °26 (Figure 4-1e, f). Another remarkable

difference to the copper-templated samples is the exceptionally small particle size, which
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results in high Bragg peak broadening for all Pd and Pt-containing samples (Figures 4-1c-f). It
should be noted that the low angle reflections at 12.5 and 13.5 °26 of the EDI-type structure
visible in the copper samples are present in both the Pd-60 and Pt-60 as well, but greatly
reduced due to the high scattering of Pd and Pt. This conclusion was made based on the
experimental long-time measurements of the samples and the corresponding simulated XRD
patterns of qualitative structure models (see Supporting Information).

Using the Scherrer equation, which is based on the peak broadening of the Bragg reflections,
a mean crystalline domain size of 12 nm in sample Pd-60 compared to crystallite sizes of 55
nm in sample Cu-100 is calculated. These data are confirmed by DLS, which show that the
particle size distribution curves are shifted to smaller hydrodynamic diameters in both Pd and
Pt samples (Figure 4-2). The copper-based system Cu-100 displays unweighted and number-
weighted particle size distribution curves centred at 200 nm and 150 nm, respectively. The
corresponding hydrodynamic diameters are reduced to 30 nm and 20 nm in sample Pd-60, and
to 35 nm and 20 nm in sample Pt-60 (Figure 4-2a, c, e). Due to the small particle size in
theses samples, a complete separation from the suspensions by centrifugation became difficult.
Moreover, only a partial redispersion of the centrifuge cake was possible after purification of
the samples. Therefore isolation of the nanocrystals from the colloidal suspensions by dialysis
was applied as an alternative approach (sample Pt-60-dia). This allows separation of the
suspended particles while keeping the concentration constant and avoiding further
agglomeration due to the close interaction between solid nanoparticles during centrifugation.
A good match between the unweighted and number-weighted DLS curves with a peak centred
at 15 nm and 20 nm is observed, thus showing that the amount of agglomerated species is
diminished and demonstrating the high monodispersity of the sample (Figure 4-2f). The small
sizes of the particles in samples Pd-60 and Pt-60 measured with DLS were also confirmed by
TEM (Figure 4-3c, d); nanocrystals with rounded edges and sizes between 15 nm and 20 nm

can be seen. For the platinum-templated system, similar crystals are generated at 100 °C
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(sample Pt-100), and an unknown side phase is present (Figure 4-le). The crystalline
micrometer-sized particles are detected by DLS and TEM (Figure 4-le, 4-2d, 4-3¢). In
conclusion, the type of the metal ammine complex has a pronounced effect on the size of the
crystalline colloidal zeolite.

IR/Raman spectroscopy was applied to elucidate the role of the square planar platinum and
palladium tetraammine complexes in the formation of zeolites and to investigate the
interactions between the complexes and the inorganic framework. Figure 4-4 shows a
comparison between samples Pd-60 and Pt-60 and the corresponding free metal ammine
complex salts in the region between 360 and 2000 cm™. The presence of [Pd(NH;3)4]*" and
[Pt(NH;),]* complexes inside the zeolite structure can be easily detected by examining the

(22 3] The most prominent band is the

vibrational bands of the complexated ammonia.
symmetric deformation d3(NHj3) at 1285 cm” and 1326 cm™ in the Pd and Pt containing
materials, respectively. Similarly, the band corresponding to the degenerated deformation
d4(NH3) is located at 1560 cm’! for both Pd and Pt salts, but shifted to higher wavenumbers in
sample Pt-60 (1590 cm™). Other typical vibrations of 8,(NH3) are located in the region 830 —
900 cm’', but they are obstructed by overlapping bands coming from the zeolitic framework.
These bands are very weak, and therefore are difficult to be detected inside the zeolite. For the

v(Pd-N) and v(Pt-N) stretch vibrations located at 492 cm™ and 508 cm™ in the metal salts,

respectively, the same tendency is observed.
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Figure 4-4. IR spectra of samples Pd-60 (a), Pt-60 (b), pure tetraamminepalladium(II) nitrate

and (c) pure tetraammineplatinum(II) chloride (d).

Raman spectroscopy was used to investigate the occluded metal complexes in the zeolite
nanoparticles (Figure 5). In this case the most intense bands associated with the metal ammine
complexes are those corresponding to the v{(Pd-N) (A1) and v4(Pt-N) (A|,) symmetric stretch
vibrations which are located at 505 cm™ and 550 cm™, respectively, for the unrestricted
complexes in the metal salts.!*>**! However, after inclusion of the metal complexes into the
zeolite channels, these bands are broadened and strongly shifted to higher energies, i.e. 539

cm” and 576 cm™ in samples Pd-60 and Pt-60, respectively. The position of the less intense
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asymmetric stretch vibrations v(Pd-N) (Bi,) and v(Pt-N) (By,) located at 469 cm” and 530 cm’
" in the metal salts are not shifted and can be found at the same positions in samples Pd-60
and Pt-60, correspondingly. The asymmetric stretch vibration appears to have a higher
relative intensity in sample Pd-60 due to the overlapping with the zeolitic framework
vibration visible as a shoulder located at ~515 cm™, which is related to the motion of an
oxygen atom in a plane perpendicular to the T-O-T bonds. In contrast, the bending vibrations
9s(N-Pt-N) (Bg) and 84(N-Pd-N) (B,,) located at around 305 cm” in the metal salts are shifted
to lower energies and appear at 277 cm” and 262 cm™ in both samples Pd-60 and Pt-60,
respectively (Figure 4-5).

The strong shifts of the metal complex vibrations and their broadening after incorporation into
the zeolite matrix are due to the strong interaction between the complex species and the

zeolitic framework, i.e. due to hydrogen bonding and sterical restrictions of the templating

metal ammines inside the zeolite cages.
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Figure 4-5. Raman spectra of samples Pd-60 (a), Pt-60 (b), pure tetraamminepalladium(II)

nitrate (d), and pure tetraammineplatinum(II) chloride (e).
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The presence of Pt, Pd and Cu in the samples was confirmed by the ICP-AES analysis (Table
4-1). Due to the surplus silica enclosed inside the core-shell type particles in sample Cu-60, a
higher Si/Al ratio of 2.19 in comparison to the other samples was determined. All samples Pd-
60, Pt-60 and Cu-100 have very similar Si/Al ratios in the range of 1.37 to 1.39, indicating
that the composition of the high-alumina EDI-type zeolite framework is not affected by the
presence of different templating complexes. However, the amount of incorporated metal
seems to be significantly lower for Pd and Pt-samples in comparison to samples synthesized
with Cu, indicating that samples Pd-60 and Pt-60 contain a higher amount of

tetramethylammonium cations inside the zeolite channels.

Table 4-1. Chemical composition of samples as determined by ICP-AES elemental analysis.

Sample Cu/Al Pd/Al Pt/Al Na/Al Si/Al
Cu-60 0.42 - - 0.08 2,19
Cu-100 0.39 - - 0.08 1.37
Pd-60 - 0.30 - 0.07 1.39
Pt-60 - - 0.31 0.05 1.37
CuPd-a 0.15 0.18 - 0.08 1.58
CuPd-b 0.31 0.05 - 0.10 1.63

Combined thermogravimetric (TG) and differential scanning calorimetric (DSC)
measurements were performed to examine whether the [Pd(NH3)s]*"and [Pt(NH;3)4]*"
complexes remain undissociated, and no uncomplexed Pd*" and Pt*" cations are generated
during the hydrothermal synthesis, and subsequently incorporated into the zeolitic materials
(Table 4-1, Figure 4-6). The first endothermic peak with the corresponding mass loss at about

100 °C in both samples is attributed to the release of zeolite-type water from the channels of
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the materials. The next exothermic peak with a mass loss at 600 °C is attributed to the
combined combustion of the tetramethylammonium cations and release of ammonia from the

metal complexes.
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Figure 4-6. TGA (full line) and DSC (dotted line) curves for samples Pd-60 (a) and Pt-60 (b).

Two distinct signals are seen in the DSC curves (Figure 4-6). However, the different
processes cannot be clearly distinguished based on the DSC curves due to a strong
overlapping of the peaks in the temperature range between 200 — 350 °C. Based on the ICP-
AES analysis, the amount of tetramethylammonium cations required for charge balancing of
the zeolitic framework was calculated. In the case of sample Pd-60, after taking the charges of
Pd*" and Na' into account, a TMA/AI ratio of 0.33 is needed. With an aluminium content of
4.38 mmol Al per gram zeolite this is equivalent to 1.44 mmol TMA per gram zeolite or a
mass loss of 10.7 %. The remaining mass loss in the region between 100 and 600 °C of 9.4 %
corresponds to 5.53 mmol NHj per gram zeolite and thus to a molar ratio of NH3/Pd equal to
4.2, which is in good accordance to the expected stoichiometry of 4. In the same way, the
NHs;/Pt ratio of 3.7 for sample Pt-100 and the NH3/Cu ratio of 3.8 for sample Cu-100 were
calculated. In conclusion, the decomposition of Pd/Pt complexes into other species during the
hydrothermal treatment is unlikely. The influence of the type of metal ammine template on

particle size is related to the presence of the square planar metal complexes in the precursor
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solutions. One possible explanation is that the Pd and Pt complexes lead to a faster and
enhanced nucleation rate in comparison to the copper species in the precursor aluminosilicate
solutions. The latter explains both the smaller particle size and the higher monodispersity in
samples Pd-60 and Pt-60 as compared to sample Cu-100 (see Figure 4-3d). In order to
confirm this assumption, colloidal crystals were synthesized from precursor solutions by
combining copper and palladium at different molar ratios, i.e. sample CuPd-a (50 % Cu, 50 %
Pd) and CuPd-b (90% Cu, 10% Pd). The crystallization of EDI-type colloidal zeolite in both
samples CuPd-a and CuPd-b was confirmed by XRD, and the incorporation of both types of

metal was proven by ICP-AES analysis (Figure 4-7, Table 4-1).
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Figure 4-7. XRD patterns of samples CuPd-a (a) and CuPd-b (b).

Correspondingly, the intensities of the low angle reflections at 12.5 and 13.5 °26 increased for
samples with lower Pd and higher Cu contents, as expected for the mixed metal systems.

While the ratio of incorporated metals in both samples is similar to the amounts employed in
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the precursor solutions, a higher relative Pd content is observed, i.e. a Cu/Pd ratio of 0.83 in
CuPd-a and 6.2 in CuPd-b instead of the expected values of 1 and 9 found in the respective
precursor solutions. This result shows the preferred incorporation of Pd over Cu, as is
expected for a higher nucleation rate of the Pd species. Furthermore, DLS data shows that
even the relatively low amount of Pd complexes (10 %) in sample CuPd-b leads to a strong

decrease in particle size to about 30 nm (Figure 4-8b).
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Figure 4-8. Unweighted (full line) and number weighted (dotted line) DLS curves of samples

CuPd-a (a) and CuPd-b (b).
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Figure 4-9. TEM micrographs of samples CuPd-a (a) and CuPd-b (b) (scale bar = 50 nm in

both micrographs).

At higher concentration of Pd (sample CuPd-a, 50 %), the particle size is further reduced to
20 nm, which is comparable to the copper-free system of sample Pd-60. The particle size for
both samples was visualized by TEM (Figure 4-9). One can conclude that after generation of
initial nuclei by the Pd complexes, further growth of the zeolite particles is possible by
incorporation of Cu. Probably the inhomogeneous particle size distribution in these samples is
caused by the different rate of nucleation and crystallization of the Cu and Pd systems at low
temperatures. While hydrothermal treatment must be performed below 100 °C to avoid
reduction of the Pd species, the Cu system tends to incorporate higher amounts of silica at
these temperatures, i.e., in the form of core shell particles. This behaviour is responsible for
the larger agglomerations seen in DLS data of both samples (Figure 4-8). The incorporation of
silica was confirmed by elemental analysis showing increased Si/Al ratios of 1.58 and 1.63
for samples CuPd-a and CuPd-b, respectively. The different crystallization kinetics of zeolite
nanoparticles are determined by the type of the metal ammine complex and also by the

temperature of crystallization.



4 Exceptionally small zeolite nanocrystals with Pd and Pt ammines 101

4.5 Conclusions

Exceptionally small zeolite nanocrystals with sizes below 20 nm were prepared in the form of
stable colloidal suspensions with monomodal particle size distributions via a Pd and Pt
ammine templating approach. In contrast to Pt- and Pd-containing precursor solutions, the Cu-
based systems require hydrothermal treatment at temperatures above 100 °C.

The partial substitution of Cu with Pd and Pt ammine complexes is successfully performed,
and this leads to the formation of EDI crystals with reduced particle diameter at low
temperatures. Furthermore, the successful substitution of [Cu(NHs)4]*" by square planar Pd
and Pt ammine complexes having the same geometry reinforces the role of these complexes
as templates for the formation of EDI zeolite. It was shown that the smaller particle size
results from a higher nucleation rate in the systems containing pure Pd or Pt complexes or in
mixed systems with [Cu(NH;),]*" and low loadings of [Pd(NH3)4]*". A transfer of the current
templating concept to other colloidal systems with less expensive metal complexes would be

of interest for the generation of various new nanosized zeolites.
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5 Oxidative removal of template molecules and organic functionalities in
mesoporous silica nanoparticles by H,O, treatment*

5.1 Introduction
Since their discovery in 1992 by Beck et al.,/' ordered mesoporous silica systems have been
intensively investigated, thus leading to the discovery of various materials with different pore

sizes, pore arrangements and particle morphologies.**! Recent examples include the synthesis

of stable colloidal suspensions of mesoporous silica nanoparticles with sizes below 100 nm,""

1 which offer many possibilities for new applications in research fields such as sensing, optics

and drug delivery.*'”) Nanosized porous silica systems also permit the construction of

hierarchical porous materials and the preparation of thin films by spincoating.!'"" '

In order to make the porous network accessible in such systems, the template has to be
removed from the mesoporous channels inside the particles. In most cases this is achieved via
extraction in various media, as direct calcination causes irreversible agglomeration of the
colloidal particles during drying and heating. However, depending on the extraction procedure,

the template removal can be incomplete, or multiple steps are required for a complete

elimination of the template molecules.[* '

Therefore, alternative template removal methods based on chemical oxidation have recently

been investigated. Various oxidation agents have been employed, including ozone,!" '

[17] [18-21

potassium permanganate,' * and hydrogen peroxide. I Application of hydrogen peroxide

usually involves the generation of highly reactive hydroxyl radicals by addition of catalysts

18, 22] 19]

such as iron(IIT)! or irradiation with UV light,"”) and in certain cases also involves the

192 Depending on template type, reactant concentrations and experimental

addition of acids.!
setup used in the studies, complete oxidation was achieved in a range of conditions, varying
from several minutes to days and from room temperature to 250 °C.

The present study first examines suitable conditions, i.e., catalyst, amounts of reactants,

reaction time and temperature, for the complete removal of cetyltrimethylammonium

*J. Kecht, T. Bein, Micropor. Mesopor. Mater. 2008, DOI=10.1016/j.micromeso.2008.03.027.
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surfactant from the pore network of MCM-41 and colloidal mesoporous silica (CMS) by
oxidation with hydrogen peroxide. The surface properties of CMS samples treated with H,O,
under these conditions are compared with samples obtained via conventional extraction in
ethanolic media.

An additional point of interest is the influence of oxidation by H,O, on the type and content of
functional groups in co-condensed materials. By incorporating organosilanes during the
synthesis of CMS, it is possible to influence size and morphology of the resulting particles./*’!

Removal of these groups by treatment with H,O, allows the generation of purely siliceous

unfunctionalized materials while retaining the modified particle size and morphology.

5.2 Experimental Section

Reagents. Tetraethyl orthosilicate (TEOS, Fluka, >98%), ammonia (Aldrich, 25% in H,0)
phenyltriethoxysilane (PTES, Aldrich, 98%), methyltriethoxysilane (Aldrich, 99%),
vinyltriethoxysilane (Aldrich, 97%), mercaptopropyltriethoxysilane (ABCR, 95%),
cetyltrimethylammonium bromide (CTAB, Aldrich, 95%), cetyltrimethylammonium chloride
(CTAC, Fluka, 25% in H,O) and triethanolamine (TEA, Aldrich, 98%) were used as received
without further purification. Doubly distilled water from a Millipore system (Milli-Q
Academic A10) was used for all synthesis and purification steps.

Preparation of micrometer-sized MCM-41 mesoporous silica (MS). MCM-41 material
was prepared according to a published procedure.”*! To a stirred solution of CTAB (2.39 g,
6.56 mmol), water (125 g, 6.94 mol), ethanol (12.5 g, 271.15 mmol) and aqueous ammonia
(25 %wt, 9.18 g, 134.93 mmol) in a 300 mL polypropylene reactor, the amount of 10.03 g
TEOS (48.19 mmol) was added. The resulting mixture has a molar composition of 1 TEOS :
0.14 CTAB : 144 H,O : 5.63 ethanol : 2.8 NHj. After stirring for 2 hours at room temperature,

the reaction mixture was filtered off and washed with 50 mL water. The resulting white
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powder was dried at 60°C for 12 h. For the preparation of co-condensed materials, 20 mol%
of the TEOS content was replaced by functionalized triethoxysilanes.

Preparation of colloidal mesoporous silica (CMS) nanoparticles. Mesoporous silica
nanoparticles were prepared according to reference *> from reaction mixtures with a molar
composition of 1 TEOS: 0.20 CTAC: 10.37 TEA: 130.15 H,O. The combined TEOS (1.92 g,
9.22 mmol) and TEA (14.3 g, 95.6 mmol) were heated for 20 minutes at 90 °C without
stirring in a 100 mL polypropylene reactor. A solution of CTAC (25 % in water, 2.41 mL,
1.83 mmol) and water (21.7 g, 1.21 mol) preheated to 60 °C was added, and the resulting
mixture was stirred at room temperature for 12 hours. After addition of 100 mL ethanol, the
mesoporous silica nanoparticles were separated by centrifugation and redispersed in ethanol.
For the preparation of phenyl co-condensed materials, 20 mol% of the TEOS were replaced
by PTES.

Extraction of MCM-41 and CMS. Extraction of the organic template from the MCM-41
materials was performed by heating the samples (1.0 g) twice under reflux at 90°C for 30
minutes in a solution containing 2 g ammonium nitrate in 100 mL ethanol followed by 30
minutes under reflux in a solution of 4 g concentrated hydrochloric acid in 100 mL ethanol.
The MCM-41 material was separated by filtration and the CMS nanoparticles were isolated
by centrifugation. Both materials were washed with ethanol after each extraction step. MCM-
41 and CMS materials were obtained as white solid powders and as clear ethanolic
suspensions, respectively.

Template oxidation by H;O; in MCM-41 and CMS. The amount of 4 mL aqueous
hydrogen peroxide solution (30 %) was added to 200 mg template-containing silica material
in a 25 mL round-bottom flask equipped with a reflux condenser. In the case of CMS, the
ethanolic suspensions were centrifuged and redispersed in a small amount of water prior to
the addition of hydrogen peroxide. Selected samples were prepared by further addition of

either 4 mL concentrated nitric acid or 8.8 mg iron(Ill) chloride hexahydrate. The oxidation
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reaction was performed at various temperatures and treatment times (see Table 5-1). The
MCM-41 materials were separated by filtration and the CMS nanoparticles by centrifugation,
respectively, followed by two steps of washing with water. Refluxing in acidified ethanol (4 g
HCI per 100 mL EtOH) for 30 minutes was employed for the stabilization of CMS
nanoparticles and removal of organic fragments from the pores of functionalized samples

after oxidation.

Table 5-1. Reaction conditions for the oxidative treatment of unfunctionalized MCM-41.

Sample name Catalyst Temperature [°C] Time [h]
MS 1 Fe(I1I) 20 18
MS 2 HNO; 20 18
MS 3 HNO; 50 5
MS 4 HNO; 95 5
MS 5 - 95 0.5
MS 6 - 95 1
MS 7 - 95 2
MS 8 - 95 3
MS 9 - 95 5

5.3 Characterization

Dynamic light scattering (DLS) measurements were performed on a Malvern Zetasizer-Nano
instrument equipped with a 4 mW He-Ne laser (632.8 nm) and avalanche photodiode detector.
Thermogravimetric analyses (TGA) of the bulk samples were performed on a Netzsch STA
440 C TG/DSC (heating rate of 10 °C/min in a stream of synthetic air of about 25 mL/min).
Raman spectra were recorded on a Jobin Yvon Horiba HR800 UV Raman microscope using a
HeNe laser emitting at 632.8 nm. Nitrogen sorption measurements were performed on a

Quantachrome Instruments NOVA 4000e at -196 °C (77 K). For calculations of pore sizes the
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NLDFT equilibrium model of N, on silica was used. Solid state BC.MAS-NMR
measurements were performed on a Bruker DSX Avance 500 FT (contact time 4 ms, spinning
rate 6 kHz, pulse length 2.8 ps, recycle delay 8 s, number of scans 512). Liquid state *C-
NMR and *C-DEPT-NMR spectra were recorded on a JEOL Eclipse-270 NMR spectrometer.
Transmission electron microscope (TEM) images of CMS materials were taken with a JEOL
JEM 2011 microscope operating at 200 kV, after drying the diluted colloidal suspensions on a

carbon-coated copper grid.

5.4 Results and Discussion

Optimizing the conditions for H,O,-mediated template removal. The influence of various
reaction parameters on the efficiency of the removal of cetyltrimethylammonium (CTA)
cations from the pores of mesoporous silica by oxidation with H,O, was investigated. The
degree of template removal was determined by thermogravimetric analysis (TGA) based on
published data for the thermal decomposition of CTA in MCM-41.%% In the temperature
range up to 110 °C, physisorbed water is released from the pores. From 110 °C to about 395
°C, remaining cetyltrimethylammonium template is successively decomposed by first
undergoing Hoffmann elimination followed by combustion and oxidation reactions to CO,. At
temperatures above 395 °C, weight loss can be attributed to released water from silanol
condensation and to the oxidation of small remains of carbonaceous residues from incomplete
template combustion. The amount of organic material after oxidation with HO, was therefore
determined by the weight loss between 110 °C and 395 °C in the case of unfunctionalized
materials. In order to take into account the varying amounts of adsorbed water inside the
partly filled mesopores, the weight loss is given relative to the amount of residual silica after
heating to 900 °C, assuming a complete dehydroxylation and lack of carbonaceous residues at

this temperature. Table 5-2 summarizes the content of organic residues thus determined in the
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different H,O,-treated samples; the full TGA/DSC curves for the temperature range of 25 —

900 °C for all samples can be found in the Supporting Information.

Table 5-2. Weight loss as determined by TGA of MCM-41 samples treated with H,O, at

different conditions.

Sample name Normalized weight loss [mg / g(SiO)]?

MCM-41 as synthesized 674
MCM-41 extracted 105
MS 1 186

MS 2 79

MS 3 53

MS 4 44

MS 5 355

MS 6 166

MS 7 74

MS 8 34

MS 9 31

* weight loss between 110-395 °C, given relative to SiO; residue at 900 °C

Removal of the CTA template in the pores of MCM-41 at different temperatures was
investigated by treatment with concentrated H,O, and addition of nitric acid or iron chloride

18, 21 . :
5211 The presence of iron cations

at concentrations similar to those reported in literature.!
catalyzes the formation of OH- radicals and thus increases the oxidizing power of hydrogen
peroxide, an approach known as Fenton’s chemistry.*”! As the iron-catalyzed mixture is
already strongly reacting and foaming under cooling to 20 °C in sample MS 1, experiments at
higher temperatures were not performed. On the other hand, sample MS 2 treated with H,O,
and nitric acid at 20 °C reacted less intensively and did not require additional cooling.

Interestingly, decomposition of the template seems to be more effective in the acid-treated

sample (Table 2). The high amount of residual organics in MS 1 is possibly related to the fast
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decomposition of H,O, by the iron cations, leading to a depletion of reactive species before
complete template decomposition.

Samples treated with H,O, and nitric acid at temperatures of 50 °C (MS 3) and 95 °C (MS 4)
reveal that the degree of template removal is increased at higher reaction temperatures (Figure
5-1). This temperature dependency is observed even though no further gas evolution occurs at

the end of the treatment time for any of the three samples.
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Figure 5-1. Temperature-dependence of the HO,-mediated template removal in MCM-41.

Interestingly, similar results regarding the degree of CTA decomposition are obtained when
the oxidation reaction is performed in pure aqueous H,O, (30 %) without acid addition. In
order to optimize the oxidation procedure in this simplified system, several samples were
treated at 95 °C for different amounts of time (MS 5 - 9). The decomposition of the template
seems to be complete after three hours; after this period no significant change in weight loss is

observed (Figure 5-2).
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Figure 5-2. Time dependence of the H,O,-mediated template removal in MCM-41 at 95 °C.

Comparison of H,O,-treated and extracted materials. Refluxing in ethanolic media
containing ammonium nitrate and hydrochloric acid was employed for the extraction of the
CTA template from the pores of MCM-41. This approach is commonly used when calcination
of the material is impractical in order to avoid effects such as particle agglomeration,
structural damage, pore shrinking and loss of organic moieties.!'*

While most of the template seems to be removed from the extracted silica material based on

thermogravimetric analysis, sample MS 8 still shows a relatively high weight loss compared

to a typical H,O,-treated sample, indicating the presence of organic residues (Figure 5-3).
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Figure 5-3. TGA data for sample MS 8 treated 3 h at 95 °C with H,O, (a), extracted MCM-41

(b), and as-synthesized MCM-41 (c).

However, this organic content is not associated with residual template molecules as reported
for similar extraction methods.!"”! Instead, >C-MAS-NMR spectra show that the signals
corresponding to CTA in the parent material are not present following the extraction, and that
two new signals emerge at 15 and 59 ppm, respectively. These peaks are attributed to ethoxy
groups bound to the silica surface (Figure 5-4b). The H,O,-treated sample, on the other hand,
shows no clearly assignable signals corresponding to either ethoxy moieties or CTA (Figure
5-4¢). As shown by °C- and >C-DEPT liquid NMR spectra of the filtrated aqueous medium
after treatment of sample MS 8, the CTA template was decomposed into different oxidized
fragments, in addition to CO,. Various signals typical for carboxylic acids as well as methyl
and methylene groups adjacent to oxo- and alcohol groups were detected (see supporting

information).
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Figure 5-4. *C-MAS-NMR spectra of as-synthesized MCM-41 (a), extracted MCM-41 (b)

and sample MS 8 treated with H,O, for 3 h at 95 °C (¢).
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To the best of our knowledge, the considerable esterification of the silanol surface in MCM-
41 materials after extraction in acidified ethanolic media mentioned above has not been
reported before, even though numerous publications employ similar procedures for template
removal. The underlying chemistry of the reaction between non-porous silica and various

28291 The degree of esterification derived

alcohols has already been described by Iler in 1953.!
from TG data in combination with the BET surface area of extracted MCM-41
(90 mg -CH,CHj3 and 813 m” per gram dried sample) was found to be 2.4 ethoxy groups per
square nanometer. This amount is less than the values of 3.2 - 4.3 reported in the literature for
silica treated with ethanol at 225 - 300 °C, which is attributed to the lower treatment
temperature.*”) It is believed that such extensive esterification of the silica surface brings
about drastic changes in the reactivity and affinity of the pore system towards various agents,
and is thus of paramount importance for various applications including sorption and host-
guest chemistry.

Raman spectroscopy was performed as a further means to characterize the organic species
inside the mesoporous hosts (Figure 5-5).

The most prominent features in the spectra of as-synthesized and extracted MCM-41 are the
bands corresponding to the C-H and C-C related vibrations of the alkyl chains present in both
the CTA template and the ethoxy groups.*”! However, some differences in the spectra can be
observed based on the nature of the alkyl groups. CTA gives rise to two strong bands centered
at 2850 and 2890 cm’, corresponding to the symmetric and asymmetric C-H stretch
vibrations of the -CH»- subunits in the hexadecyl chain, respectively. After extraction, a series
of four distinct signals is observed. The bands emerging at 2882, 2902, 2937 and 2982 cm™ in
the C-H stretch region correspond to the symmetric CH,, symmetric CHs, asymmetric CH;
and asymmetric CHs stretch vibrations of the ethoxy group, respectively.?” Other bands
corresponding to CH, groups such as the C-H deformation vibrations at 1302 and 1450 cm™

are also present in the parent material but significantly reduced after extraction.Furthermore,
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the band located at 3040 cm™ in as-synthesized MCM-41 assigned to the N-CHj stretch

vibration of the quarternary amine head group in CTA is not present in the extracted material.
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Figure 5-5. Raman spectra of as-synthesized MCM-41 (a), extracted MCM-41 (b) and sample

MS 8 treated for 3 h at 95 °C with H,O, (c).

Surprisingly, the spectra of H,O,-treated samples still show traces of organic material (Figure
5-5¢). Signals assigned to the vibrations of silica-bound ethoxy groups and CTA were located,
although the intensities are very low due to the small amount of organic content. These
signals were persistent even if the material was subjected to a second treatment in H,O, for 3
hours at 95 °C. Due to the low hydrothermal stability of silanol esters, treatment in aqueous
media is supposed to cause fast hydrolysis of surface-bound ethoxy groups. It is therefore
assumed that the organic moieties are in some way protected from the aqueous medium, i.e.,
by being incorporated inside the amorphous siliceous framework instead of being located on
the surface. As the samples oxidized by H,O, were not previously treated in ethanolic

solutions, the small amount of detected ethoxy groups possibly originates from incomplete
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hydrolysis of the reactant tetraethylorthosilicate during synthesis of the mesoporous
framework. Likewise, it is possible that minor amounts of the CTA template became trapped
during the silica condensation.

Oxidation behaviour of different functionalities. Functionalized samples were prepared in
order to investigate the influence of oxidation with H,O, on different organic modifications
incorporated by co-condensation. The amount of 20 mol% of different triethoxysilanes was
used to replace TEOS in the synthesis of MCM-41, and the template was subsequently
removed by either extraction or H,O,-treatment. The presence of the organic moieties in the
extracted materials and their decomposition after the oxidative treatment were followed by
Raman spectroscopy (Figures 5-6 to 5-9, characteristic strong bands for each functional group
are marked by asterisks). It should be noted that contrary to unfunctionalized materials, a
short refluxing step in HCI/EtOH was necessary to remove the majority of the oxidized

organic fragments generated by H,O,-treatment in certain co-condensed samples.
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Figure 5-6. Raman spectra of phenyl-functionalized MCM-41 after extraction (a) and H,O,-

treatment (b).
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Figure 5-7. Raman spectra of methyl-functionalized MCM-41 after extraction (a) and H,O,-

treatment (b).
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Figure 5-8. Raman spectra of vinyl-functionalized MCM-41 after extraction (a) and H,O,-

treatment (b).
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Figure 5-9. Raman spectra of mercaptopropyl-functionalized MCM-41 after extraction (a)

and H,O,-treatment (b).

TGA was performed in order to investigate the amounts of remaining organic material after
both template removal methods. Due to the different temperatures needed for complete
combustion of the various organic moieties (for example, phenyl groups are decomposed at
400-600 °C), the weight loss in all functionalized samples is given for the temperature range
between 110-900 °C. As shown in Figure 5-10, aside from mercaptopropyl-modified material
all H,O,-treated samples display similar weight losses after oxidation regardless of
functionality, indicating a complete decomposition of the organic moieties. Furthermore, the
pore diameters determined by nitrogen sorption are of the same size as in unfunctionalized

MCM-41 and similar for all oxidized samples.



5 Oxidative removal of template molecules and organic functionalities 118

2001 OH (‘3H3 K

00{ S S S S | S

normalized weight loss /

Figure 5-10. Normalized weight loss in the range of 110-900 °C for samples functionalized

by co-condensation and subsequently treated with H,O,.

On the other hand, the analogous extracted materials with intact pendent organic groups show
different pore diameters and weight losses, depending on the size and type of the functional
moieties (Table 5-3). The only exception is the mercaptopropyl functionality, which was
oxidized to the bulky sulfonic acid group by H,O, and thus showed a decreased pore size and
increased TGA weight loss after the oxidative treatment (Scheme 5-1).*"! Conversion of the

thiol moiety to sulfonic acid was also confirmed by Raman spectroscopy (Figure 5-9).
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Table 5-3. Weight losses and pore diameters for functionalized samples after extraction and

after H,O,-treatment.

Functionality | Template removal  Normalized weight loss NLDFT pore

method [mg / g(SiO,)]? diameter [nm]
phenyl extraction 281 3.18
methyl extraction 129 3.65
vinyl extraction 189 3.41
mercaptopropyl extraction 300 3.33
phenyl H,0, 59 3.53
methyl H,0, 76 3.53
vinyl H>,O, 76 3.53
mercaptopropyl H,0, 398 3.18

* weight loss between 110-900 °C, given relative to SiO; residue at 900 °C

SH SO5H
H,0,
L

Si Si

Scheme 5-1. Oxidation of mercaptopropyl to sulfonic acid by H,O,.

Preparation of oxidized CMS with controlled morphology. After verification of the
successful removal of most co-condensed functional groups by H,O,, the optimized treatment
conditions for the CTA decomposition were applied to unfunctionalized and phenyl-
functionalized CMS nanoparticles. Phenyl was chosen as exemplary functionality as it
showed strong effects in co-condensation synthesis by reducing particle size, increasing

monodispersity and resulting in a uniform spherical morphology of the particles in prior
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studies.?”! However, depending on the desired application, the functionalization with phenyl
moieties can also bring disadvantages. The pore size is reduced, and the affinity of the surface
towards guest molecules is drastically altered as shown by toluene sorption in phenyl-
functionalized CMS thin films on a quartz crystal microbalance.*’!

The H,0,-mediated template removal therefore not only constitutes a quick and effective
method to generate pore accessibility without causing particle agglomeration. In combination
with selected co-condenation reactions, this method also yields controlled particle
morphologies in combination with unfunctionalized silica surfaces which can be further
functionalized depending on the desired properties.

CMS and phenyl-functionalized CMS (Ph-CMS), prepared by co-condensation with 20 mol%
phenyltriethoxysilane, were synthesized and the template was removed both by extraction and
oxidation with H,O,.

Dynamic light scattering (DLS) measurements were performed in order to investigate the
colloidal stability of the nanoparticle suspensions in ethanol (Figure 5-11). The particle size
distribution curve of extracted CMS centered at 140 nm is narrowed and shifted to a smaller
hydrodynamic mean diameter of 80 nm in the co-condensed sample, which can be attributed
to the smaller and more homogeneous particles in Ph-CMS. Treatment with H,O, causes the
appearance of larger agglomerations in the suspensions, resulting in mean hydrodynamic
diameters of 500 and 200 nm for CMS and Ph-CMS, respectively. These agglomerations
seem to be caused by the interaction of the more polar silanol particle surfaces obtained after
oxidation in contrast to the esterified surfaces of extracted materials. Accordingly,
agglomeration of the particles can be reversed by subjecting the H,O,-treated suspensions to
the treatment in acidified ethanol used for extraction, thus reducing the interaction between

the particles by esterification of the silanol surface.
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Figure 5-11. DLS curves for CMS (a) and Ph-CMS (b) after extraction (full lines) and

treatment with H,O, (dashed lines), respectively.

Transmission electron microscopy (TEM) was performed as a complementary approach for
characterization of the H,O,-treated nanoparticles (Figure 5-12). CMS particles display
irregular morphologies and inhomogeneous particle size distributions. In contrast, the co-
condensed Ph-CMS particles are smaller and exhibit monomodal particle diameters of about
40 nm with spherical morphologies. No visible changes to the corresponding extracted

materials are observed in TEM.
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Figure 5-12. TEM micrographs of H,O,-treated CMS (a, b) and Ph-CMS (c, d).

The organic content of extracted and oxidized Ph-CMS was investigated by TGA (Figure
5-13). Extracted Ph-CMS displays a high weight loss coupled with an exothermic DSC signal
at about 600 °C corresponding to the combustion of the phenyl moieties. In contrast, Ph-CMS
treated with H,O; displays no significant weight loss or DSC peaks, indicating the removal of
both the template and the phenyl functionalities from the pore channels. Correspondingly,
nitrogen sorption reveals that while the pore diameter in extracted Ph-CMS is decreased, the

pore diameter in oxidized Ph-CMS is similar to unfunctionalized CMS (Table 5-4).
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Figure 5-13. TGA/DSC data of Ph-CMS after H,O,-treatment (full lines) and after extraction

(dashed lines).

Table 5-4. Weight losses and pore diameters for CMS and Ph-CMS after extraction and after

H,0,-treatment

Sample type Template Normalized weight loss NLDFT pore
removal method [mg/ g(SiOy)]? diameter [nm]
CMS Extraction 191 3.77
CMS H,0; 90 3.77
Ph-CMS Extraction 377 3.53
Ph-CMS H,0; 95 3.77

* weight loss between 110-900 °C, given relative to SiO; residue at 900 °C
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Removal of the CTA template and phenyl moieties was also examined by Raman
spectroscopy (Figure 5-14). Extracted CMS displays the signals corresponding to surface-
bound ethoxy groups as discussed above for MCM-41 materials. H,O,-treated CMS that was
further treated by short refluxing in acidified ethanol in order to improve colloidal stability
shows similar signals, demonstrating the esterification of the silica surface. In the case of
extracted Ph-CMS, intense signals corresponding to the in-plane ring deformation vibration
(624 cm™), C-H in-plane vibrations (1001 and 1033 cm™), C=C stretching vibration (1601
cm™), and C-H stretch vibration (3065 cm™) of the silicon-bound phenyl group are present.*”!

In H,O,-treated Ph-CMS these signals cannot be detected, demonstrating the removal of the

phenyl moieties by oxidation.
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Figure 5-14. Raman spectra of extracted CMS (a), H,O,-treated CMS refluxed in acidified

ethanol (b), extracted Ph-CMS (¢), and H,O,-treated Ph-CMS (d).
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5.5 Conclusions

Reaction conditions for the H,O,-mediated decomposition of CTA template inside the pores
of mesoporous silica were determined. The resulting products are compared to materials
obtained by extraction in acid-containing ethanolic media. It is found that extraction produces
a significant amount of ethoxy groups by esterification of the silanol surface.

The chosen conditions for H,O, treatment are also suitable for the complete removal of
various functionalities inserted by co-condensation. The concept of H,O,-mediated template
decomposition is then transferred to nanosized particles, allowing the removal of organic
species from CMS suspensions without producing irreversible agglomeration by drying or
calcination. The oxidation process is quick and efficient, allowing template removal in a one-
pot reaction within 3 hours, as compared to typical multi-step extraction procedures.

The H,O,-treatment allows to easily control particle size and morphology of unfunctionalized
mesoporous silica nanoparticles by addition of co-condensation reagents in the synthesis step.
The resulting particles with defined sizes and shapes can then be further functionalized by
grafting of the free silanol surfaces in order to influence surface properties depending on the

requirements of the desired applications.
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6 Functionalization of colloidal mesoporous silica by metalorganic
reagents*

6.1 Introduction

Functionalization of mesoporous silica with organic moieties offers a pathway to control the
surface affinity and host-guest chemistry inside the porous network. In this way, tailor-made
materials can be synthesized based on the requirements of potential applications in various
areas including drug delivery, sensor technology, catalysis, synthesis of nanoparticles and
chemisorption.!"” Conventional approaches for the introduction of functional moieties
include the methods of co-condensation, wherein trialkoxy-organosilanes are included in the
synthesis mixture, and post-synthesis grafting by attachment of trichloro- or trialkoxy-
organosilanes to the silanol surface.”’ Some recent grafting methods also employ silazane
agents. ‘!
The use of metalorganic reagents for the functionalization of mesoporous silica frameworks
was investigated by Yamamoto and Tatsumi in 2000.” *1 A simplified and efficient one-pot
reaction for direct conversion of MCM-41 with Grignard and organolithium reagents was
independently developed by J. M. Kim et al. and our group.”'”

In these versatile metalorganic reactions the linkage to the silica walls is achieved via Si-C
bonds by direct attachment of the nucleophile to a framework silicon atom. The use of
metalorganic reagents offers several advantages compared to conventional functionalization
methods, e.g., pore blocking by condensed oligomeric silane species can be avoided.
Furthermore, the limited spectrum of functionalities found in commercially available
organosilanes is drastically increased due to the access to numerous Grignard and lithiated
reagents in organic chemistry. A variety of metalorganic reagents can either be directly
purchased or easily generated from the respective halogenated compounds, allowing a higher

control and variety for the surface decoration in mesoporous silica materials. Recent examples

from work in our group include the incorporation of nitrogen functionalities and different

*J. Kecht, T. Bein, manuscript in preparation.
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multibonded systems such as alkyne derivatives into the pores of MCM-41 by metalorganic
modification.!'*"!

In the case of colloidal mesoporous silica (CMS) nanoparticles, the use of metalorganic
reagents would permit the introduction of elaborate organic moieties in order to generate
sophisticated nanosized systems. Colloidal suspensions of porous nanoparticles are

particularly interesting for applications in sensing, controlled release and drug delivery. % '*

13]

The present work demonstrates the application of metalorganic reagents for the
functionalization of CMS nanoparticles. However, as will be shown, the reaction conditions
suitable for the modification of micrometer-sized MCM-41 particles cannot be simply
transferred to the nanosized systems. Due to the small size and corresponding high surface
energy, sintering of the nanoparticles is observed at the high temperatures commonly used for
the calcination and dehydration of the mesoporous hosts. Furthermore, complete removal of
solvents is not feasible while retaining the colloidal nature of the suspensions, due to the
irreversible agglomeration caused by attractive forces in the drying material. At the same time,
removal of remaining water from the silica mesopores is required to avoid hydrolysis of the
metalorganic reagents. In the following, different strategies are compared in order to generate
anhydrous synthesis conditions without causing irreversible agglomeration in the CMS
suspensions, and to investigate their subsequent reactions with lithiated model compounds.
The methods developed here give insights into the complexity of transferring well-known
preparative methods from bulk materials to nanosized systems, and demonstrate suitable
pathways for the potential preparation of non-agglomerated anhydrous systems with other

colloidal porous media, i.e., nanosized zeolites.
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6.2 Experimental Section

Reagents. Tetraethyl orthosilicate (TEOS, Fluka, >98%), ammonia (Aldrich, 25% in H,0),
cetyltrimethylammonium bromide (CTAB, Aldrich, 95%), cetyltrimethylammonium chloride
(CTAC, Fluka, 25% in H,0), triethanolamine (TEA, Aldrich, 98%), molecular sieve (Merck,
0.5 nm, ~2 mm beads), toluene (Fluka, 99.7%, over molecular sieve), triethyl orthoformate
(Aldrich, 98%), phenyllithium (Fluka, 1.9 M in butyl ether), and tert-butyllithium (Fluka, 1.7
M in pentane) were used as received without further purification. Doubly distilled water from
a Millipore system (Milli-Q Academic A10) was used for all synthesis and purification steps.
Preparation of micrometer-sized MCM-41 mesoporous silica (MS). MCM-41 material
was prepared according to a published procedure."*! To a stirred solution of CTAB (2.39 g,
6.56 mmol), water (125 g, 6.94 mol), ethanol (12.5 g, 271.15 mmol), and aqueous ammonia
(25 %wt, 9.18 g, 134.93 mmol) in a 300 mL polypropylene reactor, the amount of 10.03 g
TEOS (48.19 mmol) was added. The resulting mixture has a molar composition of 1 TEOS :
0.14 CTAB : 144 H,O : 5.63 ethanol : 2.8 NHj. After stirring for 2 hours at room temperature,
the reaction mixture was filtered off and washed with 50 mL water. The resulting white
powder was dried at 60°C for 12 h.

Preparation of colloidal mesoporous silica (CMS) nanoparticles. Mesoporous silica
nanoparticles were prepared according to reference !"*! from reaction mixtures with a molar
composition of 1 TEOS: 0.20 CTAC: 10.37 TEA: 130.15 H,O. The combined TEOS (1.92 g,
9.22 mmol) and TEA (14.3 g, 95.6 mmol) were heated for 20 minutes at 90 °C without
stirring in a 100 mL polypropylene reactor. A solution of CTAC (25 % in water, 2.41 mL,
1.83 mmol) and water (21.7 g, 1.21 mol) preheated to 60 °C was added, and the resulting
mixture was stirred at room temperature for 12 hours. After addition of 50 mL of ethanol, the
mesoporous silica nanoparticles were separated by centrifugation and redispersed in ethanol.
Extraction of MCM-41 and CMS. Extraction of the organic template from the MCM-41

materials was performed by heating the samples (1.0 g) twice under reflux at 90°C for 30
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minutes in a solution containing 2 g ammonium nitrate in 100 mL ethanol followed by 30
minutes under reflux in a solution of 4 g concentrated hydrochloric acid in 100 mL ethanol.
The MCM-41 material was separated by filtration and the CMS nanoparticles were isolated
by centrifugation. Both materials were washed with ethanol after each extraction step. MCM-
41 and CMS materials were obtained as white solid powders and as clear ethanolic
suspensions, respectively.

Pretreatment of MCM-41 and CMS for water removal.

* Conversion of dried MCM-41 (Al). The amount of 250 mg calcined or extracted MCM-41
was dried at 150 °C for 4 h under vacuum. After cooling, 5 mL anhydrous THF were added
under nitrogen atmosphere.

* Direct conversion of CMS (A2). The amount of 250 mg CMS in the form of an ethanolic
suspension was centrifuged and washed with dry toluene three times.

* Drying in a Dean-Stark apparatus (A3). The amount of 250 mg CMS was suspended in 8
mL dry toluene. A Dean-Stark apparatus (water separator) was used to collect the released
water under heating at reflux conditions for 30 minutes.

* Direct addition of desiccants (A4). The amount of 250 mg CMS suspended in toluene was
mixed with 3 g molecular sieve beads. After storing for 12 hours at room temperature, the
beads were separated by sieving and the resulting suspension was filtered off under nitrogen
atmosphere.

* Hydrolysis of orthoformate (A5). The amount of 250 mg CMS suspended in 8 mL dry
toluene was mixed with 0.5 mL triethyl orthoformate. The reaction mixture was stirred at 90
°C for 2 hours. The ethanol resulting from the hydrolysis reaction was removed by distillation.
* Vapor absorption with desiccants (A6). The amount of 250 mg CMS suspended in 8§ mL
dry toluene was heated to 90 °C for 3 hours. Water was removed from the gas phase by a

Soxleth extractor filled with molecular sieve.
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Metalorganic conversion with lithiated reagents. The suspensions obtained after the
various water-removal treatments described above were cooled to 25 °C. All reactions were
performed under nitrogen atmosphere. The amount of 0.60 mL (1.14 mmol) of a 1.9 m
solution of phenyllithium in n-butylether was added dropwise. The reaction mixture was
stirred at 25 °C for 3 hours and subsequently quenched with 40 mL of an ethanolic
ammonium nitrate solution (20 g / L) or hydrochloric acid in ethanol. After stirring at room
temperature for 30 minutes, the products were isolated and thoroughly washed with water and

ethanol (Table 6-1).

Table 6-1. Summary of all samples and their respective reaction conditions.

Sample name Material Drying method Reagent

MS-l1-cal  MCM-41" Al PhLi
MS-1-ex MCM-41 Al PhLi
CMS-2 CMS A2 PhLi
CMS-3 CMS A3 PhLi
CMS-4 CMS A4 PhLi
CMS-5 CMS A5 PhLi
CMS-6 CMS A6 PhLi

2] calcined material, in all other samples the template was removed by extraction

6.3 Characterization
Dynamic light scattering (DLS) measurements were performed on a Malvern Zetasizer-Nano
instrument equipped with a 4 mW He-Ne laser (632.8 nm) and avalanche photodiode detector.

Thermogravimetric analyses (TGA) of the bulk samples were performed on a Netzsch STA
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440 C TG/DSC (heating rate of 10 K/min in a stream of synthetic air of about 25 mL/min).
Raman spectra were recorded on a Jobin Yvon Horiba HR800 UV Raman microscope using a
HeNe laser emitting at 632.8 nm. Nitrogen sorption measurements were performed on a
Quantachrome Instruments NOVA 4000e at 77 K. Samples were degassed for 12 h at 60 °C.
Note: it was found that the extracted samples showed a strong effect of outgassing conditions
on the remaining pore volume and surface area, presumably due to continued consolidation of
the wall structure. Therefore these conditions have to be carefully controlled. For calculations
of pore sizes the NLDFT equilibrium model of N, on silica was used. Solid state BC-MAS-
NMR measurements were performed on a Bruker DSX Avance 500 FT (contact time 4 ms,
spinning rate 6 kHz, pulse length 2.8 pus, recycle delay 8 s, number of scans 512).
Transmission electron microscope (TEM) images of CMS materials were taken with a JEOL
JEM 2011 microscope operating at 200 kV, after drying the diluted colloidal suspensions on a

carbon-coated copper grid.

6.4 Results and Discussion

Metalorganic functionalization of mesoporous silica is a powerful means to generate novel
organic-inorganic hybrid materials, as demonstrated in previous work.!'> ") The procedures
developed thus far were optimized for powders consisting of micrometer-sized particles dried
at 150 °C, by performing the metalorganic reaction in typical reaction media such as
tetrahydrofurane. However, new challenges for advanced applications of such materials, i.e.
in the area of drug delivery, require nanoscale particles in the form of stable colloidal
suspensions. The specific properties of nanomaterials, such as increased sensitivity to the
reaction conditions, may in turn demand more sophisticated preparative techniques and render

classical procedures inefficient.
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Such a behavior was also observed in this study, as the different features of colloidal
mesoporous silica (CMS) in comparison to bulk MCM-41 required the development of a set
of alternative techniques for the removal of residual water from the porous network without
causing irreversible agglomeration of the nanoparticles.

Metalorganic conversion of extracted materials. One of the first issues to be resolved is the
aspect of template extraction. While bulk MCM-41 can be simply calcined, this procedure is
not transferable to CMS without drying, followed by inevitable agglomeration of the
nanoparticles due to strong capillary forces. Extraction in ethanolic media has been shown to

116-17] However, extraction leads to a higher density of

be an effective alternative in this case.
silanol groups on the silica surface as well as partial esterification by the reaction between
silanol groups and ethanol. This altered surface functionality is a potential disruptive factor
for the metalorganic conversion, i.e., the higher silanol concentration could lead to
protonation of the lithiated carbanions.

Therefore the metalorganic conversion reaction of calcined and extracted MCM-41 samples
(MS-1-cal and MS-1-ex) was compared after drying at 150 °C. Phenyllithium was chosen as a
model compound due to the easy distinction of signals corresponding to silicon-bound
aromatic groups by Raman, NMR and TGA in the presence of aliphatic moieties.

As can be seen in the Raman spectra, phenyl groups were incorporated in both calcined and
extracted materials (Figure 6-1). After metalorganic conversion, several new signals
corresponding to the in-plane ring deformation vibration (623 cm™), C-H in-plane vibrations

(1002 and 1034 cm™), C=C stretching vibration (1600 cm™), and C-H stretch vibration (3066

cm’™") of the silicon-bound phenyl groups are present.
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Figure 6-1. Raman spectra of calcined MCM-41 (a), sample MS-1-cal (b), extracted MCM-

41 (c) and sample MS-1-ex (d).

Quantification of the amount of incorporated phenyl is possible by thermogravimetric analysis,
as most aliphatic compounds combust in the temperature range between 110-395 °C, while
silicon-bound phenyl is mainly decomposed between 400-600 °C. It should be noted that
dehydroxylation of the siliceous framework also contributes to the mass loss in this high
temperature range. The relevant data are summarized in Table 6-2, and curves for the
temperature range of 20-900 °C for all samples can be found in the supplemental information.
Interestingly, it is found that the relative additional weight loss after metalorganic
functionalization is higher for extracted material (+64 mg; 111 mg/g(Si0O,) - 47 mg/g(Si0y),
see Table 6-2) than for calcined material (+42 mg). This could be related to the lower silica
framework condensation in extracted MCM-41 as compared to the highly condensed state
obtained after calcination, which is possibly less reactive towards nucleophilic attacks of the

metalorganic reagent.
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Table 6-2. Data derived from thermogravimetric analysis
Sample name Normalized weight loss

[mg / g(SiO,)]?

calcined MCM-41 13
MS-1-cal 55

extracted MCM-41 47
MS-1-ex 111

* weight loss between 395-900 °C, given relative to SiO; residue at 900 °C

Similar observations are made based on the nitrogen sorption data (Figure 6-2, Table 6-3). It
should be noted that calcined MCM-41 silica materials show considerable pore shrinkage
after calcination due to condensation of framework silanol groups at high temperature, and
thus the extracted samples display significantly larger pore sizes. For both calcined and
extracted MCM-41, a reduction of the surface area, pore volume and pore diameter is

observed after metalorganic conversion.

Table 6-3. Nitrogen sorption data for MCM-41 samples

Sample name Surface area [m?/g] Pore volume [cc/g] Pore diameter [nm]

calcined MCM-41 1099 0.775 3.5
MS-1-cal 867 0.543 3.1
extracted MCM-41 813 0.694 4.0

MS-1-ex 760 0.628 3.8
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Figure 6-2. Pore diameters of calcined MCM-41 (a), sample MS-1-cal (b), extracted MCM-

41 (c) and sample MS-1-ex (d).

In contrast to the results obtained from thermogravimetric data, the impact of metalorganic
functionalization on pore size and pore volume seems less pronounced in the case of extracted
material as compared to calcined MCM-41. This behavior can be explained by considering
the different surface functionalities prevalent on both material types, i.e., a low surface silanol
concentration in calcined MCM-41 versus a high silanol concentration and abundant ethoxy
groups due to esterification in the case of extracted samples (Figure 6-3). As can be seen, the
decrease in pore diameter by attachment of phenyl groups to framework silicon atoms is
expected to be smaller in the case of ethoxy-functionalized surfaces (Acxiracted), and higher for

unfunctionalized samples (Acalcined)-
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Figure 6-3. Schematic representation of the influence of metalorganic functionalization on

the pore diameter of extracted and calcined materials.

By combining the results from Raman, TGA and sorption data it can therefore be concluded
that it is possible to perform the metalorganic conversion in extracted samples despite their
different surface structure.

Choosing a suitable solvent. Choosing the right reaction solvent is an important issue. While
the metalorganic reagents require aprotic solvents, CMS nanoparticles are most stable as
aqueous or ethanolic suspensions. Typical solvents used for metalorganic reactions such as
tetrahydrofurane and diethyl ether, as well as most other common aprotic solvents including
isohexane and dioxane lead to strong agglomeration and flocculation of the particles. It was
found that toluene combines both requirements of stability against metalorganic reagents and
good dispersion properties for CMS. Only minor agglomeration of the particles was observed
and thus the stabilization of homogeneous suspensions was possible. In order to ensure that
toluene does not influence the metalorganic conversion, preliminary tests were performed by
functionalizing bulk MCM-41 with phenyllithium and tert-butyllithium in THF and toluene
under otherwise identical conditions. No significant differences were observed in the Raman,

TGA and nitrogen sorption data.
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Comparison of drying methods. One of the most simple conceivable approaches to retain
colloidal stability under anhydrous conditions is a solvent exchange with dry solvents (sample
CMS-2). However, the mesopores are able to strongly bind and retain significant amounts of
water which are not removed by this method even after multiple washing cycles. The high
remaining water content thus prevents any functionalization by hydrolysis of the lithiated
reagents. This was also confirmed by Raman spectroscopy, as none of the characteristic

vibrations for phenyl moieties are present in sample CMS-2 (Figure 6-4a).
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Figure 6-4. Raman spectra of samples CMS-2 (a), CMS-3 (b), CMS-4 (c¢), CMS-5 (d), and
CMS-6 (e). For clarity, only two prominent bands corresponding to phenyl moieties are

marked by dashed lines.

In order to remove this residual water a strong driving force is necessary. Due to the very low
miscibility of toluene and water, the azeotropic distillation in a Dean Stark trap is a viable

option (sample CMS-3). By heating to reflux, water-rich vapour is removed from the reaction
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mixture and subsequently undergoes a phase separation after condensation. While the water
phase is collected in the trap and removed from the reaction mixture, the toluene is recycled.
This gradual shift in equilibrium leads to water being drawn out from inside the mesopores.
Consequentially, signals corresponding to phenyl groups were detected in the Raman
spectrum of sample CMS-3 after metalorganic conversion indicating a successful
functionalization (Figure 6-4b).

However, investigation of the particle morphology by TEM showed unexpected results
(Figure 6-5). The majority of the particles were found to have coalesced into large clots or
elongated structures. Generation of agglomerates was also confirmed by DLS data. It was
found that the formation process is temperature-induced, as similar results were obtained by
hydrothermal treatment of nanoparticle suspensions at 130 °C without addition of further
reagents.

This behavior was attributed to the high surface energy of the nanoparticles, which renders
them prone to coalescence processes in order to minimize their outer surface area.
Interestingly, the inner surface of the pore system is unaffected by this process and does not
collapse, as demonstrated by nitrogen sorption (Figure 6-6, Table 6-4). Probably condensation
occurs preferentially at the silanol-rich interface of two touching particles, while the silica
framework is rigid enough to keep the channel walls stabilized and thus prevent condensation
processes between opposing pore walls. Similar observations made for conformationally

fluctional template-containing mesoporous silicas showing phase transformations above 100

°C have been published.!"® **!
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Figure 6-5. TEM micrographs of extracted unfunctionalized CMS (a,b) and sample CMS-3

(c,d).

Table 6-4. Nitrogen sorption data for CMS samples

Sample name  Surface area [m?/g] Pore volume® [cc/g] Pore size [nm]

extracted CMS 1190 0.821 3.80
CMS-3 1136 0.752 3.65
CMS-5 961 0.529 3.68
CMS-6 970 0.678 3.63

* only cumulative pore volumes for pores < 8 nm are specified here due to the considerable

textural porosity of CMS samples
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Figure 6-6. Pore diameters of extracted CMS (a) and samples CMS-3 (b), CMS-5 (c¢) and

CMS-6 (d).

It is therefore of paramount importance to perform the water removal at low temperatures in
order to retain the monomodal and small particle size distributions necessary for the
preparation of stable colloidal suspensions.

Direct additions of desiccants, i.e., molecular sieve beads, was found to be ineffective (sample
CMS-4). Due to the high water retention capacity of the mesopores and the low concentration
of free water molecules in the solvent phase, equilibration of the system was found to be very
slow. Furthermore, separation of the molecular sieve is difficult without contamination of the
system or loss of CMS nanoparticles by adhesion to the desiccant particles.

Therefore two alternate pathways were developed which allow the removal of water at mild

conditions (90 °C) while retaining colloidal stability. Preliminary tests confirmed that CMS
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suspensions are stable below 100 °C without showing any signs of temperature-induced
coalescence.

In the first approach, the hydrolysis of triethyl orthoformate was applied as a chemical driving
force (sample CMS-5). Orthoformates are common reagents for removal of water in organic
syntheses, i.e., for the shifting of reaction equilibria during preparation of acetals and ketals./*"!
The side products resulting from hydrolysis, i.e. ethanol and ethyl formate, have to be
completely removed from the reaction mixture by distillation in order to avoid their
subsequent reaction with the metalorganic reagent.

In the second approach, water was continuously removed from the gas phase by a desiccant
reservoir, i.e., a Soxhlet extractor filled with molecular sieve beads (sample CMS-6). It should
be noted that in contrast to classical Soxhlet extraction the reservoir is kept dry and at the
chosen reaction conditions no refluxing of the solvent takes place. Due to the inherent vapor
pressure of water, small amounts are always present in the gas phase. Continuous vapor
removal from the gas phase results in a shift in equilibrium thus extracting the water from the
mesopores. As the desiccant is physically separated from the liquid phase, no sample
contamination occurs. The absorption of water from the gas phase was highly efficient and
anhydrous conditions were reached after heating 3 hours at 90 °C.

Raman spectroscopy confirms the presence of phenyl moieties in both samples CMS-5 and
CMS-6 after metalorganic conversion (Figure 6-4de).

Furthermore, a decrease in pore diameter, pore volume, and surface area compared to
unfunctionalized material was detected in both samples (Table 6-4, Figure 6-6¢d).

The relative amount of incorporated phenyl groups was investigated by TGA. The weight loss
above 395 °C, i.e., the temperature range corresponding to the combustion of aromatic groups
and silanol condensation, is strongly increased after metalorganic conversion (Table 6-5). The
samples CMS-5 and CMS-6 display similar weight losses, indicating that both the

orthoformate hydrolysis and vapor adsorption approach are efficient tools for the removal of
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water from the mesopores. On the other hand, the azeotropic distillation at high temperatures
applied for sample CMS-3 shows a lower functionalization degree in addition to causing

particle coalescence, implying that the water removal was incomplete in this case.

Table 6-5. Data derived from thermogravimetric analysis

Sample name Normalized weight loss

[mg / 9(Si0y)]*
extracted CMS 60
CMS-3 164
CMS-5 299
CMS-6 267

* weight loss between 395-900 °C, given relative to SiO; residue at 900 °C

DLS curves of the colloidal suspensions obtained after drying treatment and metalorganic
conversion confirm the absence of agglomerations in both samples CMS-5 and CMS-6
(Figure 6-7). Modification of the outer particle surface with phenyl groups seems to influence
the colloidal characteristics of the suspensions. The particle size distributions appear broader
and extend to smaller particle sizes, which could be related to the altered interparticle surface

interactions.
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Figure 6-7. Unweighted DLS curves for unfunctionalized CMS (a), sample CMS-5 (b), and

sample CMS-6 (c).

Furthermore, no differences in particle morphology of samples CMS-5 and CMS-6 in
comparison to unfunctionalized CMS were observed by TEM (Figure 6-8). These data
confirm that the applied drying methods are capable of creating anhydrous conditions in
nanosized mesoporous systems without inducing irreversible particle agglomerations or

coalescence phenomena.
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Figure 6-8. TEM micrographs of samples CMS-5 (a) and CMS-6 (b).

6.5 Conclusion

The concept of mesoporous silica functionalization via metalorganic reagents was transferred
from micrometer-sized MCM-41 materials to colloidal suspensions containing mesoporous
silica nanoparticles. The influence of the different surface chemistries resulting from template
removal via calcination or extraction on the outcome of metalorganic conversion with
phenyllithium has been investigated. Furthermore, different drying methods have been
compared for their suitability to remove water from the mesopores without causing
agglomeration of the colloidal suspensions. Elevated temperatures above 100 °C lead to
coalescence of the mesoporous silica nanoparticles. However, two approaches for water
removal from the mesopores at mild conditions were developed: triethyl orthoformate
hydrolysis and vapor adsorption. Both methods allowed us to perform metalorganic

conversions while retaining colloidal stability.
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7 Probing the intrapore surface of phenyl-substituted nanoscale
mesoporous silica — piezoelectric sorption measurements in thin films (joint
project)*

7.1 Introduction

The sorption or diffusion of volatile compounds in porous materials has been the subject of
numerous studies.!"”! However, surprisingly little information is available on the heat of
adsorption of volatile compounds on empty and functionalized periodic mesoporous materials,
e.g., MCM-41 silica.

MCM type materials feature high surface areas of up to 1500 m* g’ and tunable pore sizes
and pore volumes. Such high surface area materials are ideal candidates for many sorption-
related applications. The knowledge of sorption behavior is critical in the case of catalytic and
sensor applications as well as membrane separations.’®® Well-known methods for the
determination of the heat of adsorption include calorimetric measurements,”’ temperature

1

programmed desorption (TPD) processes''! and calculations from equilibrium adsorption

data [

The acquisition of sorption heats by calorimetric methods or TPD are usually relatively time
consuming experiments with measuring times in the range of several hours or even days.
Common approaches require sample amounts of several milligrams or grams to determine the
desired thermodynamic values. In contrast, the quartz crystal microbalance technique permits
gravimetric recording of sorption isotherms with microgram quantities of material, hence
offering several advantages, such as fast diffusion times and less consumption of valuable
sample material. The method further benefits from the high measuring accuracy of industry-
standard quartz resonators and electronic equipment as well as the possibility to perform a
parallel evaluation of isosteric adsorption heats with several samples.

The quartz crystal microbalance (QCM) technique is based on the proportionality of the
frequency of an oscillating QCM to additional adsorbed mass density. Provided the porous

material can be deposited in an acoustically coupled thin film on the surface of the device, one

* A. Darga, J. Kecht, T. Bein, Langmuir 2007, 23, 12915-12922.
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can measure the uptake of adsorbate molecules as a function of partial pressure and
temperature via the frequency changes of the QCM.

By applying an electric field on a piezoelectric crystal, e.g. quartz, a mechanical deformation
or stress is detectable which is known as the inverse piezoelectric effect. The resonance
frequency of the QCM device is strongly affected by various parameters of the surrounding
medium, such as temperature, density and viscosity.

In 1959 Sauerbrey!' demonstrated the physical relationship between additional mass loading

on quartz plates and their frequency changes (see equation 7-1).

A,
Am :quAf (7-1)

0
Am : mass change
A : piezo-active area of the electrode

A, shear-modulus of quartz
P, - density of quartz
f, : resonant frequency of the fundamental mode of the crystal

Af : frequency change

The sensitivity of this gravimetric measurement method lies in the range of nanograms and is
therefore enhanced by a factor of approximately 100 compared to commercially available
electro-mechanical microbalances. As a result, the application of QCM techniques with very
small amounts of sample in the range of 5 - 30 pg becomes possible, thus leading to short
diffusion times in adsorbents and short overall measurement times for adsorption isotherms.

The present work utilizes the QCM technique supported by a fully automated dosing and
measurement system, which is described in detail in the supporting information, to determine

the sorption isotherms of unfunctionalized and phenyl-functionalized periodic mesoporous
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silica. The thin mesoporous films used in this study fulfill the preconditions of the Sauerbrey
equation''¥ of limited thickness and homogeneity of the deposited material. C.-S. Lu and O.

] investigated the impact of film thickness on the validity of the Sauerbrey equation.

Lewis
The authors report a linear correlation between additional deposited mass and frequency
changes up to a 2 % decrease of the fundamental frequency of the quartz resonator. In case of
a 10 MHz QCM device the linearity can be assumed for frequency changes up to 20.000 Hz.

Periodic mesoporous silica materials offer rich opportunities in sorption-related fields due to
the possibility to control their pore diameters in a wide range (about 2 - 15 nm) as well as
their facile functionalization, leading to adjustable surface properties. Although some
alternative techniques including the functionalization by metalorganic reagents!'® and by

silazanes!!”

have been reported recently, the two common primary methods for
functionalization of mesoporous silica materials are the grafting and co-condensation
approaches. In the former method, trialkoxy- or trichlorosilanes bearing the desired
functionalities are attached to the surface silanol groups of the mesoporous structure by a
post-synthesis treatment step. In the co-condensation approach, the functionalization takes
place in situ by adding the appropriate amount of functionalized trialkoxysilanes to the
reaction mixture. While both methods are adequate to introduce high amounts of organic
moieties into the material, they can result in significantly different surface properties.

In this work, both functionalization approaches, the co-condensation and grafting of
phenyltriethoxysilane, are applied in the synthesis of colloidal suspensions of non-
functionalized and phenyl-containing mesoporous silica nanoparticles (MSN in the sample
codes). The materials are thoroughly characterized by various standard techniques and
subsequently applied in the preparation of homogeneous layers on the surface of QCM
devices via spin-coating. For each sample, toluene sorption isotherms were recorded at four
different temperatures, thus allowing the calculation of the respective heats of adsorption via

the Clausius-Clapeyron equation (see equation 7-2).!'"!
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d(inp) _ AHg
dW/T) R

(7-2)

p : pressure
T : temperature
AH?, : isosteric heat of adsorption

R : gas constant

The relevant data were taken at isosteric conditions (at constant loading) from the adsorption
branch of the corresponding isotherms."'™ The resulting heats of adsorption yield information
about the affinity of the adsorbate towards the modified mesoporous materials. It is thus
demonstrated that QCM measurements can be applied for the efficient characterization of
mesoporous silica materials, which is a valuable approach due to the rapidly achieved
equilibrium conditions and short diffusion times obtained by using small amounts of sample
in thin films.

The following investigation was performed as a joint project between coworkers Alexander
Darga and Johann Kecht in the group of Professor Thomas Bein. The responsibilities were
shared as follows: Alexander Darga was responsible for measurement and interpretation of all
QCM and SEM data, as well as preparation of the QCM chips and SEM samples. Johann
Kecht was responsible for the synthesis of the colloidal mesoporous silica samples,
interpretation of the TEM and NMR data, as well as measurement and interpretation of the

DLS, N, sorption, TGA, NMR, and Raman data.
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7.2 Experimental Section

Tetraethyl orthosilicate (TEOS, Fluka, >98%), phenyltriethoxysilane (PTES, Aldrich, 98%),
cetyltrimethylammonium chloride (CTAC, Fluka, 25% in H,O) and triethanolamine (TEA,
Aldrich, 98%) were used as received without further purification. Doubly distilled water from
a Millipore system (Milli-Q Academic A10) was used for all synthesis and purification steps.
Unfunctionalized mesoporous silica nanoparticles were prepared according to reference !
from reaction mixtures with a molar composition of 1 TEOS : 9.6 TEA : 0.22 CTAC : 145
H,0 (sample MSN-I). TEOS (10.4 g) and TEA (71.5 g) were heated for 25 minutes at 363 K
(90 °C) without stirring in a 250 mL polypropylene reactor. An aqueous CTAC-solution
(133.6 g, 2.58 %wt) preheated to 333 K (60 °C) was added and the resulting mixture stirred at
room temperature for 3 hours. After addition of 100 mL ethanol, the mesoporous silica
nanoparticles were separated by centrifugation and redispersed in ethanol. Extraction of the
organic template was performed by heating under reflux at 368 K (95 °C) for 30 minutes in
two solutions containing 2 g ammonium nitrate in 100 mL ethanol and 4 g concentrated
hydrochloric acid in 100 mL ethanol, respectively. The nanoparticles were washed by
centrifugation after each extraction step, resulting in clear ethanolic suspensions.

For preparation of phenyl-grafted material (sample MSN-II), 400 mg PTES were added to 6.5
g of an ethanolic suspension containing 3.0 wt% unfunctionalized extracted nanoparticles.
The suspension was heated under reflux for 3 hours and purified by two steps of
centrifugation (40000 rcf, 30 min) and redispersion in ethanol.

For the preparation of phenyl-containing samples by the co-condensation route, the synthesis
for mesoporous silica nanoparticles was performed starting from a reaction mixture with a
molar composition of 0.9 TEOS : 0.1 PTES : 9.6 TEA : 0.22 CTAC : 145 H,0O (sample MSN
II).

All samples were stabilized as ethanolic suspensions with a solid concentration of about 3

wt% and repeatedly spin-coated (3000 rpm) onto a QCM device featuring gold electrodes,
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thus obtaining deposited sample amounts on the electrodes varying from 14.6 pg cm™ up to
36.2 pg cm™ The resulting QCM devices were heated in a furnace at 623 K (350 °C) in air for
10 hours with a prior heating ramp of 0.5 K / min in order to decompose any residual template
molecules inside the silica mesopores.

Prior to any recording of isotherms the QCM device was heated up to 403 K (130 °C) inside
the measurement cell under nitrogen at a constant flow of 2000 ml / min for at least 20
minutes until frequency stability was reached. After the heating and purging period at 403 K
(130 °C), a deviation of less than = 10 Hz within a 240 seconds period was accepted as
sufficiently stable to indicate the absence of water in the mesopores, subsequently enabling

the next temperature step.

7.3 Characterization

Dynamic light scattering (DLS) measurements to determine the hydrodynamic particle
diameter in colloidal suspensions were performed with a Malvern Zetasizer-Nano instrument
equipped with a 4 mW He-Ne laser (633 nm) and avalanche photodiode detector.
Thermogravimetric analyses (TGA) of the bulk samples were performed on a Netzsch STA
440 C TG/DSC (heating rate of 10 K/min in a stream of synthetic air of about 25 mL/min).
Solid state 'H-*’Si-CP-NMR measurements were performed on a Bruker DSX Avance 500 FT
(contact time 10 ms, spinning rate 5.5 kHz, pulse delay 2.8 us, recycle delay 2 s, number of
scans between 2600 and 5600). Raman spectra of the coated QCM devices were recorded on a
Jobin Yvon Horiba HR800 UV Raman microscope using a HeNe laser emitting at 632.8 nm.
Transmission electron microscope (TEM) images were taken with a JEOL JEM 2011
microscope operating at 200 kV, by drying the diluted colloidal suspensions on a carbon-

coated copper grid.
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In order to evaluate the smoothness and overall sample thickness and to validate the
applicability of the Sauerbrey equation, the mesoporous silica layer on top of the quartz
crystal was investigated with a JEOL JSM 6500F scanning electron microscope (Figure 7-1).
As an example, Figure 7-1a shows the surface of the QCM device spin-coated with sample
MSN-III, which does not contain any large agglomerations. Figure 7-1b also demonstrates the
low thickness of about 800 nm of the removed particle layer observed after scratching the

silica surface with a scalpel.

(&)

Figure 7-1. SEM micrographs of a QCM-device spincoated with sample MSN-III (a) and the

corresponding film removed from the surface (b) (scale bar = 2 um).

Nitrogen sorption measurements were performed on a Quantachrome Instruments NOVA
4000e at 77 K. For calculations of pore sizes and volumes a NLDFT equilibrium model of N,
on silica was used. Pore diameters based on the BJH model are also given for better
comparison with literature data. A BET model was applied to evaluate the surface areas.

The recording of isotherms was performed on a QCM experimental setup described in detail
in the supporting information. Digital mass flow controllers (W-101A-110-P, F-201C,
Bronkhorst High-Tech) ensured the accurate dosing of the carrier gas nitrogen and the analyte

liquid toluene, which was vaporized in a controlled evaporation and mixing element (W-101A,
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Bronkhorst High-Tech). A 10 MHz QCM device (XA 1600 AT-cut, KVG Quartz Crystal
Technology) was used to measure frequency changes due to additional adsorbed mass.

Some parameters of the Sauerbrey equation, such as the density py = 2.648 g-em” and the
shear-modulus vq = 2.947-10" g-em™-s? are characteristics of the piezoelectric material quartz.
The Sauerbrey equation is usually normalized to 1 cm” sensing area on the QCM-chip, thus a
frequency change of 1 Hz corresponds to a mass-loading of 4.42:10° g. The overall frequency
fluctuation of the system is = 1 — 2 Hz at room temperature.

Concerning the sorption of the vaporized liquid toluene, partial pressures were calculated
using the van-der-Waals equation (see equation 7-3) with real gas state assumptions. Van-der-

Waals parameters for toluene (a = 24.86, b = 0.1497) were taken from reference [20].

[p +ac—zj(\/ —nb)=nRT (7-3)

P : pressure

a: constant to correct for intermolecular attractive forces

N : quantity of gas in moles

V : volume

b : constant to correct for volume of individual gas molecules
R : gas constant

T : temperature
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7.4 Results and Discussion

Mesoporous silica samples were prepared using different functionalization approaches and
subsequently characterized. Solutions without PTES as an additive yielded unfunctionalized
silica nanoparticles (sample MSN-I). After removal of the template by extraction, a
functionalization via post-synthesis treatment with PTES was performed, thus obtaining the
grafted sample MSN-II. For the preparation of co-condensed material, PTES was included in
the initial synthesis mixture leading to an in-situ functionalization (sample MSN-III). After
extraction of the template, the samples were obtained as stable colloidal solutions in ethanol.
DLS measurements reveal that all samples possess narrow particle size distributions with
hydrodynamic diameters in the range of 100 - 200 nm (Figure 7-2). Corresponding TEM
investigations show round and elongated mesoporous particles with diameters below 100 nm

(Figure 7-3).

Scattering intensity / a.u.

1 10 100 1000 10000
particle diameter / nm

Figure 7-2. Unweighted DLS curves (A) for ethanolic suspensions of samples MSN-I (a),

MSN-II (b) and MSN-III (c).
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Figure 7-3. TEM micrograph of sample MSN-I (scale bar = 100 nm).

Parts of the solutions were dried for further characterization of powder samples. Nitrogen
sorption measurements were applied to investigate the porous nature of the products (Figure
7-4). All samples show the expected IUPAC classified Type IV shape isotherm, typical for
mesoporous systems, indicating mesopore filling as well as a pronounced hysteresis loop at
higher p/po-values due to external textural porosity of the nanoparticles. BET calculations
reveal high surface areas for all three samples due to the large internal surface of the
mesoporous channel system. NLDFT calculations show that the pore diameter of 3.7 nm in
the unfunctionalized material is decreased by about 0.3 nm by incorporation of phenyl groups
(Figure 7-5) which is less than twice the molecular dimension (about 2 x 0.3 nm for two
single phenyl groups), thus suggesting a tilted arrangement and/or a low density of the phenyl
groups coating the walls.*" The reduced pore diameter is also reflected in the decreased pore

volume (Table 7-1).
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Figure 7-3. Nitrogen sorption measurements of the dried bulk samples MSN-I (a), MSN-II

(b) and MSN-III (c). Curves (a) and (b) are offset by 300 and 600, respectively.
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Figure 7-4. Pore diameters of the dried bulk samples MSN-I (a), MSN-II (b) and MSN-III (c)

as calculated from N isotherms by a NLDFT equilibrium model.
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Table 7-1. N; sorption data

sample functionalization BJH pore DFT pore DFT pore BET

method diameter diameter volume surface
[nm] [nm] [cmig™] area

2 -1

[m°g~]
MSN-I unfunctionalized 2.6 3.7 0.82 1187
MSN-II  grafting 2.2 34 0.62 1104
MSN-III  co-condensation 2.1 3.4 0.61 1275

* for pores under 8 nm

A complete coverage of the silica surface with densely packed and vertical phenyl groups
would result in a decrease of the pore diameter by about 0.6 nm, by assuming a layer of
phenyl groups facing each other on both sides of a pore wall. However, such a scenario would
be highly unlikely considering the respective mechanisms of phenyl incorporation. During
grafting, the density of the phenyl groups on the silica surface is determined by the
availability of binding sites and remaining free space between previously grafted molecules,
which will prevent a close packing of the phenyl groups. During co-condensation, the relevant
phenyl groups are placed on the hydrophilic-hydrophobic interface of the micelles and will
arrange themselves in such a way that they are pointing inside the hydrophobic part of the
micelles during self-assembly. Since the pore walls can therefore only be partially
functionalized, the observed pore size reduction is smaller than expected from a densely
packed monolayer of phenyl groups.

In order to determine the extent of phenyl functionalization, thermogravimetric analysis was
performed on all samples (Figure 7-5). It is assumed that the thermal decomposition of the
template in the MSN-samples is similar to the mechanism reported for CTAB-containing
MCM-41 described in the literature.” In the temperature range up to 383 K (110 °C),
physisorbed water is released from the pores. From 383 K (110 °C) to about 668 K (395 °C),

remaining cetyltrimethylammonium template is decomposed by first undergoing Hoffmann
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elimination followed by oxidation to CO,.*? In the range of about 668 K (395 °C) to 1173 K
(900 °C), three reactions can take place. In all three samples, water is released by
condensation of framework silanol groups, and small amounts of carbonaceous residues from
incomplete template combustion are oxidized. In the case of phenyl-containing samples, the
aromatic groups are also decomposed within this temperature range. While the TG curves of
all samples are similar for temperatures up to 668 K (395 °C), the extent of functionalization
is clearly visible by comparison of the weight loss between 668 and 1173 K (395 and 900 °C)

for sample MSN-I (2.6 %) in contrast to samples MSN-II (11.3 %) and MSN-III (13.7 %).

Weight / %
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Figure 7-5. Thermogravimetric data for samples MSN-I (a), MSN-II (b) and MSN-III (c).

While both MSN-II and MSN-III contain a comparable mass-loading of phenyl-groups, there
should be major differences in the nature of the framework attachment. 'H-*’Si-CP-MAS-
NMR was used to investigate the different connectivity of the functionalized silicon atoms to

the mesoporous framework prior to the calcination step at 623 K (350 °C) in air (Figure 7-6A).
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Figure 7-6. 'H-*’Si CP\MAS NMR spectra of samples MSN-I (a), MSN-II (b) and MSN-III
(c) before (A) and after (B) calcination at 623 K (350 °C) for 10 h. Dashed lines mark the

signals corresponding to T', T* and T° sites. The asterisks mark rotation side bands.
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All three samples show Q*, Q’ and to a lesser extent Q” resonances at -110, -100 and -90 ppm,
respectively, arising from the incompletely condensed silica framework (Q* = Si(OSi)s, Q* =
Si(0OSi);0H, Q* = Si(0Si),(OH),). However, the Q* species seem to be reduced in sample
MSN-II due to further condensation at higher temperatures during the grafting treatment. For
the co-condensed sample MSN-III, signals corresponding to T° and T? sites can be found at
80 and 70 ppm, respectively. They are caused by the phenyl-bearing silicon atoms that were
co-condensed into the mesoporous silica framework (T = Si(0Si);R, T* = Si(OSi),(OH)R, T'
= Si(OSi)(OH),R)."**!

In contrast, the phenyl-groups in sample MSN-II were grafted onto the silica surface of the
sample by a post-synthesis treatment. Here, T° sites are less prominent compared to the co-
condensed sample. However, a higher concentration of T sites and a signal corresponding to
T' sites at about 63 ppm is detected. This indicates that the grafted silyl species bearing
phenyl groups are mainly connected to the silica framework by two siloxane bonds. As the
framework is already pre-formed, phenyltriethoxysilane moieties attaching to the surface are
not always able to find a silanol group in a suitable location for further condensation. After
attachment of two groups, as is the case in a T” site, the flexibility and rotation of the group is
hindered, thereby reducing the possibility of finding a third opportunity for condensation and
thus explaining the prominence of T” sites in sample MSN-IL.

A different picture is obtained after heating treatment. In order to evaluate the influence of the
calcination step at 623K (350 °C) on the degree of silanol condensation and connectivity of
the phenyl-groups, the 'H-’Si-CP-MAS-NMR measurements were repeated on calcined
samples (Figure 7-6B). As is to be expected, framework condensation was significantly
increased during heating, resulting in a higher degree of Q* species by annealing of free
silanol groups in the material. In all three samples the relative intensity of the Q* signals
versus Q’ signals was increased, and similar observations can be made for signals

corresponding to T and T species. It should also be noted that the high degree of T” sites
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detected earlier in grafted sample MSN-II was drastically lowered by the calcination
treatment. This was probably caused by the increased mobility of the phenyl-bearing silyl
groups at higher temperatures, thus enabling the final condensation step of the remaining
silanol group on the T species to the framework surface. It can therefore be stated that based
on NMR analysis the connectivities of phenyl-bearing silyl groups in the grafted and
cocondensed samples after calcination are rather similar.

Raman spectroscopic studies on the QCM device were performed in order to elucidate the fate

of the attached phenyl groups after heating the film at 623 K (350 °C) (Figure 7-7).
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Figure 7-7. Raman spectra of the surface of QMC-chips coated with samples MSN-I (a),
MSN-II (b), MSN-III (c) and of an uncoated QCM-device (d). Dashed lines mark the

additional vibrations corresponding to the presence of phenyl groups.

Samples MSN-II and MSN-III show three additional bands emerging at 622, 1002 and 1032

cm”, which can be assigned to the in-plane ring deformation (622) and C-H in-plane
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vibrations (1002, 1032) of the phenyl group, respectively. The other bands belong to
vibrations of the quartz plate, as can be seen by comparison with an uncoated QCM-chip. It is
therefore concluded that the phenyl groups remain intact in the calcined films, which is also to
be expected based on the thermal stability shown during TG analysis.

Toluene sorption isotherms at 298 K recorded with QCM-devices coated with the 3 samples
are illustrated in Figure 7-8. The sorption of toluene on MSN-I shows a steep Type IV
isotherm, and samples MSN-II and MSN-III exhibit Type IV isotherms as well. Type IV
classified isotherms represent a high affinity of the gaseous molecules towards the adsorbent
which is shown by the steep increase of toluene-loading at low relative pressures in all three
samples. The determination of the heat of adsorption based upon sorption isotherms provides
a quantitative refinement of the affinity of toluene during physisorption towards the three

different types of sample surfaces.
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Figure 7-8. QCM toluene sorption isotherms at 298 K for samples MSN-I (a), MSN-II (b),

and MSN-III (c).

Table 7-2 illustrates the isosteric heats of adsorption calculated at different degrees of
coverage for all three samples. It should be mentioned that the determination of AH,4s at

isosteric conditions is not recommended in the isotherm region of adsorbate-adsorbate
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adsorption as it would generate erroneous values which would be influenced by the adsorption
of toluene on toluene. To overcome that problem the heats of adsorption were calculated
according to the individual break point at which we still can assume sub-monolayer coverage
of toluene adsorbing on each individual sample. Therefore, the heat of adsorption on sample

MSN-III was evaluated at coverages of 0.75, 1.0 and 1.5 mmol-g” (Table 7-2).

Table 7-2. Isosteric heats of adsorption in kJ'mol” obtained from the sorption isotherms

6 mmol / g MSN-I MSN-I1 MSN-111
0.75 - - 239+ 1.4
1.0 - - 242 £0.6
1.5 178+ 1.6 28.1+1.2 24.1+0.8
2.0 179+ 1.6 322+1.1 -
2.5 183+1.5 31,6 1.2 -
3.0 - 303£1.2 -

average 18.0+1.6 305+1.2 24.1+1.0

The lowest expected monolayer coverage of toluene is calculated assuming a space
requirement of 116 A? per molecule toluene (COSMO surface in the MoPac package of
reference [21]) occupying all sorption sites with the m-electron system parallel to the surface
(which is unlikely). In this case, a monolayer of toluene molecules would be present at a
coverage of about 1.7 mmol-g” (MSN-I), 1.7 mmol-g™ (MSN-II) and 1.8 mmol-g" (MSN-III)
(these values vary because of the different surface areas of the samples). Thus, determining
the heats of adsorption at loadings below these values will ensure the desired sub-monolayer
coverages. A closer look at the sorption isotherms of sample MSN-I and MSN-II shows that

an almost linear correlation of relative pressure and coverage can be observed up to 2.5 mmol



7 Probing the intrapore surface of phenyl-substituted nanoscale mesoporous silica 166

g and 3.0 mmol g, respectively. It is therefore assumed that toluene-toluene adsorption will
only have a minor influence on the results within this data range. This is further supported by
the fact that all variations of the loading parameter in this data range lead only to minimal
variations in the calculated heat of adsorption.

The unfunctionalized silica sample MSN-I exhibits the lowest heat of adsorption for toluene
(18.0 + 1.6 kJmol™). This is attributed to the relatively small affinity of the non-polar solvent
vapor of toluene (0.375 + 0.01 Debye)” to the relatively polar, silanol-rich internal surface
of the silica material. This behavior is also reflected in the higher heats of adsorption of the
samples bearing a phenyl-substituted surface. The post-synthesis grafted sample MSN-II
shows a distinctive high affinity to toluene vapor which results in an average value for the
heat of adsorption of 30.5 + 1.2 kJ mol ™ calculated from four different loadings (1.5, 2.0, 2.5
and 3.0 mmol-g”', see Table 7-2). The heat of adsorption for the phenyl-grafted sample MSN-
IT is the highest of all three, but still noticeably lower than the heat of vaporization of toluene
(38.01 kJ-mol™" at 298 K).1*"

In contrast, the sample MSN-III which was phenyl-functionalized via co-condensation only
reveals an average isosteric heat of adsorption of 24.1 + 1.0 kJ-mol™, indicating a lower
affinity of toluene molecules towards the co-condensed surface, although TGA data indicate a
slightly higher concentration of phenyl groups (by 2.5 %wt). Reproducibility of the
measurements was confirmed by a second set of samples prepared at identical conditions. The
obtained values for the toluene heat of adsorption were 18.6 + 1.4 kJ-mol™,30.8 + 1.1 kJ mol
and 24.5 + 1.2 kJ'-mol" for the unmodified, grafted and co-condensed sample, respectively.
The heat of adsorption on these reproduced samples is thus matching the values obtained for
MSN-I, MSN-II and MSN-III within the calculated error limits.

The observed differences between samples MSN-II and MSN-III regarding their heats of
adsorption can be explained by taking into account the different localization of phenyl groups

at the internal pore surface. The grafted sample offers the highest amount of freely available
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phenyl groups that are accessible at the internal pore surface. By nature of the grafting
procedure, all phenylsilane groups are concentrated at the internal and external sample surface
where they replace up to three hydroxyl groups by condensation reactions (Scheme 7-1). Even
though the co-condensed sample MSN-III contains somewhat more phenyl groups according
to TGA data, this attachment scheme will not result in a significant capping of silanols, due to
steric requirements, and will lead to possible incorporation of phenyl groups in the silica walls.
This would result in a surface that could be considered, in terms of interaction forces, as an
intermediate between the unfunctionalized and the grafted surface with respect to silanol
concentration. The outer surface therefore still bears a large number of free hydroxyl groups
and fewer phenyl groups than the grafted sample (Scheme 7-2). This results in a lower affinity

and decreased heat of adsorption for the non-polar toluene molecules.

Scheme 7-1. Silica surface of phenyl-grafted sample MSN-II.
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Scheme 7-2. Silica surface of co-condensed sample MSN-III.
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The isotherms of all three samples confirm the good reversibility of the adsorption at 298 K,
313 K, 328 K and 343 K. Minor differences between the adsorption and sorption branches in
terms of sorption capacity at identical relative pressures are attributed to possible drift of the
experimental system. The isotherms at higher temperatures for samples MSN-I, MSN-II and
MSN-IIT are available as supplemental information.

In order to demonstrate equilibration behavior of the system, one raw data set is illustrated in
Figure 7-9 showing the decrease in frequency caused by increasing relative pressure
(adsorption) and vice versa (desorption). The automated experimental setup records frequency
changes at 4 temperatures, including a purging and heating step at a flow rate of 2000 ml N,
per minute at 403 K (130 °C) before adjusting each new experimental temperature, to ensure

the complete removal of residual toluene molecules.
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Figure 7-9. QCM raw data set for sample MSN-II acquired at 298 K, 313 K, 328 K and 343

K. The “AT” label indicates the heating and purging period at 403 K.
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A magnified graph (see Figure 7-10) shows that equilibrium is reached during the
experimental conditions for adsorption: within 100 s no measurable frequency changes are
observed, while the initial partial pressure increase step (or decrease step) is very fast and

completed within 5 seconds.

1m T T T T T T T T I T I T
10000350 |- MSN-II -
- partial pressure increase 1
10000300 |- S '
10000250 |- | l T - =
T _ ___Yi equillibrium conditions |
3 10000200 - / .
53; 10000150 - S il
& ; —> i «— :
10000050 |- — -
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Figure 7-10. Magnified raw data set of the measurement for sample MSN-II recorded at

313 K.
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7.5 Conclusions

A convenient and fast method for determining heats of adsorption in porous nanoparticles was
demonstrated for the case of unfunctionalized and phenyl-functionalized mesoporous silica
synthesized by co-condensation and grafting routes. Although both samples incorporate
comparable amounts of phenyl groups, the resulting surface functionalization differs
significantly with respect to the affinity of the pores towards toluene. The effect of surface
functionalization on the heat of adsorption of toluene has been quantified using QCM
measurements at different temperatures. While co-condensed material shows only a 33 %
increase of the heat of adsorption, with respect to the unfunctionalized host, the increase is
more than doubled for grafted material. It is thus demonstrated that QCM sorption studies can
distinguish and quantify the differences between a sample where most phenyl groups are
placed on the silica surface by post-synthesis treatment and a sample where phenyl groups are
partially dispersed in the silica framework during synthesis.

The QCM-based sorption method offers the capability to acquire isotherms of volatile vapors
and the corresponding heats of adsorption at the same time, while using very small sample
amounts in the range of about 5 to 30 pg. The small amounts of sample, presented in the form
of a thin film, additionally result in a very fast sensor response due to the short diffusion times,
thus allowing the measurements in this study to be completed in 4 - 6 hours. On the other
hand, standard gravimetric or volumetric determination of sorption isotherms utilizes sample
masses in the range of milligrams, thus requiring significantly more time to reach equilibrium
conditions.'*”! Possible applications of such QCM-based techniques include the screening of
potential catalytically active materials in terms of affinity for different gaseous species,
development of sensors for volatile compounds, and evaluation of membrane materials. The
method is capable, with statistical significance because it averages over the entire sample, of
giving more insights into the nature of surface modifications and their influence on sorption

properties.
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8 Selective functionalization of the outer and inner surfaces in mesoporous
silica nanoparticles*

8.1 Introduction
Mesoporous structured materials have attracted a great deal of interest in recent years due to

their ordered porosity and high internal surface area."*

If additional molecular functionality
can be introduced in a controlled way, it is possible to control many key properties, including
hydrothermal stability, surface polarity, and the density of attached organic moieties, which
are crucial for applications in sorption, catalysis, templating and host-guest chemistry.” ¥
Within these growing fields, new advanced applications begin to emerge that require more
sophisticated materials, i.e., drug delivery systems with multiple functionalities.”® Thus, the
selective functionalization of specific locations inside mesoporous materials becomes a point
of interest in order to gain greater control over the surface properties.

A recent example of such work includes the separate functionalization of the inner surface in
micropores and mesopores of SBA-15 silica.l’! By partial cleavage of the P123 surfactant, the
mesopore surface could be functionalized with trimethylchlorosilane while the micropores
remained inaccessible until a subsequent heating treatment removed the remaining surfactant.
The micropore surface was then functionalized with trivinylchlorosilane and reacted with a
palladium complex in order to generate a final product with fully accessible mesopores and
Pd nanoparticles located inside the micropores.

Other examples of site-selective functionalization include the generation of Janus particles, in
which the surfaces located on both hemispheres of a round particle are of different types.!™
Such particles were produced from non-porous fused silica spheres with diameters of 800 nm
and 1.5 um, respectively. The selectivity was achieved by fixating the particles at the liquid-

liquid interface of emulsified molten wax in water, followed by solidification of the wax and

subsequent functionalization of the half-embedded silica.l”! This approach allowed production

* J. Kecht, A. SchloBbauer, T. Bein, submitted.
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of bipolar (cationic-anionic) and surfactant-like (cationic-hydrophobic) silica Janus particles
in gram-scale quantities.

Recent investigations center on the selective functionalization of the outer and inner surface in
mesoporous silica systems.!'>'?! These locations are especially relevant for mesoporous silica
nanoparticles with sizes below 100 nm, which possess a high external surface area in addition
to the inner surface of the mesopores. Mesoporous silica nanoparticles can be prepared as
stable colloidal suspensions and can subsequently be used for the construction of hierarchical
porous materials and thin films, thus offering many possibilities for new applications in

(5. 13] Functionalization of the external

research fields such as sensing, optics and drug delivery.
nanoparticle surface is of paramount importance for colloidal stability and interaction with the
environment, i.e., with living cells and other biological substrates, and allows the attachment
of large molecular moieties and nanoscale building blocks without reducing pore size and
available free pore volume. On the other hand, functionalization of the internal pore system is
needed in order to control and fine-tune the host-guest chemistry, i.e., for drug delivery,
catalysis and sorption applications.

Recently, Fmoc (9-fluorenylmethyloxycarbonyl) protected alkylamines grafted on
mesoporous silica spheres were differentially functionalized by diffusion-based cleavage with
piperidine solution."” Moreover, it was shown that during grafting reactions the external
surface is more accessible and grafted preferentially to the inner pore system even in empty
calcined MCM-41.!"" Functional groups deposited at the channel opening may also slow
down the diffusion of further grafting reagents, thus resulting in an inhomogeneous
distribution of attached groups.'* Similar results were obtained for template-filled as-
synthesized MCM-41 which upon exposure to trimethylsilylchloride was functionalized
mainly on the external surface.''! However, several publications demonstrate that grafting

reagents including various chloro- and trialkoxysilanes can easily and efficiently enter the

template-filled channels and functionalize the inner pore systems, in some cases even
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18] 1y fact,

producing extracted materials by completely replacing the surfactant molecules.!
results of the present work reveal that functionalization inside template-filled pores already
occurs at very mild conditions, i.e. after reaction for 4 h at room temperature.

In view of these challenges we present a new approach for the highly selective control of the
outer versus the internal pore surface in colloidal mesoporous silica nanoparticles. By using a
site-selective co-condensation approach, the particle is functionalized in situ either during or
after the growth process. In comparison to grafting approaches, much greater control over the
amount and density of the functional groups is achieved. By choosing suitable reaction
conditions, unwanted functionalization of the inner pore surface can be completely inhibited.

Furthermore, functionalization by co-condensation is known to produce a more homogeneous

surface functionalization than grafting.

8.2 Experimental Section

Reagents. Tetraethyl orthosilicate (TEOS, Fluka, >98%), ammonia (Aldrich, 25% in H,0)
phenyltriethoxysilane (PTES, Aldrich, 98%), aminopropyltriethoxysilane (APTES, ABCR, 96
%), 11-bromo-undecyltrimethoxysilane (BUTMS, ABCR, 95%), cetyltrimethylammonium
bromide (CTAB, Aldrich, 95%), cetyltrimethylammonium chloride (CTAC, Fluka, 25% in
H,0) and triethanolamine (TEA, Aldrich, 98%) were used as received without further
purification. Doubly distilled water from a Millipore system (Milli-Q Academic A10) was
used for all synthesis and purification steps.

Preparation of micrometer-sized MCM-41 particles. MCM-41 was prepared according to a
published procedure.!'”! To a stirred solution of CTAB (2.39 g, 6.56 mmol), water (125 g,
6.94 mol), ethanol (12.5 g, 271 mmol) and aqueous ammonia (25 %wt, 9.18 g, 135 mmol) in
a 300 mL polypropylene reactor, the amount of 10.03 g TEOS (48.19 mmol) was added. The

resulting mixture has a molar composition of 1 TEOS : 0.14 CTAB : 144 H,O : 5.63 ethanol :
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2.8 NHj;. After stirring for 2 hours at room temperature, the reaction mixture was filtered off
and washed with 50 mL water. The resulting white powder was dried at 60°C for 12 h.
Preparation of colloidal mesoporous silica (CMS) nanoparticles. Mesoporous silica
nanoparticles were prepared according to reference *” from reaction mixtures with a molar
composition of 1 TEOS: 0.20 CTAC: 10.37 TEA: 130.15 H,O. The combined TEOS (1.92 g,
9.22 mmol) and TEA (14.3 g, 95.6 mmol) were heated for 20 minutes at 90 °C without
stirring in a 100 mL polypropylene reactor. A solution of CTAC (25 % in water, 2.41 mL,
1.83 mmol) and water (21.7 g, 1.21 mol) preheated to 60 °C was added, and the resulting
mixture was stirred at room temperature for 12 hours. After addition of 100 mL ethanol, the
mesoporous silica nanoparticles were separated by centrifugation, redispersed in ethanol and
extracted according to the procedure described below.

General procedure for the selective functionalization by grafting of template-containing
MCM-41. As-synthesized MCM-41 (360 mg) was added to dry toluene (5 mL) in a dry flask
under nitrogen atmosphere. After addition of 1 mmol of the respective functionalized
trialkoxysilane, the reaction mixture was stirred for 4 hours at room temperature or under
reflux conditions (see table 1). The functionalized MCM-41 was filtered off and washed with
20 mL each of toluene, methanol, and water before being exposed to the MCM-41 extraction
procedure. In the case of CMS materials, the grafting was performed by direct reaction of the
ethanolic suspensions (~3 wt%) with the triethoxysilanes and purification of the resulting

suspensions via multi-step centrifugation (see Table 8-1).
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Table 8-1. Samples functionalized by post-synthesis grafting of template-containing
mesoporous silica.

sample name material grafting agent (RTES) reaction temperature

Ph-MS 1 MCM-41 PTES 25°C
Ph-MS 2 MCM-41 PTES reflux
AP-MS 3 MCM-41 APTES 25°C
BU-MS4  MCM-41 BUTMS 25°C
Ph-CMS 5 CMS PTES 25°C
AP-CMS 6 CMS APTES 25°C

General procedure for the selective functionalization of CMS by co-condensation. The
reactants are mixed following the synthesis procedure for CMS. However, a second set of
reactants is added at specific time periods after combination of the initial TEOS/TEA and
CTAC solutions (see Table 8-2). The reactants were added to the stirred reaction mixture with
an Eppendorf micropipette and consist of TEOS and a functionalized triethoxysilane (RTES)
in varying ratios. The combined amount of both silanes was 185 pmol in all samples, i.e., 2 %
of the total amount of “Si” in the initial CMS synthesis. The resulting mixture was stirred at

room temperature for 12 hours followed by purification and extraction as described for CMS.



8 Selective Functionalization of mesoporous silica nanoparticles 178

Table 8-2. Samples obtained via in situ functionalization by co-condensation.

sample name triethoxysilane TEOS : RTES TEOS : RTES addition

(RTES) relative molar ratio® volumes [pL : uL]  time [min]

AP-CMS 7 APTES 0.5:0.5 20.5:21.5 5
AP-CMS 8 APTES 0.5:0.5 20.5:21.5 10
AP-CMS 9 APTES 0.5:0.5 20.5:21.5 30
AP-CMS 10 APTES 0.5:0.5 20.5:21.5 60
AP-CMS 11 APTES 0:1 0:43.0 30
AP-CMS 12 APTES 0.8:0.2 32.8:8.6 30
AP-CMS 13 APTES 0.95:0.05 39.25:2.1 30
Ph-CMS 14 PTES 0.5:0.5 20.5:223 30
Ph-CMS 15 PTES 0:1 0:44.6 30

%total silane amount = 185 pumol

Extraction of MCM-41 and CMS. Extraction of the organic template from the MCM-41 and

CMS materials was performed by heating 1 g twice under reflux at 90°C for 30 minutes of in

a solution containing 2 g ammonium nitrate in 100 mL ethanol, followed by 30 minutes under

reflux in a solution of 4 g concentrated hydrochloric acid in 100 mL ethanol. The MCM-41

material was separated by filtration and the CMS nanoparticles were purified by

centrifugation. Both types of materials were washed with ethanol after each extraction step.

MCM-41 and CMS materials were obtained as white solid powders and as clear ethanolic

suspensions, respectively.
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8.3 Characterization

Dynamic light scattering (DLS) and zeta potential measurements were performed on a
Malvern Zetasizer-Nano instrument equipped with a 4 mW He-Ne laser (632.8 nm) and
avalanche photodiode detector. DLS measurements were directly recorded in ethanolic
colloidal suspensions. For determination of the zeta potential curves, one drop of the ethanolic
suspension (~3 %wt.) was mixed with 1 mL commercial Hydrion Buffer solution of the
appropriate pH prior to measurement. This approach allowed fast and reproducible zeta
potential measurements which are comparable to the respective curves obtained by pH
adjustment via addition of hydrochloric acid (see supporting information). Thermogravimetric
analyses (TGA) of the bulk samples were performed on a Netzsch STA 440 C TG/DSC
(heating rate of 10 K/min in a stream of synthetic air of about 25 mL/min). Raman spectra
were recorded on a Jobin Yvon Horiba HR800 UV Raman microscope using a HeNe laser
emitting at 632.8 nm. IR spectra were recorded on a Bruker Equinox 55 under diffuse
reflectance conditions (samples were mixed with KBr, spectra are background subtracted).
Scanning transmission electron microscopy (STEM) was performed on a Titan 80-300 kV
microscope operating at 300 kV equipped with a high-angle annular dark field detector.
STEM samples stained with iridium were prepared by adding 3 drops of an aqueous 1 M
solution of IrCl; to 3 mL of an ethanolic/aqueous CMS suspension (~3 wt%), followed by two
steps of centrifugation, washing with ethanol, and subsequent drying of a drop of the resulting
diluted colloidal suspension on a carbon-coated copper grid. Nitrogen sorption measurements
were performed on a Quantachrome Instruments NOVA 4000e at 77 K. For calculations of
pore sizes and volumes a NLDFT equilibrium model of N, on silica was used. The BET

model was applied to evaluate the surface areas.
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8.4 Results and Discussion

In order to selectively functionalize the inner and outer surface of mesoporous silica
nanoparticles two different approaches based on grafting and co-condensation reactions were
investigated and compared.

The first approach is based on the grafting of template-containing mesoporous materials.
Micrometer-sized MCM-41 type silica particles were employed as a model system with a high
ratio of inner to outer surface. By performing the grafting while the mesopore channels are
occupied by template molecules, diffusion of the grafting reactant into the porous structure is
limited thus leading to a preferential functionalization of the outer particle surface. As-
synthesized  samples were grafted with  phenyltriethoxysilane (PTES) and
aminopropyltriethoxysilane (APTES) at different temperatures before extraction of the
organic template (see Table 8-1). After the grafting procedure, the template was removed by
extraction prior to further characterization. Thermogravimetric analysis was performed in

order to determine the amount of incorporated phenyl groups (Figure 8-1).
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Figure 8-1. Thermogravimetric data for unfunctionalized MCM-41 (a), and phenyl-

functionalized samples Ph-MS 1 (b) and Ph-MS 2 (¢).
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Due to the thermal stability of the aromatic ring, combustion of grafted phenyl occurs at
elevated temperatures over 400°C, in contrast to most aliphatic groups which decompose in a
temperature range between 110 °C and 400 °C.*'" Extracted mesoporous silica without
additional grafting shows only a minor weight loss over 400 °C which can be attributed to
silanol condensation (Figure 8-1a). Template-containing materials grafted with PTES at room
temperature and under reflux conditions display a significantly higher weight loss in this
temperature range due to the incorporated phenyl groups (Figure 8-1bc; TG data for the
temperature range 25-900 °C can be found in the supporting information). As can be seen, the
phenyl content inside the mesoporous materials strongly depends on the grafting temperature,
and a lower amount is incorporated at room temperature as compared to reflux conditions.
These observations were confirmed by nitrogen sorption. Correspondingly, samples with
higher phenyl contents in TGA display smaller pore diameters (Figure 8-2; Table 8-3; the
corresponding isotherms can be found in the supporting information). However, a minor
reduction of the pore diameter is observed in samples obtained by grafting of template-

containing materials even at mild conditions (Figure 8-2).

Table 8-3. Surface areas and pore volumes determined from nitrogen sorption.

sample name surface area [m%g]  pore volume [cc/g]

MCM-41 1022 0.772
Ph-MS 1 1103 0.714
Ph-MS 2 1142 0.597
AP-MS 3 990 0.669
BU-MS 4 989 0.672
CMS 1152 0.852°
Ph-CMS 5 886 0.606"
AP-CMS 6 597 0.299°

* only cumulative pore volumes for pores < 8 nm are specified here due to the considerable
textural porosity of CMS samples
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Figure 8-2. Pore diameters derived from nitrogen sorption isotherms of unfunctionalized

MCM-41 (a) and samples Ph-MS 1 (b), Ph-MS 2 (c), AP-MS 3 (d), and BU-MS 4 (e).

It can therefore be concluded that 4 hours at room temperature are sufficient to at least

partially functionalize the inside of the filled mesopores, and that at higher temperatures it is

possible to replace a major part of the template with the grafting reagent. Similar observations

were made for template-containing MCM-41 grafted with APTES and BUTMS (Figure 8-2)

and for colloidal mesoporous silica (CMS) samples grafted with APTES and PTES (Figure 8-

3). In case of the nanoscale particles with shorter diffusion paths, the functionalization by

expulsion of template molecules can be observed even more clearly, especially by grafting

with APTES (Figure 8-3c). The presence of the corresponding organic moieties in the

materials was also confirmed by Raman spectroscopy (Figure 8-4).
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Figure 8-3. Nitrogen sorption isotherms (A) and pore size distributions (B) of

unfunctionalized CMS (a) and samples Ph-CMS 5 (b) and AP-CMS 6 (c).
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Figure 8-4. Raman spectra of extracted MCM-41 (a) and samples Ph-MS 1 (b), Ph-MS 2 (¢),
AP-MS 3 (d), and BU-MS 4 (e), as well as extracted CMS (f) and samples Ph-CMS 5 (g) and

AP-CMS 6 (h). Bands marked with asterisks are assigned below.
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Bands corresponding to phenyl groups
998 cm™ aromatic C-H in plane deformation vibration

3063 cm™ aromatic C-H stretching vibration

Bands corresponding to aminopropyl groups

856 cm’! R-CH,-NH; rocking

1043 cm™ C-N stretch

1311 cm’! R-CH,-NH, twisting

1328 cm™ R-CH,-NH, wagging

1452 cm’™ R-CH,-NHj def.

2850-2900 cm’* R-CH,-NH, sym. and asym. stretch
~3400 cm’™! N-H stretch

Bands corresponding to 11-bromoundecyl groups

2850-2900 cm’! chain CH; sym. and asym. stretch

Occluded template slows the diffusion of the grafting reactant into the pores, therefore
favoring the preferential functionalization at the outer surface. As demonstrated above,
diffusion into the pores can be further limited by lowering of the grafting temperature.
However, even at mild conditions a small part of the reactants diffuses into the structure and
functionalizes the inner pore surface to a significant degree. This behavior is problematic for
certain applications, for example, the attachment of large moieties is not possible without
causing pore blocking. Furthermore, a precise control over the amount and location of

functional groups is not possible by this grafting-based method.
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In our novel approach addressing these issues, colloidal mesoporous silica (CMS)
nanoparticles were functionalized in situ during their growth process by site-selective co-
condensation instead of post-synthesis grafting.

CMS materials were synthesized according to our previously published procedures.”” TEOS
was hydrolyzed in a reaction mixture containing CTAC and triethanolamine, resulting in high
nucleation rates and slow subsequent growth of the generated seeds. By using this method,
stable ethanolic suspensions of mesoporous nanoparticles with sizes below 100 nm were
obtained after extraction. Co-condensed CMS can be obtained by incorporation of
organosilanes in the batch composition as described in previous studies.**!

By the addition of small amounts (2 mol% of total silane content) of a mixture of
functionalized triethoxysilanes (RTES) and TEOS at specific times during synthesis, it is
possible to control the location of the organic moieties. Depending on the addition time, the
functionalized groups are either dispersed more homogeneously throughout the particle or
concentrated inside a shell in the outer regions (Figure 8-5).

As demonstrated in the following, the concentration of functional groups on the external
surface increases at later addition times due to particle growth. If the addition takes place after

complete growth of the particle, the functionalized silanes condense only on the last layer, i.e.

on the outer particle surface.
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Figure 8-5. Distribution of functional groups depending on the addition time of the

organosilane component during synthesis.

In order to monitor this change in density of functional groups on the external surface, zeta
potential measurements were performed at pH values between two and six on samples
prepared by addition of an APTES/TEOS mixture (molar ratio 1:1) at different stages of
particle growth (Figure 8-6). The use of zeta potential measurements for the determination of
the amount and location of amine functionalities in mesoporous silica has been reported in the

literature.[*> 2%
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Figure 8-6. Zeta potential of samples prepared by variation of the addition time of the
APTES/TEOS mixture: samples AP-CMS 9 (filled triangles), AP-CMS 8 (empty triangles),

AP-CMS 7 (filled squares), and unfunctionalized CMS (empty squares).

The incorporated aminopropyl moieties are protonated at acidic pH values and carry a
positive charge. A higher density of such groups on the outer particle layer thus leads to
increased zeta potential curves as they affect the overall surface charge. Correspondingly,
functional groups located at the interior surface, i.e. the channel walls of the mesopores, do
not contribute to the zeta potential.

As can be seen, the zeta potential and thus the concentration of aminopropyl groups on the
outer surface is strongly dependent upon the time of addition. Early APTES/TEOS addition,
for example after 5 minutes, only leads to a minor increase of the zeta potential curve as the
organic groups are dispersed throughout a large volume of the particle and only a few are
located on the external surface. However, addition of the same APTES/TEOS amount at later

times, i.e. after 10 and 30 minutes, generates more positive surface charges (Figure 8-6).
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Interestingly, increasing the addition time above 30 minutes does not lead to significantly
higher zeta potentials, as the particles are fully grown at this point. The observed zeta
potential obtained after an addition delay of 30 minutes is about half that of a completely
APTES-saturated surface. This observation is in accordance with the employed APTES/TEOS
ratio of 1:1 and proves the high concentration of positively charged functional groups at the
outer interface. Despite the small amounts of employed organosilane (2%), the organosilane
groups are concentrated at the densely functionalized outer surface. The outer layer thus
possesses a high positive charge, which is only partially compensated by the negative charge
of the silanol groups.

Transmission electron microscopy was performed as a complementary approach for
determining the location of the aminopropyl groups in the mesoporous silica nanoparticles. In
order to distinguish between functionalized and unfunctionalized surfaces, iridium(III)
chloride was added as a contrast agent and uncomplexed iridium cations were removed by
two steps of washing and centrifugation. Scanning Transmission Electron Microscopy in High
Angle Annular Dark Field mode (STEM-HAADF) was performed in order to visualize the
heavy metal content in the stained CMS particles of samples prepared with addition times of
10 min (AP-CMS 8) and 30 minutes (AP-CMS 9), respectively (Figure 8-7).

This technique allows Z-contrast imaging with an intensity proportional to Z?, the squared
atomic number of the elements present, resulting in clearly visible bright spots corresponding
to clustered heavy iridium atoms. As STEM shows a two-dimensional projection, these spots
are positioned over the whole imaged particle, but with different radial distributions

depending on the location of the functional groups.
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Figure 8-7. STEM-HAADF micrographs of samples AP-CMS 9 (a,b) and AP-CMS 8 (c,d)

(scale bar =20 nm).

Depending on the addition time in the selective functionalization procedure, the resulting
materials can attain any state between two extreme cases, that is, either the aminopropyl
groups and thus the iridium clusters are homogeneously distributed over the whole particle
volume, or they are solely located on the outer particle surface. For statistical analysis each
investigated particle was divided into two radial segments corresponding to equal volumes
transmitted by the electron beam., i.e., an “inner part” and “outer part”, by placing a circle or
ellipsoid with a relative diameter of 60.8 % in the center of each particle projection (Figure 8-

8a).
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Figure 8-8. Scheme of a CMS particle with divided into “inner part” (darkened area with
radius 0.608 R) and “outer part” (white area with radius 1 R) seen along the z-axis parallel to
the STEM electron beam (a). The same particle oriented sideways shows the corresponding

volumes transmitted by the STEM electron beam (b).

The volume corresponding to the “inner” darkened area traversed by the electron beam can be
divided into two identical spherical segments (S1 and S2) and a cyclinder. The volume of a
sphere and spherical segment with radius r and height h, and cylinder with radius r, and height

h, are described in equations (8-1) to (8-3).

4
Vsphere = gr 37[ (8'1)
h®z
Vsegment = T(3r - h) (8'2)
chlinder = rzzﬂhz (8'3)

The radius of the spherical CMS particle was defined as R. The smaller radius of the “inner

part” corresponding to the cylinder was defined as R,. The equation (8-4) was then solved in
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Mathematica 5.0 (Wolfram research, Inc.) yielding R, = 0.608309 R. The corresponding
heights of the spherical segment and the cylinder are 0.20629 R and 1.5874 R, respectively.

Ly

2 sphere

=2V +V (8-4)

segment cylinder

The volumes corresponding to the inside and outside of the darkened area in Figure 8-8a each
constitute half of the total particle volume. Metal atoms dispersed homogeneously throughout
the whole spherical particle are therefore contained in both areas in a 1:1 ratio.

On the other hand, metal atoms present solely on the external particle surface will be
dispersed according to the ratio of the external surface in both spherical segments (“inner
part”) relative to the remaining sphere surface (“outer part”). The surface area of a sphere and
a spherical segment are given in equations (8-5) and (8-6).

S =4r’g (8-5)

sphere

s = hz(4r —h) (8-6)

segment
By inserting R as the radius of the sphere and of the spherical segment with the height h =
0.20629 R, the ratio 2-Ssegment : (Ssphere — 2*Ssegment) 0f 0.642 : 1 is obtained for metal atoms
dispersed on the inner and outer part, respectively.

In summary, the corresponding volumes transmitted by the electron beam in both areas are
equal, and thus the number distribution of iridium clusters in those to areas is expected to be
1:1 in the case of a homogeneous distribution over the whole particle volume (assuming
similar nucleation and growth rates for the clusters throughout the particles). On the other
hand, a relative distribution of 0.642 : 1 for the inner and outer parts is expected if iridium
clusters are present solely on the external surface, i.e. the ratio corresponding to the external
particle surfaces traversed by the electron beam. While it is expected that the organosilanes
were completely incorporated in both samples during co-condensation based on the obtained
data, it should be noted that these calculations are still valid even for different total amounts

of functional groups. The calculated distribution values are relative ratios of the number of
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clusters in two volume parts of each particle and thus independent of the total amount of
functional groups in each sample. A total of 1568 iridium clusters in 19 different CMS
particles of both samples were evaluated, yielding a relative distribution and standard
deviation of 0.986 + 0.097 in sample AP-CMS 8 and 0.636 + 0.045 in sample AP-CMS 9.
Both values are in good accordance with the calculated theoretical results for a selective
functionalization of the external surface and a more homogeneous distribution inside the
particle channels (assuming similar nucleation and growth rates for the clusters throughout the
particles), and thus support the observations made by zeta potential measurements.

Using this selective co-condensation approach, a phenyl-functionalized sample (Ph-CMS 14)
was prepared by addition of a PTES/TEOS mixture with a molar ratio of 1:1 after 30 minutes.
The presence of the attached functional groups in the externally functionalized silica material
was shown by Raman spectroscopy (Figure 8-9a). Due to the small amount of employed
organosilane only the strongest band at 998 cm™ (aromatic C-H in-plane deformation
vibration) is clearly visible, while the second strongest band located at 3063 cm™ (aromatic
C-H stretching vibration) already displays a very low intensity in comparison to the non-
phenyl signals.

Nitrogen sorption measurements were performed in order to investigate the impact of the
introduced functional groups on the porous network. As expected, no pore size reduction was
observed in the externally functionalized samples (Figure 8-10, Table 8-4, the corresponding

isotherms can be found in the supporting information).
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Figure 8-9. Raman spectra of samples Ph-CMS 14 (a) and Ph-CMS 15 (b).
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Figure 8-10. Pore diameters derived from nitrogen sorption isotherms of unfunctionalized

CMS (a) and samples AP-CMS 9 (b), AP-CMS 8 (c) and Ph-CMS 14 (d).
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Table 8-4. Surface areas and pore volumes of samples obtained by selective functionalization

via co-condensation

sample name surface area [m%g]  pore volume® [cc/g]
CMS 1152 0.852
AP-CMS 8 1114 0.775
AP-CMS 9 1158 0.782
Ph-CMS 14 1182 0.857

* only cumulative pore volumes for pores < 8 nm are specified here due to the considerable
textural porosity of CMS samples

However, it should be noted that these data do not provide clear evidence for the location of
the functional groups considering the small amounts of incorporated organosilane. Due to the
high internal surface area of the mesopores, dispersed groups cannot significantly influence
the pore size due to their small concentration on the channel walls. However, the presence and
location of these dispersed functional groups can be determined by combined zeta potential
and STEM measurements even at very low concentrations, as has been demonstrated.

We propose a site-selective co-condensation mechanism for our new approach (Figures 8-5
and 8-11).

The generation of mesoporous silica by hydrolysis of alkoxysilanes proceeds via formation of
small anionic oligosilicates, which subsequently build up the inorganic framework by
cooperative self-assembly with the surfactant micelles.” ! As the organic moieties are
introduced by in situ co-condensation in aqueous basic media (pH > 9), the trialkoxysilanes
are rapidly hydrolyzed to give anionic species. This prevents entry into the nonpolar interior
of the micelles inside the channels and subsequent exchange of template molecules, as
observed for grafted nanoscale CMS (Figure 8-11). In this way, a locally selective
functionalization becomes possible by co-condensation of the oligosilicates during

framework-formation of the growing particle. Depending on the time of addition of the
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organosilanes, three cases can be distinguished. A, the entire channel wall is functionalized in
a classic co-condensation reaction, B, a part of the mesopore channels is functionalized during
growth from an initially formed nucleus, or C, the oligosilicates attach themselves on the last

layer of the outer surface of a fully grown particle.

oligosilicate anions

R /i\ |
R 0o 0 0 0 3
OH OH
HO

silica wall template inside mesopore

Figure 8-11. Formation mechanism of the outer layer during external functionalization of a
mesoporous particle. Oligomeric organosilicate anions condense with the silica framework

but cannot enter the hydrophobic interior of the micellar structure.

Apart from allowing a precise control over the location of the functionalized groups, this co-
condensation strategy also offers further advantages. Grafting methods are generally faced
with the difficulty to accurately adjust functionalization density due to the various controlling
factors such as reaction time, temperature and reactant species, which determine the surface
concentration of attached groups. However, by variation of the silane ratios in a co-

condensation reaction it is possible to control the amount of incorporated functionalities. This
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was shown by zeta potential measurements of samples functionalized by aminopropyl on the
outer particle surface. Samples AP-CMS 9, 11, 12 and 13 were prepared by addition of a
silane mixture with different APTES/TEOS ratios after 30 minutes of particle growth. As can
be seen, increasing amounts of incorporated aminopropyl groups lead to higher positive
surface charges, thus demonstrating the successful adjustment of organic group densities on

the particle surface (Figure 8-12).
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Figure 8-12. Zeta potential of samples with different APTES/TEOS ratios: samples AP-CMS
9 (filled triangles), AP-CMS 12 (empty circles), AP-CMS 13 (filled circles), and

unfunctionalized CMS (empty squares).

However, a contrasting behavior is observed at very high ratios, i.e., addition of the pure
functionalized organosilane without additional TEOS in samples AP-CMS 11 and Ph-CMS
15: In the case of pure APTES, the recorded zeta potential curves of AP-CMS 11 showed a

lower surface charge than samples prepared with a 1:1 mixture of APTES and TEOS (Figure
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8-13). Moreover, in contrast to the other samples, irreproducible fluctuations of the zeta

potential occured during measurement (i.e. at pH = 4 in Figure 8-13).
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Figure 8-13. Zeta potential of sample AP-CMS 11.

Furthermore, after addition of pure PTES in sample Ph-CMS 15 no phenyl groups were
detected by Raman spectroscopy (Figure 8-9b). The observed results can be explained by
taking into account the different oligosilicates prepared by pure organosilane addition as
compared to a mixture with TEOS during the formation mechanism of the functionalized
outer layer (Figure 8-14).

In the case of pure functionalized triethoxysilanes, the oligosilicates resulting from hydrolysis
and condensation have few or no free silanol groups, which are necessary for attachment and
further condensation to the inorganic framework. DLS measurements confirm the bimodal

particle size distribution in sample AP-CMS 11 (Figure 8-15d).
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Figure 8-14. Organosilane oligomers lacking free silanol groups cannot condense with the

silica framework during the external functionalization step.

scattering Intensity, a.u
°

1 10 100 1000 10000

particle diameter, nm

Figure 8-15. Unweighted DLS curves for ethanolic suspensions of unfunctionalized CMS (a)

and samples Ph-CMS 14 (b), AP-CMS 9 (¢), and AP-CMS 11 (d).



8 Selective Functionalization of mesoporous silica nanoparticles 200

While samples coated with an APTES/TEOS mixture showed no significant difference in
particle diameter with respect to uncoated samples, addition of pure APTES resulted in small
particles which are attributed to agglomerations of aminopropyl-functionalized oligosilicates
as well as larger agglomerates of such oligosilicates with the CMS particles. The zeta
potential fluctuations are thus assigned to the heterogeneity of this sample containing both
negatively charged CMS particles and positively charged APTES oligomers.

In the case of PTES, the resulting phenyl-functionalized oligomers were too small to be
recovered by centrifugation and thus were removed from the sample, resulting in
unfunctionalized material. It should be noted that this behavior was only observed for late
addition times, i.e. after 30 minutes or more. As expected, materials synthesized by addition
of pure organosilanes during early stages of particle growth show no differences to samples
prepared by addition of TEOS-containing mixtures, as excess TEOS is still present in the

reaction mixture at early particle growth stages.
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8. 5 Conclusion

A versatile approach for the selective functionalization of mesoporous silica nanoparticles has
been developed. By using an in-situ co-condensation approach during the growth of the
particles, functional groups can be completely dispersed inside the channels, concentrated in
parts of the mesopores, or exclusively placed on the external surface, depending on the time
of addition. In this way, several disadvantages associated with post-synthesis grafting can be
avoided, such as the unwanted partial functionalization of the internal surface by diffusion of
grafting reactants into the mesopores. Furthermore, the functional group density on the outer
particle surface can be easily adjusted by variation of the organosilane-to-TEOS ratio.

The resulting nanoparticles are promising candidates for the generation of sophisticated
multifunctional systems, for example in drug delivery applications. External functionalization
allows for the attachment of bulky groups and other nanoparticles without reducing pore
volume and causing excessive pore blocking. Moreover, selective functionalization of the
outer particle surface does not influence the interactions of guest molecules with the internal
pore walls, and diffusion of the guest molecules inside the mesopores, which is an important
aspect in drug delivery. By alteration of the internal surface in subsequent functionalization
steps, such as post-synthesis grafting, the generation of materials with tailor-made properties
becomes possible for which interactions with the environment and with guest species can be

completely controlled.
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9 Conclusion

9.1 Summary

During the course of this work several new concepts for the synthesis and functionalization of
colloidal porous hosts were developed.

It was demonstrated that metal ammine complexes can be applied as a novel class of zeolite
templates for the synthesis of colloidal molecular sieves. The crystallization of nanosized
EDI-type zeolite was shown to be directed by square planar [Cu(NHz)4]*" complexes used as
co-templating species in addition to tetramethylammonium cations. Various factors including
aging treatment, composition of the reaction mixture, time and temperature of hydrothermal
treatment were investigated in order to elucidate the role of the complexes in the
crystallization pathway. It was found that [Cu(NHs)4]*" acts as the main templating species
and that it is necessary for crystallization and growth of the EDI-type nanoparticles.
Stabilization of the complexes by incorporation into the aluminosilicate matrix during aging is
one of the key steps in order to avoid decomposition inside the alkaline reaction media at
elevated temperatures. Substitution of the copper complexes by isostructural palladium and
platinum species results in drastically decreased particle sizes by increasing nucleation rates,
yielding colloidal suspensions of zeolite nanocrystals with sizes below 20 nm and monomodal
size distributions. Variation of the hydrothermal treatment temperature leads to different
results based on the complex used. While palladium and platinum species decompose above
100 °C, the copper species were found to be stable up to 150°C but to yield core-shell
particles at lower temperatures, i.e. 60 °C.

Colloidal mesoporous silica created by cooperative self-assembly of surfactant templates and
silica precursors was the second theme of this work. A simple one-pot reaction for the
oxidative removal of template molecules and functional groups by reaction with hydrogen

peroxide was developed. In this way, the size and morphology of colloidal mesoporous silica
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nanoparticles could be controlled by addition of phenyltriethoxysilane during synthesis
without affecting surface functionalization.

The functionalization of colloidal mesoporous silica systems with metalorganic reagents was
demonstrated, i.e., by reaction with phenyllithium. The key step for avoiding particle
agglomeration and coalescence processes was the removal of water from the mesopores at
temperatures below 90 °C either by hydrolysis of triethyl orthoformate or by vapour
adsorption from the gas phase.

It was shown that toluene sorption measurements in thin films of functionalized mesoporous
silica nanoparticles on quartz crystal microbalance chips are a powerful means of surface
characterization for these nanosized systems. This technique offers the capability to acquire
isotherms of volatile vapors and the corresponding heats of adsorption at the same time, while
using very small amounts of sample in the range of about 5 to 30 pg.

Finally, a versatile approach for the selective functionalization of mesoporous silica
nanoparticles was developed. By using an in-situ co-condensation approach during the growth
of the particles, functional groups can be completely dispersed inside the channels,
concentrated in parts of the mesopores, or exclusively placed on the external surface
depending on the time of addition. In this way, several disadvantages associated with post-
synthesis grafting can be avoided, such as the unwanted partial functionalization of the
internal surface by diffusion of grafting reactants into the mesopores. Furthermore, the
functional group density on the outer particle surface can be easily adjusted by variation of the

organosilane to silane ratio.
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9.2 Outlook

The applicability of square planar metal ammine complexes as templates for the synthesis of
colloidal zeolites has been demonstrated. The next step should be the extension of the concept
to different complexes with varied geometries, sizes, and charge densities, with the goal of
discovering previously unknown zeolite frameworks. For example, the use of functionalized
amines permits the generation of a large number of metal amine complexes with different
structures. Depending on the complex used, several parameters may have to be adjusted, i.e.,
the silicon-to-alumina ratio will have to be increased for incorporation of large complexes and
consequently co-templates with lower charge densities may be necessary for the adjustment of
the pH. High-throughput methods are a suitable tool for the investigation of large ranges of
composition parameters. First preliminary experiments in this area have already been
performed, and it was found that the zeolite syntheses presented in this work can be
downscaled to reaction volumes of about 1.5 mL inside high throughput autoclave systems,
without any alteration of the particle size or crystallinity of the products.

Furthermore, several of the concepts developed in this work have already been successfully
applied in cooperations and further studies inside our group. Metalorganic conversions have
been used for the functionalization of colloidal mesoporous silicas with moieties that are not
commercially available in the form of triethoxysilanes, i.e., protected alkyne moieties.
Furthermore, the selective functionalization of colloidal mesoporous silicas with various
anchor groups allowed the attachment of large molecules without blocking of the internal pore
system. One example of such studies includes the successful attachment of DNA oligomers
on the outer particle surface via click chemistry recently performed by Axel Schlobauer in
our group.

Prospective future projects also include the attachment of stimuli-responsive caps and
polymers, as well as biological markers and other functionalities by fully exploiting the high

versatility of the functionalization concepts devised in this work.
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10 Supporting Information

10.1 Supplemental Data for Chapter 4 - Structural models for Cu-EDI and Pt-EDI

The full Rietveld refinement of both zeolite structures from XRD powder patterns is very
challenging due to several factors, i.e., the partial occupancies of water, TMA, sodium, and
the metal complexes, combined with some degree of disorder of these species due to multiple
possible orientations inside the zeolite structure, as well as partial occupancies in the cage
system. Furthermore, the significant peak broadening due to the small size of the
nanocrystallites is problematic, especially for evaluation of the high-angle reflections.
However, the underlying EDI-type framework structure is well known, and the metal
complexes are supposed to be the most strongly scattering species inside the pores. Therefore
it becomes possible to develop a qualitative structure model from which some basic
conclusions can be drawn, i.e., concerning the effects of metal substitution.

Based on the XRD pattern of sample Cu-100, a simple model for the metal complex-
containing EDI-type zeolite was constructed (Figure 10-1, 10-2). Starting with the empty EDI
framework in the space group P-42;m, the Cu positions were located by DELF (difference
electron Fourier mapping) in the program GSAS/EXPGUI. Nitrogen atoms were manually
placed at a Cu-N distance of 2 A. The Cu and N fractions were set to the values determined
from elemental analysis and TGA data. The resulting calculated powder pattern of this model
system is similar to that of Cu-100 (Figure 10-1b). By exchanging all Cu atoms in the model
for Pt atoms and adjusting the particle size related peak broadening, a calculated powder
pattern with low intensity of the reflections at 12.5 and 13.5 °26 is obtained (Figure 10-1c). A
similar pattern is observed for sample Pt-60 (Figure 10-1d). One can therefore conclude that
the low intensity of these reflections in sample Pt-60 is due to the high scattering of the Pt
atoms. It should be noted that the simulated powder patterns of the models, especially of the
Pt-model, are not identical to the experimental powder patterns and are not meant to be a

structure solution. In order to keep the model simple many factors including the correct space
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group and the presence of TMA, sodium and zeolitic water in the structure are not accounted

for.
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Figure 10-1. XRD powder patterns of sample Cu-100 (a, experimental), the Cu-model (b,

simulated), the Pt-model (c, simulated) and sample Pt-60 (d, experimental).

Figure 10-2. Graphical representation of the Cu-model along the ¢ axis.
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10.2 Supplemental Data for Chapter 5 — TGA data and **C liquid state NMR
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Figure 10-3. TGA/DSC data of as-synthesized MCM-41 (a), extracted MCM-41 (b), and

samples MS 1 (c¢), MS 2 (d), MS 3 (e), and MS 4 (¥).
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Figure 10-4. °C- (a) and *C-DEPT- (b) liquid state NMR spectra of the aqueous medium

after treatment of sample MS 8 with H,O..
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10.3 Supplemental Data for Chapter 6 - TGA data and *C solid state NMR
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Figure 10-5. TGA/DSC data for calcined MCM-41 (a), sample MS-1-cal (b), extracted

MCM-41 (c), sample MS-1-ex (d), extracted CMS (e), and samples CMS-3 (f).
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10.4 Supplemental Data for Chapter 7 — zeta potential curves, TG data, N, isotherms
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Figure 10-8. Comparison of zeta potential curves obtained by pH adjustment using Hydrion
buffer solutions (filled squares) or addition of diluted hydrochloric acid (empty squares) for
aminopropyl-functionalized CMS. The sample was obtained by grafting of extracted CMS

with APTES in toluene under reflux conditions.
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Figure 10-9. Thermogravimetric data for unfunctionalized MCM-41 (a), and phenyl-

functionalized samples Ph-MS 1 (b) and Ph-MS 2 (c¢).
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Figure 10-10. Nitrogen sorption isotherms of unfunctionalized MCM-41 (a) and samples Ph-

MS 1 (b), Ph-MS 2 (c), AP-MS 3 (d), and BU-MS 4 (e).
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Figure 10-11. Nitrogen sorption isotherms of unfunctionalized CMS (a) and samples AP-
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Industriepraktika, berufliche Tatigkeiten
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10/2005-05/2008
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