Redox-active Modification of Silica Surfaces
via Silicon-Carbon Bond Formation

Redox-aktive Modifizierung von
Kieselgeloberflachen durch Bildung von
Silizium-Kohlenstoff-Bindungen

DISSERTATION

der Fakultat fur Chemie und Pharmazie
der Eberhard-Karls-Universitat Tubingen

zur Erlangung des Grades eines Doktors
der Naturwissenschaften

2009

vorgelegt von
NICOLAS PLUMERE



Tag der mindlichen Prufung: 30. Januar 2009

Dekan: Prof. Dr. L. Wesemann
1. Berichterstatter: Prof. Dr. B. Speiser
2. Berichterstatter: Prof. Dr. L. Wesemann

3. Berichterstatter: Prof. Dr. J. Pesek



This doctoral thesis was carried at the Institut@iiganische Chemie, Fakultat fur Chemie
und Pharmazie, Eberhard-Karls-Universitat Tubinggermany, under the guidance of Prof.
Dr. Bernd Speiser.

Foremost, | am indebted to Prof. Dr. Bernd Speisay, supervisor, for his support and
excellent guidance during this research work. hkhlaim not only for providing me with the
lab facilities and a perfect working environmentt laso for his confidence and almost
unlimited freedom he has given me. | could not hi@aent more about chemistry, scientific

research and communication during the course sfwilrk.

| thank all my working group members for valuablscdssions and their friendly nature. |
would like to specially thank Dr. K. Ludwig, Dr. ViMarkle, C. Tittel, Dr. F. Novak, A. Ruff,
B. Sandig, S. Benthin, J. Schaefer, T. Wener, GidauT. Reissig and B. Rochier.

| would like to thank Prof. Dr. Hermann A. Mayeoy fhis comments and discussions which
proved to be very valuable for several parts of thesis.

| thank Prof. Dr. Joseph J. Pesek for welcomingimkis laboratory at the San Jose State
University.

| thank the Deutsche Forschungsgemeinschaft (Gezadukolleg 441 “Chemie in
Interphasen”) and the Max-Buchner-Forschungsstiffion generous support of my thesis.

| thank the members of the Graduiertenkolleg fa émriching cooperation and especially
Pavel Levkin and Wolfgang Leis for the many usefntl stimulating discussions as well as
David Ruiz Abad, Dominik Joosten and Benjamin Dabtrfor their assistance in several
experiments. | thank Prof. Dr. Klaus Albert, Pf. Lars Wesemann, Prof. Dr. Hermann A.
Mayer and Dr. Egelhaaf for making the successfupeoation with their working groups
possible.

| personally thank Prof. Dr. Wilbur H. Campbell fiotroducing me into the fascinating world

of scientific research and for stimulating my imetts for chemistry.

Finally, I am thankful to my family and to Stepharior their support and for the inspiration

they gave me.



Parts of this thesis are already accepted fo patibic:

A. Budny, F. Novak, N. Plumeré, B. Schetter, B.iSge D. Straub, H. A. Mayer, M.
Reginek, Redox-active silica nanopatrticles. PaEl&éctrochemistry and catalytic activity of
spherical, nonporous silica particles with nanometiameters and covalently bound redox-
active modificationsLangmuir2006 22, 10605 — 10611.

N. Plumeré, B. Speiser, Redox-active silica nanopes Part 2. Photochemical
hydrosilylation on a hydride modified silica patéisurface for the covalent immobilization
of ferroceneElectrochim. Acta2007,53, 1244 — 1251.

N. Plumeré, B. Speiser, H. A. Mayer, D. Joostenlanddesemann, Redox-active silica
nanoparticles. Part 3. High-temperature chlorimateduction sequence for the preparation of
silicon hydride modified silica surfaceShem. Eur. J.2009 15, 936 — 946.



Table of content

Abbreviations
INTFOAUCTION .ot e ettt e ettt e e e e e e e e e e e e s sann e e e e aeaaeeeeas 1
S o] o= o o = g 1 Tod =2 9
1.0 INErOAUCTION ...ttt e e e e e e e e e e e e s s e e e e e e e e e e eeeens 9
1.1.1 The Stober process and mechanism ...........coovvvvviiiiiiiiiiniiee e, 9
O I I Y0 0]V TR 11
1.1.1.2 CONUENSALION ...uvttetiiiieee ettt e e 12
1.1.1.3 Nucleation of primary particles......ccccecceeeeeieieeieeeiiiieieiinnns 12
1.1.1.4 Aggregation of primary particles .....cccceeeevvvvveeeeeiiiiiniiennnn. 13
1.1.1.5 Growth by monomer addition ...........cceeeeeeeiiiiiiiiiieiiiiiinnns 14
1.1.2 General PrOPEItIES .......uuuuuuuuiiis ettt e e e e 14
O 0 0 o - o 1P 51
O I o 1 (0171 Y25 51
1.1.2.3 Size diStriDULION........evtieiii s e e e e e eeeeeeeeaaaea 15
1.1.2.4 DIMENSIONS ....ciieiiiiiiiieeeeiitiet ettt e e e e e e e e e e e e e eeeesensennnnan 16
1.2 Synthesis of the Stober partiCles ... e, 18
1.3 Characterization of the Stober particleS ......u..veveevvveviiiiiiiieieeeeeeeeeeeeeeee, 20
1.3.1 Particle Shape.........oouuuuuieii e 20
1.3.1.1 Optical MICIOSCOPY ..uveeeeeeeiiiiiiieee e 20
1.3.1.2 Scanning electron MiCroSCOPY ........cceeeeereeereeeeeverrnnnnnnnnnns 21
1.3.2 Particle size and size diStribDULION ... e veveeiiieeeiiiieiiiis 32
1.3.2.1 SEM MEASUIEMENTES.........iiieieerrt o e e e 23
1.3.2.2 Dynamic light scattering .............ccceeeueeeiiinnneeeeeeeeeeeeeeeeiienns 25
1.3.3 specific surface area and pore size distabut..............cccccovvviiinnnnnnnn. 27
1.3.3.1 Geometrical specific surface area from SEM................... 27
1.3.3.2 Physisorption iSOtherms .............ceceemmrviiiiiiiiiie e, 27
1.3.3.2.1 Surface area from the BET method................... 29
1.3.3.2.2 POIOSItY...uuiiiiiieee et 33
1.3.3.2.2.1 Micropores from the t-method ......cowe.. 33
1.3.3.2.2.2 Mesopores from the BJH method........34

1.4 The optimal PArtiCle SIZE ........uuiiiiieieeeeeee e 35



2 Silicon hydride modified Silica SUIMACE.............coiiiiiiiii e 36

2.1 Preparation of Si—H modified silica materials..............cccovviiiiiiiiiiiiineeeen, 38
2.2 Physical properties of the Si—H modified silioaterials ............c.ccoevvvvvviciinnnnn. 40
2.2.1 Size determination by SEM and DLS .....ccee i e e e e 41
2.2.2 Surface characterization by nitrogen adsompdiesorption isotherms..........cccccceeeeenn... 42
2.3 Chemical properties of the Si—H modified silaterials................cccccceeieeeenennn. 43
2.3.1 The silicon hydride groups (Si—H) .......ccceevvririiiiiiiiiiciiee e, 43
2.3.2 The silanol groups (SI—OH) .........oevieeeiieiiieeeeerre e e e 47
2.3.3 The nature of theyTOroUPS ......covvvuiiiiiiiiiii e 48
2.3.4 Nature of the Q GrOUPS ......uuuiiii it eeeeeee 50
2.3.5 The importance of the chlorination Step...ccc..ccooooeeieiiiiviiii, 52
2.3.6 Optimal reduction temMPerature........occccccceeeeeeeeeeeeeeeeeeeeeee e 55
P22 o] [ox (1] o] o 1T 55
3 Silicon-carbon bond fOrmMation...............uueeiiiiiiiiii e 56
3.1 Free radical initiated hydroSilylation....ccccc...vvveveeiiiiiiiiiiee e 56
3.1.1 Photochemical hydrosilylation..........cccccoooooiiiiii e 57

3.1.1.1 Immobilization of 10-undecylenic acid viaopochemical
hydrosilylation on non-poroud siy materials............ccccccc...... 58
3.1.1.2 Photochemical reaction of 10-undecylenid aith the porous
ST 0 1 F= 1 (=T =1 61
3.1.2 Thermal hydroSilylation ..............uumciiiiiieie e 61
3.1.2.1 Immobilization of 1-octadecene
via thermal hydrosilylation..............c.covceeeeiiiiiiiii, 62
3.1.2.2 Immobilization of 1,7-octadiene
via thermal hydrosilylation..............ccooeeeeeiiiiii, 65
3.2 Base catalyzed dehydrogenative coupling of Si#H terminal alkyne .............. 68
3.2.1 Base catalyzed dehydrogenative coupling ertvrgethylsilane and

I 1)1/ = PP 70
A I I (1 1= ([T 27
3.2. 1.2 MECRANISIN <. e 74



4 The redox-active MOIECUIES.........oeeeeee e d L

v 0t {1 0T (3 Tox 1o ISR 77
4.2 Synthesis of ferrocene derivatives...........ccovvvvveeiiiiiiiiiiiieeeeeeeeeeeeeeeeveeeeeee 79
4.3 Synthesis of diamine(ether—phosphine)dichldhamium(ll) complexes............ 81
4.4 Synthesis of biphenylamine derivatiBascC............eevvvveiiiiiiiiiee e 85
4.4.1 1-bromo-4-(R)-benzene&afo) ........ooooeeeiiiiiiiiiiic e 86
4.4.2 3,5-ditert-butyl-4-iminocyclohexa-2,5-dien-1-0nB)(..............cceevvunne 88
4.4.3 3,5-ditert-butyl-4-imino-1-(4-R-phenyl)cyclohexa-2,5-dien-1-o
(= K o USSP 89
4.4.4 3,5-ditert-butyl-4'-R-1,1'-biphenyl-4-amin&a-0) .........ccccceeeevvereeeernn. 89
4.5 CONCIUSION...ciiiiiiieee e ettt e e e e e e e e e e e e e e 89

5 Covalent attachment of active molecules on thdlisa surface via the radical addition

Of SI-H 10 C=C DONAS ... e e e e e e 90
5.1 Covalent attachment of active molecules orsilea surface via route | ............ 90
5.1.1 Ferrocene attaChmeENt ...............ewcmmmmceeeeeeeeeeeeeeeee e e e e e e e ssnsned 91
5.1.2 Ruthenium complex attaChment..........ccccociiviiiiiiiiiiiiici e 92
5.1.3 Biphenylamine attachment............oo oo 92
5.2 Covalent attachment of active molecules orsilea surface via route 1........... 93

5.2.1 Immobilization of ferrocene by means of ativated carboxylic acid
modified Silica SUIMACE ..........ooooiiiiiii e 93
5.2.2 Free radical induced hydrobromination of oarbarbon double bond

Modified SIliCA SUIMACE ...........ceiiiiiiiii it 97
5.3 CONCIUSION.. ..ottt et e e e e e e e e et beeeees 101
AN o] o] [Tor=1 1 o] o ISP PRUTRUIRRPPPPTT 102
6.1 HPLC separation WittM2 sjy @aNAMZ2C18.cevvvunieeeiiiiiiiiieeeieiiiee e eeeeeneanns 102
6.1.1 HPLC separation of SRM 870 W2t ..coovveveeeeeeiiiieeee, 105
6.1.2 HPLC separation of SRM 870 WM2c1g....coeveeeeeeeeiiiieeeein, 107
6.1.3 CONCIUSION....uuiiiiiee e ae e 109
6.2 Electrochemical properties of mateNBLgrc. ... ...uueeiirrieeeeeeeiieeeieeiiiieen 110
6.2.1 2D arrangment of silica particles on Pt t@fa..............ovvvvvieieeennnnn. 111
6.2.2 Spontaneous adsorptionMiIgg. on platinum electrode surfaces....... 114

6.2.3 Electrochemistry GWILgrc.......ccovvvrrriiieeiiiiiiiie e 116



0.2.4 CONCIUSION ... e e 120

A = (o T=T L= ) = U o T T o P 120
A R 1=t a1 = N o] o Tt =To (1] = P 120
A = 1= = 1 PSR PPPPPPTRRR 121
7.3 Analytical tECNNIQUES ........coviiiiiiiicemeem e 121
7.4 SYNthetiC PrOCERAUIES .....uvveiiie e eeeeeee e e s 127

SN 0] 01T T [ PRSP URRPPPPR 142
8.1 POlYdISPErSILY INAEX ....ccevieiiiiiiiiiimmmmmm e e ettt e e e e e e e eeeeaaaeeees 142
8.2 Geometrical SPeCIfiC SUIMACE Ar€a .......ccccceeeeeeeeiiiiiiieeiicer e eeeaen 143
8.3 Surface concentration of ferroceneMbg. from cyclic voltammetry ............... 143

S B 0] o o3 [1 1] o] o WA PPUORUPUPPRPRT 144

R I EINCES ... e e e e 149



Abbreviations

2D Two dimensional

3D Three dimensional

A Specific surface area

A Angstrém

AAS Atomic absorption spectroscopy
ACF Autocorrelation function

aq. Aqueous

arom. Aromatic

As Peak asymmetry

BET Brunauer-Emmet-Teller

BJH Barett-Joyner-Halenda

br Broad (NMR)

bp Boiling point

Bu Butyl

C18 Alkyl chain with 18 carbon atoms
CP Cross-polarization

cv Coefficient of variation

Cv Cyclic voltammogram

y Surface tension
r Surface concentration
) Chemical shift in ppm (NMR)
) Bending vibration (IR)
) Diffusion layer thickness (CV)

AE, Peak potential separation (CV)
d Doublet (NMR)
Diameter
D Diffusion coefficient
DLS Dynamic light scattering
dppf 1,1'-Bis(diphenylphosphino)ferrocene
DRIFT Diffuse reflectance infrared Fourier transfor
E? Formal potential

E,> Oxidation peak potential



Epred
El
ESI
Et
Et,O

FAB

MAS
Me
MeOH
Mn

mp
MS
Mw

m/z

Na
Nm
NMR

Reduction peak potential

Electron impact

Electronspray ionization

Ethyl

Diethyl ether

Faraday constant

Fast-atom bombardment
Ferrocene

Gas chromatography

Planck constant

International Union of Pure and Applied Chstry
Viscosity

High performance liquid chromatography
High resolution mass spectrometry
Peak current

Infrared

Coupling constant

Retention factor

Boltzmann constant

Multiplet (NMR)

Medium (IR)

Magic angle spinning

Methyl

Methanol

Number average molecular weight
Melting point

Mass spectroscopy

Weight average molecular weight
Mass to charge ratio (MS)

Specific amount

Efficiency

Avogadro constant

Monolayer capacity

Nuclear magnetic resonance



P/P°
PDI
Ph

ppm

O <«

T D

RT

sat.
SDP
SEM
SRM
STP

to
TCD
TEOS
TES
THF
TMS
uv

viv

wiw

Scan rate (CV)

Stretching vibration (IR)
Wavenumber in cih (IR)
Saturation pressure
Relative pressure
Polydispersity index

Phenyl

Parts per millions

Quartet (NMR)

Charge

Density

Ideal gas constant

Room temperature

Singlet (NMR)

strong (IR)

Saturated

Size distribution processor
Scanning electron microscopy
Standard reference material
Standard temperature and pressure
Standard deviation
Temperature

Triplet (NMR)

Time

Void time

Thermal conductivity detector
Tetraethoxysilane
Triethoxysilane
Tetrahydrofuran
Tetramethylsilane
Ultraviolet

Volume to volume

Weak (IR)

Weight to weight






Introduction

Introduction

“Interphase” systems [1], in which active molecués immobilized on a high surface-area
matrix with access to a mobile liquid phase, havwggéred advances in several fields of
chemistry. This concept is based on the covaleatkamnent of active centers on an inert

matrix via a flexible spacer (Scheme 1). The irftage is the region where the stationary

phase and a mobile phase interpenetrate.

(R)  active center

WAAARAMAAL, 5 p a Cer

“ﬁf\l

e matrix/solid phase

a substrate/solvent molecule

Scheme 1: Schematic representation of an interpfise

In the field of catalysis, transition metal compmexare immobilized in such interphase
systems in order to combine the advantages of henemys (high selectivity) [2] and
heterogeneous (simple separation) catalysis [1}. &wample, Noyori’'s hydrogenation
catalysts was successfully bound to a polysiloxaa#ix with retention of its activity and the

ability to be recycled [3].

Interphase systems are also encountered in sepasgience. For example, in reverse phase
HPLC, the organic modification on the solid matfexg. C18 on silica [4]) interpenetrates
with the mobile phase and interacts with the salets in homogeneous conditions. Similarly,
in gas chromatography, chiral selectors are cotiglattached to polysiloxane supports and
interact with the analytes in the gaseous mobilasph5, 6]. The realization of interphase

systems has greatly enhanced the separation poweth HPLC and GC.
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Within this context, our particular interest ligs iedox-active modifications of interphase

systems. The use of redox probes as models foreacénters makes it possible to apply
electrochemical tools to the interphase systemgalhticular, the mobility, the accessibility

and the interactions of the active centers, whiehessential in both catalysis and separation
science, may be investigated with electrochemicathods. For example, the kinetics of a
charge transfer between redox centers [7] withinnéerphase system and the proportion of
active molecules that are accessible to the regastion may be determined. Electrochemical
redox processes may also switch catalytic actithtpugh changes in the oxidation state of

the catalyst’s central metal atom or the ligan®]8,
o)
f . K tH
R
NN X
OH
R’I“ H
NN X R’
\/\/\X X = Ru-complex:
) catalytic properties
X e

X = Ferrocene:

electrochemical
X X properties.
A e

Scheme 2: Non-porous spherical particles for etsdtemical and catalytic applications of

Pt-electrode

interphase systems.

Electrochemical methods are easily applied to ivestigation of homogeneous redox-active
molecules which can diffuse to the electrode serfabere the redox reaction takes place. In
the case of an interphase system where porouscemtire used, a direct contact between the
electrode surface and the immobilized catalystsos straightforward. Therefore, as a
simplified matrix for the interphase system, welwahoose to use spherical non-porous
particles of sub-micrometer diameters instead oby® or swellable materials. The presence
of all redox centers on the outer surface of théiglas provides a unique environment for the

modifying molecules (Scheme 2). We regard nonptyrdsi be an important feature for our
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current purpose: Although the possible loading wétiox-active materials is inferior to that

of highly porous materials, the binding sites axpeeted to be much more homogeneous,
holding all redox-active molecules in a similar gamment. Furthermore, electron transfer to
the bound molecules should be easier as compardtetoorresponding reaction of redox-

active centers embedded in bulk systems. Inde@liteat contact between the immobilized

redox-active centers and an electrode surface bezopwossible. Finally, a controlled

geometry (narrow polydispersity, well defined shapd dimension of particles) may allow to

study the intermolecular charge transfer betweenrédox-active molecules on the particle
surface (Scheme 2).

Moreover, non-porous particles have additional athges for the catalysis itself: The

absence of pores facilitates the diffusion of thbssrate to the catalytic centers, which is
often the rate determining step for reactions irope systems [10]. Improved accessibility of
active centers is expected, especially for largeeoubes. Also, the homogeneous surface
environment of the molecules bound by linkers te tion-porous particles may limit the

decrease of catalytic selectivity, which is oftdrserved when immobilizing a catalyst.

Silica particles obtained from the Stdber procekl| [are good candidates to fulfill the
monodispersity, porosity, size and shape requirésnien both catalytic and electrochemical
applications. The first objective of this thesistts synthesize particles with the optimal

characteristics with respect to the requiremergsgnted above.

Three different types of redox-active probes wedresen for the modification of the silica

particles:

1. Ferrocenel) is a simple one-electron redox system regardedsaandard for various
properties, e.g. redox potential [12]. It is a cement model for the study of redox
interactions in an interphase.

2. Ruthenium complexes with a diamine/diphosphineniigaet (Noyori type catalysts)
(2) exhibit catalytic activity for the hydrogenatioof unsaturated ketones and
reversible redox properties [13].

3. Sterically hindered biphenyl amine8) (are an example of redox-active organic
molecules showing stable radical cation statesnaag be used as electron mediators

in redox reactions.
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The functionalization of these redox-active molesulo make a covalent attachment with a
silica surface possible is one of the objectivethefthesis.

Ph Ph

Cl \
@ NH, \ o P/\/\ OMe

Fe “on., Ry
- [NH/J; i\ ) O O NHZ
C e P{ \Ph

[

2

[[%]

The design of a general method for the covaleachthent of redox-active molecules (or, in
general, active centers) on the silica surface nether goal of this work. The basic

requirements are as follows:

1. All the synthetic steps on the silica surface al@phase reactions. Unreacted educts
as well as side-products bound to the silica sarfe&an not be separated from the
product. Therefore, high yield and selectivity floe desired product are necessary.

2. Sources of impurities should be avoided as mughoasible. In particular, the use of
transition metals catalyst for the surface reastimnot appropriate since the metal
may remain on the silica surface. Transition metgdurities may interfere with both
catalytic and electrochemical experiments.

3. The silica surface after modification should ndemact with the active molecules. In
particular, in the case of catalysis in an integahdhe catalyst is ideally expected to
be in homogeneous conditions. Any interactions wllk support would induce
heterogeneity at the active centers.

4. The stability of the bond must be sufficient tohstiand the conditions of both the
subsequent modification steps as well as the agipit of the interphase systems.

5. The binding between the silica surface and the outde modifiers must be well
defined and homogeneous. Indeed, the spacer lengthflexibility influences the
mobility of the active molecules and thereforejrtgractions in the interphase [1].

For the modification of the silica surface with angc modifiers, the hydrolytically stable
silicon—carbon bond [14, 15] between the matrix #mel spacer could be ideal: The low
polarity and high strength of the Si-C bond resnltgood stability in a wide range of
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conditions [16]. Five rather different approacheaynie taken toward the preparation of

organosilica derivatives via Si-C bonds (Scheme 3).

Si-OH + (EtO),Si.~~R

o

|o| SI\/\/
=io B. E— Si—Cl + Me~R

/ @)

Scheme 3: Retrosynthetic pathways to modifiecasslicfaces via Si-C links.

The standard method for silica surface modificatiovolves condensation of the surface
silanol groups with functionalized silanes, formisgoxane bonds (silylation, Scheme 3,
method A, reaction 1) [1, 17, 20 - 23]. This meth®dhe most straighforward to carry out,
and by far the most popular approach for silica ification with chromatographic selectors
[21, 22] as well as transition metal catalysts [24]. However, this approach presents several
limitations:

1. Because of the use of a trifunctional silane etyo[26], one to three siloxane bonds
between the modifier molecules and the silica sarfamay be formed. The siloxane bonds
resulting from silylation are prone to hydrolysisan aqueous environment [16, 30, 31], in
particular at extreme pH values [15, 18, 32 - 39je loss of active centers from the solid
support occurs primarily by the cleavage &fafd T groups (Figure 1) while the more stable
T3 groups [36], are less sensitive due to the highéznt of cross-linking. If only one or two
siloxane links are present, the hydrolytic stapildf the molecular modification is not
sufficient for the conditions of interphase appicas. In particular, the leaching of catalysts
[37] and HPLC selectors [33, 34] under harsh cétalgnd separation conditions are
drawbacks directly linked to the silylation methafdnodification.
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2. The formation of Tand ?, besides ¥ groups from the use of trifunctional silanes also
introduces inhomogeneities in the surface attachmdareover, the polymerization of the
silane group, a second source of inhomogenities,ntd be excluded if trace amounts of
water are present. The use of a monofunctionahesi|&8] yields a homogeneous binding as
polymerization is prevented and only one siloxan& tan be obtained between the silica
surface and the attached molecules. However, thétiregy formation of M groups (Figure 1)

even worsens the problem of hydrolytic stability.

(l) (l) (|)X l|1
----- 0—Si—R -----()—Sli—R -----()—S|1—R -----0—Si—R

0 0X 0X R

T T2 T! M

Figure 1: Nomenclature of siloxane species [1]. Tashed lines represent Si-O bonds to

the silica bulk.

3. The silylation is not quantitative, and unredceidic surface silanol groups remain on the
silica surface [39]. These acidic groups may unalergdesired interactions with the active
centers or with molecules from the homogeneousehageverse phase HPLC, for example,
the presence of silanol groups results in poorrsg¢ipa (tailing) of organic bases [32, 40, 41].
In catalysis, the Si-OH groups can interact wite supported catalyst [42, 43] lowering its
specific activity and selectivity [2, 44]. In palar, enantioselectivity of the catalytic
reaction may be lost [45, 46]. Moreover, the Si-@Hups may coordinate to transition metal
centers, especially to oxophilic early transitioptats. For example, organometallic Zr or Ti
complexes react with the silica surface [47]. Lad@msition metals (Rh for example) may bind
to the silica surface as well [47]. As definedhe interphase concept, the active centers must
be in (pseudo-)homogeneous conditions, and therefordirect interaction with the matrix is
allowed. A possible remedy, capping of the silagidups [48], is not generally applicable
owing to potential reactions of the active centerBgands with the capping agent [49].
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In summary, the silylation method is not optimal fiaterphase applications due to the poor
binding stability and heterogeneity as well asghesence of remaining Si-OH groups.

In order to obtain a homogeneous and stable linka@er® groups only, it is desirable to
produce a direct Si-C bor{d4, 15, 30] between the silica matrix and the spg&cheme 3,
method B).

The reaction of Si-Cl [50] (Scheme 3, reaction 2stmained Si-O-Si bonds [30] (Scheme 3,
reaction 3) with organometallic reagents produc&s-@ bond. This type of bonding is also
obtained from the addition of Si-H groups to terahi€=C bonds (hydrosilylation reaction,
Scheme 3, reaction 4) [15, 39] as well as fromadbpling of terminal €C bond with Si-H
groups (dehydrogenative coupling or dehydro-conaems, Scheme 3, reaction 5) [51].
Reactions 2 to 4 were previously performed onaiéiarfaces [15, 30, 50]. On the other hand,
reaction 5 was only described on monomeric silgeeiss [51] so far.

When reactions 2 and 3 are performed on modifidatasisurfaces (Scheme 3), the
organometallic reagents do not yield the monoatkdasilane only. Indeed, Si-O-Si links
may be cleaved and more than one Si-C bond peosiitom is obtained [50]. Therefore, the
resulting modified surface shows a poor hydrolgtability as well as inhomogeneity.

In the case of reaction 4, however, the hydrodilytareaction yields a modified silica surface
with enhanced hydrolytic stability [14]. The abser a strong base in this reaction prevents
the undesired cleavage of the siloxane bonds andra homogeneous surface modification
is expected.

In the choice of the modification method, the preseof the remaining Si-OH must also be
considered. These groups are produced by the geafahe siloxane bonds in reaction 3 or
are produced after hydrolysis of unreacted silicbloride groups in reaction 2. On the other
hand, reaction 4, which consists in the additiom gilicon hydride bond to a carbon-carbon
double bond [52] does not involve nor produce ar@8 group. Moreover, the Si-H groups
that might remain after the hydrosilylation reantiare not expected to undergo interactions
in the interphase to the same extent as the signooips. Because of their relative inertness,
the Si-H groups are potentially optimal startingtenials for further surface modification,
provided that homogeneous and silanol free silicéases with Si-H groups linked via 3 Si-
O-Si bonds may be prepared.

In summary, the hydrosilylation reaction, if we sater both the homogenous formation of
T2 groups and the resulting inert matrix lacking 8i@H group, is potentially well suited for
the immobilization of active molecules in such ipteases. A variety of methods [53],

involving catalytic [4, 15, 55] or radical [56] meanisms have been described to produce Si—
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C bonds from Si—H groups on silica surfaces. Casid our interest in electrochemical and
catalytic applications, a non-catalytic hydrositida is desired in order to avoid metal

impurities on the silica surface.

Both the preparation of the desired Si-H startingtenial and the adequate hydrosilylation
reaction need to be adapted to our purposes.

The preparation of the silica particles, their Ssd#face modification, the functionalization of
the redox-active molecules with C=C bonds, and tevelopment of an adequate
hydrosilylation reaction are the main syntheticligmges of this thesis. In parallel to this new
modification pathway, the standard silylation rowti# be used for the immobilization of the

redox-active molecules, mostly for comparison pagso The possibility to apply a

dehydrogenative coupling pathway starting from kkyree for the silica surface modification

will also be explored.

As a last objective, potential applications of #athesized materials will be studied. In
particular, the Stober particles redox-actively ified via the Si-C bond will be investigated
with electrochemical tools in order to determine tledox-active molecule’s interactions in
this model interphase system. The advantage ofStié modification route from a Si-H

surface will also be evaluated for general integghapplications. In particular, the HPLC

performance of materials resulting from these sgtittstrategies will be assessed.

In summary, as the basis for the application ottedehemical tools to interphase systems
(investigation of the active centers behavior, oardaf redox catalysis within the interphases),
the aim of this thesis is to synthesize and charaet the solid matrix and the model redox-
active molecules as well as to design a surfaceifroation method via the Si-H and Si-C
bond formation. The achievement of this goals Ww# verified by testing the resulting
materials in concrete interphase applications.



1. Stober particles

1 Stober particles

1.1 Introduction

The catalytic and electrochemical applications @oaldressed in this work require spherical,
non-porous and monodisperse particles. Particlasftlifill these geometrical requirements
can be produced from a wide range of organic [%id] morganic [58 - 61] materials. As a
support for the redox-active molecules, inorganaterials are preferred for their mechanical
and chemical stability. Within the variety of inargc materials, silica is the support of choice
[32]: Silica particles can be produced in the caetwlcolloidal range and a variety of
chemical routes are available for the silica sw@aféignctionalization, especially based on

derivatization of the surface silanol groups [283}.

Silica particles obtained from the Sttber sol/geleess [11] are chosen as a support for the
immobilization of redox-active molecules in the g@at work. The rigorous characterization
of the particles’ physical properties is a key stigpleed, the matrix physical properties will

have to be well-defined for the theoretical intetption of their electrochemical investigation.

1.1.1 The Stdber process and mechanism

In 1968, Stober and coworkers reported that, urmdesic conditions, the hydrolysis of
tetraethoxysilane in alcoholic solutions can betmdled to produce monodisperse, non-
porous, spherical particles of amorphous silicd.[The main advantages of the process are
that the size of the particles can be tuned by gingrthe reaction conditions and the reaction
proceeds at high concentrations, yielding largewartsof product.

The reaction consists of the hydrolysis of tetragyisilane (TEOS) in a water, ethanol and

ammonia mixture, where the overall reaction is
Si(OEt) + 2 HO — SiO; + 4 EtOH (1)
The mechanism can be summarized as the hydroliygie @lkoxysilane followed by the

condensation of the resulting silylic acid. Thedgasmnmonia, acts as the catalyst in both

hydrolysis and condensation reactions.



1. Stober particles

In Stober’s work, the control of the particle prapes was achieved by empirical experiments.
Since these early investigations, several growtd formation mechanisms have been
proposed.

The first model describes the nucleation of nanemsized primary particles which then
grow by the addition of silylic acid monomer onith&urface (the monomer addition growth
model [62 - 63]), in analogy to the LaMer precipda model [64] (Figure 2).

saturation concentration

[hydrolyzed monomers]

Time

Figure 2: Schematic representation of the concditnaof hydrolyzed monomers, before
and after nucleation (LaMer diagram [64]): . Mon@mhydrolysis, II. Nucleation

period, Ill. Particle growth by monomer diffusion.

It mainly focuses on the hydrolysis and condensatates, which determine the final particle
size. This model is in accordance with only somgeeixmental observations and accounts for
the properties of the resulting particles (monoeélisity, smooth surface, spherical shape).
The second model, the aggregation growth model [§&}es that particle growth occurs via
the aggregation of primary particles. In this cake, final particle size is determined by the
different parameters affecting the colloidal stit¥illike ionic strength, temperature, charges
on the particle surface, pH and solvent propertielsis model correlates better with
experimental observations. However, the smoothésthe particle surface can only be
explained by the monomer addition growth model.

The most recent model [66 - 68] assumes that Stpheticles are first formed by an

aggregation mechanism of nanometer-sized partiately when the colloidal stability is

10



1. Stober particles

reached, further growth of the particles occurs thi@a monomer addition mechanism. This
model is backed by all experimental observationd &ncurrently accepted as the most
probable mechanism. The different steps of thishaesm are hydrolysis, condensation,

nucleation, aggregation and monomer addition.
1.1.1.1 Hydrolysis

Ammonia catalyses the reaction by deprotonating water molecules. The resulting

hydroxide ions react with the tetraalkoxysilan@inucleophilic reaction [67, 69].

/’\ TE[ Cl)El e OEt
_eo |

! : - EtO 0

v Si —_— . [ R .
OH  + pgowPl~~pg === HO"-":Si=-=-0Et —x= Ho“"‘)s'““‘oa Q;

§
0

Qg TH
—_— e Q°
Ho“‘"l TOH 4

T ——
HO

Scheme 4:  Hydrolysis of TEOS. Thé @tation denotes Q as a tetrafunctional silicoe,si
the subscript i is the number of silanol bonds, &ma&l superscript j the number

of siloxane bridges on the Si atom.

Subsequent hydrolysis steps vield th&,Q% and @, monomers [70] (Scheme 4).
Hydrolysis of @, is typically the rate-limiting step to particlerfoation [63, 71] . The
subsequent hydrolyses of the three remaining etigosyps from &, proceed faster the more
alkoxy groups are already removed. This increasegate is caused by the increasing
stabilizing effect of the hydroxy groups on thensition state and the decreasing steric
hindrance of the ethoxy groups [69].

Under base-catalyzed conditions, the nucleophillzsstution in both the hydrolysis and the
condensation (see below) reactions occurs via aocagive pathway involving a penta-
coordinate transition state [69].

11



1. Stober particles

1.1.1.2 Condensation

The condensation reaction is also base-catalyzeundnia first deprotonates the silylic acid,
which in turn reacts with another monomer in a eaaphilic substitution [67, 69]. As an

example, the condensation between twd @onomers resulting in Q is displayed in

Scheme 5.
oH OH OH OH
l /\ | o l |
Ho\\\\“‘y ~o0 + Ho\““"ls"“'oH _— HO‘“\“fl\o/S{”wOH
ale HO HO OH
0 0 1
Q. Q, Qs

Scheme 5: Condensation of hydrolyzed monomers.

Under the Stdber process conditions, the monomessreed in solution during the whole
reaction are typically TEOS and the first hydragyproduct, & [72, 73]. The fact that Q
species are not experimentally detected suggestshi condensation of the fully hydrolyzed
monomer is faster than hydrolysis [71]. For thetiply hydrolyzed monomers, hydrolysis is
typically faster than condensation.

The degree of hydrolysis of the monomers beforalengation is controlled by the relative
hydrolysis and condensation rate of the individataps [74]. Under most Stéber conditions,
the fully hydrolyzed monomers,% are obtained [71]. In experiments using low wated
ammonia content, for the preparation of small plasi in particular [75], however, the

hydrolysis rates are lower and partially hydrolyseshomers, & and @, are detected [74].
1.1.1.3 Nucleation of primary particles

When a critical supersaturation concentration ofirblyzed monomers is achieved, the

nucleation of primary particles takes place [68,7& (Scheme 6).

12
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Nucleation

0 1 i
Q4+ Q5+QJ S o

—

3-10 nm
primary particles

Scheme 6: Nucleation of primary particles.

The nucleation process is included in both the egafion and the monomer addition growth
models.

It is believed that the condensation of the hydrety monomers and oligomers first yields
low density expanded polymeric structures [73]. Whbe concentration of hydrolyzed

monomers is above the critical supersaturation eatnation [64] (Figure 2), the polymers

reach a size and degree of cross-linking where tlegome insoluble. At this point, the

intramolecular enthalpic attraction overcomes thigapic solvation forces, and the molecule
collapses to form the primary particles [73]. Tieesof the primary particles depends on the
interactions of the polymeric intermediates witle tolvent [74] (thermodynamic control),

whereas the amount that is produced depends ototieentration of hydrolyzed monomers

and the relative rate of hydrolysis and condensgtmetic control).

1.1.1.4 Aggregation of primary particles

According to the aggregation growth model, the prynparticles are not stable under the
reaction conditions and aggregate [67, 71] (Schém&he aggregation yields the secondary

particles (also called seed particles or aggloresrpt7]).

Aggregation

© o}
o o © o _.._-\—"' @ > 20 nm

secondary particles

Scheme 7: Aggregation of primary particles.

This aggregation takes place until the resultingosdary particles are large enough to
achieve colloidal stability [67]. The size of thecsendary particles is controlled by the
parameters influencing the colloidal stability (m@dynamic control) and the size and
amount of the primary particles (kinetic control).

13
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1.1.1.5 Growth by monomer addition

When colloidal stability is achieved, an importgatt of the monomers has been consumed.
According to LaMer [64] and the monomer additionwth model, the nucleation of primary
particles occurs only in the early stage of thecpss when the concentration of monomers is
maximal. In the later stage, when the monomer aunaton is lower, the nucleation of
primary particles can not take place anymore. Iddaethe base catalyzed sol-gel process of
alkoxysilanes [78], the attacking nucleophile foe tondensation reaction is a deprotonated
silanol group. The acidity of a silanol group sgbnincreases if the silicon atom which it is
bonded to is linked with other silicon atoms throwgiloxane bonds. This ensures that the
monomers react preferentially with higher polymedzspecies [79], which prevents the
build-up of hydrolyzed monomers in the solution.efidfore, once nucleation has ended,

further growth of the particles only occurs via roorer addition (Scheme 8).

Monomer addition
—_— e
@ — O 100 - 1200 nm

Stober particles

Scheme 8: Growth by monomer addition.

In summary, the formation of the Stober particla isalance between aggregation of primary
particles and monomer addition, with both procesgsending on the relative condensation
and hydrolysis rates. The experimental parametefsal the extent of each step, and

therefore, the final particle properties.
1.1.2 General properties
Understanding the details of the mechanisms ofStiéder particle formation is expected to

lead to a better control of the relevant partidi@racteristics including the shape, size, size
distribution, and porosity of the particles.

14
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1.1.2.1 Shape

Amorphous colloid materials typically display splal shapes due to the random addition of
monomer on the primary particle surface [60], whihystalline colloid materials display
crystal shapes [59]. The sol-gel process of TEO&ubasic conditions yields amorphous
materials [66]. Moreover, the strength of the basatrols the relative hydrolysis and
condensation rates, which will determine the subeet nucleation. In order to ensure a
spherical shape, a weak base like ammonia is ej@ais the catalyst. Indeed, in the absence
of ammonia, the silica precipitates in irreguladigaped particles [11], while the use of
stronger bases yields a wide range of porous na#tdii9].

Moreover, a spherical shape is obtained providatidtirring of the reaction mixture is strong

enough to avoid the sedimentation and agglomerafitarge particles.
1.1.2.2 Porosity

The relative rate of the hydrolysis and the condBos reaction controls the degree of
hydrolysis of the monomers, which determines thessiinking of the silica structure. As
shown above, the monomers are fully hydrolyzed una®st conditions of the Stober process.
Consequently, a large proportion of §tructures is obtained and mesopores (Table 1) are
absent. However, the silica particles are not foliwdensed and contain micropores (Table 1)
[69]. In particular, at low water and low ammoniancentrations, due to the slower

hydrolysis rates, particles of high microporositg abtained [75].

Table 1: Types of pores in solid materials.

description ethymology (greek) diameter
micropores micro = small <2nm

mesopores meso = middle 2-50nm
macropores macro = large > 50 nm

1.1.2.3 Size distribution

The monodispersity obtained for many colloid syst¢f8 - 60] has been explained by a self
sharpening effect [60, 64, 80], consistent withi@nomer addition growth model [62 - 63].
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A short burst of nucleation occurs when a critegbersaturation concentration of hydrolyzed
monomers (or nucleation concentration) is reacleddl [The resulting particles then grow by
addition of the remaining monomers. The consumptibmonomers is sufficiently rapid so
that their concentration remains below the nuabeatoncentration and therefore, further
nucleation is avoided. The separation of the nticleaand growth steps is the key for the
formation of monodisperse colloids.

However, this mechanism is only valid for dilutdugmns. If the initial concentration of
monomer is high, several bursts of nucleation meguo and the final size of any given
particle will depend upon when it was formed [64]polydisperse sol is the result in this case.
In the Stbber process, high monomer concentratames used ([TEOS] up to 0.5 M).
Consequently, the soluble silica concentrationbisva that required for nucleation until late
in the precipitation reaction [68, 74]. Therefailee self sharpening effect can not explain the
monodispersity of the Stdber particles.

The mechanism responsible for the monodispersityhef Stober particles is actually the
aggregation of the primary particles into the seleon particles, which correlates with the
aggregation growth model: The size and monodisiyes the secondary particles are
precisely defined by the parameters controlling ¢b#oidal stability (ionic strength, pH,
charge on the patrticles, temperature, solvent siscand dielectric constant) [67, 81, 82].
Once the concentration of hydrolyzed monomers asloov for further nucleation to occur,
the final particles are obtained by monomer additmthe secondary particles. Therefore, the

final polydispersity is directly linked to that tife secondary particles.

In order to guarantee the monodispersity of theb&tdparticles, the concentration of
ammonia, water and TEOS must be kept in a narravgea81] and the parameters
controlling the colloidal stability must be keptifanm in the reaction mixture. In order to
satisfy the latter condition, adequate stirringtioé reaction mixture is needed and large
upscaling of the process should be avoided [81]], Bthas been observed that upscaling up

to 5 L has no significant effect on polydisper$g&8].
1.1.2.4 Dimensions
According to the Stdber process mechanism, thé fiaudicle size depends on the amount and

size of secondary particles on which the remaimagomers will condense.
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1. Stober particles

The amount of secondary particles partially depeadsthe mass of primary particles

produced and therefore on the reaction kinetice édmve). Consequently, the temperature,
the concentration of TEOS,,8 and NH, will all contribute to determine the amount of

secondary patrticles and the final particle sizeletd, experimental observations show that
the factors that accelerate the rates of condemsand hydrolysis reactions tend to produce
smaller particles [82]. For example, an increasaemperature, typically between 20 and

60 °C, yields smaller Stober particles [84, 85].

Stober particle
diameter

Particle
growth

ary

Amount of 2 2" particle

particles diameter

Aggregation

ary

particle
ameter

Nucleation

Reaction
conditions

— > thermodynamic control
——» kinetic control

—— » direct control

Figure 3: Conditions controlling the Stober pargcbiameter; only the effects backed by

experimental observations are displayed.

On the other hand, the size of the secondary pestis controlled by the factors determining

the colloidal stability [65, 67, 71]. For exampthe addition of salts to the reaction mixture

17
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results in an increase in final particle size withsignificant impact on the hydrolysis and
condensation rates [67, 71].

The effects of the reaction conditions on the fipaiticle size are summarized in Figure 3.
The fact that some parameters influence both thetion kinetics and the colloidal stability,
makes it difficult to predict which particle sizelMresult from a given set of experimental
conditions. It is even difficult to predict whetham increase or a decrease in particle diameter
will result from a given modification in the expexental conditions. For example, changes in
[H20] and [NH], which influence both the reaction kinetics ahd tolloidal stability, have a
complex effect on the particle size: The increasgpO] and [NH] first yields larger particle
diameters until a maximum is reached. A furtherease in [HO] and [NH] then results in
smaller particle diameters [81].

In summary, the general mechanism of the Stébeicjgformation and the influence of the
experimental conditions on the particle diametemastly understood. However, in order to

obtain a given particle size, empirical experimeataain necessary.

Moreover, it is not possible to obtain monodispegradicles with sizes covering the whole
sub-micrometric domain (100 - 1000 nm) by varyimjyaone single parameter. The variation
in [NHg] or the change of solvent alone, allows a maximalmange in particle size of about
300 nm. By varying the temperature between -206heC, the whole colloidal range can be
produced but the polydispersity of the particlebigh for the extreme temperature values [84,
85]. Typically, temperature, solvent and ammoniavadi as water concentration are tuned
simultaneously to obtain the desired particle size.

On the other hand, variations in [TEOS] are not leygd to control the size, since the
highest possible concentration is usually usednaoich the maximum yield is obtained and

the spherical shape is retained.

1.2 Synthesis of the Stober particles

Stober particles of low porosity, low polydispeysiand with diameters between 100 and
800 nm are desired. The syntheses in this work vpemdormed by adapting a known
procedure [86]. In order to cover the desired dimmeange, the water and ammonia
concentrations were varied and various solvent®weed (Table 2). We will designate the

resulting silica materials @41 with a suffix letter to define the different preptions.
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Table 2: Experimental conditions for the preparatbsilica particles in this work.

concentration / M

material [TEOS] [NH3] [H20]
M1al® 0.2 0.41 15.61
M1b 0.25 0.47 9.30
M1cl? 0.25 0.47 9.30
M1d™! 0.3 0.58 8.00

M1elPHe 0.53 0.59 4.70

[a] reaction in ethanol, [b] in isopropanol [c] peged by D. Straub [83].

The materialdM1lb andM1c are two batches resulting from the same experiaheonnditions
(Table 2) to test the reproducibility of the sol-geocess.

In order to obtain smaller particle diameters, ghbr temperature was used compared to
reference [86] and kept constant for all experimgdb °C). Besides switching the solvent
from isopropanol to ethanol, the water concentraisothe main parameter used to control the
particle size. Typically, low water concentratioase used for the production of small
particles [81]. In our case, the opposite strat@dlybe used in order to lower the porosity of
the Stober particles: The large water concentraiaployed to obtain the smallest particles is
expected to increase the cross-linking and decrgsamount of remaining ethoxy groups
(see B.A.A). As mentioned before, the TEOS conegiain was chosen as high as possible
and increasing [Nk] were used for increasing particle diameters.

Moreover, after the synthesis, the materials wenepered at 600 °C under vacuum [87] in
order to further reduce the microporosity and elae any remaining solvent and ammonia
molecules from the silica matrix. The thermal tneant also induces the condensation of
surface silanol groups [88]. This has the advantdgeondensing the internal silanol groups
into siloxane bonds, yielding a more condensedimdtut simultaneously, the surface silanol
groups are also lost. The surface silanol groupdaer needed as functional groups for the
subsequent chemical modification of the silica @&cef In order to rehydroxylate the silica
surface, the materials were treated with dilutedrbghloric acid after tempering. The acid is
used as a catalyst for the hydrolysis of the serfloxane bonds. In this process, the internal
siloxane bonds are not accessible and remain ugedaonsequently, the thermal treatment
yields a condensed matrix, while the rehydroxylattegenerates the surface silanol groups
(Scheme 9).
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600 °C

H,0 / HCI
)Si— OH vacuum Siy : Si—OH
Si— OH o si’ e Si—OH

Scheme 9: Thermal treatment and rehydroxylatioBtober particles.

1.3 Characterization of the Stdber particles

A variety of methods is available for the investiga of the physical properties of the Stober
particles. The morphology of the particles may telied with optical or scanning electron
microscopy (SEM). The size and size distributioryraiso be obtained from SEM as well as
from dynamic light scattering (DLS). Surface ared @orosity information is obtained from

gas adsorption/desorption isotherms.

1.3.1 Particle shape

1.3.1.1 Optical microscopy

Optical microscopy uses visible light and a seokkenses to magnify the image of a sample.
This method enables a fast and straighforward tigeggon. However, the resolving power of
an optical microscope is limited by the wavelengthvisible light. In practice, objects down
to 200 nm may be detected by this method.

Stbber particles in the submicrometric range candékected by optical microscopy [89]
(Figure 4). This method is not suited for the quahve size determination of the particles
because the absolute scale of the micrograph cabenprecisely determined. However, it
makes it possible to check the shape of the pesticthmediately after the synthesis and
compare the relative size of the partidiésa to M1e.

For the larger particles1d andM1le), the optical micrographs clearly display monodisg
spherical particles. In the case of the smalletiggas (M1a -M1c), the resolving power of

the method is not sufficient to evaluate the papersity and the shape.
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Mla

Mild Mile

Figure 4: Optical micrographs of particléd 1a — M1e before thermal treatment.

1.3.1.2 Scanning electron microscopy

In scanning electron microscopy, an electron beafodused by lenses on a spot about 1 to
5 nm in diameter [90]. The beam is deflected bygtebeles in order to scan the surface of the
sample. When the electron beam interacts with #reptes, the electrons lose energy by
random scattering and absorption. The beam cuatesdrbed by the sample is detected and
used to create an image of the scanned area. Reemtonal imaging in SEM, samples must
be electrically conductive, at least at the surfaoel electrically grounded to prevent the
accumulation of electrostatic charge on the surface

SEM, due to its higher resolving power, is bettertezl than optical microscopy for
investigations in the submicrometric range. Althougur samples are not conducting, no
sputtering with conducting materials (Au or Pt) wessformed in order to leave the particle
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diameter unchanged. The absence of sputtering Hesadoack, i.e. a poorer definition of the
resulting SEM images.

The SEM pictures oMla to Mle (Figure 5), recorded after the thermal treatmemd a
rehydroxylation of the silica surface, confirm tepherical shape of the Stéber particles,
including the smaller particles. Also, the SEM istigations do not reveal the presence of
damaged or irregular particles, demonstrating igh bniformity in shape obtained with the
Stbber process.

Mla

X10000

Figure 5: SEM pictures of particldd1a — M1e after thermal treatment.
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1.3.2 Particle size and size distribution
1.3.2.1 SEM measurements

The average particle diameters and their standevéations are determined by measuring a

large number of particles from the SEM pictures(éa).

Table 3: Diameters and statistical data from SEMsaeements.

number of number of
material SEM pictures evaluated particleslsgm o cv PDI
Mla 6 205 140 18 0.129 1.0165
M1b 6 212 252 25 0.099 1.00984
Mlc 5 250 262 19 0.073 1.00526
M1d 6 284 592 25 0.042 1.00178
M1el 6 210 769 27 0.035 1.00123

[a] prepared by D.Straub and sputtered with go8].[8

As an example, the particle size distribution ¥titb obtained from the measurement of 212
particles is presented in Figure 6. The size dhstion follows approximately a Gaussian

distribution.

)l
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Figure 6: Particle size distribution foM1b obtained from SEM measurements fitted to a

Gauss function.
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According to the statistical analysis of the SEMasw@ements, Stober particles with a
diameter ) between 140 and 769 nm have been produced uhdegiten experimental
conditions (Table 2). The standard deviation of gagticle diameterqd) is about 25 nm
independently of the particle size. The diametat standard deviation from the statistical
analysis are close to the one obtained from thes§am distribution (foM1b: 252 + 25 nm

and 260 = 23 nm, respectively).

The polydispersity of the particles is given by tledative standard deviation, also called

coefficient of variationgv) or g-index [91]:

cv=o/d (2)

If the particles are perfectly monodisperse,= 0 and an increase in polydispersity yields
highercv values. Thev values for thevl1 materials are between 0.035 and 0.129 (Table 3).
The polydispersity can also be characterized byptigdispersity indexRDI) [92], which is
used in polymer chemistry. The polydispersity integerived from thev (see 8.1):

PDI = 1 +cV (3)

If PDI = 1, the patrticles are perfectly monodisperse,redee for polydisperse systenDI
becomes always greater than 1. Compared to sammplpslymer chemistry, wher@DI
commonly equals 2, the Stdber particles have a l@vyPDI (1 <PDI < 1.02 for allM1
materials, Table 3). Because of the low polydispes the Stdber particles, they is better
suited to describe their polydispersity than®id (Table 3).

The general trend is that the smaller particlesvavee polydisperse than the larger ond&e
has acv value of only 0.035 while that oMla is 0.129. As in our materials is
approximately constant, thev value is proportional to d/(Equation 2). Therefore, in our
samples, the polydispersity increases in a hyperbolnner with the decrease in particle
diameter. This is one of the factors preventing s$athesis of very small (< 100 nm)

monodisperse Stober particles. This observatioeesgwith previous experiments [81, 85].

MaterialsM1b andM1c have been produced under the same conditions. otheses were
performed with exactly the same chemicals and dhgesequipment within a small time scale.
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In this case, both materials display diametershafua 250 nm (Table 3). The difference in
diameter Ad =~ 10 nm) is lower than their standard deviation.sTdemonstrates that the
Stbber process can yield reproducible resultshdukl be noted, however, that only small
changes, including unintentional variations, in éx@erimental conditions can have dramatic
effects on the particle diameter, witlll up to 46 nm (Table 7, page 341f andM1g). The
two main parameters responsible for shifts in thdige diameter were identified as being
the inaccurate control of the temperature and trmeentration of the ammonia solution. A
shift of only few degrees in the temperature dlyectduces a significant change in particle
diameter [84]. Also, the concentration of the amrmosolution varies with time during
storage due to the evaporation of NI titration of the ammonia solution is necessiry

reproducible particle diameter is desired [85].
1.3.2.2 Dynamic light scattering

Dynamic light scattering enables the determinatibthe diameter of any particle that may be
suspended in a solvent. The particle diametertaiodd by measuring the rate of diffusion of
the particles in the solvent at a constant tempexd®3]. Under these conditions, the particle
diameter is directly related to the diffusion cagéint (D) according to the Stokes-Einstein

equation (Equation 4).

- kel (@)
~ Bmyd
where k = Boltzmann constant (1.38 x 1y K*)
n = viscosity (1.2 x 18 Pa s at 293.1 K for ethanol)

In order to measure the diffusion coefficient, gagticles are irradiated by a laser beam. The
light scattered by the particles is measured byeteafor placed at a particular angle with
respect to the optical axis (typically 90°). Thehli intensity at the detector changes as the
particles’ position changes in the fluid due to Bnian motion. The light intensity
fluctuations are recorded and mathematically tamnséd into an autocorrelation function
(ACF) from which the diffusion coefficient and tdemeter of the particles are obtained [93].
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Table 4: Diffusion coefficient) and particle
diameter dp.s) from DLS of theM1 materials.

material  D/m?s®  dps/nm
Mila 2.38 x 10 150
M1b 1.47 x 10" 244
Milc 1.23 x 10 290
M1d 5.60 x 10 639
Mle 4.74 x 10 755

[a] in ethanol all = 293.1 K.

The diameters from the DLS measurementdth - Mle (Table 4) correlate well with the
values obtained from the SEM images (Table 3). Meee this demonstrates that the
particles exist as single units. If the particlesrev aggregated, thdp s values would

correspond to the spherical equivalent diameténebhggregates [94].

The ACF also provides a polydispersity index andtandard deviation for the particle
diameter. For example, the standard deviation nbthfrom the analysis of the DLS data for
M1b is 4 nm. In comparison, the measurement of a latgeber of particles on the SEM
pictures followed by the statistical analysis yexlda standard deviation of 25 nm fddb
(Table 3).

In the case of DLS, the particles are not physicadiparated nor counted at any point in the
measurement. The light scattered from all the @adiis detected simultaneously and then
correlated. Thé’Dl is obtained from the ACF, and the standard denais then calculated
from thePDI. This is the inverse process as compared to #ed tor the statistical analysis
of the measurements obtained from SEM. The stargfardtion obtained from the DLS data
analysis provides a good qualitative indicatiorthed sample’s polydispersity [93], which is
useful to determine whether particle agglomerateslust particles are present during the
measurement. Se,can be used to check that the diameter obtairrethéoparticles is valid.
However, ¢ from DLS is not a quantitative measure for the ipktsize distribution.

Therefore, only from SEM is used to evaluate the polydispersity.
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1.3.3 specific surface area and pore size distabut
1.3.3.1 Geometrical specific surface area from SEM

The SEM images of material1 display monodisperse spherical particles (seel 23.If
the silica particles are considered as being pedgleres, the geometrical specific surface
areaA can be expressed as a function of the diandgtsze 8.2):

6 Psioz = Silica density 5)

A=z —— ) .
d X Osio2 d = particle diameter

By using this relationship, the geometrical specsfirface area®gey) is determined from the
particle diameter obtained from SEM measuremetis,| (Table 6, page 31).

The value ofpsio, depends on the microporosity of the silica makefiae reported literature
values for Stober particles are between 1.6 an8 §.@m* (most often 2.0 gm®) [82]
depending on the specific reaction conditions. Miglest density, which corresponds to the
literature value of amorphous silica (2.2 g'tfi79]), are obtained after thermal treatment.
The synthesis of thikl1 materials was performed with high water conceiunat followed by

a high temperature treatment in order to obtaincaentondensed matrix. Therefore a high
density is expected and the value of amorphousaswill be used in the calculations
concerning thé1 materials fsioo = 2.2 g cn).

Independently of its exact valugsio2 is assumed to be constant for Mlil. Therefore A of

perfectly spherical silica spheres is proportidoald (Equation 5).
1.3.3.2 Physisorption isotherms

Gas physisorption measurements at very low temyreraind under reduced pressure are
widely used for determining the surface area ard pize distribution of solid materials [95].

Known doses of an inert gas are injected into th&ainer with the outgassed sample. The
uptake of the gas by the solid sample is determifreed the change in the partial pressure.
The shape of the physisorption isotherms dependfi@imtermolecular forces between the

adsorbent and the adsorbate, the adsorbate-adsanbexactions as well as the surface area,
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pore size and pore size distribution of the sadichgle. Adsorption-desorption isotherms can
be classified in six types [95, 96] (Figure 7).

p/p° p/p° p/p°

p/p° p/p° p/p°
Figure 7: Types of physisorption isotherms [95].

Type | is typical for microporous solids with smatkternal surface. Type Il is shown by
finely divided non-porous solids. Type Il and tygeare typical of weak adsorbent-adsorbate
interactions. Type IV and type V feature a hystisrdeop generated by the capillary
condensation in mesopores. The rare type VI, al&tepsotherm, is shown for example with
argon on special carbon adsorbents [95].

Monolayer and multilayer adsorption may be difféi@ed from the physisorption isotherms.
Surface area is measured by counting the numbmot#cules adsorbed in a monolayer. Pore
size is determined from the gas condensation pressto the pores. Micropores, mesopores
and macropores (Table 1) [95] may be distinguinshed

An experimental determination of the specific scefarea of th#11 materials was obtained
from their low temperature nitrogen adsorption-dpson isotherms. The isotherm fdtlc

is presented in Figure 8. The shape of the isotlwdrtine othetM1 materials is similar to that
of M1c.

28



1. Stober particles
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Figure 8: N adsorption/desorption isotherm fbtlc at 77 °K.

The adsorption-desorption isotherms of & materials correspond to type Il, which is the
characteristic isotherm for finely divided non-poesamaterials. The isotherm is divided into 3

main parts: From a relative pressure of 0 to pBind monolayer of adsorbed gas molecules
forms on the adsorbent surface. Point B indicatesstage at which monolayer coverage is
complete and multilayer adsorption about to beNlaltilayer adsorption corresponds to the

linear middle section of the isotherm. The shamraase in amount of adsorbate at higher
P/P° corresponds to the condensation of the nitrogeniig pores of increasing diameter. The

latter stage is not useful for the surface areardenation.
1.3.3.2.1 Surface area from the BET method
The specific surface area may be obtained fromaiiisorbent’s isotherms by using the

Brunauer-Emmet-Teller (BET) model. The BET equatiwety be applied for type |, Il and IV
isotherms and is valid at low pressures [97] (Eiqua).

P __1 ,C-1 P ()
V(P°-P) ~ VmC = VmC P°

whereV is the volume of gas adsorbed at the relativespire$/P°, V, is the volume of gas

needed to form a monolayer on the adsorbent sugad®® the saturation pressure of the
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adsorbate. The dimensionless vallies related exponentially to the enthalpy of adsorpin

the first adsorbed layer and is not needed fod#termination of the surface area. Moreover,
C does not provide a quantitative measure of enyhafi@dsorption but gives an indication of
the magnitude of the adsorbent-adsorbate interactinergy [96]. HighC values are
associated with the presence of micropores [95].

The adsorbent’s specific surface aréacs{ in m” g') is calculated from the monolayer
capacity (i in moles), provided that the area,) effectively occupied by an adsorbed

molecule in the complete monolayer is known (Equrai).

Nm Na am (7)

Aeer = Msio2

Na is the Avogadro constant (6.022 x*dMol™*) andmsjo, the mass of silica. For nitrogen,
the ap, value is 0.162 nfat 77 K [95]. Then,, value is directly obtained from th&, value
according to the ideal gas law at standard temperand pressure (STP).
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Figure 9: BET plot foM1c in the P/P° range 0.06 — 0.2.

The BET equation can be solved using a single mulipoint method [95]. With the single
point methodyVy, is directly calculated from point B on the adsmptisotherm. In the case of

the materialdvi1, there is no sharp knee in the iNotherm. This is due to a low, value
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corresponding to a low specific surface area ofseéhenaterials. Therefore, a precise
determination of point B and th&, value is not possible for tid1 materials from the single
point method. Consequently, the BET multipoint noetls better suited for the determination
of the surface area in this case. For the multipmiethod, the BET equation requires a linear
relationship betweeR/[V(P°-P)] andP/P° (Figure 9). Since the linearity range is restddie
the low-pressure part of the isotherRi[V(P°-P)] is plotted versu$/P° for P/P° between
0.06 and 0.2.
As a result,Vy,, as well asC values are obtained from the slope and the Y-¢efar
(Equation 6). The slope, Y intercefd, Vi, andAget values forM1c obtained from equation 7
are given in Table 5.

Table 5: BET data fok1c.

quantity value

m 0.357 ¢

slope 2.6 x 10
Y-Intercept 8.6 x 10

C 3.0 x 16

Vi 3.86 cmig! (STP)
AgeT 16.8 + 0.1 g™

The same calculations were performed for Mil materials and the resultingger are

summarized in Table 6 together witfey andAsew.

Table 6: Specific surface areas of M& materials from physisorption isotherms

as well as SEM measurements.

dsem Aser™ AgeT A AgH
material nm nfg* mfg* m?g™ m?g™*
Mla 140 19.48 33.1 7.3 26.25
M1b 252 10.82 16.0 2.8 11.77
Mlc 262 10.41 16.8 4.7 10.8
M1d 592 4.61 6.4 2.0 2.9
Mle 769 3.71 4.2 15 2.0

[a] geometrical specific surface area calculatethfdsgy according to Equation 5.
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The low specific BET surface areas obtained foremiais M1a — M1e, between 4 and 35°m
g?, correlate well with those expected for non-pormagerials. In comparison, mesoporous
silicas display specific surface areas up to 106aMm[98 - 100]. However, the specific
surface ared\ger is larger than that expected for a perfect splf@gey) of the respective
particle diameter. The surface area of the Stolagtigles deviates from that of a perfect
sphere probably because of surface heterogeneities minor presence of micro- and/or
mesopores.

Moreover, as expected, a decreasedéayw results in an increase iAger. In order to
demonstrate the relationship betweeandA, Ager is plotted versuslsem and versuslsgy
(Figure 10).
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Figure 10: Plot of Aerversus gem(left) and versusgiy’ (right).

The plot of Ager versusdsem shows that the specific surface area as determiyeBET
increases hyperbolically with decreasing particlangter. Furthermore, the linear
relationship obtained for the plot Aerversus 1dsgy demonstrates th@get is proportional

to 1dsem. As shown previously (see 1.3.3.1), this is tkpeeted relationship for perfectly
geometrical spheres and shows that, with the tuninthe experimental conditions of the
Stober process, it is possible to produce sphefres precise diameter, and therefore of a

precise surface area, Ass directly controlled by the diameter of the s@se
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1.3.3.2.2 Porosity

The specific surface aresser includes the surface area of micropores, mesopamdsthe
external surface area [28]. The difference betwAgsr and Asem (Table 6) indicate the
presence of some pores (see 1.3.3.2.1). The shapee qhysisorption model makes it
possible to differentiate micropores and mesopofdwir specific surface area may be
obtained from the t-method [95] and from the Badetyner-Halenda (BJH) model,
respectively [101].

1.3.3.2.2.1 Micropores from the t-method

In order to obtain an estimation of the specifiecropores surface area\j of the silica
materials, the so-called t-method is applied [9%]e t-method provides a simple means of
comparing the shape of a given isotherm with that tandard non-porous solid. The amount
adsorbed is plotted against the corresponding lawysti thickness calculated from the
standard isotherm obtained with a non-porous reteresolid. Any deviation in shape of the
given isotherm from that of the standard is detkei®a departure of the 't-plot’ from linearity
and is used to estimate the surface area of thepuoesA; [95] (Table 6).

The t-method confirms the presence of microporeth&@M1 materials and their estimated
specific surface areas roughly correspond to tHerdnce betweemger and Asem (Asem =
Aget —A;, Table 6). This indicates that no other typesarep are present on the silica surface.
The estimation of the diameter of the microporessent on Stéber particles is possible with
the information obtained from the,Nsotherms: First, the adsorption branch of theogin
isotherm is characteristic of an isotherm obtaif@mda non-porous material. However, the
desorption branch of the nitrogen isotherm deviatagghtly (for relative pressures between
0.2 and 0.4, Figure 8) from the adsorption branfs is characteristic of an activated
desorption process due to the presence of micrepufrepenings smaller than 0.5 nm [27].
Moreover, this is confirmed by the lar@evalues (~300), the approximation for the enthalpy
of adsorption, obtained fdvilc (Table 5). Adsorbent-adsorbate interactions alcenre not
explain C values larger than 100 [95]. Therefore, the adsmrpof the adsorbate in very

narrow pores is assumed.
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1.3.3.2.2.2 Mesopores from the BJH method

The specific surface area of theesgores is obtained from the BJH model [101]. The BJH
method is based on the Kelvin equation [102] (Egua8) and calculates the volumés(y)

and average diametaig() of mesopores.

n_ P = _2yM 8)
p° rpRT

wherey, M andp are the surface tension, molar mass and densthedfquid (liquid nitrogen

in our case), respectively, ands the radius of the pore.

The Kelvin equation assumes a hemispherical ligrapler meniscus and a well-defined
surface tension. Also in the BJH model, a cylindrigore shape is assumed [101]. Based on
the values ofVgy;y and dsyn, the BJH cumulative surface area of these poregy(As
accessible.

The N isotherms of theM1l materials display characteristic features for pinesence of
mesopores: The hysteresis observed at high relgessures (> 0.9, Figure 8) in the
isotherms of thé/1 is associated with capillary condensation in mesestructures. This is
confirmed by the BJH analysis, which results imgigant mesopore surface area (from 2 to
26 m ¢', Table 6). However, it was previously demonstrateat after substraction of the
estimated micropores surface arégger of the M1 materials are comparable to their
geometrical valueAsgm (see 1.3.3.2.2.1). Therefore, these mesopore@rgart of the
Stbber particle structure itself. The hysteresid e significant mesopore surface area are
due to the interstices between particles in laeggomerates which allow the condensation
of nitrogen.

In summary, the only pores identified on Stobetiplas are micropores of about 0.5 nm in
diameter. These micropores are accessible forgatranolecules but not for the larger redox-
active molecules used in this study. Thereforeb&tdparticles will, in this context, be
considered as non-porous.

As Stober particles can be regarded as non-pongheyres, this implies that the geometrical
surface area is more representative tAggar of the surface accessible to the redox-active
molecules. Therefore, the values Adem will be used for the determination of the surface
coverage of active centers on the silica surfaies Ia this work.
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1.4 The optimal particle size

Stobber particles with various diameters in the secbometric range were synthesized. The

choice of a specific diameter depends on the ireragpplication of the particles.

For catalytic applications, the ideal particle sgeelated to the maximum amount of active
molecules that can be immobilized in a monolayertlom particle surface. The possible
loading of redox-active material is proportionakhe specific surface area of the support. So,
the hyperbolic increase @& with decreasingd is of critical importance: This makes the
smaller particles advantageous for the immobilaratof the redox catalysts. The limit in
downscaling the patrticle size is set by the difficun separating extremely small particles
from suspension after synthesis. As multiple sdmaraycles are needed for the recycling of
the catalyst, the most convenient method to incaemicle precipitation is centrifugation.
However, smaller particles are very difficult topaeate by centrifugation. For example,
particles of 100 nm in diameter require centrifugatat 10000 rpm for 10 min, which is the
limit of the available equipment for this thesifiefefore, due to its high surface area and its
relatively simple separation compared to smallettiggas, materiaMla is ideal for the

immobilization of catalytically active complexes.

The higher surface area of the smaller particleal$® an advantage for their chemical
characterization. For example, it is only for theadlest particlesNl1la - M1c) that the
specific amount of modifying molecules is high egotio successfully perforfiC solid state
NMR spectroscopy (see 3.1.1.1).

The optimal characteristics of the Stober partidi@s electrochemical investigations are
different: Cyclic voltammetry of redox-actively mifidd Stober particles makes it possible to
study the kinetics of the electron transfer betwssdox-active molecules on the electrode
surface [103]. The values of the kinetic coeffitteare valid and can be determined precisely
only if the dimensions in which the electron tramstakes place are well defined. These
dimensions are precisely known for perfect sphefes given diameter. So, only spherical
and monodisperse silica materials can be used Her dlectrochemical investigations.
Therefore, the smallest particlddia), which show the highest polydispersity, should m®
used for these applications. Also with large pleticthe dimension over which the electron

transfer takes place is larger and therefore,ithe scale available to measure the kinetics of
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this transfer is also expanded. Therefore, fordgrgrticles 1e), standard electrochemical
equipment can be used for these investigations[1@3]e the smallest particles need custom

made equipment [7].

In conclusion, the characterization demonstratasrttaterialdMla to M1e can be considered
as non-porous and monodisperse spheres. The pespeftthe materials (specific surface
area, diameter, size distribution and porosity) evgrecisely defined. The physical
dimensions, which are relevant for the subsequepssaralsgy andAsew (Table 6).

The non-porosity is necessary to ensure a homogsrawironment and a good accessibility
to the redox-active (or catalytic) molecules. Thenadispersity and the well-defined
properties are required to make a quantitative yarglof electrochemical investigations
possible. The diameter of the particles can beigghctuned in the sub-micrometric range
according to the need of a specific interphaseiegin. With respect to the aim of this
thesis (the redox-active modification of the siliurface, its characterization and
electrochemical investigations), particles with Bntlameters and low polydispersity are
preferred. Therefore, for the next steps of thigkwarticles of the typé&ilb/Mlc (this
includesM1f andM1g, see 7.4 and Chapter 2) will be used as the siigiix.

2 Silicon hydride modified silica surface

The first step toward the functionalization of dicai surface (e.g. based on the Stdber
particles discussed in Chapter 1) via a hydroliliicatable Si-C bond involves the
preparation of a silicon hydride (Si-H) modifiegiace (see Introduction).

To take advantage of the highly stable Si—C linkaige silicon atom connected to the organic
molecule needs to have three siloxane links tostiea matrix [104] (T groups, Figure 1).
Therefore, as a starting material, a silica surtae@ing silicon hydride units connected in a
similar manner (¥ groups, Scheme 10) is desired.

Silicon hydride groups chemically bound to a silstaface were obtained earlier [108] by
condensation of triethoxysilane, (EtS)H (TES), with surface silanol groups. The main
reported advantage of this reaction is the higiHSsurface coverage, especially when the
condensation is performed in the presence of wa@8]. However, this also induces the
polymerization [21, 109] of triethoxysilane [108] the solution, yielding a heterogeneous
Si—H modification. As a first attempt to produce @idequate Si-H modified starting material

for the immobilization of redox-active moleculese wvill perform the hydrosilanization
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reaction under anhydrous conditions to avoid thigrperization of TES in solution. Under
these conditions, TES can only react with the ailsurface and a monolayer of silicon
hydride is expected.

| | |
———O—S|i—0----- -----O——Sii——OH ———-—O—S|i——OH
0 0 OH
Q* -110 ppm Q? -100 ppm Q> -92 ppm
? i !
-----O—S|i—H -----o—sii—H -----0—Si—H
Q OH H
T3y -83 ppm T’y -73 ppm T

Scheme 10: Nomenclature of siloxane moieties apected nuclear magnetic resonance
chemical shifts for théSi nuclei in CP/MAS NMR spectra of silica [1, 105,
106] and in modified silica [107, 108]. The dasHeeks represent Si-O bonds to
the silica bulk.

However, this modification is also a silylation céan and therefore the resulting materials
may still exhibit the same drawbacks as describedipusly: some Si—-H groups may be
linked to the silica matrix via only 2 Si-O-Si ban@T?y, Scheme 10). Thus the stability

toward hydrolysis of materials synthesized by dddiof the T group to an alkene or alkyne

is not expected to be higher than for materialpgared by the standard silylation method.

To prevent the problems of the silylation reactianmmore adequate method could be the
reduction of the existing silanol groups on theicail surface. One possibility is the
chlorination of the silanol groups in solution yanyl chloride followed by reduction with

LiAIH 4. The resulting silica shows a high silicon hydrglaface concentration [108, 110].

37



2. Silicon hydride modified silica surface

However, the method proved to be time consuming lagtlly water sensitive [110]. In
addition, reduction of the Qgroups (Scheme 10) present on the native silidac; yields
T24 groups [108]. Therefore, this hydride surface &aasmilar sensitivity towards hydrolysis
than the one obtained from the triethoxysilane emsdtion route.

In order to provide a fully condensed matrix, amdrespondingly a high proportion ofT
groups, the use of high temperatures is desirets i§hthe case for the direct reduction of
silanol groups in fumed silica with hydrogen at QCC [107, 111]. The reaction provides a
clean hydride modified silica surface. However,ading to our preliminary experiments
with other silica materials, the resulting silicopdride surface concentration is low and can
not be used as a starting material for furtheramgrimodification.

An ideal procedure for silicon hydride modificatioh a silica surface should yield a high
silicon hydride coverage and a fully condensedana;f free of silanol groups. None of the
previously published procedures exhibits both asth properties. However, as discussed
above, chlorination followed by reduction yieldhigh Si—H coverage and the use of high
temperatures allows for the condensation of tlaellgroups in the silica matrix.

The work presented in this chapter explores theosilhydride modification of silica surfaces
by a chlorination-reduction sequence at high teatpees. It is performed as a reaction
between gaseous reactants and the surface to awgidossible impurities and we expect to
find a combination of the advantages in the resglproduct. In parallel, an optimization of
the TES condensation route will be performed anith I8-H modification methods will be

compared.

2.1 Preparation of Si—-H modified silica materials

The investigation on these new Si-H surface madatiibien methods is performed on the Stdber
particles surface. However, because of the sheittstre of the modified silica, the maximum
specific concentration of chemical groups introdlo® the particle surface is so low that
very sensitive methods for surface characterizaticn needed. Diffuse reflectance infrared
Fourier transform (DRIFT) spectroscopy is one oé ttmost sensitive methods for the
characterization of organic or inorganic modifiens the silica surface [112, 113]. On the
other hand, the use of solid-state NMR experimémtsuccessfully dete¢fC nuclei of the
immobilized molecules of°Si nuclei of the modified surface will depend ore thurface
concentration of modifiers. Therefore, porous ailinaterials are more convenient as model

systems to test the new surface modification methedause of the high surface area.
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Therefore, the surface modification will be perfexnon both Stdober particles and porous
materials.

Four different kinds of silica were used for thetSisurface modification M1 — M4;
Table 7): The Stober particles used here haveraedex of about 200 nnM1f andM1g). In

the context of the present surface modificatioa,well defined shape of such particles allows
to investigate the effect of the reaction condiam the particle structure. Kromad$i?) is a
commercial material consisting of spherical, porom®nodisperse silica particles with a
diameter of 5 um. Owing to its higher porosity dhds larger surface area, it was used for a
precise characterization and quantification of 8ieH content of the modified surface.
Laboratory grade column chromatography siliédd3] was also modified with Si-H to
confirm the reproducibility of the method with othends of the base material. Fumed silica
(M4) has a high surface area (~ 308gtt) useful to obtain a sufficiently high specific Si—
amount for’°Si CP/MAS NMR spectroscopy and was employed basetis property.

Table 7: Basic characteristics of the silica materused for Si-H surface modification.

material description diameter surface area
d Al mfg?

M1f spherical non-porous particles 214%m 12.6"

M1g spherical non-porous particles 222%m 12.3"

M2 spherical porous materials 5um 1184

M3 standard chromatography type 60 material 631400 -

M4 agglomerated silica nanopatrticles 71%m 300

[a] dsem, determined in present work; [Bgewm; [c] diameter of the single nanopatrticle.

The Stober particleM1f andM1g were obtained under the same conditions but from t
different batches.

Note that theM1l materials andM2 have a clearly defined particle structure with low
polydispersity, whileM3 andM4 are materials that are structurally less defifen.example,

M4 is formed by a network of agglomerated particlest].

For the introduction of the Si-H group, three mamdifion steps were performed at high

temperature as surface reactiadnsvacuo or with a gas as reactant: The silica is first
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pretreated at 800 °C under vacuum for several htlues chlorinated at the same temperature
with SOC} and finally reduced with #to produceMlfsiy — M4siy. The temperature of the
last step is critical for a high yield of the desirsurface modification, and we will discuss its
optimization below. We refer to these reactionstlas chlorination-reduction sequence
(Scheme 11).

800 °C 800 °C 900 °C
Si— OH vacuum SI\O socl, Si=—ClI H, Si—=H
— — —
Si—OH ; / - .
H,0 Si -s0, Si=ClI 2 HCl Si—H
M1 - M4 Mg - Mdg,

Scheme 11: Surface chlorination-reduction sequénic8i—H formation on silica materials.

For comparisonM1g and M2 were also modified with triethoxysilane (TES), liye
silylation method, yielding materiaM1gres andM2tes (Scheme 12). The condensation of
TES was performed under anhydrous conditions. Thexethe maximum Si—H surface
concentration from this procedure can not be high&n the one expected for a monolayer of

Si—H groups on the silica surface.

(Et0),Si-H ;s'i —H
)Si —OH . )Si -0

dry toluene
A

M1 - M2 M1 1gs - M2,

Scheme 12: TES condensation for Si—-H formation ilice smaterials. The dashed lines
correspond to unspecified bonds acounting for tsible formation of f; and
T3, groups [108].

2.2 Physical properties of the Si—H modified siloaterials
The size of particles as well as the surface areh @ore structure are basic physical

properties of the synthesized materials. The héghperatures employed for the preparation

of the Mgy materials might induce sintering of the silica matTo ensure that changes in
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structure are negligible and no loss of surfaca aeeurs during this procedure, the physical

properties of the silica before and after Si—-H rfiodiion are compared. This is done for

materials synthesized according to the optimal s discussed later in paragraph 2.3.6.

Figure 11: Scanning electron micrographs of1lfgy (left) and M2gy (right) after

chlorination-reduction.

2.2.1 Size determination by SEM and DLS

Changes in patrticle sizes and inter-particle simgeas well as possible changes of particle
shape might be detected by scanning electron nuepys(SEM) or dynamic light scattering
(DLS). In the case of the Kromasil matefid®siy (d ~ 5um), after the chlorination-reduction
sequence the spherical shape of the particleslcleamains intact (Figure 11, right). For the
monodisperse materidf1f with a smaller diameter of d ~ 200 nm we expetbedetect even
small changes in structure which might not be se¢he case of the larger Kromasil particles.
According to the DLS data, however, after the dhltron-reduction treatment, the particles
are still monodisperse and both DLS and SEM prdwa ho significant changes in the
diameter have occured (Table 8). The slight deerezsd is smaller than the standard
deviation of the average particle diameter. Theoramhtion-reduction sequence does not
induce the condensation and agglomeration of iddadi silica particles (inter-particle
sintering) as confirmed by SEM images (Figure #&it).| Furthermore, the particles are still

spherical.
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Table 8: Size characterization MfLf before and after Si—H modification.

diameted / nm

from DLS from SEM
M1f 220 214 + 16
M1fsin 212 209+ 14

2.2.2 Surface characterization by nitrogen adsompdiesorption isotherms

The extent of intra-particle sintering during thélacination-reduction sequence was
evaluated for the poroud2 materials by nitrogen adsorption and desorptiotheyms. Pore
sizes and surface area were obtained using theaBemsEmmet-Teller (BET) and the Barett-
Joyner-Halenda (BJH) models. The BET model detezmite specific surface arefsfr)
including the surface area of micropores [28]. Fritve BJH method, the volum¥®gy), the
average diametedg;) and the specific surface arégfy) of the mesopores is accessible. In
contrast toAgeT, Asyn does not include the surface area of the micexp(see 1.3.3.2.2).

Table 9: BET and BJH characterizationM® before and after Si—-H modification;

definition of symbols see text.

Ager/ gt Veu/conigh dgyn/ Nm Aean/ mP gt

M2 115.4 0.94 34.1 130.3
M2siH 103.6 0.97 33.6 130.8

The difference between the absolute BET and BJFhseirarea values, both before and after
the chlorination-reduction sequence (Table 9),us tb the different model assumptions of
these methods. In general, the BET and BJH modglseafairly well for porous materials
with a narrow pore size distribution. The overestiion of the surface area by the BJH model
in our case is probably due to the broad poredistebution [115] ofV2.

The decrease iAger by ~ 10 % during surface modification shows thateled within the
particles some sintering of the material occursweleer, Ag;n did not change. Thus, the
decrease iMger must be due to a structural change of the micexporhis is supported by
the values oWg;4 anddg;y, showing that the average volume and diametehehtesopores
did not change significantly (Table 9). Therefotee loss of surface area is due to the

collapse of micropores yielding a more condensetlixyavhile the mesopores are preserved.
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2. Silicon hydride modified silica surface

According to the consistent results from adsorptiesorption isotherm analysis, the SEM
experiments and DLS measurements, no significaamgds in the physical macrostructure of
the silica takes place even under the high-temperatonditions for the chlorination-
reduction modification of the silica surface. Thesied surface properties — high surface area
as well as large pores féfi2 and monodispersity as well as spherical shap&fdr — are
retained. The small decreaseAger of M2s;y indicates the condensation of the micropores.
The resulting more highly condensed matrix is atgeous, considering the need for a high
hydrolytic stability.

2.3 Chemical properties of the Si—H modified silmaterials
2.3.1 The silicon hydride groups (Si—H)

The hydride modified silicablfsiy — M4siy show Si-H-characteristic signals in diffuse
reflectance infrared Fourier transform (DRIFT) dpescopy (Figure 12). The stretching
vibration of Si—-H {siy) on silica is expected around 22707¢if107, 108, 110]. Material
M1fsiy presents only a broad and weak signal in thisoredn comparison, the large surface
area materialM2 gy — Md4sy display strong and sharp signals fer at 2283 crit. The large

intensity of this band provides evidence for a hsditon hydride surface coverage.

1 M3,

%T / arbitrary unit

'nn4sm

4000 3500 3000 2500 2000 1500
wavenumber / cm™

Figure 12: DRIFT spectra of materialM1fsy — Md4gy after the chlorination-reduction

sequence.
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According to the Gaussian deconvolution (Figure, 3¢ vsiy band is composed of a main
component at 2283 chand a second small component at 2250.cim principle, beside the
main product (silicon monohydride), silicon dihydtigroups (Siblor T, see Scheme 10)
may also be produced. The signal for their stregghvibration ¢sin2) is expected at
2200 cm* [116, 117]. However, any IR activity is absent laistwavelength in the DRIFT
spectra. This demonstrates that Sd@toups are not present in materid@siy — M4siy.
Consequently, only silicon monohydride groups am@dpced by the chlorination-reduction
sequence. The assignment for the signals at 2283amd 2250 cil to the Py and Py
groups is not possible at this point since onlyatierage wavenumber fog (2270 cnt) is

given in the literature.

%T / arbitrary unit

2350 2300 2250 2200

Figure 13: Gaussian deconvolution (top, dasheddjneith enveloppe (bottom, dotted line) of

thevsiysignal (bottom) from the DRIFT spectrumibfls.

For a quantitative determination of the Si—H sugfaoncentration/{sjy), the silica materials
were treated with KOH in the presence of ethana psoton source. Under these conditions,
hydrogen gas evolves [118] which is then quantifigda thermal conductivity detector
(TCD) after gas chromatographic separation (GC-T.GRJues ofl sy were calculated from
the specific Si—-H amoumisjy obtained from the GC-TCD method and the BET serfaca

of the silica materials (Table 10).

The Si—H content of non-poroilfsiy could not be determined by this method owing ® th
very low surface area of the material and the tegulow amount of H produced. In the
cases oM2siy — M4siy, however, the highest specific Si—-H amount is ioleth for M4 s,

while the highestsiyis found forM2sy (Table 10).
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Table 10: Specific surface ar@aet , specific Si-H amounisiy and Si—H surface

concentration sy after Si-H modification (reduction temperature 9G0.

Ager [ gt Nsin / Lmolg™ Tsin | pmolm
M1fsin 16.9 - -
M2sin 103.6 329 3.2
M3sin 172.6 413 2.4
M4 siy 301.6 499 1.7
M21es 115.0 309 2.7

[a] not detected.

The theoretical maximunisiy might be derived from the surface concentratiorsinol
groups (sion) in the starting material. However, both vicing®) and geminal (€) silanol
groups are present on the native silica surface [B8ce the DRIFT spectra show that only
silicon monohydride groups but not Sigroups are produced, the two hydroxyl groups from
reaction of each ®group results in one Si—H group only. This alsplias to the & groups.
Therefore, each silanol site {@nd @) initially present [119] might yield at most oné-B
group. Consequently, the difference figy between the materials might be related to the
surface concentration of silanol sites in the stgrsilica and this concentration may be a
more advantageous measure to use as a base tmi¢hiation of the Si—H yield. The surface
concentration of silanol sites is obtained as tim sf the surface concentrations of&d G
groups and is on average lower by a factor of 119] compared to the avera@gon of a
fully hydroxylated silica surface (7.6 pmolfi88]). Therefore, the maximum possililgy is
about 6.6 umol nf on average. Since the exact value of the surfaneentration of silanol
sites is not known for each of the silica materidiss average is used to estimate the yield of
the chlorination-reduction sequen@n this basis, the Si—H yield is up to 50 %.

It should be noted thd¥l4siy and M2giy differ strongly in their/'siy values. According to
infrared [120] and solid state NMR studies [12hk silica surface oM4 displays a larger
amount of @ and J groups and a lower amount of Groups than the surface of precipitated
silica such adM2. Therefore, fewer silanol sites are present ovgrab], which explains the
lower I'siy obtained foM4 .

The values of sjy from the chlorination-reduction sequence repohtet are similar to those

obtained from the chlorination-reduction sequenctaadlution with SOGland LiAIH, [108,
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110]. Therefore, the chlorination-reduction seqeens as efficient as the previously

published procedures for the production of a moyeylaf Si—-H groups on silica surfaces.

The DRIFT spectra of the hydride modified silidsidgres and M2+1gs also displayvsiy
signals (Figure 14) beside the intemsgy signal. However, thes;y of the M gs materials is

shifted to lower wavenumbers (~2240 thecompared to th#l gy materials.

M2y

M1

%T [/ arbitrary unit

4000 3500 3000 2500 2000 1500
wavenumber / cm™

Figure 14: DRIFT spectra of materiaM1gres andM 27gs.

After Gaussian deconvolution of thesy signals (Figure 15)M21es displays a main
component at 2240 c¢fand a very small one at 2283 ¢tnSimilarly to theM gy, we may
expect Py and Ty groups on théVltes materials. Moreoverytes may also contain Si-H
groups with unhydrolyzed ethoxy substituents. Thesence of these ethoxy groups is
consistent with the C-H stretching vibratior{) observed in the DRIFT spectrum M s
between 2900 and 2990 ¢m

%T / arbitrary unit

2350 2300 2250 2200 2150
wavenumber / cm™

Figure 15: Gaussian deconvolution (top, dasheddjneith enveloppe (bottom, dotted line) of

thevsiysignal (bottom) from the DRIFT spectrumMb®res.
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In conclusion, theM sy and Mtgs materials display different types of silicon mogdhde
groups. However, again, at this point it is notgpoie to clearly assign a specific Si-H group
type to either of these materials. Thgy of M21es is similar to the one obtain fav2siy
(Table 10). Therefore, both methods have the sdmelate yield for the formation of Si-H

groups.
2.3.2 The silanol groups (Si—OH)

The DRIFT spectrum df12 before Si-H modification (Figure 16, top) showst@ng signal
between 3000 and 3800 ¢ corresponding to the Si—OH stretching vibratiefon of
hydrogen bonded silanol groups. After chlorinataord reduction, only a signal for isolated
silanol groups remains at 3750 ¢nfFigure 16 M2s;). From the ratio of the integrals of the
signals between 3000 and 3750 tiim the spectra of12 andM2sj; we conclude that 95 %
of the Si—-OH groups have reacted. The silanol ggdugve been chlorinated and reduced
and/or condensed to siloxane bonds [88] due tditjle temperatures, producing water and

siloxane bonds within the silica matrix (For thealission oM2, andM2g, see 2.3.4).

1 m2

1 M2g,,

| M2,

%T / arbitrary unit

1 M2,

4000 3500 3000 2500 2000 1500
wavenumber / cm™

Figure 16: DRIFT spectra ofM2 before modification, after the chlorination-redioct
sequenceM 2s1) and after direct reduction with HM2, andM2g).
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2. Silicon hydride modified silica surface

On the other hand, botM1gres and M2+1es materials still diplay strongsion of hydrogen
bonded silanol groups after Si-H modification (FguL4). Similarvsion signal intensities
were obtained from other Si-H modified silica sada prepared by various low temperature
(<150 °C) procedures [108, 110].

This clearly demonstrates the advantage of theridaliton-reduction sequence for the

elimination of the silanol groups.

2.3.3 The nature of theqIgroups

The Gaussian deconvolution of the Si—H signal&@RIFT spectra (Figure 13) of thMesiy
materials suggests the presence of one main typdicdin monohydride groups. These Si—H
groups may be either of typeTor T%4. According to the IR spectra, most of the Si—~OH
groups have reacted and a higly is obtained. Since theé’Tgroups would have still one OH
substituent, this result indicates that the mdstlyi product of the chlorination-reduction
sequence are the desiret} Groups. However, a direct characterization oftyipe of bonding
between the silica surface and the Si—H group igassible from the IR spectra.

To unambiguously differentiate between ttfg @nd Ty as well as ®and ¢ groups on silica
surfaces, respectivel$’Si CP/MAS NMR spectroscopy had advantageously besed [105,
107, 108]. The main requirement to recér&i CP/MAS NMR spectra of Si-H surface
modified silica is a higmsiy. Therefore, in this work®Si CP/MAS NMR spectroscopy was
performed on the high surface area materisli2<y — M4sjy) modified by thechlorination-
reduction sequence (Figures 17 and 18).

The #°Si CP/MAS NMR spectrum ofM4gy (Figure 17) confirms the presence of silicon
nuclei in various environments (Scheme 10): In @heegion one maximum at -100 ppm,
corresponding to Ygroups, is observed. The main signal, howeverearspin the i region
(-60 to -90 ppm), with a maximum at -84 ppm, cquresling to T4 groups. Overlapping of
the signals does not allow a direct assignmenthef tespective other component and
differentiation between the* and Ty groups. Optimized Gaussian deconvolution resalts i
4 peaks for T4 (-84 ppm), T (-73.5 ppm), O (-100 ppm), and ¢X-110 ppm). The envelope
generated by summation of the individual peaks leemity fits the measured spectrum. If a
peak for @ (at -92 ppm) is added or one of the previouslgctiteaks is removed, a poorer fit
is obtained. Thus, the main component of thesinals is due to the*T groups. The %
groups are only a minor component. The Q grouptigers further discussed below. The

spectrum ofM2siy (Figure 18) displays similar features: After Gaagssdeconvolution the

48
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main Ty signal is clearly attributed to*T while only a weak component can be assigned to
T2

T2, T3, Q3 Q4

20 40 60 -80 -100 -120 -140 -160
23Si chemical shift / ppm

Figure 17:%Si CP/MAS NMR spectrum bf4gy (top) with Gaussian deconvolution results

(bottom) and envelope of Gaussian components lftogen line).

The #°Si CP/MAS NMR spectrum oM3sy also displays the 3 signal. Thus, th&®Si
CP/MAS NMR spectra confirm that the chlorinatiomtuetion sequence yields*T groups
whetherM2, M3, or M4 is used as silica matrix. In contrast, the low penature conditions
used forM27es generate considerably feweryTgroups than the chlorination-reduction
sequence. The incomplete condensation of TES osutface leads mainly to undesiret, T
functions inM2+es (Figure 18). Finally, although a SiH signal waselved in their DRIFT
spectra, materialM1fsiy and M1gres do not show any detectable NMR-signals in the T

domain due to their very low surface area (Table 7)
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2.3.4 Nature of the Q groups

The?*Si CP/MAS NMR spectra df12si, M4y, andM2+gs (Figures 17 and 18) only reflect
those sections of the materials which have silinaolei with protons in close proximity.
Especially the amount of the*@roups is not depicted correctly. In particulae do the small
amount of surface % and @ compared to bulk Qgroups a quantification by NMR
techniques is difficult [122]. A single pulse extibn experiment with appropriate delay
times will leave the ¥; and @ groups with poor signal to noise ratio, while @mtttime
variation studies will be too time consuming andceurate owing to the large number of
scans required for the investigated samples. Toeréhe NMR study of the Qgroups will
be limited to qualitative and semi-quantitativeenpiretations.

Gaussian deconvolution of tH&Si CP/MAS NMR spectra gives direct evidence for the
presence of Si—OH groups in all materials. The pedk-100 and —110 ppm correspond to
the @ and ¢ groups, respectively. On the other hand, no sigfeal & groups are detected.
Therefore, the remaining Si-OH groups in the materie of G type.

For the comparison of the population of thé gpoups remaining iM2sj; and M2+gs, the
295i CP/MAS NMR spectra of both materials were reedravith the same experimental
parameters. BotiM2sy and M2tes materials have similansiy (Table 10). Therefore, the
relative intensities of the and T, resonances in th@2sy andM2+es spectra (Figure 18)
demonstrate that only few?@roups remain iM2gjy.

The I group resonances also provide information on #wrek of condensation of the silica
matrix. Based on the condensation of then@ieties to & groups at high temperature as
explained above (see 2.3.2), the spectruvié§y (Figure 17) should display a large signal
for the ¢ groups. However, only a small component of theaign the Q region can be
assigned in this way. This seeming contradictiopxlained as follows: In solid statesi-
NMR, cross-polarization (CP) of tH&Si nuclei with the'H nuclei (H — 2°Si) is needed as
their natural abundance is only 4.7 %. As CP igb8as heteronuclear dipolar interactions, it
is sensitive to internuclear distances [122]. Tigaals of the @ groups in the spectrum of
M4siy have only a weak intensity due to the absencerabps in close proximity to these
nuclei. In contrast, the spectrum BRes (Figure 18) exhibits a strong signal for thé Q
groups, because the protons of the internal silgrmips which are in close proximity to the
Q’ groups enable an efficiefid — 2°Si cross-polarization of the’@roups [105]. Therefore,
the weak @ signal obtained foM4g;, provides further evidence that only few silanaugs

(Q% remain in the silica matrix.
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T2, T3, Q® Q¢

20 40 -60 -80 -100 -120 -140 -160
23Si chemical shift / ppm

Figure 18:%°Si CP/MAS NMR spectra &25y (upper part) andM2es (lower part) with
Gaussian deconvolution results; details see Fidiite
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This confirms that the chlorination-reduction searee M2s;y) results in the condensation of
the Si—-OH groups compared to procedures where Emwpérature conditions are used
(M2+gs). Consequently, th&’Si CP/MAS NMR results support the surface strucmael
based on the presence of Si—H groups and only ifano$ groups in théM iy materials. This

is in agreement with the quantitative comparisonRopectra. In addition, the Si—-H groups
are assigned as being mostl§ Tgroups, where the silicon hydride is linked to #ikca
matrix via 3 siloxane bonds. Therefore, the maimgonent of thes; signal at 2283 crhin

the DRIFT spectrum of thil iy materials can now be assigned to tfig gfoups. This is the
desired functional group for further surface maudifion as it provides a strong and stable
bonding to the modifying molecules. The presenc&’gfand the low amount of?} groups

is a direct consequence of the use of high temyests most silanol groups have condensed
to siloxane bridges. A homogeneous surface wherentin functional groups are of.Ttype

is obtained. The matrix is condensed and mostlgistsof G groups.

2.3.5 The importance of the chlorination step

The importance of the silicon chloride intermeditaiethe production of a high Si—H surface
coverage is demonstrated by procesdit®in two alternative ways missing the chlorination
step (Scheme 13). In procedure M2 is treated directly with hydrogen at 1060 as
described in ref. [107]. In procedure B2 is first pretreated at 80U under vacuum and

then subjected to hydrogen at 1000 Each preparation was performed twice.

1000 °C
Si— OH H,

S M2,
Si— OH

800 °C 1000 °C

Si—OH vacuum Si\ H,

_ 0O —> M2g
Si— OH Si/ -

Scheme 13: Direct reduction of silica with, lt high temperatures (top: procedure A;

bottom: procedure B).

The specific Si-H amounts in the resulting mateoiatined from the GC-TCD method and
the integration of thesy from the DRIFT spectra foM2, andM2g are compared to the
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values obtained foM2syy prepared by the chlorination-reduction sequencelQft0 °C
(Table 11, Figure 19). The DRIFT spectraM2, andM2g (Table 11, Figure 16) display a
considerably weaker signal for thgy compared to the one obtained 2sjy. The specific
Si—H amount oM2s;y is highest, while materialgl2, andM2g display much lower values
(Table 11, Figure 19), showing that the chlorinatgtep is necessary to obtain a high Si—H

coverage.

Table 11: Specific Si-H amoungin and Si—H surface concentratibgy

after Si—H modification (reduction temperature 10Q0.

NsiH IsiH relativevsiy
/ pmol g* / pmol m? integral / %
M2sin 341.3 3.3 100
M2a 60.7 0.58 23.6
M2g 26.5 0.25 14.3
350 —
300 —
< 250 o
=
g 200 .
3
= 150 -
<
100 —
501 -
0 1
M2, M2g M2

Figure 19: Specific Si-H amounkin from GC-TCD measurements (two batches for each

material).

The Si—H groups obtained favi2, and M2g result from the reaction of hydrogen with
siloxane bonds: The thermal treatment of silickriewn to induce the condensation of the
surface silanol groups. Below 400 °C, strainedxsifee bridges are produced. At higher
temperature, these more reactive siloxane bondsc@megerted into more stable siloxane

bonds [88]. The strained bonds may act as fundtignaups for further silica surface
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modification [123, 124]. In the case M2g, the pretreatment at 800 °C has condensed the
surface silanol groups to stable siloxane bondg. [88e low Si—H vyield obtained after
reduction of the dehydroxylated surface shows that stable siloxane bonds are mostly
unreactive toward k even at 1000 °C. The value By obtained forM2g is comparable to
the estimated surface concentration of strainexkaile groups on a silica surface treated at
1000 °C (~ 0.25 umol ) [117, 125]. This indicates that only the few Higmeactive
strained siloxane bridges remaining after the dedwgation treatment undergo cleavage by
addition of hydrogen.

In the case oM2,, the silica is directly exposed to,HAs the temperature is raised, the
silanol groups condense into the strained siloXanges. If the conversion of the strained
siloxane bonds into the stable siloxane bondsois,sthe strained ones are still present when
the highest temperatures are reached. The higher Beld obtained foM2, as compared to
M2g (about twice as much, Figure 19) correlates with assumption that the strained
siloxane bonds can indeed be reduced hyHowever, compared td2siy, M2, still displays

a much lowemgjy (Figure 19). The reduction of the strained silexdonds seems to be far
from quantitative due to the competing conversiuo istable siloxane bonds, which can not
be reduced by H A low specific Si-H amount is obtained 2, because the surface is
only partially activated toward reduction with.H

On the other hand, the chlorination of the siliosfece activates all surface siloxane bonds
for reduction, resulting in a higher Si—-H surfacencentration M2siy). The following
mechanism is proposed for the chlorination-reducts@quence: The pretreatment under
vacuum at high temperatures induces the condensaitithe silanol groups (dehydroxylation)
accompanied by the elimination of water [88]. Tlksuiting siloxane bonds [123, 124] and
the remaining silanol groups are then chlorinatgdhiionyl chloride at 808C. This reaction

is known to proceed in high yield [126]. The suhsag reduction of the activated Si—Cl
surface with hydrogen is almost quantitative beeatus chlorine atoms are eliminated from
the material in the form of HCI by the gas flow.eféfore, the equilibrium between Si—Cl and
Si—H is constantly disturbed and the reaction igetirto completion.

The pretreatment at high temperatures under vadsumecessary to ensure a reproducible
outcome of the chlorination-reduction sequenceniitted, the elimination of water from the
matrix occurs during the chlorination and possiiyl during the reduction step when the
highest temperatures are reached. This water Gt vath the silicon chloride or silicon
hydride on the surface, regenerating silanol grodjpese can not be reduced by hydrogen

guantitatively as previously explained.
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2.3.6 Optimal reduction temperature

The optimal temperature for the chlorination of tsiica surface is 800C [126]. To
determine the optimal conditions for the reductidthe chlorinated surface, the reaction with
H, was performed at various temperatufeBetween 600 and 100C. The Si—-H coverage
obtained after exposure of the silica to hydrogenZ hours is determined by DRIFT and
guantified with the GC-TCD method as a functionTofThe integral of the Si—H stretching
vibration signal ¥sjy) in the DRIFT spectrum does indeed vary with th&ction temperature
(Figure 20, left). The Si—-H coverage determinedd@y-TCD (Figure 20, right) correlates
well with the IR results. Both methods show thatsmgnificant reaction takes place below
600 °C. Between 600 and 90, the resulting Si—H surface concentration inaeasith
temperature. At even higher temperatures, no fudignificant increase in the Si—H surface
concentration is obtained. Thus, the optimal temjpee for the reduction of the chlorinated

silica surface with hydrogen is about 9D

100 -
80
60
404

204

Relative integral of v, (%)
I, from GC/TCD / pmol.m*

600 700 800 900 1000 600 700 800 900 1000
Temperature (°C) Temperature (°C)
Figure 20: Effect of reduction temperature on theHs surface concentration oM2gy;
normalized integrals of the DRIFIsiy bands (left) andsiy obtained from the
GC-TCD quantification (right). Data are mean valugfsseveral batches (left) or
experiments of several samples taken from the samch (right).

2.2 Conclusion
The silica chlorination-reduction sequence at higmperatures yields a silicon hydride

modified surfaces. The chlorination is the key dtepchieve a high Si—H coverage, and the

optimal temperature for the reduction step is al®@®°C. Under these reaction conditions, as
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shown by the SEM and DLS measurements as well ahdBET and BJH analysis, the
physical properties, such as shape, pore size wf@ce area, remain essentially unchanged.
Only micropores are lost due to the high tempeest@mployed during the procedure. This
results in a highly condensed surface, which idiooed by DRIFT and®Si CP/MAS NMR
spectroscopy: Only few Si—OH groups remain andntlaén functional groups present on the
silica surface are of type®T.

Furthermore, this surface is dramatically differénoim Si—H modifications obtained from
TES condensation where® Qroups remain after the reaction and maiggroups are present
on the surface than 3T groups. The chlorination-reduction sequence yieddsmore
homogeneous Si—H modified surface and a more caedematrix. Simultaneously, the Si—-H
surface concentration is similar to the one obthiftem the silylation with TES. Thus, the
chlorination-reduction sequence represents an istealegy to provide the starting material
for further silica surface modification by reactiohthe Si—H groups.

The extensive characterization of the Si-H modiinegterials was made possible by the use
of porous, high surface area material. On the dthhed, the Si-H modification on the Stéber
materials could only be detected by the DRIFT methecause of their low specific surface
area. However, the Si-H modified Stober materiabs assumed to have a similar surface

chemistry to the other amorphous silica materiakdun this study.

3 Silicon-carbon bond formation

The hydrogen-terminated silica surface describdternprevious chapter displays the required
properties as starting material for further surfdeeivatization. The various possibilities to
form a Si-C bond on such a surface will be explared.

3.1 Free radical initiated hydrosilylation

The best documented method for the formation dli@es—carbon bond on a silica surface is
hydrosilylation [14, 15, 52, 110, 127, 130] (Schelvdé.

Scheme 14: Hydrosilylation reaction with surfaceHSjroups.
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Hexachloroplatinic acid has been used succesdilthe catalytic hydrosilylation of HPLC
separation selectors on porous silica [15]. Howether use of homogeneous catalysts leads to
metal contaminations of the surface [56]. Therefoie is not appropriate for the
immobilization of redox-active molecules in our text. As an alternative, the
hydrosilylation may also be induced by free radistrters [56]. In this case, the radical
starter may also react directly with the surfac&l]1In order to fully avoid impurities from
catalytic or radical initiator residues, such melhevere not used in the present work, and a
reagentless radical addition [127] is preferred.

The addition of chlorosilanes to isolated or coapeg C=C bonds in homogeneous
conditions, either under high pressure and tempexaf53, 127] or under high energy
irradiation [127, 132 - 134] has been reported.

Similar methods, with either photochemical [1356[18r thermal initiation [131, 137], are
also employed for the hydrosilylation on hydrogemtinatedsilicon surfaces [16]. The
reaction is believed to start with the homolytieastage of the Si-H bond (Scheme 15) [127,
138, 139], although a concerted mechanism hasbalso postulated [140].

— —_— —_—

gi-q Aorhv [o SR i~ R SR
—
——

i=H -H» Si=H Si=H Sis

Scheme 15: Mechanism for radical-based hydrosilytabn silicon surfaces [16].

The free radical initiated hydrosilylation is supigal on thesilicon surface by the electron
withdrawing effect of the Si bulk matrix [141]: ti&-H bond energy is decreased and the
bond may be cleaved by UV light or thermal enemydrm a silicon radical. The silicon
hydride bound on ailica surface has also a low electron density due to efleetron
withdrawing effect of the silica matrix [69]. Théoee, the free radical induced

hydrosilylation on this surface could also takecpla

3.1.1 Photochemical hydrosilylation

Photochemical conditions provide a low temperatanel reagentless way to induce the
radical hydrosilylation reaction [142]. In order tiest the photochemical variant on hydride

modified silica surfaces, 10-undecylenic acid wsadias a bifunctional spacer (Scheme 16).
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COOH
/\(\/);
Si—H

—_— Si COOH
hv M
Hg lamp

MSiH MCOOH
Scheme 16: Reaction of 10-undecylenic acid withias hydride terminated silica surface.

The carboxylic group does not react with the silidoydride spontaneously nor under UV
irradiation [143], in contrast to amino, hydroxyl @dehyde groups [135]. On the other hand,
the ethene double bond is expected to undergoaberided hydrosilylation reaction.

The absence of a methyl group in 10-undecylenid acll facilitate the characterization of
the Si-C bond resulting from the photochemical tieac methyl group resonances in¢
NMR spectrum appear in the same range as thosarlobrc bound directly to a silicon atom
(see below). Also, the COOH group may permit aigiitborward attachment of redox-active
moieties by an amide bond in a subsequent step.

The Si-H modified silica materials used for thefaoe reaction aréllgres, M1fsy, and
M4siy (non-porous materials) as well B2 (porous material). These different materials
will be designated by the common abreviatMg;y. The non-porous and porous materials

will be discussed separately.

3.1.1.1 Immobilization of 10-undecylenic acid viagpochemical hydrosilylation on non-

porousM siy materials

The following results and discussion refers tortha-porous materials only.

After a suspension of 10-undecylenic acid &gl in dry hexanas irradiated with UV light
from a medium pressure mercury lamp for severasdiéne DRIFT spectra (Figures 21 and
29, page 94) of the resultind coon Materials show signals for the stretching (2928 an
2857 cm') and the bending vibrations (1455 &nof the alkyl C-H bonds as well as the
stretching vibrations of the C=0 group of the casthic acid (1708 crit). The presence of
the O-H stretching vibration signal may be attrézlto the carboxylic group or to adsorbed
water (which is likely to be retained via hydrogemnds with the COOH groups, even after
the drying step). Thé’C CP/MAS NMR spectra of th#coon resulting from Mifgiy,
M1gres andM4sy (see Figure 21 for the exampleM# ;) show a weak signal at 180 ppm
and signals between 10 and 50 ppm, corresponditigetoarbon atoms of the carboxylic acid

group and the methylene groups of the alkyl chaspectively.
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3. Silicon-carbon bond formation

The presence of these signals in tf@ CP/MAS NMR and DRIFT spectra of ticoon
after several steps of washing and drying provieledence for the strong attachment of the
carboxylic acid spacer. If washing with acetic asidmitted, the intensity of the signals of
the carbonyl group and the alkyl chain in the DREplectra of thévicoon is higher. This
demonstrates the importance of this particular waslstep to remove non-reacted 10-
undecylenic acid that could remain adsorbed thrdughogen bonding with the silica bound
carboxylic acid units [142]. The absence of adsdrb@-undecylenic acid on the particles is
further supported by the fact that signals of tkere carbons of the acid in th&€ CP/MAS

NMR spectra are missing.

- IIV‘I4SiH
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Figure 21:*C CP/MAS NMR (left) and DRIFT (right) spectraMdcoon.

The DRIFT and NMR spectra also indicate that thenst attachment of the carboxylic acid
spacer occurs via a covalent silicon-carbon linkvieen the silica surface and a carbon atom
of the alkyl chain. First, the comparison of the IBR spectra ofM1gres and M1gcoon
(Figure 29, page 94) show that the Si-H signal 2602cm’ has strongly decreased,
suggesting that most of the silicon hydride sitaegehreacted. In the caseM#lcoon, thevsiy
signal intensity has decreased as well (Figure &lthpugh to a lesser extend. Thiggsiy
nanoparticles are in an agglomerated state which prevent the UV radiation to reach the
nanoparticle surface within the aggregates.

As already mentioned, in tH&C CP/MAS NMR spectrum, the signals at 114 and 139 p
expected for the two $garbon atoms of the terminal carbon—carbon dobbled of 10-
undecylenic acid are not observed. This showstti@tC=C bond has reacted. The signal at
180 ppm in thé*C CP/MAS NMR spectrum is likely due to the unredotarboxylic end of
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3. Silicon-carbon bond formation

the spacer. If this group had reacted directly i silica surface, the carbonyl signal in the
13C CP/MAS NMR spectrum would have been shifted ugfi#44].

Two blank tests have been performed in paralleheck the assumption of the formation of a
Si-C bond:

First, 10-undecylenic acid in anhydrous and deghbks&ane was irradiated for 4 days in the
absence of silica particles. According to the NMRedra after irradiation, no reaction of 10-
undecylenic acid is observed under these conditi@imilarly, the IR spectrum after
irradiation ofM1fsjy under the same conditions, but in the absence -amti@cylenic acid
does not show any change in the surface chemibtlbsiy. These results demonstrate that
the Si-H groups on the silica and the C=C bondherspacer only react when both are present
under these conditions.

Second, the irradiation afndecanoicacid in presence dl1fsy does not yield any organic
modification on the silica surface. Therefore, @ittachment observed in the case of 10-
undecylenic acid is due to the reaction of the Gy@d whereas the COOH group is not
involved. This is in agreement with the observatimnthe *C NMR resonance for the
carboxylic group in the spectrum Bl coon (See above).

These data are all consistent with the attachmierifOsundecylenic acid on the silica surface
via a Si-C bond obtained from the reaction betwtaenC=C and the Si-H groups. As a direct
proof of our structural hypothesis, the resonancd4 ppm in the®®C CP/MAS NMR
spectrum may be assigned to a carbon atom direotlyd to a silicon atom on the silica
surface [15] (Figure 21).

In order to proove the formation of a Si-C bond?%i CP/MAS NMR spectrum was recorded
for M4dcoon. However, the |f signals due to the remaining Si-H groups are besatloverlap

with the region where *lgroups are expected (- 65 ppm [145]).

The photochemical attachment is reproducible if plaeticles are suspended without large
agglomerates and if the suspension is kept striztlygen free. Any side reaction of 10-
undecylenic acid in the solution is prevented & temperature of the suspension does not
exceed 40 °C: ThtH and™*C NMR spectra of the solutions after separatiomfthe particles
show only the expected signals for 10-undecylenid.alherefore, under these conditions,
only the desired hydrosilylation reaction occurs tbe silica surface. If the temperature
exceeds 60 °C, condensation of the carboxylic graigh the silicon hydride and/or
remaining silanol groups is observed and radidahterization of the alkene moiety on the

silica surface can be suspected from our results.
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3. Silicon-carbon bond formation

A high hydride concentration on the silica surfatlews to suspend the particl&ssiy in
hexane. In comparison, the more hydrophilic unmedisilica particle$1 do not suspend in
this solvent. In an attempt to generalize this pdure to the attachment of molecules with
low solubility in hexane, other solvents have dis®n investigated for the hydrosilylation.
However, only saturated aliphatic hydrocarbons &nex cyclohexane), which are highly
transparent to UV light, gave satisfactory resuigynals for the alkyl carbons or for the
carbonyl group can not be detected after photoatenrieatment of 10-undecylenic acid in

the presence d¥l siy in dioxane or toluene.

In conclusion, the reaction of non-pordds;y materials with 10-undecylenic acid takes place
under photochemical conditions at the carbon—cadmuble bond to provide a carboxylic

acid terminated surface.
3.1.1.2 Photochemical reaction of 10-undecylenid aith the poroud2 sy materials

In the case of the poroud2s; material fger = 103.6 M gl), no organic modication is
detected by DRIFT on the silica surface afterdiation in presence of 10-undecylenic acid.
M2siy is the only porous material among thie; used for this reaction. Since amorphous
silica is not transparent to UV light, no photoclheah reaction is expected to occur inside
such a porous material. The reaction may take @atee external surface of porous particles.
However, the specific external surface areM@t;y is very low Bsgm = ~ 0.5 M g*) due to
the large diameter of these particles (~ 5 pm)s Eixiplains why no signals for attached 10-
undecylenic acid are detected in the DRIFT spect@it2s;y after reaction. The difficulty
to suspend the lardd2s;y particles in the solvent may also affect the sugfieeaction.
Therefore, the photochemical hydrosilylation methisscribed here is limited to the non-

porousM siy materials K1fsiy, M1gtes, M4 sin).

3.1.2 Thermal hydrosilylation

The heterogeneous hydrosilylation on Si-H termidasdica surfaces with small olefin
molecules in the gaseous state under high presande temperature conditions was

described [53]. On silicon surfaces, thermally iceli hydrosilylation reactions also take

place in the condensed phase and can thereforeeoefar larger olefin molecules [16]. If this
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3. Silicon-carbon bond formation

reaction were possible on the silica surface, ild@lso be applied for the immobilization of

the redox-active molecules needed for our purposes.

3.1.2.1 Immobilization of 1-octadecene via therimadrosilylation

Since the high temperature conditions may indueer#action of other functional groups
beside the C=C bond, the reaction is first inveséd with 1-octadecene. Moreover, the
boiling point of this compound makes it possiblgésform the reaction in neat olefin.

The porousvi2siy material, which did not react under the photoclwaintonditions, was used
as the hydride modified silica matrix to test thgdtosilylation under high temperature
conditions (Scheme 17). The higher surface arg@udus materials enables a higher loading

with modifiers, which facilitates their charactetiion.

\/\e/{CH3
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Scheme 17: Reaction of 1-octadecene with a silgainide terminated silica surface.

We will denote the resulting alkyl modifier with T&rbon atoms as C18 in the following.
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Figure 22:*C CP MAS NMR (left) and DRIFT (right) spectrab®cis.
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The immobilization of 1-octadecene on hydride miedifsilica M2siy was observed at
temperatures above 160 °C. The material obtaireed this reaction is referred to B c1s.

The presence of the alkyl groups on the silicaamarfafter thorough Soxhlet washing and
drying steps is unambiguously shown by the sighaisveen 20 and 40 ppm in théc-
CP/MAS-NMR spectrum and between 2800 and 3000' dm the DRIFT spectrum
(Figure 22). Based on elemental analysis (carbartect: 3.4 %) and the value of the BET
surface area (103.6°m*, Table 10), the surface concentration of alkylup®is 1.5:mol m?,

The absence of signals between 110 and 140 ppimeiti@-CP/MAS-NMR spectrum and
between 3000 and 3100 ¢nin the DRIFT spectrum shows that the carbon-carbouble
bond has fully reacted. Moreover, the intensityrdase of the Si-H stretching vibration in the
DRIFT spectrum after hydrosilylation also showst thame of the silicon hydride units have
reacted:

The relative amount of the reacted Si-H groups bmagemi-quantitatively determined from
the DRIFT spectra. For this purpose, the mateasdsdiluted in KBr, so that the absorbances
of the signals between 1500 and 4000*@re low enough to allow their quantitative anaysi
[113]. To enable an accurate comparison betwederdift spectra, the integration value from
the signal of the stretching vibration of Si-O—jds) at 1870 crit was used as an internal
standard [113]. The integration values fgi; were normalized with respect to this integral.
The absolute value of the specific Si-H among remaining inM2¢1g is determined by the
GC/TCD method.

The comparison of the integration of the Si-H signa the IR spectrum as well as thgy
obtained from GC/TCD measurementdMis;y andM2¢15 (Table 12), show that about 1/3 of

the initial silicon hydride groups have reactedingithe hydrosilylation reaction.

Table 12: Specific Si—-H amoung;jy and relative
vsiy integral before and after C18 modification.

Ngipt™ relative

/ umol g* vsin integral®
M2sin 337.3 1.41
M2c1s 230.0 0.91
difference -31.7% -35.7 %

[a] from GC-TCD analysis. [b] from DRIFT measurersn
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3. Silicon-carbon bond formation

The absence of any C=C bond related signal anddbeease of thesjy intensity inM2¢is
are indirect evidence for the formation of a Si-&hth in a hydrosilylation reaction.

Direct evidence for this reaction is however notambigeously provided from these
techniques. Although the surface areav#c1s is high enough to appf’Si CP MAS NMR
spectroscopy, the same problem as for the charzatien ofM4coon arises: The i signals
due to the remaining SiH groups are broad and apeslith the region where*Tgroups are
expected (- 65 ppm [145]).

In the'®C CP MAS NMR spectrum df12¢1s, the signal at 12.4 ppm may be assigned to the
carbon atom of a Si-C bond but could as well bebatted to the Cklgroup of the C18 chain.
However, the unsymmetrical shape of this signalinsagreement with the possible
overlapping contribution from both the @End Si-C resonances.

The absence of any unexpected signal in the speftM2c;s is good evidence for the
absence of side reactions occuring during thisti@acAlso, the'H and**C NMR spectra of
1-octadecene re-isolated from the reaction mixafter separation from the particles show
only the known signals for 1-octadecene and for ithpurities originally present in 1-
octadecene (~10 % of octadecane and branched oetsg)e Therefore, the reaction of 1-
octadecene on the patrticle surface occurs witholynperization in the solution.

On the other hand, telomerization on a silica srfaay occur [53, 127]. Indeed, the reaction
between a silicon hydride and the C=C bond yiehda first step, a free radical center on the
B-carbon in the addition product. This radical ipested to react with the hydrogen atom
resulting from the homolytic cleavage of the Si-bhd. However, it may also react with a
second C=C bond (Scheme 18). This yields a new &€4{tbnd, which, after subsequent
repetition of this step, would yield short polymefsthe C18 groups covalently linked to the
silica surface. The DRIFT and solid state NMR sg@edb not make it possible to discriminate

between the hydrosilylation product and this typside reaction products (Scheme 19).

A
)Si'H - )Si' e S'\/\(v)/ - 15

Si

Scheme 18: Possible mechanism for the telomerizatial-octadiene oM 25y surface at
high temperature.
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The C18 surface concentratiafiz(s) may give indirect information about this sideatsan.
From the GC-TCD analysis, we know timfy of M2c1g is lower by 107 pmaj* compared

to nsiy of M2si. This corresponds to a decreasédp of 1.04 pmol rif. In comparison/cis

is 1.50 pmol rif. Since the amount of C18 chains present on tHaiofM2gy is about
50 % higher than the amount of Si-H groups thatehemacted, some telomerization side
reaction probably occurs.

Another possible side reaction may be Markovnikdditon. Neither the solid state NMR
spectrum nor the DRIFT spectrum enables to disoaiei the Markovnikov (Scheme 19) and
the anti-Markovnikov products on the silica surfac®wever, since the reaction is induced
by a free radical, the addition of the Si-H bondhe C=C bond is expected to yield the anti-
Markovnikov product with high selectivity [146].

Surface telomerization Markovnikov
product product

Scheme 19: Possible side-reaction of the free eddncuced hydrosilylation reaction.

In summary, the covalent attachment of C18M2sy demonstrates the feasability of a
thermally induced hydrosilylation. Although this dified silica does not have any
application in the attachment of redox-active moles, it displays desired properties for
reverse phase HPLC (See 6.1).

3.1.2.2 Immobilization of 1,7-octadiene via therimgdrosilylation

In order to apply the thermal hydrosilylation féretattachment of active centers, a second
functional group is needed on the spacer. Howegementioned previously, many functional
groups may react with the Si-H bond under the heéghperature conditions used. In order to
prevent such side reactions, one possibility isde am,»-diene, for example 1,7-octadiene,

instead of 1-octadecene (Scheme 20). Both C=C bomngdkt react with the silica surface;
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3. Silicon-carbon bond formation

however, in the case where only one bond reacts,sdtond one may be used for the
immobilization of active centers.

The use of the diene would also facilitate the abi@rization of the type of bonding resulting

from the thermal hydrosilylation reaction. Indestnilarly to 10-undecylenic acid, used for

the photochemical hydrosilylation reaction, the emiz® of a methyl group in the 1,7-

octadiene, prevents the possible overlapping oétnyh group signal with the resonance from
the carbon atom of the Si-C bond in the solid SteNMR spectrum.

AN
i-H = I~ ™
160 °C 4

Scheme 20: Reaction of 1,7-octadiene with silicgiride terminated surface.

The reaction oM2g;y with 1,7-octadiene in hexadecane as a solver@@fC yields material
M2c=c.

As for M2¢1g, the presence of the organic modifier d@c-c after the washing and drying
steps is confirmed by IR and NMR spectroscopy dbagdy elemental analysis.

The signal between 9.5 and 12.5 ppm in*l@&CP/MAS NMR spectrum is consistent with a

Si-C bond resulting from the radical hydrosilylatigeaction.
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Figure 23: *C-CP/MAS-NMR (left) and DRIFT (right) spectraMPc-c before (top) and
after (bottom) radical hydrosilylation reaction.

66



3. Silicon-carbon bond formation

The presence of signals at 112 and 139 ppm in*&€P MAS NMR spectrum as well as at
3077 and 1650 cth (v-c.y and vc-c respectively) in the DRIFT spectrum ofl2¢-c
(Figure 23) shows that not all carbon-carbon dodigeds have reacted. These unreacted

C=C bonds could be used as a functional groupuithér modification of the surface.

Based on the carbon elemental analysis results ta@dBET surface area, the surface
concentration of alkenyl groups is ufol m? and the specific amount is 58fol g* (nc1e)

of silica M2¢c=c. The specific amount of Si-H that has reacted wanh be quantitatively
determined by DRIFT because in this case the iatestandard band at 1870 ¢roverlaps
with the vc-c band. A qualitative comparison of they intensities in the DRIFT spectra of
M2c-c andM2gy (Figure 23), however, shows that the Si-H grouggehpartially reacted.
Moreover,nsiy of M2giy is only 330 pmol g (Table 10). Therefore, thas that has reacted

is significantly lower than thecig that is present on the silica surface after reactrhis
indicates that, in this case, telomerization of thene, as a subsequent reaction to the
hydrosilylation reaction, occurs to an appreciabieent.

On the other hand, according to NMR investigatiohthe supernatant of the hydrosilylation
reaction mixture after separation of the silicaypeerization of 1,7-octadiene does not occur
in solution. This confirms that the reaction onlgcars on the silica surface, which is
consistent with the hypothesis of a radical indudegbrosilylation followed by a

telomerization reaction (Scheme 21).

oo )8(\(\4”’\“\_4\,

Scheme 21: Possible mechanism for the reactiondeeti 254 and 1,7-octadiene at high

temperature.

67



3. Silicon-carbon bond formation

The experiments discussed in this chapter demaestizat the free radical initiated
hydrosilylation reactions can be applied to modiyH terminated silica surfaces. Evidence
for a strong attachment of the organic moleculeshensilica surface is observed. However,
only indirect evidence for the Si-C bond formatieere established. Moreover, the possibility
for a radical initiated surface telomerization asllwvas Markovnikov addition during the
hydrosilylation can not be excluded.

Direct evidence for all of these issues could biokd by using a 1-alkene witfC nuclei in
position 1. This modifier type is investigated sepaly [147].

Both photochemical and thermal hydrosilylation nb@yemployed for the functionalization of
the silica surface for the subsequent immobilizatiof redox-active molecules. The
photochemical induction is advantageous owingganild reaction conditions. However, it is
limited to non-porous materials since amorphousasis not transparent to UV light. Because
of the higher loading and application possibilitaégpoorous materials, their functionalization
via a radical hydrosilylation is also desired. hder to achieve the hydrosilylation of the Si-H
groups within porous materials, the thermal inibiatis needed.

3.2 Base catalyzed dehydrogenative coupling afailihydride with terminal alkyne

As an alternative route to the addition reactiotspH groups to C=C bonds (hydrosilylation,
see 3.1), the formation of a Si-C bond via substitureactions of carbanions at the Si-H
group was investigated. The purpose is to obt&nr@ bond without any telomerization side
reaction in order to achieve a homogeneous surfexcification.

Silicon compounds in general display a higher ieggttoward substitution compared to the
corresponding carbon compound. From a kinetic pointiew, the larger covalent radius of
the silicon atom results in a lower shielding agamucleophilic attack. Moreover, the empty
d-orbitals of the silicon atom take part in sulbsiitn reactions, by increasing the coordination
number of the transition state, leading to a lomgof the activation energy. Also, because of
the presence of the d-orbitals, the nucleophilaasrequired to attack from the back with
respect to the leaving group [148]. This is impottan order to make" order substitution
reactions possible on the silica surface as ineer®f the configuration is prevented.
Moreover, from a thermodynamic point of view, tbevér electronegativity of Si compared to
C as well as the generally lower bond strengthieX 8ompared to C-X, makes the silicon

compounds more reactive toward substitution thair tarbon analogues [128].
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Si-Cl- or Si-O-Si-modified materials may be usedststing points for the formation of Si-C
bonds. For example, strong nucleophiles, like nletilgium (MeLi) or functionalized
Grignard reagents were used to produce Si-C bawds ¢hlorinated [50] or dehydroxylated
[30] silica surfaces. However, due to the strerajtthese nucleophiles, the extent of reaction
on a single surface silicon atom is difficult tont@| and one or more surface siloxane bonds
may be cleaved. For example, the reaction of arictatied silica surface with MeLi yields the
T3, D? and M products (Figure 1) [50]. The latter twopdisy a poorer stability due to their
lower cross-linking to the silica matrix (2 and CGSi bond respectively). To prevent the
cleavage of the siloxane bonds during the alkylgrattachment on Si-Cl groups, weaker
nucleophiles may be used.

A second drawback with these starting materiathaesproduction of silanol groups resulting
from the cleavage of the siloxane bonds and thedhysls of the unreacted silicon chloride
groups. To prevent the undesired formation of silagroups, a less reactive silicon group
should be used as electrophile for the reactior wéarbanions. The Si-H group may be
adequate for this purpose. Indeed, the Si-H boridviersely polarized as compared to the
C-H bond, and is therefore suitable for nucleoptslibstitution [128] and is, at the same time,
less reactive than the Si-Cl or siloxane bonds.

In summary, Si-C formation on a silica surface nigcleophilic substitution ideally would
involve the reaction of weak carbanions with Siidups.

However, in this reaction, the hydride ion whichthe leaving group, is a strong base itself.
Therefore, the use of bases that are weaker tleahyitiride ion will yield a low amount of
product as the equilibrium of the reaction will Sleifted toward the starting material. One
strategy for lowering the Gibbs free energy of pineducts would be to make the hydride a
better leaving group. This is the case in the dedgehative coupling reaction (also called
dehydrocondensation) where the hydride reacts avighoton, while the Si-C bond is formed.
The resulting His eliminated from the reaction mixture and thaikgrium of the reaction is
shifted toward the product. To form a Si-C bonddeyrydrocondensation, protic C-H groups
(terminal alkynes or Spcarbon atoms, carrying a H atom, én position to electron
withdrawing groups) may be used as nucleophilesva¥er, in this reaction, a high activation
energy is needed. For example, the reaction betadgeminal alkyne and Si-H only occurs
above 300 °C [128]. Moreover, under these conditidine addition of Si-H to the=C bond
also occurs as a side-reaction. Therefore, to rttakeeaction applicable, a catalyst is needed.
For example, dehydrogenative cross-coupling reastad hydrosilanes with monosubstituted

alkynes to produce alkynylsilanes are catalyzettdnysition metal complexes §PtCk[149],
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RhCI(PPR)3) [150], In(CO)-PPR [151]). However, with these catalysts, the
dehydrocondensation reaction competes with thedsygtation reaction. Higher selectivity
toward the dehydrocondensation product was achievesh CuCl was used as catalyst [152].
However, as stated previously in the introduction,our purpose transition metals should be
avoided as catalysts, because of possible metairitigs remaining on the silica surface after
modification.

The dehydrogenative coupling reaction may also dtalyzed by a base. For example, an
alcohol in the presence of a Si-H group and a yitahmount of a base will produce a Si-O
bond and H[128]. Similarly, primary amines react with Si-ptoducing a Si-N bond and;H
[52]. In this case, the amine is the nucleophile],aat the same time, acts as the base to
catalyze the reaction.

For the formation of Si-C bonds, the reaction betweeactive silane species (Ph-gildnd
monosubstituted alkynes catalyzed by solid [1536]1as well as soluble bases [51] have
been described. When the less reactiveSiEt is used, contradictory results have been

reported about the success of the reaction [51], 156

Since Si-H groups on the silica surface are alg®eted to be less reactive than PhSiHe
base catalyzed dehydrogenative cross-couplingss ifivestigated in a model reaction with
Et;SiH. Moreover, in order to make this reaction cotigp@a with the goal of surface

modification, a soluble base will be used.

3.2.1 Base catalyzed dehydrogenative coupling letwigethylsilane and 1-hexyne

Si-C bond formation via dehydrogenative couplingcteon was tested in solution with 1-
hexyne and E8iH. Lithium hexynide is used as the catalyst aras \prepared in situ by
reaction between butyllithium and 1-hexyne (Sch&®g The base catalyzed reaction was
performed in hexane as well as THF as solvents.

The use of hexane as solvent does not yield argfioeabetween the terminal alkyne and the
silane probably because of the poor solubilityithiim hexynid in hexane. On the other hand,
the spectrometric data of the product formed in Teétifrespond to those expected for

triethylhex-1-ynylsilane9).
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Scheme 22: Base catalyzed dehydrogenative couglitngethylsilane with 1-hexyne.

The *C NMR spectrum unambiguously demonstrates the foomaf the Si-C bond: The
two sp hybridized carbons in triethylhexyn-1-ylsgéahave chemical shifts of 81.2 (Figure 24)
and 108.6 ppm. This is in agreement with literatwvedues for other alkyn-1-ylsilane
compounds [157, 158]. The signal at 81.2 ppm mawpdsgned to the sp carbon in e
position (G) to the Si atom, while the signal at 108.6 is@ssd to the3 sp carbon atom (-

81.18
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Figure 24: **C NMR spectrum & (excerpt showing resonance signal gf.C

Compared to the expected chemical shift fi¢ nuclei of GGC bonds (60 - 90 ppm), the

signal of G in the 13C spectrum o is shifted strongly downfield. In contrast, frofnet
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electronegativity difference between carbon anttasi, a shielding effect and therefore a
high field shift are expected in alkynylsilane campds. The opposite effect that is observed
may be explained by interactions between therbitals of the €C bond and low-lying
unoccupied orbitals on silicon. Indeed, this typeoibital overlapping has been previously
demonstrated for Si<€€C compounds by IR spectroscopy [159] as well astree
transmission spectroscopy [160]. It results in erel@se of the electron density and a change
of geometry of ther orbitals of the €C bond. Consequently, the shielding of both C nucle
of the G=C bond, and particularlyCis decreased, resulting in the observed chersiuétlto

lower field.

Moreover, the presence of tfiSi satellites for the signal at 81.2 ppm,XProvides evidence
of the formation of a bond between the silicon atand the sp hybridyzed carbon atom
(Figure 24).

3.2.1.1 Kinetics

The kinetics of the coupling reaction were investiigl with'H NMR spectroscopy. The
reaction was performed in the presence of a knowmuat of an internal standard
(hexadecane) in order to make quantification of pheduct possible. Aliquots were taken
from the reaction mixture at certain times up tadys and immediately quenched. The
volatile components (educts and solvents) of treetren mixture were evaporated under
reduced pressure. The residual liquid (productemttal side-products and internal standard)
was investigated withH NMR spectroscopy. The amount of product presemaich aliquot
was obtained from the integration of tfel NMR resonances relative to the one of
hexadecane.

Hexadecane was chosen as internal standard beshiisénigh boiling point, preventing the
loss of the standard during evaporation of theesglvMoreover, aliphatic saturated alkanes
were already present in the reaction mixture (heptkom the BulLi solution, which is
evaporated after the reaction), therefore, hexameds not expected to interfere with the
reaction. Finally, the strong Ghsignal of hexadecane in thel NMR spectrum (at ~ 1.26
ppm) does not overlap with the signals of the pobdkigure 25).

The signals observed in thid NMR spectra of the product mixture at differegaction times

correspond to the expected product and to the nakestandard (Figure 25). Although
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distillation of the aliquots was not performed, nsigant signals for side products are not

observed.

|
Al

o/ ppm
Figure 25: Time resolvedH NMR spectroscopic investigation of the producta® in

THF; [*]CH 2 resonances of hexadecane (internal standard).

The determination of the amount of product in ealaduot from the NMR signal integration
makes it possible to calculate the yields for theesponding reaction times (Figure 26). Any
signal of the product may be used for integratinceet the one due to the resonance of the
methyl group 8. Indeed, it overlaps with the resmesof the methyl groups of hexadecane.
Since in'H NMR spectroscopy the integration of a signal ieportional to the amount of
protons responsible for the resonance and sincartiwint of hexadecane initially present is
known, the absolute yield of produ& can be calculated. It is assumed that neither
hexadecane, nd®, are lost by evaporation during the reaction. Affedays, the reaction
seems to come to completion and the yield is aB0t.

Two additional experiments were also performedrotenoto determine the yield by isolating
and weighing the product. After 1 and 6 days ofctiea the yields were 21 and 69 %
respectively. This is in good aggreement with theldg obtained from théH NMR
investigations. The fact that a yield of 100 % a$ achieved even aver 7 days may be explain
by the slow loss of the volatile 1-hexyne educottiyh the condensing system.
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Figure 26:'H NMR spectroscopic investigation of the product6f in THF.

This experiment shows that long reaction timesregeired for the formation of a Si-C bond

between triethylsilane and 1-hexyne. A more dediletermination of the reaction order and
of the rate constant was not attempted.

3.2.1.2 Mechanism

We expect the reaction between triethylsilane ahexlyne in presence of a catalytic amount
of lithium hexynide to occur via a dehydrogenatoeeipling pathway (Scheme 23). In order
to verify this assumption, two additional experinsewere performed, namely the detection

of the evolved hydrogen gas and the reaction ofee with EtSiH in the absence of a
proton source.

Si——H *
l/ \¥J LY E=_\_\
Scheme 23: Mechanism of the base catalyzed delgmatige coupling of triethylsilane with
1-hexyne.
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3. Silicon-carbon bond formation

Because of the slow reaction kinetics, the expelayellogen formation was not observed as a
gas evolution from the reaction mixture. Therefooegetect the produced hydrogen, the same
reaction was performed in a sealed vessel andab@gsent after the reaction was analyzed
by gas chromatography with a thermal conductivigtedtor. Qualitatively, this analysis
shows that Hlis present in the closed vessel after reactiodeithonstrates that the leaving
group of this reaction is Hand not LiH.

The quantification of the amount of evolved tas attempted by using the same method.
However, the Hlleaks out of the sealed vessel at a significaet after several hours. Owing
to the long reaction time, this prevented a quatne comparison between the amount of
product and the amount ok idroduced during the reaction.

The reaction of lithium hexynide with 8iH in the absence of 1-hexyne was designed to
demonstrate the importance of the proton sourcprdatice, 1-hexyne was first reacted with
a 10 % excess of BuLi to ensure that lithium hedgns exclusively present. The addition of
the base to EBiH results in the formation of triethylbutylsilameie to the excess of BulLi.
However, triethylhex-1-ynylsilan® could not be detected. This demonstrates that only
carbanions that are stronger nucleophiles thahytade leaving group react with Si-H in the
absence of a proton source. In this case the hg/dian Si-H is expected to yield LiH instead
of Hy. This confirms that the reaction occuring betwE&%iH, hexyne and lithium hexynide

is a dehydrogenative coupling reaction. In thisecdise proton source acts as a Lewis acid to

make the hydride a better leaving group in the fofrH..

In summary, a Si-C link can be produced from angiland a terminal €C bond in solution,
and the experimental observations are consistahttive proposed mechanism (Scheme 23).
The requirements for the base catalyzed dehydréigeneoupling reaction are the presence
of a proton source and a nucleophile.

3.2.2 Dehydrogenative coupling on the Si-H modifdita surface

Since the dehydrogenative coupling of a terminkyra¢ with a Si-H group is successful in
solution, this reaction was also applied to a Snétlified silica surfaceM4s;4). The product,
M4c=c, was investigated with’Si CP/MAS NMR, in order to find a direct evidenae °

groups resulting from the coupling of the surfacélgroups with the terminal €C bond.
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3. Silicon-carbon bond formation

295i CP/MAS NMR spectra of the product resulting freime sol-gel process of (Me§3)-
C=C-R display resonances at -79"\T-87 (T and -97 ppm (¥ [161]. The same chemical
shifts are expected for the’ Group inM4c=c since the Si nucleus of the Si-C bond is in a
similar environment.

The ?°Si CP/MAS NMR spectrum oM4c-c (Figure 27) shows a complex signal with
overlapping peaks in the region where the T groaps expected. Therefore, Gaussian
deconvolution was performed. The envelope of 4 wviddial peaks correlates with the
measured spectrum for a deconvolution with rescemac-73.5 (%), -84 (T4), -96 (T°) and
-109 ppm (Q). The signal at -96 ppm is too far downfield todssigned to &groups and the
assignment as”Tis most likely, in accordance with ref. [161]. Pés the desired Si<6C unit
formation, however, unreacted Si-H groups remaithersilica surface.

T2, T3, T3 Q¢

r——p—— e
20 -40 60 -80 -100 -120 -140 -160
28I chemical shift / ppm

Figure 27: 2°Si CP/MAS NMR spectrum bfcc (top) with Gaussian deconvolution results
(bottom) and envelope of Gaussian components lftogen line).
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3. Silicon-carbon bond formation

An optimization of the reaction to obtain fewer @ning Si-H groups is desired to clearly

characterize the Si-C bond and make the resuliilcg she basis of modified materials.

In conclusion, 3 different methods were developpadSi-C bond formation from Si-H

groups. The photochemically induced radical hydytaion reaction is adapted for the
modification of non-porous particles. For amorph@asous silicas, the thermal variant is
necessary to enable the reaction within the p@eth methods make the functionalization of
the silica possible. However, side reactions, @sfigeadical induced surface telomerization,
are suspected. The base catalyzed dehydrogenatiy#ing reaction of a terminal alkyne
with the Si-H groups in solution is a promisingeaftative to the radical hydrosilylation
methods. This reaction performed on soluble modehpounds shows two valuable
advantages: Side reactions are not detected, agct évidence for the formation of the Si-C
bond is obtained. Optimization of this reactiontba silica surface and the introduction of a

second functional group are still required at grost.

4 The redox-active molecules

4.1 Introduction

In the scope of interphase systems, the motivaboimmobilize redox-active molecules on
the Stober particle surface is twofold :

The redox-active modification may enable the ingagton of the redox-active molecules’
interactions in interphases [103] as well as redatalyses [9] in these systems by
electrochemical means. In order to be suitabld&h types of applications, the redox-active
molecules must fulfill the following conditions: Boreduced and oxidized forms must be

chemically stable, and electron exchange with thet®de must be fast and reversible [9].

Various derivatives of three different redox-actprebes were chosen for the modification of
the Stober particles (the identity of R will be aissed later): Ferrocene derivativéa-(),
diamine(ether—phosphine)dichlororuthenium (Il) céemps Ra-b), and sterically hindered
biphenyl amines3a-b) were functionalized to enable their covalentattaent on the silica

surface.
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The discovery of ferrocene [162, 163], triggeretemsive studies in the chemistry and
electrochemistry [164] of organometallic compound$ie ferrocene/ferrocenium couple
(Fc/FC) has ever since been a widely used model anderefer[12] in electrochemical
studies. Moreover, the mostly reversible F&/Bgstem was also used in electron transfer
catalysis and redox catalysis [165]. Ferrocenbeseffore the first choice for the redox-active
modification of silica particles with a model comypal [103] and will also be the main redox-

active group applied in this thesis.

The diamine(ether—phosphine)dichlororuthenium(bmplexes2 are similar to the Noyori
type catalysts. The complexes developed by Noyoerewsuccessfully employed as
precatalyst in the homogeneous hydrogenation ofaturated ketones with high
stereoselectivity and chemoselectivity [166, 167]an attempt to increase the stability of the
catalytic intermediates of these complexes, anretheiety was incorporated into the
phosphine ligands. The hemilabile character of #tber—phosphines protects empty
coordination sites at the metal center and theratimeties act as intramolecular solvating
ligands [168, 169]. These complexes display hidivig, conversion and chemoselectivity
as homogeneous catalysts for the hydrogenatiom,@insaturated ketones [168, 170].
Moreover, the complexe® were previously functionalized with trialkoxysikargroups and
exhibited catalytic activity after incorporatiortannterphase systems [103, 171, 172].

The diamine(ether—phosphine)dichlororuthenium(Ipmplexes display reversible redox
behavior and their redox potential can easily bleiémced by variations in their ligands [13,
171]. Moreover, after chemical oxidation [169], tlmonocationic complexes are still
catalytically active for the selective hydrogenatmf conjugated ketones [173]. Due to these
properties the complexe® are good candidates for the electrochemical mongoand

possibly control of catalysis in interphases.
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4. The redox-active molecules

Organic redox-active mediators are less common tharganic ones due to the often low
stability of their radical ion form [9].

An example of organic electron transfer agentslayspg stable radical cation states in the
time frame of electroanalytical techniques areicily hindered biphenyl amine® [174 -
176]. The stability of the radical cation statettributed to the electron donating group in a
position para to the amino group [174], the delaadion of charge and the odd electron in
the aromatic ring as well as the steric effectheftert-butyl groups. Because of this stability,
the oxidation of3 is electrochemically reversible, and this makesmpounds of type8 a

suitable candidate for electron mediation in recEactions.

In summary, molecule$, 2 and3 are chosen as model compounds for this thesisubeaat
their redox reversibility and their potential itbase applications. The redox-active
molecules 1 and 2 were previously functionalized with alkoxysilaneogps for the
immobilization on a silica surface [83, 87]. Foe thurpose of the hydrosilylation alternative
route to silylation1l, 2 and3 will be derivatized with a terminal carbon-carbawuble bond.

4.2 Synthesis of ferrocene derivatives

The formation of a ferrocene derivative with ancaifsilane group bound via an amide bond
(1c) was previously described [103]. A carbodiimide ma@gwas used for the coupling

between ferrocenecarboxylic acid and the primarynarfl77].

0 o]

g |
dLNH/\/NH \“/(A)\’//CHz NH- " Si(OEt),
Fe 0 Fe
£ . S )

The straightforward amide formation strategy wilkcabe used for the synthesis of the
ferrocene moiety with a terminal C=C bohll. However, due to the side-reactions associated
with the use of carbodiimide, an acyl chloride inmediate [178] will be preferred for the
synthesis oflLb.

The reaction was performed in two steps, both wimgl amide bond formation from acyl
chloride groups (Scheme 24). Oxalyl chloride wasdu$or the activation of ferrocene-
carboxylic acid.
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Scheme 24: Synthetic route for the preparatiohacdéind 1b.

The chlorination of ferrocenecarboxylic acid witkatyl chloride yields red crystals of the
known ferrocenylcarbonyl chloride [178]. The reantiof this intermediate, which was not
isolated, with an excess of ethylene diamine favtine formation of [(2-amino-
ethyl)carbamoyl]ferrocenel§). However, the disubstituted ethylene diamine fdeduct
(1d) was also obtained as a minor side-product. Thivatere 1a was separated from the

mixture in high purity by taking advantage of itater solubility.
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0
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4. The redox-active molecules

The subsequent reaction d& with 10-undecenoyl chloride yieldsb bearing the desired
terminal C=C bond. Recrystallization from acetomeds the product in good purity in the

form of yellow crystals.

The spectroscopic data, and in particular the sgaa171 and 175 ppm in tH&C NMR
spectra, demonstrate the formation of the amided®ofor both 1a and 1b. Other
spectroscopic feature$H and**C NMR, MS, IR) forla and1b are in agreement with the
expected structures and are detailed in the Expatiamh Part. The carbon content from
elemental analysis for botha and1b is lower than expected. In the caselaf which was
already described in the literature from a différgynthetic route, the same observation was

made and interpretated as the presence of watar iaspurity [179].
4.3 Synthesis of diamine(ether—phosphine)dichlahamium(il) complexes

The RuCh(n*-PhbPCHCH,OCH;),(diamine) complexe@a and 2b were prepared from the
reaction of equimolar amounts of Ru@f-PhPCHCH,OCHs), (11) with the diamine ligand
to form five-membered chelates with ruthenium (Sebeme 25 for the preparation 24)
[169, 170]. The hemilabile character of the etheapgphine ligand facilitates the formation of
the diamine(ether—phosphine)ruthenium(ll) complg2€9].

Complex2b was prepared according to previously describedqatores [83, 172].

U Ph  Ph
a \/ cl /
NHZ//, | \\\\\\\P-\/\ OMe NHZ/// 1 \\\\\\P\/\ OMe
" Ru’ " Ru
7 | wp OMe v | wp OMe
S~ (|;| / \/\/ (MeO)Si NH c|:| ), \/\/
Ph  Ph Ph  Ph
2a 2b

The diamine ligand for the ultimate formation 24, N-oct-7-enylethylene-1,2-diamin&)(

was prepared by monoalkylation of ethylenediaminth \8-bromo-1-octene (Scheme 25).
The substitution may be effected by refluxing thetore of both components in ethanol. A
large excess of ethylenediamine was used in ocdavaid the formation of other derivatives

than the monoalkyl product and to bind the hydraticoacid which is formed in the reaction.
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Scheme 25: Synthetic route for the preparatioBeof

The spectroscopic data of the product from theti@aof ethylene diamine with 8-bromo-1-
octene are consistent with those expected &ofsee 7.4). Side-products with multiple
alkylation of the nitrogen atom were not detectgdNMR, nor by MS spectroscopy. The
immiscibility of the product with ethylendiamineciatates the work-up of this reaction. In
comparison, when shorter alkenyl substituents aes ufractional distillation is needed for

the separation of the product from the excesshyfiehdiamine [180].

The reaction 08 with 11 yields a yellow product. The octenyl ligand made work-up of2a
more difficult due to the good solubility of thisithenium complex in hexane (similar
complexes, e.q2b, precipitate in this solvent and are separateeédas this property [168,
169]). 2a was obtained in good purity only after preciptatiand washing with cold
petroleum ether (40/60) instead of n-hexane.
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4. The redox-active molecules

The signals observed in thd NMR spectrum ofa can be assigned to the phosphine as well
as to the diamine ligand. The integration valuéhefsignal of the aromatic resonances due to
the phosphine ligands and those of the protons fiteencarbon-carbon double bond of the
diamine ligand is in agreement with the expectesnilie to phosphine ratio. In addition, the
chemical shift of the methoxy groups indicates thatoxygen atom is not coordinated to the

ruthenium atom. This is consistent ijth(P)-coordinated ether-phosphine ligands.

The AB pattern observed for th&P resonances is consistent with the chemical non-
equivalence of the two phosphine groups, resulfimgn the coordination of the non-
symmetric diamine ligand to the metal center. e value of about 36 Hz suggests that the
phosphine ligands are coordinated cis to one andtt#l, 182]. This observation is in

agreement with the characterization of related dergs of type2 [168].

Table 13:°C NMR dat#! of the resonances in the aromatic regio@a&nd2b.

ipso-GHs 0-CgHs m-CeHs p-CeHs
oBClppm Jpc/Hz  6BClppm Zpc/Hz  6°C/ppm 3%pc/Hz  5°C/ ppm

2a 136.57 (d) 28.54 133.44 (d) 8.05 128.41 (dB.05 129.01 (s)
134.15 (d) 32.93 133.26 (d) 8.05 128.01 (dB.05 128.76 (s)
overlapping signals 132.03 (d) 8.05 127.75 (dB.05 128.66 (s)
132.07 (d) 35.86 131.49 (d) 8.05 overlappingalg

2b 136.51 (d) 28.97 overlapping signals 128.31 (dB.76 129.01 (s)
134.15 (d) 32.34 133.31 (d) 8.08 127.98 (dB.76 128.99 (s)
133.36 (d) 36.38 132.01 (d) 8.08 127.72 (dB.76 128.73 (s)

132.00 (d)  36.38 13151 (d) 8.08 127.64(d) 8.76

[a] The spectra were recorded in CRGhe coupling patterns are given in brackets.

The*C NMR spectrum ofa (recorded at 100.62 MHz) displays complicated aigratterns

with signal overlap for the phosphine ligands ia #iomatic region (Figure 28). The resolved
signals may be assigned to the ipso, ortho, metapana carbon nuclei according to their
chemical shifts, coupling constants and couplintiepas (Table 13). In order to make the

assignment of the overlapping signals possible sgeetrum oRa is compared to that &b
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4. The redox-active molecules

which was recorded at a lower frequency. Since p#ttra were recorded under different
applied magnetic fields, the overlapping of theplmg pattern may not occur for the same
signals in both spectra. Indeed, in i€ NMR spectrum o2b (measured at 62.90 MHz),
two more doublets, at 133.36 and 127.64 ppm ardiftexl (Table 13 and Figure 28).
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Figure 28: Aromatic regions of tHéC NMR spectra a2b and2a measured at frequencies of
62.90 and 100.62 MHz, respectively.

84



4. The redox-active molecules

This makes it possible to assign 4 doublets toithe, ortho and meta C in each spectrum
(Table 13). The para C displays overlapping sigtiads are identified as four singlets after
processing of the spectra. This demonstrates bea#tphenyl groups are chemically non-
equivalent, which is consistent with the structoir¢he complexe8a and2b: Indeed, because
of the non-symmetric diamine ligand, the two phasehligands are not equivalent. In
addition, since the ruthenium atom is an asymmegiter, the two phenyl groups of each P
ligand are not chemically equivalent either.

4.4 Synthesis of biphenylamine derivatiBasc

The synthesis of three different derivatives ofistdly hindered biphenyl amine84-c) was
carried out (for3b see also ref. [183]). The biphenyl amiBewas synthesized in order to

investigate the interaction 8fwith silica surfaces in the absence of a term@wC bond.

3a 3 3¢

The two main steps in the preparation3afc both involve carbon-carbos-bond formation
(Scheme 27). The first precursors are 1-bromo-¥e(all)-benzened@-b), prepared from 1,4-
dibromobenzene and amw-bromoalkene. For the synthesis 4, the corresponding 1-
bromoalkane is used. The synthon with the shodeain length, 4-allyloromobenzenga( n

= 1), is obtained from the reaction between 1,4aiitbbenzene and allylmagnesiumbromide
[184] (Scheme 27). For longer chain lengths (n>tHg coupling of 1,4-dibromobenzene and

thea,m-bromoalkene requires a catalyst.
—  )—Br 4/(7—@7& —  )—Br
o o 3
4a 4b 4c

One possibility for the preparation dfwith n > 1 is the Kumada cross-coupling reaction

[185] between the correspondingw-alkenyl Grignard reagent and 1,4-dibromo-benzene
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4. The redox-active molecules

(Scheme 27). The coupling reaction is catalyze®d(dppf)C}, where dppf stands for 1,1"-
bis(diphenyl-phosphino)ferrocene [186, 187].

The second synthetic route 4oinvolves a Cu(l)-mediated coupling [188, 189] bé ty,®-
bromoalkene with the Grignard reagent obtained fio#rdibromobenzene (Scheme 27).
The Kumada cross-coupling reaction and the Cu(iated coupling reaction were tested
during the synthesis agfb and4c, respectively. The advantages and disadvantagestbf
synthetic routes are discussed in 4.4.1.

The second precursor, the iminochindnes synthesized by the electrochemical oxidation of
2,4,6-tritert-butylanilin (Scheme 26), as described in theaitigre [190 - 192].

NH, NH

Anodic oxidation
at 500 mV

[3,]

CH,CN\NaCIO,\MgO\H,0
0

Scheme 26: Electrosynthesisbof

The carbon-carbom-bond formation of the biphenyl backbone 2d-c results from the
reaction between the Grignard reagent obtained febsrc and the iminochinoneb
(Scheme 27). The subsequent reduction of the irhinot6a-c induces the rearomatization
of the aniline ring (Scheme 27). The product isaoted after deprotonation of the ammonium

salt with aqueous ammonia.
4.4.1 1-bromo-4-(R)-benzenetatc)

For the production oftb and 4c¢, both the Kumada cross-coupling reaction and th@)C
catalyzed coupling reaction yield the desired pobdindeed, the signal at about 2.5 ppm in
the 'H NMR spectra of botlb and4c is characteristic of the benzylic Glgroup resulting
from the carbon-carbos-bond formation. Also, the coupling pattern of #rematic protons
(two doublets with equal coupling constants) is sistent with an 1,4-unsymmetrically
disubstituted benzene ring. The other spectrosodpia tH and*C NMR as well as MS)

correspond to the values expecteddbrand4c (see 7.4).
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Scheme 27: General synthetic route for the prepanadf 3a-b.

Both synthetic routes give relatively low yield20~%). The Cu(l) catalyzed reaction yields
several side-products. In particular, the produminfthe reaction of both halogenated carbons
of the educt is detected. Moreover, it was not ipesso separate this particular side-product
by column chromatography at this stage. On therotiamd, the Kumada cross-coupling
catalyzed by Pd(dppf)gl did not result in any detectable side-productse ©nly impurity
present is the unreacted 1,4-dibromobenzene, wtéch be eliminated by crystallization

followed by column chromatography.
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The synthesis ofla also yields the expected product according tosghectroscopic data. It
should be noted that 1,4-diallylbenzene is alsaiabtd. However, in this case the product can

be purified by distillation.

In summary, precursoa-c were prepared in good purity. For n = 1, the ieacbetween
allyloromide and bromophenylmagnesium bromide isdug-or longer chain length (n > 1),
the Kumada cross-coupling reaction is preferred thwe Cu(l) catalyzed reaction.

The relatively low yield ofla-cis satisfactory because the yield limiting stephaf synthetic

route to3a-cis the production ob.

4.4.2 3,5-ditert-butyl-4-iminocyclohexa-2,5-dien-1-onB)(

The absolute yield of the iminochin@n obtained from the electrooxidation of 2,4,6t&it-
butylanilin, is limited by the size of the electhamical cell. Compared to the origial
references [190 - 192], a recrystallization stepthed product from petroleum ether was
introduced, yielding bright yellow crystals.

Due to the sphybridization of the N atom and the presence efioton of the imine, the
protons of the twdert-butyl groups as well as the two methine protonghefcyclohexadiene
ring are not equivalent and should display sepasigteals in théH spectrum. However, this
is not the case before recrystallization of thenmehinon: Thetert-butyl and the methine
protons display one singlet, each. This may beaet by the presence of protic impurities,

inducing a proton exchange at the imine group (8eh28).

H H. , H H
N N N
H H
-H+ H+
O o O

Scheme 28: Proton exchange at the imine group yzdl by protic impurities.

If this proton transfer is fast compared to the NMRescale, the twaeert-butyl groups as

well as the two methine groups will be seen as\edemt [191].
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After recrystallization in petroleum ether, a sitgis observed in thtH NMR spectrum for
the protons of eactert-butyl group and for each methine group. The spgtof the NMR
signals, which is also observed in tH&C NMR spectrum, demonstrates that the
recrystallization step eliminates protic impuritfesm the product.

The absence of these impurities is important sthisereacted with a Grignard reagent in the

next step.
4.4.3 3,5-ditert-butyl-4-imino-1-(4-R-phenyl)cyclohexa-2,5-dien-1{6a-c)

In order to facilitate the work-up of these produdia-c are used in excess to ensure that a
maximum amount ob reacts. Indeed, the unreacted iminochikois difficult to separate
from the product, whilela-c are easily separated by filtering the product csica and
washing it with hexane. In this step, the excesgat is recovered in good purity after
evaporation of the solvent. The product is theneeldrom the silica with ethyl acetate and
further purified with column chromatography.

The main evidence for the production @d-c is the signal at 71.8 ppm in tH&C NMR
spectrum corresponding to the carbon atom linkethéohydroxyl group resulting from the
Grignard reaction. The other spectroscopic dateespond to those expected for the product.

4.4.4 3,5-ditert-butyl-4'-R-1,1'-biphenyl-4-amine&-0

The successful reduction with Zn and HCl is denratesd by the disappearance of the C-OH
signal in the'®C NMR spectra. Moreover, the signal from the C-tbups of the
cyclohexadiene ring is shifted from 6.23 to 7.34tlie 'H spectrum. This shows that the
reduction of the hydroxyl and imine groups also uices the rearomatization of the
cyclohexadiene ring, yielding the biphenyl backboh8a-c

4.5 Conclusion
In summary, the redox-active molecules2 and 3 were derivatized with a terminal C=C

bond. This opens the possibility for their covalattachment on Si-H modified surfaces via

hydrosilylation reactions.
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5 Covalent attachment of redox-active molecules othe silica surface via the radical
addition of Si-H to C=C bonds.

In Chapter 3.1, the possibility to modify hydriderrinated silica surfaces via free radical
induced hydrosilylation reactions was demonstraldee covalent attachment of a molecule
(Y) by use of this reaction, can in general be edd by two pathways (Scheme 29). In
route I, Y is first coupled to am-substituted terminal olefin bearing a reactiveugrX. The
covalent attachment of Y to the silica surface hent obtained from the hydrosilylation
reaction between the surface Si-H and the tern@= bond. Therefore the silica material is
only involved in the second step of the reaction.

On the other hand, in route Il, all reactions aegefgomed on the surface of the solid phase:
The hydride modified silica surface is first reacteith thew-substituted terminal olefin. In a

second step, immobilized X reacts with Y, whichulesin the immobilization of the active

)Si—H
Y
XY

o P (
Fr

X
) A1 S
SjmH _— (route 1)

: X
S|\r‘/):'_2

center (Scheme 29).

route 1)

Y

Scheme 29: Modification pathway of hydride modifigida surface via hydrosilylation.

Route Il has the potential disadvantage of leavingeacted linkers after the attachment of Y.

Therefore, we will first focus on route |.

5.1 Covalent attachment of active molecules orsiliea surface via route |

Radical hydrosilylation reactions are applied te tovalent attachment of the previously
synthesized redox-active molecules functionalizétl & terminal alkene (Chapter 4).

As shown before (see 3.1.1.1), the photochemicdrdsjlylation reaction only occurs if

saturated hydrocarbons are used as solvent. Thistia drawback for the attachment of the
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redox-active molecules used here, since all of taemsoluble in hexane. A possible problem
arises from the need for a relatively high amoundlefin in order to achieve a high surface

coverage with the modifiers: For the model reagttbe concentration of 10-undecylenic acid
was 0.1 M. However, for the modification with, 2a and3b, a lower concentration must be

used due to the availability of these molecules.

The thermal hydrosilylation model reaction was perfed in the neat olefin (see 3.1.2.1).
However, the redox-active moleculéls, 2a and3b need to be dissolved in a solvent due to
their high melting points and their restricted #aility. Mesitylene or hexadecane are used

as high boiling point solvents for these reactions.

5.1.1 Ferrocene attachment

The photochemicahydrosilylation reaction otb with M1gyy (Scheme 30) was performed in
hexane at a concentration of about 5 mM. In cohtathe photochemical hydrosilylation of
10-undecylenic acid, the concentration of modifyimgplecules is about 20 times lower.

Material M1f sy was used as the silica matrix.

< <
0] H Fe UV or A O H Fe
Si—H + N\N/\/NWI@ —_ Sj },’)LNNN\H/@
H 0 10 H 0
Mgy 1b M1,

Scheme 30: Thermal or photochemical induction afdsilylation reactions betweev 1
and1b.

The resulting material displays only very weak Cstfetching vibrations in the DRIFT
spectrum. Therefore, the reaction occurs only w kelds under these conditions. The
ferrocene derivativéb was also exposed to the photochemical conditiobsence of silica.
The characterization of the product after irradiatcorresponds téb. Therefore, no side-
reaction occurs under UV irradiation.

The reaction was also performed wiih at the same concentration akt®s; as a Si-H
modified silica matrix in mesitylene under ttheermalconditions. Unfortunately, after 1 h of
reaction, the reaction mixture turned blatid. and**C NMR investigations of the reaction

solution indicated that thermal decomposition @f férrocene moiety had occurred.
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5.1.2 Ruthenium complex attachment

The stability of the compleRa was tested under the radical hydrosilylation ctbons, but in
the absence of Si-H modified silica. A solution2afin hexane was irradiated by UV light for
several days and another solutiorRafin hexadecane was heated to 160 °C for severashou
Under photochemical conditions, a light brown inkdé solid is obtained and under thermal
conditions a dark brown precipate is produced. Tamonstrate the poor stability 8a
under both types of conditions. Therefore, thecatizent of2a to the silica surface was not
attempted neither by thermal, nor by photochemhgdrosilylation reactions.

5.1.3 Biphenylamine attachment

The organic redox-active molecudd was first exposed to the photochemical conditions
absence of silica. After irradiation, the spectopsc data of the solid recovered from the
solution correspond to the one expected3or This demonstrates the stability &b under
photochemical conditions.

Similarly to the reaction withlb, the photochemical hydrosilylation reaction & was
performed in hexane at a concentration of about\Vd impresence oM1fgy. The slightly
yellow material resulting from the photochemicatifosilylation ofM1fsiy and3b, displays a
very weak C-H stretching vibration in the DRIFT spam. This confirms the results
obtained for the experiment with the ferrocene \@dive 1b: the use of the redox-active
molecules at this lower concentration does notdyeelsatisfactory surface concentration of
modifiers.

The photochemical hydrosilylation 8t was performed under the same conditions a8kior
in order to demonstrate that no attachment atalis in the absence of the C=C bond. As
expected, no C-H signals are observed in the DRIpdctrum. However, sincgb itself
displays only low yields, a clear conclusion cahlm®drawn from this result.

Due to the small amount 8b that was available, thermal hydrosilylation was abémpted.

In summary, two main factors prevent the applicatb route | for the immobilization of the

redox-active moleculeslb, 2a and 3b. First, the concentrations required for the
photochemical hydrosilylation reaction are not catitge with the amount of redox-active
molecules available. In order to improve the swefaoverage in redox-active modifiers,
longer reaction times may be applied. However ighiifficult in practice, since 4-5 days are
already necessary when the optimal olefin conceotras used (see 3.1.1.1). Secondly, in
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some cases, the stability of the redox-active muddec under thermal or photochemical
conditions prevents the use of route | as a gersmahetic pathway for the silica surface

modification.
5.2 Covalent attachment of active molecules orsiliea surface via route Il

In contrast to route I, the alternative pathwayafte 11 makes it possible to modify the Si-H
surface with a reactive functional groups X thatrba used in turn for the immobilization of
the redox-active molecules. The group X may be eha that milder reaction conditions
and lower concentrations of redox-active molecuabes be applied.

Two starting materials for the immobilization oethedox-active molecules via route 1l have
already been described in the previous chapter théhpreparation of -COOHV(coon) and

—C=C M2c=c) terminated silica surfaces.

5.2.1 Immobilization of ferrocene by means of ativated carboxylic acid modified silica

surface

A straightforward activation of the carboxylic acidodified surface is performed by
chlorination with oxalyl chloride. The resultingyhahloride is then reacted with the amine
functionalized ferrocene derivative for the covalent attachment on the silica surfdaean
amide bond (Scheme 31). The reaction occurs atnRShort times and at low redox-active
molecule concentration (~ 5 mM). The procedure a@gglied to materiald1fsiy, M1gres,

M4giy and yields the correspondiiy-. materials.

/M COOH oxaly

chloride

Si—H - Si COOH »
uv o
MSiH MCOOH

Si COCl > S'\M)\ /\/N\l\/©
o 0

IVICOCI Fc

Scheme 31: Synthesis of ferrocene-modified silieatigles via route 1l based on

photochemical hydrosilylation.
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The DRIFT spectra of the intermediates of the sstnthroute toMg. involving M1g+es,
M1fsiy andM4siy, are represented in Figures 29, 30 and 31 respBctiMee preparation and
characterization of the materidiscoon Were discussed previously (see 3.1.1.1). The DRIFT
spectra oM coon display theve-o band of the carboxylic group at ~ 1710 trthevs;. band

of the unreacted Si-H groups at ~ 2280"cas well as thec.4 band expected for the GH
groups of the alkyl spacer (Figures 29, 30 and 81jigher band intensity is observed for the
M4 materials compared to tiM1 materials. This is due to the higher specific @cefarea,

and therefore the higher specific modifiers amaifrihe M4 materials.

%T [ arbitrary unit

I v 1 ' I & 1 & | & 1
4000 3500 3000 2500 2000 1500
wavenumber / cm’!

Figure 29: DRIFT spectra of bare silicMlg, hydride modified silicaM1gres, 10-
undecylenic acid modified silidd 1gcoon and Fc modified silicd 1gkc.

In the DRIFT spectra ofl4g., andM1fg. an additional band at 3095 €ncorresponding to
thevc.y of the C-H goups of ferrocene is detected. Indlse ofM1ge., the detection of this
band is less obvious due to the overlapping ofSR©H strectching vibrations. The signal at
1542 cm* due todyy in the DRIFT spectra of thBlg. materials (Figures 29, 30 and 31),
indicates the presence of amide groups. Moreoherdecrease of the intensity of theo
signal at 1708 cif in the spectra of the! .. materials compared to the corresponding band in
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the spectra oM coon shows that the amide has been produced by reagtibrithe carboxylic
acid group linked to the silica surface. This ides that the ferrocene unit is covalently

bound to the silica surface via the alkyl spacer.

M1,

IM1f; o0

%T / arbitrary unit

1 ! ! ¥ I B 1 i 1 i | |
4000 3500 3000 2500 2000 1500
wavenumber / cm!

Figure 30: DRIFT spectra of modified Stober pad&l hydride modified silicé1fgy, 10-
undecylenic acid modified silidd 1fcoon and Fc modified silicé 1fg..

The decrease of thesi.y in the DRIFT spectrum oMg. compared to the one ®fl coon
(Figures 29, 30 and 31) might be due to the chédiam of the remaining hydride during the
activation of the carboxylic acid with oxalyl chide. A similar decrease has been observed
for the signal of the Si-H vibration in the IR speen of M1gres after treatment with oxalyl
chloride as a blank test.

The same procedure for the immobilization of feerue was performed withl1fgy instead

of M1lfcoon. The absence ofcy, ve=o and ony in the DRIFT spectrum of the resulting
material indicates thdta does not directly react with the Si-H modifiedcgl surface under

these conditions.
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Figure 31: DRIFT spectra of hydride modified silitédsy, 10-undecylenic acid modified

silica M4coon and ferrocene modified silidd 4.

The ferrocene surface concentration on the silies determined using atomic absorption
spectroscopy (AAS) and UV-vis spectroscopy. For Atk® particles are directly injected in
to an acetylene-air flame, while for the UV-vis me@ments the particles are first
hydrolyzed with a strong base before analysis [94].

The quantitative determination of the ferrocene teots by AAS vyields surface
concentrations/{aas) of 1.26 x 10° mol m? for the materials prepared froMlfsy, and
1.96 x 10°mol m 2 for the materials prepared fradilgres . This corresponds respectively to
16 % and 25 % of the theoretical initial surfaceaantration of silanol groups [88] dvil
materials, and is comparable to the surface corat@t of a monolayer of ferrocene
prepared on other non-porous surfaces as for ewamlatinum electrodes covalently
modified with ferrocene [193].

UV-vis spectroscopy yields a surface concentratibfyy = 6.97 x 10’ mol m?, which is
only 35% ofl'aas. The determination afyy, however, relies on the hydrolysis of the amide

bond between the alkyl spacer and the ferrocerteagrwell as a total destruction of the silica
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matrix. Indeed, centrifugation of the suspensioMMadfe. in aqueous KOH (1M) before the
UV measurements yields a yellow solution absorblight at 405 nm, indicating that
ferrocenecarboxylate ions are present. Howeveoramge sediment is also obtained, showing
that the silica particles are not fully hydrolyzedhe basic solution. In comparison, materials
obtained from a silylation route are fully dissalvehen treated under these conditions [94].
Thus, in the case dfllge. ferrocene units may remain either adsorbed orleatls attached

to the silica sediment. This explains whyy is lower thanaas, and is not a reliable measure
of the ferrocene surface concentration. ConsequediV—vis spectroscopy can not be used
for the quantitative determination of the ferrocemnés inM1gg.. However, on the other hand,
this experiment shows that the organic modificati@na silicon—carbon link prevents the full
hydrolysis of the silica particles under basic atads in this material. This is desirable with

regard to its stability.

In summary, the carboxylic acid modified surfacegared by the free radical induced
hydrosilylation can be converted easily into theresponding acyl chloride, and then be used
in a subsequent reaction to immobilize active asribearing an amine functional group (here

a modified ferrocene).

5.2.2 Free radical induced hydrobromination of dbaa-carbon double bond modified silica

surface.

The terminal C=C bond of th&2c-c material may also be employed for the attachmént o
redox-active molecules. C=C bonds can be modifigd rbany reactions including
electrophilic and radical additions, ozonolysis taheatalyzed hydroamination [194], cross-
coupling [195] or metathesis [196] reactions, asll was Diels-Alder cycloadditions
(Scheme 32).

In order to limit the contamination of the silicarface as well as side reactions during
subsequent modification steps, methods that invghaeous reactants and reagents and that
do not require metal catalysts, radical initiatar strong bases are preferred here. Thus,
ozonolysis, epoxidation, cycloaddition and (intiatess) radical addition reactions may be

appropriate.
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Olefin metathesis,
Heck reaction

R
Hydroamination R/\/ ’
H A
(@]
R/<I
Epoxidation

Electrophilic / radical
addition

Y

R

Ozonolysis

~.
T

3

Diels-Alder cycloaddition

Scheme 32: Possible reactions of terminal C=C bonds

The conditions of the photochemically induced hydomnination [197] (dry and acidic
conditions, absence of catalysts, gaseous reaatamyt)be particularly compatible with the
requirements for silica surface modification. Moren the homolytic cleavage of HBr by UV
light should result in a selective anti-Markovnikaddition to the C=C bond. The resulting

product with the bromo substituent in the 1-positivould be useful for the further

functionalization of the silica surface.

HBr, hv

Si = Si Br

Scheme 33: Photochemically induced hydrobrominaticsn C=C terminated surface.

The hydrobromination was performed with materdPc-c in dry hexane under UV
irradiation according to Scheme 33.
The absence of carbon-carbon double bond signaiseilN\MR and DRIFT spectra of the

hydrobrominated productM2g;) demonstrates that the functional group had reacte
(Figure 32).
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Figure 32:*C-CP/MAS-NMR (left) and DRIFT (right) spectraM®g, after radical
hydrobromination reaction.

However, direct evidence for the presence of a breuobstituent in position 1 can not be
obtained from these spectra: The C-Br vibratiorsrast detected in the IR spectrum due to
their low absorptivities and the NMR spectrum dagsl only a broad signal at 60 ppm, where
the signal for the C nucleus of —¢B{ is expected.

To obtain more information on the outcome of thdigal hydrobromination reaction, 1-
octene was added to the reaction mixture for thdrdiyromination of the alkene modified
silica in a competitive experiment. After reactammd sedimentation of the silica, the products
present in the solution were analyzed with NMR spscopy. Resonances f&iC or *H
nuclei of C=C bonds are not detected in the comedipmg NMR spectra, confirming that the
hydrobromination reaction is quantitative. Moreqgwascording to the NMR spectra, the main
product is 1-bromooctane. This is the expected ymbdf an anti-Markovnikov addition of
HBr to the carbon-carbon double bond of 1-octememFthe integration of théH NMR

signals, the ratio of anti-Markovnikov to Markovoikproducts is about 9 : 1.

The reaction was also performed on octavinylsilses@nel0a that may be considered as
the soluble low molecular weight equivalent of &CCbond modified silica surface
(Scheme 34). The expected product from this moehedtron is 1,3,5,7,9,11,13,15-oktakis-(2-
bromoethyl)octasilsesquioxant0p).
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Scheme 34: Photochemically induced hydrobrominatidi®a.

In the high-resolutiorESI mass spectrum dfOb, the most intense signals are obtained for
[M+K™] and [M+N&]. The splitting pattern, owing to the presence8dbromine atoms, is
expected to display 9 signals. Furthermore, owmthe isotopic composition of carbon and
silicon, each signal is expected to split in twb,least. However not all signals are seen
because of their low intensity. In the case of [M}8 signals are clearly detected when only
the most abundant isotopes of carbon and silicerpeesent irlOb and only 5 when on¥C

or one®*Si nucleus is present (Figure 33).

The signal pattern owing to the isotopic compositdd bromine, carbon and silicon as well as

the corresponding molecular weights are in agreémih those obtained by simulation.
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Figure 33: HR-ESI-MS 010b (excerpt showing the signals for [M+Kwithout *3C or #°Si

nucleus [1], with oné®C or?°Si nucleus [2] and the internal standard [*]).
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Resonances for carbon nuclei of C=C groups weredetgcted in théH and **C NMR
spectra. Therefore, all the vinyl groups were hjdominated. In addition, th&H NMR
spectra display only two triplets, which demon&r#tat the anti-Markovnikov product is
obtained exclusively. The selectivity of the reawtiis confirmed by the single signal
observed in thé°Si NMR spectrum assigned to the symmetrical silsies@nel0b where all
eight vinyl groups were converted into the anti-kMamikov product.

It should be noted that the photochemically indudedirobromination of octavinyl-
silsesquioxane producesOb in better yield and purity than the previously lshed

procedures based on ref. [198].

In summary, the fact that the C=C bonds of 1-octamek of octavinylsilsesquioxane are fully
hydrobrominated and that the anti-Markovnikov prciduare obtained in the homogeneous
conditions, indicates that C=C bonds on the sdisdace may react in the same manner.
However, the application of the brominated spaoettfe immobilization of active molecules
has several limitations. In particular, the amioatof the brominated surface requires reflux
and long reaction times [100]. Under these conaktian aliphatic amine will also react with
the remaining Si-H groups on the silica surfacely@nprimary aromatic amine may react
with the brominated spacer without unwanted reastiwith the silica surface.

It should be mentioned that other potential denest obtained from the C=C modified
surface are promising for this purpose. In paréican aldehyde obtained by ozonolysis might
enable a straightforward route for the attachméactve molecules.

However, for this thesis, the reactive acyl chleridodified silica surface is preferred for the

immobilization of the ferrocene derivatives.
5.3 Conclusion

The direct attachment of terminal C=C bond funaimed redox-active moleculelh, 2a
and 3b via route | was not achieved by photochemicalharmal hydrosilylation reactions
because of two main factors. The need for a higiteatration of the olefin is not compatible
with the amount of redox-active molecules availaiM®reover, in some cases, the redox-
active molecules show poor stability under therargthotochemical conditions.

Therefore, route 2 is necessary for the attachnoénthe redox-active molecules. The
carboxylic acid modified surface prepared by three fradical induced hydrosilylation can be

converted easily into the corresponding acyl cleriand then be used in a subsequent
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reaction to immobilizela. On the other hand, no straightforward reactiothvaither the
activatedM coon 0Or M c=c surfaces makes the attachment of the rutheniunplesm of type2
and the biphenylamine® possible. Therefore for the subsequent stepsisftiesis, we will

only focus on ferrocene as the model for redoxvaatnolecules.

6 Applications

The Si-H modification and the free radical hydrgsilion reactions described in Chapters E
and F were carried out in order to meet the requergs for the immobilization of redox-
active molecules and catalysts. The propertiehefresulting surfaces are sought-after for
HPLC applications as well. Indeed, the synthetratefyy for the surface modifications are
driven by the need for a surface free of Si-OH geoand metal traces as well as a stable
attachment. Those issues are important in HPLCrderoto achieve high separation power
and make a wide range of applications possibla fgiven stationary phase. Therefore, beside
the electrochemical investigation of the ferrocenedified materials, the performance as
HPLC phase of the Si-H and C18 modified materialshe evaluated.

6.1 HPLC separation witM2sjy andM2¢1g

Silica is the predominant solid support for HPL@tistnary phases. Its desirable properties
include high mechanical strength [32], thermal #itsgb[18] and the ability to accurately
tailor particles of a specific diameter, pore semeg surface area [39]. The limitations of silica
for HPLC applications are the presence of strorgpgation sites (silanol groups and metal
impurities) and the sensitivity of the siloxane tdsntoward hydrolysis. These will be

discussed in more detail below:

1. The polar acidic silanol groups on the silicafste induce peak tailing and loss of
chromatographic resolution of basic analytes [3@, 41, 199]. Isolated silanols (non-
hydrogen bonded) are the most acidic and believethet responsible for the undesired
interactions with organic bases [40]. One appro@ciminimize the effect of the isolated
silanols consists in the rehydroxylation of thécsilsurface [200]. The aim of this strategy is
to obtain a high Si-OH surface concentration touemghat most groups can interact via

hydrogen bridges.

102



6. Applications

An opposite and more common method to improve #pamation efficiency consist in the
end-capping of the remaining silanol groups afteganosilanization [40, 201] with for
example trichlorosilane or hexamethyldisilazanghéligh these methods are not quantitative
[39], the tailing is reduced and the chromatograpiesolution enhanced because the end-
capping groups block the access to the silanolspgr@40]. Bulky substituents on the organic
modifiers [202] or electrostatic shielding [203] ynalso be used to lower the accessibility to
the silanols [40].

2. Metal impurities are another source of peakinigilin HPLC [204]. They are strong
adsorption sites for complexing, and especially ¢boelating analytes. These interactions
cause peak asymmetry and poor resolution of sualytas. The metal ions also affect the
separation of organic bases by increasing thetgaidithe adjacent silanols [205, 206]. The
so-called “type A” silica materials, the first t@ ldevelopped, have a high content of metal
impurities [32]. Modern synthesis processes yibkl $o-called “type B” silica material with
low metal content [32, 207], however contaminatioray still occur during surface

modification if metals are involved in the reactimnduring the HPLC separations.

3. The sensitivity of the bonded phase toward hydi® in an agueous environment [208] at
low [202,209,210] as well as at high pH values [15, 32, 33,&&jends on the cross-linking
degred209] and the presence of silanol groups. increase in the number of siloxane bonds
between an individual alkyl ligand and the silicaface enhances the stabil{86, 209]. The
silanol groups that participate in the hydrolysie again of the non hydrogen-bonded type.
Therefore, the actions taken to minimize the agtivof the isolated silanol groups,

additionally enhances the hydrolytic stability.

The so-called “type C” silica, involving Si-H mowitl surfaces andydrolytically stable Si-C
bond formation by hydrosilylation reactions, weuecesfully developped tenhance the acid
stability of silica-based bonded phagés, 39] The potential drawback of these materials
may arise from the use of a metal catalyst for higdrosilylation reactionMetal residues
which are strong adsorption sites for chelating poumds, may contaminate the silica surface.
Also, the various Si-H modification procedures poesgly described leave unreacted Si-OH

groups Chapter2).
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In contrast, the Si-H modification procedure and free radical hydrosilylation reactions
described in Chapters 2 and 3 were designed irr tod@eet the requirements for a surface
free of Si-OH groups and metal traces as well &seced bonding stability. The application
of this methods for the synthesis of “type C” dlimaterials may also enhance their HPLC
separation quality. Therefore, the properties @& 8i-H and C18 modified silica materials
prepared previouslyM2siy andM2c1g, respectively) were investigated as separatioseia
HPLC.

The standard reference material 870 (SRM 870) fiteenNational Institute of Standards and
Technology (NIST) [211, 212] was used as a testtuméx to examine the general
characteristics of the synthesized materil24y andM2¢c15) as chromatographic sorbents.

N__0
_ uracil
E ;E; - vaid column marker
O
Ch,
toluene
- - hydrophobic retention
mj{ - methylene selectivity
CaHs
ethylbenzene
= - hydrophobic retention
U - methylens selectivity
-HH_;_f'
0 OH
quinizarin
ﬁH\‘T’JH - activiy towards chelating reagents
o T~
O OH

- "‘I]/_\r"'ﬁ\\ amitriptyiling

|/ f - activiy towards bases

Figure 34: Structures and properties for componemtSRM 870.
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SRM 870 is a methanolic solution of uracil, toluenethylbenzene, quinizarin and
amitriptyline and is used to characterize geneggleats of liquid chromatographic (LC)
column performance, including efficiency, void vole, methylene selectivity, retentiveness,
and activity towards chelators and organic basegi(€ 34). Uracil is used as an indicator of
the void time of the LC column. The retention ohrfmolar components such as ethylbenzene
and toluene provides a measure of column retergsgiicolumn strength). Quinizarin (1,4-
dihydroxyanthraquinone) is a strong metal chelat@ggent. The retention behavior of this
component is expected to be indicative of the preseof metals in the chromatographic
system. Increasing amounts of metal ions on thiaseirare indicated by increasing tailing,
I. e. asymmetry, of the quinizarin peak. Amytrijptyls an organic base commonly used for
column characterization. The asymmetry of the aiptyline peak is an appropriate measure
of the silanol activity of the separation phase?21

The retention times of quinizarin and amitriptyliaee strongly dependent on the pH, and
changes in column temperature strongly influeneeatbsolute retention of all components in
SRM 870. Therefore, the described separations weareied out at the recommended
temperature under neutral, buffered conditions [212]. Quinizarin typically elutes after
ethylbenzene and before amitriptyline.

The peak identification was made on the basis efréhative absorption of the compounds at
the various detection wavelengths (210, 254 and 80 Quinizarin is the only compound of
SRM 870 that shows a significative absorbance &t #®. On the other hand, uracil and
quinizarin exhibit reduced absorbance at 210 nm.2B4 nm all 5 compounds may be
detected.

As characteristics of the materials, the retentamtor ’), the peak asymmetr{) and the
efficiency (N) for the various compounds under the SRM 870destitions were calculated
[212].

6.1.1 HPLC separation of SRM 870 w2 iy

The SRM 870 separation withl2s;y was performed under isocratic elution conditioss a
required by the SRM 870 test specifications. Howgewarly two distinct signals are observed
in the chromatogram (Figure 35). Based on the sigi@nsity in the spectrum at 254 nm as
well as the absence of absorbance at 480 nm, gmalsatt = 1.30 min is attributed to

amytriptyline. The other components coelute withgighificant retention &t=t, = 0.93 min.
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amytriptiline
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Figure 35: Separation of SRM 870 with the chromedpbic sorbentM 25y under isocratic
elution conditions (MeOH/buffer 80/20) with UV dsten at 254 nm and 480 nm.

The separation of amytriptyline from the other comgnts of SRM 870 makes it possible to
determine its chromatographic characteristics (@4ad)).

The peak asymmetry for amytriptyline is low. Thiglicates a weak activity toward the

retention of the organic base. Since no end-cagppias performed and no bulky groups
block the access to the surface, this result sugdbat isolated surface silanol groups are

very scarce in th#2gjy material.

Table 14: Chromatographic characteristicdA@fsiy under

isocratic elution conditiorf.

k' N/ mt As

amitriptyline 0.52 28000 2.02
a) UV detection at 254 nmy4.i = to = 0.93.

Attempts to fully eliminate the silanol groups inder to diminish the silanol activity, by
dehydroxylation for example, are generally courgerductive [213]. Indeed, if only few
silanol groups remain, those would be of the igaldaype which are the most able to undergo
ion-exchange interactions with organic bases [A@Fording to the IR investigations of the
Msiy materials (see 2.3.2), isolated silanol groupsadse present in the materials resulting

from the chlorination-reduction sequence.

106



6. Applications

Still, the HPLC separation of amytriptyline witi2siy does not display significant peak
tailing. This indicates that the isolated silanmups detected by DRIFT spectroscopy are not
located on the surface. Therefore, the surfacendilgroups, which are accessible to the
chlorination and reduction have reacted to a lagend. On the other hand, the bulk silanol
groups only undergo condensation which is knowleawe unreacted isolated silanol groups
whose amount depends on the applied temperatuje [88

In summary, the HPLC separation demonstrates tmatchlorination-reduction sequence
produces materials with low silanol activity becaw$ the condensation and reduction of the

surface silanol groups including the isolated gsoup

6.1.2 HPLC separation of SRM 870 w215

The M2¢15 phase obtained from the thermal hydrosilylatioactmn of the C18 chains on
M2siy (Chapter 3) display improved separation power @apared toM2siy. The optimal
separation of all 5 compounds of SRM 870 is acldewvben a gradient elution is performed
(Figure 36).

4
a) 1. uracil by ]
7 2. toluene 7 o3
] 3. ethylbenzene 5
4. quinizarin 7
- 5. amytnptiline
g s ]
2 - a 5
5 S
2 A 2
<< <
1 480 nm
] b T N
} 254 nm ] L }\ 219 nm
T T T T T T T T T T 1 T T T T T T T T T T T T
0 2 4 6 8 10 12 14 0 2 4 6 B 10 12 14
Retention time / min Retention time / min

Figure 36: Separation of SRM 870 with the chromedpgic sorbentM2¢;5 a) UV detection
at 254 nm, b) UV detection at 210 and 480 nm: Geadelution: 60 % methanol/
40 % buffer (v/v) hold 5 min to 80 % methanol/ 2@aer (v/v) between 5 min to

6 min.
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The elution order is as follows: uracil, toluenghybenzene, quinizarin and amytriptyline.
This is in agreement with the elution order obtaith other C18 phases [212]. The separation
factor is about 1.57 under the gradient elutiondattons. The chromatographic value for the
indvidual components of SRM 870 are given in Tabfe The resolution of toluene and

ethylbenzene is not sufficient in order to deteegof these two components.

Table 15: Chromatographic characteristic#/@c1s with gradient elutiof'.

k' N/ mt As
toluene 0.30 32100 -
ethylbenzene 0.47 31800 -
quinizarin 1.70 22100 1.72
amitriptyline 10.38 39800 2.96

a) UV deteCtlon a.t 254 nerJc” = to = 0.93,aethy|benzene/to|ueng 157

In order to compare the chromatographic charatiesi®f the M2c1g material with other
separation phases, the HPLC test must be performeer isocratic conditions [212]. In this
case, ethylbenzene and toluene almost coelute avitbtention factor of 0.18. Therefore,
M2c15 as a HPLC separation phase shows a poor methgtdaetivity. On the other hand,
quinizarin and amytriptyline are well separatedemtie standard test conditions. This makes
it possible to determine the chromatographic charmtics for these two components

(Table 16).

Table 16: Chromatographic characteristic8/@fc1s under

isocratic elution conditiorfd.

k' N/m?t As
quinizarin 0.58 11000 3.34
amitriptyline 5.94 4700 3.59

a) UV detection at 254 nm,4:ii = to = 0.87.
The peak for amytriptyline shows an increased asgtnncompared to the separation with
M2siy. This indicates that the surface concentratiorsofated silanol groups has increased

during the hydrosilylation reaction. The presendewater traces in the hydrosilylation

108



6. Applications

reaction mixture may explain the production of milagroups by rehydroxylation of the
surface siloxane bonds under the high temperatumditons. On the other hand, production
of silanol groups by homolytic cleavage of siloxdmends is unlikely under the radical
conditions. However according to the DRIFT specthte production of isolated silanol
groups is a minor side reaction. This is in accocgawith the HPLC results. Indeed, the peak

tailing (As = 3.59) remains moderate compared to commerciafots [212].

The asymmetry factofs of quinizarin is typically between 1 and 4 for coercial columns
[212]. In comparison thd2c;s phase displays a relatively high peak tailing famézarin
(As= 3.34). This indicates the presence of some nm@talon the silica surface. However, the
free radical induced hydrosilylation reaction wasfprmed without transition metal catalysts

and therefore, is not the source of metal impwitie

6.1.3 Conclusion

The HPLC investigations d12s;y andM2¢15 deliver additional information on the surface
chemistry of these materials. The peak asymmetranitriptyline after separation with
M2siy demonstrates that the chlorination-reduction seceig@roduces a material almost free
of surface isolated silanol groups.

On the other hand, according to the peak tailingrghnic bases after separation WitBc1s,
some silanol groups are produced during the hyigtason reaction. However, their effect
on the HPLC separation is moderate, indicating it surface concentration remains low.
The chlorination-reduction sequence followed by C&B8rface modifications are a
dramatically different strategy for the synthesis @18 HPLC phases compared to the
conventional silylation method. Still, at the eadtage of their development, tiM2c;s
phases already match their silylated equivalenttlier separation of organic bases. On the
other hand the peak tailing of chelating analytes still be improved. The source of metal
impurities is not determined at this point. Theveat used during modification and HPLC
tests as well as the original silica materialstare potential sources. Finally, the methylene
selectivity of theM2c1g phase is low. Optimization of the thermal hydrgsaiion reaction, in
order to achieve higher surface concentration ameeld the possible side reactions, may

improve the separation quality.
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6.2 Electrochemical properties of mateN&lgg.

It was shown in Chapter 5.2.1 that ferrocene déviga may be covalently bound to a silicon
hydride modified silica surface via a hydrosilytati reaction. In order to investigate the
electron transfer on the particle surface with icyebltammetry, the redox-actively modified

particles must be immobilized on an electrode ser{&cheme 35).

Pt

Scheme 35: Adsorption of ferrocene modified pasidn the Pt surface.

It has been previously described that the immersfanplatinum electrode in a suspension of
redox-actively modified particles results in théaehment of the particles on the Pt surface
[103]. This behavior is attributed to the spontareeadsorption of the modified particles on
the Pt electrode. The spherical particles form aemw less ordered layer and display the
redox behavior of immobilized redox-active speci@ssemi-quantitative analysis of the

electrochemical properties of this system demotestréhe occurence of a charge transfer
between redox-active molecules on the particleaserfA quantitative analysis, however, was
limited by the lack of periodicity and homogeneitythe particle layers: The presence of
multilayers of particles disables a quantificat@frthe total amount of silica particles present
on the electrode surface. Knowledge of the amotipadicles would allow to determine the

amount of redox-active molecules present on thetrelde surface which could be compared
to the amount of redox-active molecules being sdebiemically active. This information is

important to determine the accessibility of theosedctive molecules to the redox process.
Also, due to the lack of order, the benefit of thell defined shape and dimension of the
particle is lost: indeed the presence of multilayand clusters of particles opens the

possibility for electron hopping between two lagéparticles and therefore it is not possible
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to precisely determine the distance over whichelleetron hopping is taking place and thus

no kinetic information for this process can be gdin

6.2.1 2D arrangment of silica particles on Pt stgfa

A monolayer (ideally a 2D hexagonally packed cysiaparticles is desired to clearly define
the dimensions in which the electron transfer lsn@ place and to be able to determine
which proportion of the redox-active molecules préason the particle surface are accessible

for the redox process (Scheme 36).

clectrode
surface

redox-modified
silica particles

Scheme 36: Hexagonally packed 2D crystal of pasicn a flat surface.
Several methods have been described for the ptepad periodic 2D (monolayer) and 3D

crystals (multilayers) of colloid particles on flatibtrates [61]. The most straighforward
method is the gravitational sedimentation from dlot suspension onto a horizontal
substrate. However, this method is better suitedHe preparation of 3D crystals. Also this
method does not involve any adsorption interacbhetween the particles and the substrate
and therefore a sintering step at 900 °C is netmledsure a stable attachment of the particles
[214, 215]. This requirement makes gravitationairsentation unsuitable for the attachment
of redox-actively modified particles. Another optics the use of capillary forces [216]. For
example silica particles can be assembled in 2Btaly on glass substrates [217], or in 3D
crystals on silicon wafers [218, 219] by dip-cogtior by spin-coating methods [220]. 3D
crystals of amino functionalized silica particlesvh also been prepared on hydrophilic glass
substrates [221] and 2D crystals of carboxylic anmtlified particles have been prepared on
modified silicon substrates. The preparation of @ystals from redox-actively modified
colloids or on platinum electrodes have — to ounvidedge — not been described so far. As a
first step toward the assembly of a monolayer dbreactively modified silica particles, the
immobilization of bare silica particles on Pt etedes by capillary forces was tested.
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The formation of the silica particle monolayer wessformed by a vertical capillary method
(dip-coating) [217]: Silica particlesM1c were suspended under ultrasonication in
ethanol/water mixtures at different pH. HydrophHtelectrodes (after oxidation with HNO
were dipped into the suspension and drawn outarvémtical direction at a constant rate with
a stepper-motor. At the meniscus, the evaporatiothe solvent creates a convective flux
which drives the particles toward the upper pathefplatinum substrate (Scheme 37). At the
particle surface - gas interface, the attractiyalizay force allows the packing of the particles
in a dense monolayer.

In order to allow the formation of the meniscug substrate should have a length of 1 cm in
one of its dimensions at least. The dimensiondaifrum spade electrodes (1 x 1 cm) as well
as platinum wire electrodes (2 cm in length and b m diameter) are suitable for this
purpose.

capillary Force

removal of | | fk#-.---- >
electrode
from solution| | k7 =
at fixed rate

evaporation

meniscus Region

solvent flux

electrode (Pt)

90
Q OO suspension

Scheme 37: Substrate-suspension-air interface dudip-coating [217].

The important variables associated with colloidaistallization by dip-coating include the
concentration of particles, the evaporation rat surface tension of the solvent, the surface
charges of the particle and substrate and the vaittal speed [222].

The resulting electrode surface was investigateth vecanning electron microscopy

(Figure 37). The best results are obtained whendthecoating of bare silica particles is
performed in basic (pH = 10) and aqueous conditiona hydrophilic Pt surface.
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Figure 37: Scanning electron micrographMflc (d~250 nm) after dip-coating on a Pt spade
electrode.

The SEM pictures show a dense layer of silica glagiover the whole electrode surface with
some isolated particles (light spots) sitting op o this layer as well as a few holes (dark
spots). While the denser hexagonal arrangemeng aatered cubic, fcc) of spheres is the
predominant structure, occasional defects with boelytered cubic (bcc) arrangement, such
as those apparent in Figure 37, were observed. dEvation from a true 2D crystal is
probably due to heterogeneity in the flatness efRh surface: The surface irregularities may
act as a template resulting in the bcc packingmlesein some regions [223, 224].

The absence of clusters and the high coverageeoélgttrode are desired properties for the

adsorption of redox-active molecules for a quatiisanalysis of the electrochemical data.

The 2D arrangment on the Pt surface was then atéeimpith theM1fsy and theM1gg.
materials. However, after Si-H and Fc modificatitime conditions described previously for
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the dip-coating of bare silica particles can notibed because the Si-H modified particles can
not be suspended in ethanol/water mixture. Thedpfbic character of these particles may
be due to the absence of silanol groups on théiasel Therefore, the Si-H modified particles
were suspended in ethanol, instead of an aquedutsosoand the dip-coating procedure was
performed from this suspension. The presence ofatteorbed particles is obvious as a
colorless film on the electrode surface. Howeveiera&omplete drying, the film was partially
lost. After immersion of the electrode into a fresiution or electrolyte without particles for

electrochemical measurements, the film was comgltist.

6.2.2 Spontaneous adsorptionMifgr. on platinum electrode surfaces

Because of the poor film stability obtained aftep-doating of M1fsy and M1gg., an
alternative adsorption procedure is needed. Thatapeous adsorption procedure may be
adequate providing that the resulting particle fildoes not display multilayers or
agglomerates of particles (Scheme 38). At this tmm$, the potential electron transfer
would occur in a well defined system (the surfadeaosingle silica particle). Also the
determination of the amount of redox-active molesuaccessible to the electrochemical
process may be achieved, since the total amoustlich particles on the electrode surface
may be obtained (see 6.2.3).

electrode
surface

00 O

O redox-modified
I// silica particles
|

Scheme 38: Isolated particles on a flat surface.

The adsorption of the ferrocene modified partidd$gr. was performed by immersing
polished Pt disk electrodes in stirred suspensudrgarticles for several hours. Under these
conditions, materiaM1gg; adsorbs spontaneously on platinum electrodes frauspension
in dichloromethane according to the SEM investmyati (Figures 38 and 39). If the platinum
electrode is exposed to the suspension of partictes short time (1 h) only, isolated particles

or small clusters are found on the surface (Fi@g8k After longer exposure times (5 h),
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however, large agglomerates of particles are obthi(Figure 39). In both cases, the
electrodes may be dried and dipped in fresh salstwithout significant loss of adsorbed
particles. Therefore the particle film obtainedeahort times of spontaneous adsorption may

enable the quantative analysis of their electrogb&nproperties.

AE =0.009 V

02 00 02 04 06

Figure 38: Isolated ferrocene-modified silica palés M1gr;) and small clusters on a
platinum electrode after 1 h of exposure: SEM insage5000 x magnification
(left) and cyclic voltammogram in GBI/NBwPFs (0.1 M) at 0.02 V2 (right).

On the other hand, the spontaneous adsorptidvildf. results again in a weak adsorption
with loss of the film after drying. It should aldoe mentioned thatMlgg. is easily
resuspended by means of ultrasonication undernudistn of the adsorbate film.

This contrasts with previous observations when fedtlisilica particles with remaining non-
reacted silanol groups were adsorbed on a platisurface [103]. In the latter case the
adsorbed particles could only be removed by poishine electrodes; ultrasonication did not
significantly disturb the adsorbed layer. The sfradsorption is likely due to the interactions
of the remaining Si-OH groups with the oxidizedtplam surface. On the other hand, in
M1ge., we expect that most of the Si-OH groups haveteglawith triethoxysilane [108], and,
after the photochemical step, unreacted hydrideggaemain on the silica surface. In the
case ofM1fg., which results from the chlorination-reduction sence, the absence of Si-OH
groups on the surface was demonstrated in Chagteasd 6.1. Such surfaces are more
hydrophobic than that df1 or the materials described in ref. [103], and tfeeeea different
interaction with the platinum electrode occurs: Taet that the more hydrophobic particles
preferentially agglomerate with those already aoklsdron the surface instead of forming a
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dense layer, is also in contrast to earlier obsems [103] and shows that in the present case

the particle-particle interactions are strongenttiee particle-Pt surface interactions.

6.2.3 Electrochemistry of adsorb®d.gr.

The Pt-disk electrodes modified by spontaneous ratlea of M1ge; were used for the
electrochemical investigations. Cyclic voltammogsaoh electrodes modified withl1gg. in

an electrolyte without any redox-active compoundvsithe characteristic signals for the
reversible oxidation and reduction of the immolgtizferrocene for both the electrodes with

isolated particles and small aggregates or withelatusters of particles (Figures 38 and 39).

AE=0.071V

Figure 39: Clusters of ferrocene-modified silicarfpdes (M1ggc) on a platinum electrode
after 5 h of exposure: SEM images at 5000 x macgtifon (left) and cyclic
voltammogram in CKCl/NBwPFg (0.1 M) at 0.02 V< (right).

The current/potential curves at electrodes Wittgr: show a slightly lower capacitive current
than voltammograms at the bare electrode. Therelb@aekgroud correction leads to artifacts
and the cyclic voltammograms are represented witbaaokground correction. However, for
the determination of the electrochemical datdaf., the CV of the non-modified electrode
were used for background correction, followed bsmanual baseline correction in order to
account for the difference in capacitive currenaliés of the formal potenti&’(M1grc),

measured as the mid-point potentie & (E,>* + E,%/2, with E,°* and E,"*" being the

oxidation and reduction peak potentials), are preskversus the ferrocene/ferrocinium ion

redox couple (Table 17). For isolated particles &odlarge agglomerates d#fllgg. on
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platinum electrodes, the salB§M1ge.) are obtained. The difference to the redox poatofi
the ferrocene derivativeb is only 0.018 V. This is similar to the ferrocenedified material
discussed in ref. [103].

Table 17: Electrochemical parameters of isolatetichnstered ferrocene modified

particles adsorbed on a Pt electtdde

parameter isolated clustered particles
E°(M1grc) 0.177 +0.003 0.177 £ 0.001
E°(M1gro) - E°(1b) 0.018 0.018

AE, (0.02 V & 0.01 0.07

AE, (0.1 V §Y) 0.06 0.09

AE, (0.25 V &) 0.13 0.10

Qred Qo 0.99 -

[a] all potentials given in V vs Fc/Edb] at 0.02 V 8

The redox process observed in the current/poteciiales may be explained by the oxidation
and reduction of the immobilized Fc units on thetipkes that are in direct contact with the
electrode surface. In principle, a charge transpgrelectron hopping along the surface of
adsorbed Fc-modified particles makes the Fc unies the whole particle surface accessible
to the redox process [103]. Kinetic information fois charge transport may be obtained from
variable scan rate experiments [7]. The shape efvilitammograms as well as the peak
current — scan rate dependency makes it possibiietermine the type of electron transfer
(either adsorption or diffusion type).

However, slight decreases in peak current betwebgegjuent measurements at constant scan
rate indicate that the particles are slowly deswlirom the electrode surface. This variation
in the amount of particles present on the electsgtace prevents the quantitative analysis of
the CVs recorded at variable scan rates. Therefioeestudy of the electron transfer from the
variable scan rate experiment is restricted toaiigive analysis of the shape of the CVs.
The voltammogram of the electrode with isolatedipias at low scan rates € 0.05 Vs?)
shows adsorption-type signals (Figure 38) with alsseparation of the peak potentiatd=

= 001 V atv = 002 Vs*). The ratio of the transferred charg@sdQox indicates an almost

fully reversible electron transfefQ(dQox = 0.98). At faster scan rates ¢ 0.1 Vs?), the
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shape of the curves changes into an unsymmetreaath largerAE, (Table 1), which is
characteristic of diffusion type signals.

The transition from adsorption-type to diffusionpéysignals with increasing scan rates in the
case of the isolated particl®é1gr. has already been observed for other types of redox-
actively modified particles [103] or dendrimers [i#jmobilized on a platinum electrode. This
transition depends on the ratio between the diffusayer thickness at a given scan rate and
the particle diameter.

At low scan ratesg is much larger than the diameter of the adsorbeticlgs and, under
these conditions, the electrochemical propertiethefredox-active molecules bound to the
particles resembles those of molecules directlycatd to the electrode surface. As the scan
rate increases), decreases. For scan rates fast enough, the difflsyer thickness becomes
comparable to or even smaller than the diameténefdsorbed particles. At this point, the
kinetics of the electron transfer between neighigpriedox centers on the particle surface
becomes significant in the voltammetric responsée Tdiffusion-like shape of the
current/potential curves at faster scan rates tislne to freely diffusing molecules but rather
to the kinetics of electron-hopping along the redokvely modified silica particle surface
[103].

Further evidence for the occurence of the chargaster by electron hopping may be
obtained from the amount of ferrocene units acbéssd the redox process.

The surface concentration of ferrocenehdbgg. from cyclic voltammetry {cy) is calculated
from the amount of electrochemically accessibleof@@ne units on the particle surfadé(p)
and the geometrical surface area of one partigeaccording to Equation 10:

Tcy :N_;;(E)_ (10)

A, is calculated from the diameter obtained from SEMasurementsA; = 1 dsgn’) andNece)
is obtained from the total amount of electrochethicaccessible Fc units on the electrode

surface Nrcg) and the amount of particles adsorbed on thereldgetsurfaceNye)).

Icy = v (11)
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Nec) is calculated from the charg®) associated with the oxidation of the adsorbed Fc
which corresponds to the area under the oxidatianew\Nrce) = Q / n F) [225]. This
integration is performed for current-potential @swbtained at low scan rates (0.02° at
which the charge transfer shows an adsorptive hehand no kinetic characteristics to
ensure that all accessible Fc units are oxidizéte $EM pictures of the electrodes with
isolated particles makes it possible to determNpg) (Npe) = I'p Ae, Wherel, is the surface
concentration of particles on the electrode akdthe geometrical surface area of the
electrode). Therefore, the surface concentratiorele€trochemically accessible ferrocene

units on the silica particle surfadg() is calculated from Equation 12 (see 8.3):

_ Q
Tev = Fp AE nFn dSEM2 (12)

The value offcy = 115 x 10° mol m? may be compared to the surface concentration of
ferrocene obtained by AAS{xs = 1.96 x 10°mol m ). As a result, 58 % of the Fc units
present on the particle surface are accessibleetoeidox process. Obviously, not all Fc units
are involved in the electrode reaction. Howevee, @dmount of Fc units immobilized on the
particle surface that have a direct contact with glatinum electrode is expected to be much
lower. The electron-hopping process between neighdgporedox centersiritermolecular
charge transfer) explains why a higher fractiorthef metal centers than expected is involved

in the electron-transfer process occurring betviberelectrode and the particles.

Current/potential curves of the electrode with ¢éaijusters of particles do not follow the
same pattern. At all scan rates investigated, tiapes of the cyclic voltammograms has
diffusion-like characteristics (Figure 39 and Tall@). This is explained if the electron-
hopping between neighboring redox centers alscsessver to the neighboring particles in
different layers of the cluster. The SEM imagegho$ electrode show that the clusters of
particles have diameters in the range of severatameters (Figure 39). These clusters are
larger than the diffusion layer thickness everoat $can rates. Consequently, the shape of the
cyclic voltammograms deviates from adsorption ctisréstics already at low scan rates,
because the electron-hopping takes place over hodewcluster via aimnterparticle charge
transfer. Nevertheless, the voltammetric resultsistihat for large agglomerates as well as for
isolated particles an important fraction of theamedenters are accessible to the redox process.
This implies a charge transfer by electron-hopping.
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6.2.4 Conclusion

Cyclic voltammetry of theM1gg. particles indicates that Fc units over the whadetiple
surface are electrochemically accessible by artreletiopping mechanism. In addition to the
intermolecularcharge transfer between ferrocene units on tHaajraninterparticle charge
transfer between adjacent particles within larggl@gerates is also taking place. The latter
mechanism was not observed in a previous study][pd8bably because the contact between
the particles was not tight enough owing to differsurface properties. According to cyclic
voltammetry and AAS measurements, more than halthef redox-active molecules is
accessible to the electrochemical process.

However, the rate constant of the electron transterdd not be determined from variable
scane rate experiments because of the poor syabilithe adsorbate film. The strong
adsorption on Pt surfaces necessary for quanttatectrochemical analysis was not achieved
because of the absence of surface Si-OH grougk.t&tning back to materials with surface
Si-OH groups is not pertinent in our opinion. Inde¢he inertness of the matrix, which
implies the absence of Si-OH groups, is desiredifberphase systems in general (see
Introduction). Therefore, the search for an altBmeaelectrode material for the adsorption of
such hydrophobic particles should be one priordgearch direction. For example doped
silicon with a chemically modified surface [226] ynde a promising material for the

adsorption and electrochemical investigation of\H&r. materials.
7 Experimental part
7.1 General procedures

All reagents were used without further purificatiamless otherwise stated.

Anhydrous solvents were obtained as follows: THIethyl ether, dioxane, hexane and
toluene by distillation from sodium and benzophendwillowed by storage over molecular
sieves (BA); dichloromethane from distillation followed byosage over basic alumina;
CH3CN by 3 successive distillations from@, CaH: and again $0s, followed by storage in

presence of neutral alumina [236].

Argon 4.8 was used as the inert gas in all experismmeArgon was pre-dried with KOH,

Mg(ClO,),, and Sicapent columns before use. Oxygen impsiritign argon were removed
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with a heterogeneous Cu reagent (BASF, R 3-11).régeh 5.0 was dried with a Sicapent
column before use.

The reaction flasks were pre-dried with a heat gnder high vacuum. All chemicals, which
were air or water sensitive, were stored undertiagnosphere. Compounds that are not

described in the experimental part were synthesazedrding to the literature.
7.2 Materials

All chemicals were purchased from Aldrich, Flukaverck and were of reagent grade.
The Kromasil particlesM2, 5 pm, 300 A pore diameter) were received from EB#emicals.
Chromatography gradeM@, type 60, 70-230 mesh, 60 A pore diameter) andetusilica

(M4, particle size 7 nm) were purchased from Aldrich.
7.3 Analytical techniques

High resolution NMR spectroscopy

The *H and **C solution NMR spectra were measured on a BrukevaAde 400, which
operated at 400.16 MHz fdH and 100.62 MHz fof°C nuclei. The®'P and?*Si solution
NMR spectra were measured on a Bruker DRX 250 smeeter, which operated at
250.13 MHz for'H, 62.90 MHz for'*C, 101.25 MHz fof'P and 49.69 MHz fof’Si nuclei.

All NMR spectra were recorded at 295 K in CGthemical shifts were calibrated to the
residual proton and carbon resonance of the deatesalventdy = 7.25 ppmgc = 77.0 ppm
for CDCL), and/or to an external standard (TMS ¥ar *C, #°Si and 85 % HPO, for 3'P).
Data are reported as follows: chemical shift (nplittity: s = singlet, d = doublet, t = triplet,

m = multiplet, br = broadened, integratidrs coupling constant (Hz), peak assignment).

Solid state NMR spectroscopy

295i CP/MAS NMR experiments were performed in 7 mr®Zrotors with a Bruker ASX
300 spectrometer equipped with a double-resonand& Mrobe head and operating at a
resonance frequency of 300.12 MHz tbrand 59.63 MHz fof°Si. ForM4g;y, about 150000
scans were accumulated at a spinning speed of 3wittza CP mixing time of 500 ps and a
cycle delay of 2 s. Favi2siy andM21es about 78000 scans were accumulated at 300 K and
295 K respectively and a spinning speed of 4.5 lkddmlaxation delay of 1 s and a contact

time of 5 ms were chosen. For all experiments ptiston 90° pulse length was set to 6.5 ps
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and heteronuclear two-pulse phased modulation (TPB&toupling was applied during
acquisition. The chemical shifts were referenced QMg [235]. The spectra were
deconvoluted into individual peaks for the vari@esnponents under the assumption that the

four different peaks are strictly Gaussian.

Mass Spectrometry

Mass spectra were recorded on a Finnigan TriplgeS@uadrupol Spectrometer (TSQ-70)
from Finnigan-Mat with electron-impact (El) or fetibom bombardment (FAB) as ionization
methods. High-resolution ESI-MS (FT-ICR) was cairmut on a Bruker Daltonic APEX 2
spectrometer and results are reported as folldaSt)( calculated mass for the most intensive

isotope combination of the corresponding compowtidwed by found mass.

Cyclic voltammetry

Cyclic voltammograms were recorded with a BAS 100/Rlectrochemical workstation. All
electrochemical experiments were carried out amré@mperature under argon with a gas-
tight full-glass three-electrode cell. The workielgctrode was a Pt disk electrode (Metrohm,
electroactive areé = 0.064 cr). The disk was polished before each experimerty wit
Al,03 (0.05 um). The counter electrode was a platinune ydiameter 1 mm) spiral with an
outer diameter of 7 mm. As potential reference &dt#d.uggin double reference electrode
[234] was used. The resulting potentials refeh®Ag/Ad redox system (0.01 M in GBN
with 0.1 M NBuPF). All potentials are reported to an external F¢/&tandard [12] and were
rescaled t&°(Fc/FJ) = +0.218 V vs. Ag/A{ (dichloromethane).

IR spectroscopy

DRIFT experiments were performed on a Bruker IFSRSpectrometél with the Praying
Mantis DRIFT unit from Harrick. The samples weréedrat 100°C under reduced pressure
for several hours and mixed with dry KBr at a ratib 1:20. The DRIFT spectra were
recorded from 4000 to 500 ¢hversus pure KBr as blank. The Si-H and Si—-OH custe
were semi-quantitatively obtained from the inteigrabf the stretching vibration bands in the
DRIFT spectra. To enable an accurate comparisomeleet different spectra, the integration
value from the signal of the stretching vibratidrSo-O-Si §sios) at 1870 crit was used as
an internal standard [113]. The integration valt@svsyy and vsioy Were normalized with

Bl Equipment from AK Wesemann, Institut fir Anorgatie Chemie.
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respect to this integral. For the semi-quantifmatof Si-H and Si—OH groups, the highest
normalized integral value forsiy andvsioq was set as 100 %, and values for the other silica

materials of the same type are given relative it th

Dynamic light scattering (DLS)

A Coulter N4 Plus PCS spectrométér(Beckman Coulter) with a 10 mW He-Ne laser
(632.8 nm) was used. The silica particles (300Lifgwere suspended in filtered ethanol (100
nm Millipore filter) under ultrasonication for 30im The DLS experiments were performed
in quartz or glass cuvettes (d = 1 cm) with 4 tpament sides at an angle of 90°. All

experiments were performed at 20 °C using tempegatquilibration for 5 min before each

run. Weight analyses of the data were performedguai size distribution processor (SDP)
based on the Contin algorithm [227, 228] providamganalysis of sizes (31 bins analysis).

Scanning electron microscopy (SEM)

Sample preparation on aluminum support: The sitiederials were suspended in ethanol at a
concentration of ~ 10 mgL™ and left under ultrasonication for one hour. Onepdof the
suspension was then placed on an aluminum supfetethanol was evaporated by slowly
spinning the Al support by hand.

Sample preparation on platinum support: The silp@aticles were immobilized on Pt
electrodes by spontaneous adsorption as descnlxed. [103] or by dip-coating as described
below.

Scanning electron microscope (SEM) images of theasmaterials on the Al or Pt support
were obtained without sputtering from a ZEISS DS62® at 5 keV. The diameter of the
particles was determined from the SEM images amvarage of at least 200 particles for each

sample.

Nitrogen isotherm measurements - BET
Adsorption and desorption isotherms were measur&d aK with nitrogen on a ASAP 2010
instrumen! (Micrometrics). The samples were degassed at K248 1 mPa for 14 h before

adsorption measurements.

[l Equipment from AK Oelkrug, Institut fir Physikailee Chemie.
I Equipment from AK Chassé, Institut fiir PhysikatisacChemie.

[l Equipment from the Center for Applied Geosciences.
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The specific surface area was calculated accorttintpe multipoint Brunauer, Emmet and
Teller (BET) method. The mean pore diameter wasutaled according to Barrett, Joyner
and Halenda [101] from the desorption branch ofisa¢herm (BJH desorption method). A

cylindrical pore shape was assumed in the calcuati

Atomic absorption spectroscopy

The AAS measurements were performed on a Specti@®Aen Variaff! with a four-lamp
turret in an air-acetylene flame.

Approximately 15 mg oM1fg. / M1ggr. weighed to the nearest 0.1 mg were suspended in 10
mL of distilled water under ultrasonication for 2 For calibration, aqueous solutions of
Fe(NQ); in the concentration range 2%x:0o 2x10* M were prepared from the atomic
spectroscopy standard solution. The absorbanc#seduspension dl1fr. / M1gr. and of
the calibration solutions were measured at a waggeof 248.3 nm after injection in the air-
acetylene flame. The ferrocene surface concentrgfi@as) is calculated by dividing the
specific ferrocene amount obtained from the AAS sneaments by the specific surface area
of the Stdber particles obtained from SEM measuntsn@sew).

UV-vis spectroscopy

The UV-vis absorptions spectra were recorded onekif® ElImer Lambda 2 UV-Vis
spectrometé¥.

For the quantification of ., approximately 60 mg d¥11gg. were weighted to the closest 0.1
mg and suspended in 1 M KOH for 2 h under ultrasation. Before the UV-vis
measurements, the suspension was centrifuged wveenon-hydrolyzed silica particles. For
calibration, ferrocenecarboxylic acid solutionsdnconcentration range from 2 x 1Qo

2 x 10*M in 1 M KOH were treated in the same way as thepsnsion oM1gg.. The UV—
vis spectra oM1gg. and the ferrocenecarboxylic acid solutions werended between 800
and 200 nm and the signal at 405 nm was integited baseline subtraction. The ferrocene
surface concentratior(v) is calculated by dividing the specific ferroceamaount obtained
from the UV-vis measurements by the specific s@farea of the Stober particles obtained

from SEM measurement8dgy).

&l Equipment from AK Wesemann, Institut fir Anorgaie Chemie.
I Equipment from AK Oelkrug, Institut fir Physikaitse Chemie.
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Dip-coating

Silica particlesM1c (200 mg) were suspended under ultrasonicationlforin 10 mL of
ethanol/water (1:1). The pH of the suspension veased to pH 10 with KOH. Pt spade
electrodes were polished with alumina 0.05 um gmbtdphilized in nitric acid (30 %) for 1 h
under ultrasonication. They were dipped in the sospn at 25 °C and drawn out of the
suspension in the vertical axis at a speed ofu®0s® with a computer controlled stepper-
motor (Limes 90 from Owis). The resulting electraigface was investigated with scanning

electron microscopy.

Gas chromatographic determination of Si—H coffgi08, 118]

All gas chromatographic measurements were perfolwneal Carlo Erba GC6000 Vega Series
2 (Model 6300) at an oven temperature of 90 °C. Jdsechromatograph was equipped with
two packed columns filled with molecular sieve,dyi8X, mesh size 80/100. The signal was
detected by a thermal conductivity detector HWD,48ferating at 100 °C and 250 °C at the
body and the filament, respectively. Signals wemdrded and subsequently integrated by an
electronic integrator HP 3390A. Argon 5.0 was uaedarrier gas.

Sample preparation: A 12 mL glass vial was fillethwlO mL of a 1 M solution of potassium
hydroxide in ethanol. The silica sample materiabwaaeighed into a capless plastic reaction
tube of about 0.5 mL, which was then placed inglass vial avoiding contact between the
silica sample and the reaction solution. The glélswas closed with a rubber septum and an
aluminum cap. It was then shaken in order to immére reaction tube with the silica sample
into the reaction solution. After the vial was lgfta water bath for one hour at 60 °C, it was
allowed to cool to room temperature for 20 min.efftards, a 200 pl gas sample was taken
by a gas-tight syringe using a Chaney adapter rfigproved reproducibility and injected
immediately for GC-TCD analysis. The system wasbcaled with liquid samples of £iH
from 0.1 to 2.0 pl (about 0.6 to 12.5 pmol). Thébration samples were treated exactly as
described above and the resulting integration watgild be fitted linearly with a standard

deviation of 11 %.

HPLC Column packing
The chromatographic sorber®2 sy andM2¢15 were slurry-packed into 125 mm x 4.6 mm

stainless steel columns from Bischoff at 35 MPa legipg a Knauer pneumatic HPLC

[ performed by D. Joosten, AK Wesemann, InstitutAtiorganische Chemie.
! performed by B. Dietrich, AK Albert, Institut fi®rganische Chemie.
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pump?. Thus, 1.6 g of the modified silica were dispere#5 mL 2-propanol, by sonication
in an ultrasonic bath for about 10 s. This susmensvas poured into the reservoir of the
packing system and the system was topped off. Bherm was downward packed with 2-
propanol as solvent. The excess of stationary pbaste top of the column was carefully
removed and finally the inlet frit and end-fittingere installed and the ends plugged. The
columns were conditioned for 10 h with a methanatér mobile phase at a flow rate of 0.1

mL min.

HPLC test®’

Chromatographic tests were performed at 23 °C usirgpries 1100 HPLC instrumE&ht
(Agilent) with UV-detection at 210, 254 and 480 ml. solvents were filtered and degassed
before use. The test mixture (Standard Referenderdda870; SRM 870) [211, 212] was a
methanolic solution of uracil, toluene, ethylberzequinizarin and amitriptyline. The mobile
phase was a gradient of 60 % methanol/ 40 % b(ffey hold 5 min to 80 % methanol/ 20 %
buffer (v/v) between 5 min to 6 min. The buffer, @0nol/l aqueous potassium phosphate,
was adjusted to pH 7.0 = 0.1 by mixing solutiongte dibasic and monobasic form of the

buffer. The mobile phase had a flow rate of 2.0mih™.

Spontaneous adsorption and electrochemisti Iojrc.

Material M1gg: (200 mg) was suspended under ultrasonication inlaicmethane (10 mL).
Platinum disk electrodes (diametér 3 mm) were mirror polished witi-Al ;O3 (0.05um)
and dipped into the suspension under light stirforgat least 1 h. The electrodes were not
washed after removal from the suspension, in a@@revent the loss of adsorbed particles.
The solvent remaining at the electrode tip wag fatowed to dry in air and then under
reduced pressure at RT. SEM pictures of the eldesggmagnification 5000 x) were used to
determine the surface concentration of particleghenplatinum surface by measuring the
surface area occupied by 500 silica particles.tdted amount of particles immobilized on the
electrode surface was obtained by multiplying thease concentration of particles by the
area of the electrode. Electrochemical experimevdse performed as described above.
Baseline correction of the voltammograms was doitle @rigin 6.0 before determination of
formal potentials. The number of electrochemicattgessible ferrocene units on the electrode
surface is obtained from the area under the oxidatiave of the cyclic voltammogram [193]

&l Equipment from AK Albert, Institut fir Organisckhemie.
I performed by B. Dietrich, AK Albert, Institut fir@anische Chemie.
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at a scan rate of 0.02 VV'sThe value of v (on the silica particle surface) is obtained from
the total number of electroactive ferrocene unitd ¢he number of silica particles on the

electrode surface (see 6.2.3 and 8.3).
7.4 Synthetic procedures

Stbber particles (M1a - M1g). The concentrations and volumes of reactants angents
used for the synthesis of tMil materials are summarized in Table 18. Isopropasasl used
as solvent for the synthesis of the larger pagi@i&ld —M1e) while ethanol was used for the
smaller onesNl1a - M1c andM1f - M1g). A mixture of the respective alcohol and wateswa
heated to 45 °C. After the temperature of the méxtwas equilibrated for 1 h, aqueous
ammonia (25%) and TEOS were quickly added undengtstirring. After 3 h at 45 °C under
continued strong stirring, the resulting particlesre separated by centrifugation and washed
twice with water and once with ethanol using ulbrasation and centrifugation after each
step. The particles were dried at 100 °C overngid then at 600 °C in a tubular furnace
under reduced pressure for 4 days. The silica sainfeas rehydroxylated by suspending the
particles in 1 L of aqueous HCI (3%) under reflox 1 h. After centrifugation, the silica was

then washed twice with water and once with etharioklly, it was dried overnight at 100 °C.

Table 18: Experimental conditions for the preparadf silica particles.

volume / mL concentration / M
material VtEOS VNH3 Vh20 Vaicohol [TEOS] [NHg] [H20]
Mla 22.3 15.4 129.6 3% 0.20 041 15.61
M1b 27.9 17.5 72 349 0.25 0.47  9.30
M1c 27.9 17.5 72 349 0.25 0.47  9.30
M1d 335 22 57.6 396 0.30 0.58  8.00
M1el® 540 203.4 251.1 3669 0.53 059  4.70
M1fP! 84 52.5 216 1150 0.25 0.47  9.30
M1lg 27.9 17.5 72 344 0.25 047  9.30

[a] prepared by Straub [83], [b] 3 times scale+gnTt the procedure dfilb/M1c/M1g,
[c] ethanol, [d] isopropanol.

[(2-Aminoethyl)carbamoyl]ferrocene (1a). The following procedure is a combination of and

a simplification from the original references [128,9, 230]. Ferrocenecarboxylic acid (1 g,
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4.4 mmol) was suspended in dichloromethane (50 @kalyl chloride (1 mL, 12 mmol) was
added dropwise to the suspension. The cloudy oranggension became dark red and clear.
After 30 min, the dichloromethane and the excesalybxchloride were removed under
reduced pressure. The resulting red solid was thesolved under argon in 30 mL of dry
dichloromethane and added dropwise to a stirredtisal of ethylene diamine (5 mL, 75
mmol) in dry dichloromethane (30 mL). After 1 hetlorange and turbid suspension was
mixed with ag. KOH (10 %, w/w). The dichloromethgrtease was recovered after separation
from the aqueous phase. After filtration and eliation of the solid, dichloromethane was
recovered and evaporated under reduced pressueereitaining solid product was washed
with ethyl acetate/hexane 1:9 and then dissolvedvater. After filtration the water was
recovered and evaporated. The orange product ves®lded in dichloromethane and the
solution was filtrated again. After evaporation tbé solvent, the orange product is dried
under high vacuum conditions; resulting raw yi€l®3 g (3 mmol, 70 %). Mp: 118.4 °&H-
NMR (CDCl, 400.16 MHz)s (ppm) 1.36 (2H, s, Nb), 2.81 (2H, m, E,NH,), 3.35 (2H, m,
CH,NH ), 4.1 (5H, GHs), 4.25 and 4.65 (4H,4E,), 6.5 (1H, s, NH)*C{*H}-NMR (CDCls,
100.62 MHz):0 (ppm) 42.0 (CkHNHy), 42.5 (CHNH ), 68.5-70.7 (ferrocene), 171 (C=0). IR
(DRIFT): v (cm™Y), 3300 (bryny), 3083 (Sych, FC), 2926, 2862 (sch, CHy), 1647 (W,ve=c,
Fc), 1626 (Syc=o, amide 1), 1541 (sgnn, amide II), 1455 (wpch, CHp). Anal. Calcd for
Ci3H16N2OFe: C, 57.38; H, 5.93; N, 10.29. Found: C, 56635.92; N, 9.73. (Lit.: C, 55.40;
H, 6.16; N, 9.90 [179]). EI-MS: 70 eV (m/z): 272W"). E°(1a) = 166 mV vs Fc/Fcin
CH3CN.

[2-(Undec-10-enamido)ethyl]carbamoyl]ferroceng(1b). The ferrocene derivativéa (100
mg, 0.37 mmol) was dissolved in 10 mL of dry £ and 10-undecenoyl chloride (80 pL,
0.37 mmol) was added dropwise under argon. Theiogamixture was left 1 h under stirring
at RT and then quenched with aqueous KOH (20 mL%1@/w). The organic phase was
recovered and the solvent was evaporated. Thetirgsudrange oil was recovered and
purified by column chromatography (stationary phas#éica type 60, mobile phase:
acetone/ChCl, 1/1) to give a yellow solid. After recrystallizati from acetone, yellow
crystals were obtained. Yield: 95 mg (0.22 mmol,%6p *H-NMR (CDClk, 400.16 MHz):d
(ppm) 1.17-1.37 (12H, m, Gi 1.57-1.69 (2H, m, C}J, 2.01 (2H, m, CR=CH-CH,), 2.20
(2H, t, CH-C=0), 3.49 (4H, m, -8,NH-), 4.18 (5H, GHs), 4.33 and 4.79 (4H, t,:8), 4.94
(2H, m, (H,=CH-), 5.78 (1H, m, ChECH-) 7.32 and 7.52 (2H, s, NH}3C{*H}-NMR
(CDCls, 100.62 MHz):6 (ppm) 25.65, 28.65, 28.84 and 29.10 (:§H33.54 (=CHEH,-),
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36.39 CH,-C=0), 39.66 and 40.18 (-GNH), 68.18 (CH, GH4, Fc), 69.56 (gHs, Fc), 70.40
(CH, GHa, Fc), 75.30 (C, €H4, Fc), 113.97 (HC=CH-), 138.85 (HC=CH-), 171.89 and
175.06 (C=0). Anal. Calcd for&H34N,OzFe: C, 65.75; H, 7.82; N, 6.39. Found: C, 64.63; H,
7.85; N, 6.35. EI-MS: 70 eV (m/z): 438 (M 229 (FCCONH)", 213 (FcC=0), 185 (Fc).
E°(1b) = 161 mV vs Fc/Fcin CH.Cl,.

N-oct-7-enylethylene-1,2-diaming8). To a mixture of ethylenediamine (10 g, 0.17 mole
and 8-bromo-1-octene (97%, 3 g, 0.016 mole) waeadufficient absolute ethanol (50 mL)
to dissolve the two immiscible liquids. The solatizvas refluxed for 3 h and ethanol was
evaporated, causing the residual liquid to sepawati® 2 layers. The upper layer was
recovered30 mL of water were added and the precipitatedrteds solid was extracted with
ether (3 x 25 mL). The combined organic phases washed with water (2 x 50 mL), dried
over anhydrous sodium sulfate and the solvent eadpd. A slightly yellow liquid is
obtained:; yield 2.2 g (13 mmol, 82 %M-NMR (CDCl, 400.16 MHz)s (ppm) 1.15-1.40 (m
8H -CHy-), 1.69 (s -MH,), 2.00 (quartet 2H HC=CH-CH,-), 2.55 (t 2H -NH-E,-), 2.62 (t 2H
NH,-CHy-), 2.76 (t 2H -NH-G1,-), 4.83 (s 1H -M-), 4.85-5.0 (m 2HH,C=CH-), 5.76 (m 1H
H,C=CH-). **C{*H}-NMR (CDCl3, 100.62 MHz):6 (ppm), 27.13, 28.76, 28.94 and 30.01 (-
CH,-), 33.64 (HC=CH-CH,), 41.64 (NH-CH,-), 49.82 and 52.44 (-NH-GH, 114.13
(H,C=CH-), 139.02 (HC=CH-). EI-MS: 70 eV (m/z): 171.2 (M + B, 154.2 (- NH), 140.2

(- CHx-NH,).

(N-oct-7-enylethylene-1,2-diamine)dichlorobis[(methoyethyldiphenyl)phosphine]
ruthenium(ll) complex (2a). The diamine ligand (85 mg, 0.5 mmol, 10 % excess) was
dissolved in dry dichloromethane (25 mL) and théutsmn added dropwise to a stirred
solution of11 [231 - 233] (300 mg, 0.45 mmal) dry dichloromethane (25 mL) under argon.
A color change from red-brown to green is observter the reaction mixture had been
stirred for another 45 min at room temperature vbleme of the solution was concentrated
to about 2 mL under reduced pressure. After additibl5 mL of petroleum ether (40-60),
the solvent was evaporated under reduced pressiitethe precipitation of a yellow solid
occured. The solid was separated from the remashgent, washed three times with 15 mL
portions of cold petroleum ether (40-60), and dueder vacuum. Yield : 270 mg (0.32 mmol,
72 %) of a yellow powderH-NMR (CDCl, 400.16 MHz):d (ppm) 0.6-1.35 (m 8H -8,-);
1.8-2.0 (m 4H HC=CH-CH,-, -NH,), 2.19 (s 1H NH), 2.3-3.3 (m, 14H, PgHCH,O,
NH,CH,, -NHCH,-), 2.85 and 2.91 (2s 6H OGJ1 4.80-5.0 (m 2HH,C=CH-), 5.71 (m 1H
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H,C=CH-), 7.0-7.8 (m, 20H, gHs). *C{*H}-NMR (CDCls, 100.62 MHz):5 (ppm), 24.5,
26.5 (2d,'Jpc = 27.08 Hz, PCh), 26.7, 28.6, 28.7 (-CH#), 33.55 (HC=CH-CH,-), 42.5
(NH,CH,), 49.1, 51.9 (2s NHC}), 57.5, 57.6 (2s OH3), 69.0 (m CHO), 114.2 (HC=CH-),
128.0, 128.4 (2dJpc = 8.05 Hz,m-C¢Hs), 131.5, 132.0 (2d’Jpc = 8.1 Hz,0-CgHs), 131.9,
132.3 (2sp-CeHs), 134.15, 136.55 (2d:CgHs), 138.9 (HC=CH-). *P{*H}NMR (CDCls,
161.98 MHz):d (ppm) 37.5 (d, ABZ},,= 36.27 Hz)5 34.3 (d, AB, 2},= 36.28 Hz). FAB-MS
(m/z): 830.4 (M), 795.4 (M - Cl), 660.1 (M - diamine ligand), 323M - 2 etherphosphine
ligands), 245.2 (Etherphosphine ligand). Anal. @diar CioHs6CIoN2O.P,Ru: C, 57.83; H,
6.79; N, 3.37. Found: C, 57.25; H, 6.91; N, 3B72a) = -18 mV vs Fc/Fcin CH,Cl.

4-Allyloromobenzene (4a). 4-Allyloromobenzeneta was prepared according to ref. [184].
bp: 55 °C/ 5 x 18 mbar (Lit. bp 93 °C/18 mbar); vyield: 5.6 g (28 mmd8 %).'H-NMR
(CDCls, 400.16 MHz):6 (ppm) 3.32-3.39 (m 2H Gi 5.01-5.11 (m 2HH,C=CH), 5.83—
6.03 (m 1H HC=CH-), 7.06 (d,J = 8.5 Hz, 2H arom), 7.41 (d] = 8.5 Hz, 2H arom).
¥3C{*H}-NMR (CDCls, 100.62 MHz):§ (ppm) 39.46 (=CHzH.-), 116.21 (HC=CH-),
119.80 (C-Br, Ar), 130.27 (meta C), 131.36 (ortho 136.67(HC=CH), 137.50 (para C).

4'-Allyl-3,5-di- tert-butyl-1,1'-biphenyl-4-amine (3a). Magnesium turnings (0.11 g, 4.5
mmol) were flame dried with a hot gun under vaclwamd suspended in 4 mL of dry THF. A
solution of 1,4-allyloromobenzenta (1.2 mL, 4.5 mmol) in dry THF (40 mL) was added
dropwise to the magnesium suspension under argonsghere at RT. The reaction was
started by slightly heating and addition of onepdod CClL. Once the solution became turpid,
the heating was stopped, and the restaivas added so that the reaction sustained a gentle
reflux. After addition of alda and disappearance of the Mg turnings, a solutforaouum-
dried5 (0.7 g, 3.2 mmol) dissolved in 15 mL of dry THF(thL) was added dropwise under
argon. The reaction mixture was left under stir@dRT for 1 h and was then quenched with
ag. sat. NKCI solution (50 mL). The aqueous phase was remawedextracted with ED (4

x 25 mL). The combined organic phases were corgteatrand dried overnight with,&Os;.
After evaporation of the solvent, a yellow oil istained. The oil was dissolved in a mixture
of EtOH (3 mL) and acetone (7 mL). Zinc powder (§,1..5 mmol) was added under stirring.
The reaction mixture was cooled with an ice batth @nc. HCI (1 mL) was added dropwise.
After 2 h of stirring, ag. Nglsolution (25 %, 10 mL) was added. The aqueousehas
removed and extracted with BEX (3 x 25 mL). The combined organic phases wereddri

overnight with NaSQ,. After filtration and evaporation of the solvettte brown-red oil was
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dissolved in hexane. The precipitate was discaahedafter evaporation of the solvent, the oil
was recovered and purified by column chromatografdtgtionary phase: silica type 60,
mobile phase: hexane/ethyl acetate 4/1) to Gaas a red-brown oil (0.31 g, 0.97 mmol,
30.2 %)."H-NMR (CDCl, 400.16 MHz)s (ppm) 1.44 (s 18H C#), 3.34 (d, 2H, J = 6.61 Hz,
H,C=CH-CH,), 4.15 (s 2H NH), 5.0-5.1 (m 2HH,C=CH-), 5.9 - 6.00 (m 1H }C=CH-),
7.13 (d,J = 8.14 Hz, 2H arom), 7.34 (s 2H arom), 7.39Jd, 8.14 Hz, 2H arom)-*C{*H}-
NMR (CDCls, 100.62 MHz):6 (ppm) 30.22 (-Ch), 34.56 (=CHEH,-), 39.85 (€(CHs3)3),
115.67 (HC=CH-), 123.82 (CH, Ar-NH), 126.77, 128.74 (CH, Ar), 129.89 (para C, Ar-NH
134.32(C-C(CHg)3), 137.59 (HC=CH-), 137.64, 140.52 (C, Ar), 143,04 (C-MHEI-MS: 70
eV (m/z): 321.2 (M), 306.2 (- CH)), 281.2 (-GHs), 266.2 (+-Bu).

1-Bromo-4-(pent-4-enyl)-benzend4b). Magnesium turnings (1.03 g, 42 mmol) were flame
dried under vacuum and suspended in 20 mL of dy§.EA solution of 5-bromopent-1-ene
(4.1 mL, 35 mmol) in dry EO (10 mL) was added slowly to the magnesium suspens
under argon atmosphere at RT. The reaction wastliggxotherm and the suspension
became turpid. After complete addition, the susjpenwas stirred under reflux at 40 °C for
90 min. The solution was then separated from thenmeing magnesium and added dropwise
under argon at RT to a solution of 1,4-dibromobeesz€9.7 g, 41 mmol) and 1,1"-
bis(diphenyl-phosphino)-ferrocene-palladium(ll)aindie (0.41 g, 0.47 mmol) in dry THF (10
mL). After a few minutes a color change from regétiow is observed. The reaction mixture
is stirred under reflux at 70 °C overnight. A mipduof a white (MgBjs) and a yellow
precipitates (catalyst) and a colorless solutian @tained. The reaction is quenched with
aqueous NELCI (saturated, 20 mL) and extracted with pentang @ mL). The combined
organic phases were filtered over silica (type 68Y concentrated under vacuum. The
resulting yellow liquid was cooled down to — 18 %€ crystallize the unreacted 1,4-
dibromobenzene. The liquid was recovered and pdrifoy column chromatography
(stationary phase: silica type 60, mobile phasgahe) to give a colorless liquid, 1-bromo-4-
(pent-4-enyl)-benzene (1.35 g, 6 mmol, 17.1 #)}NMR (CDCk, 400.16 MHz):6 (ppm)
1.68 (m 2H -CH-CH,-CH;,-), 2.07 (q 2H =CH-E1,-CH,-), 2.57 (t 2H -CH-CH>-Ar), 4.99 (m
2H H,C=CH-), 5.81 (m 1H KC=CH-), 7.04 (d 2H arommeta H, 7.38 (d 2H aromortho H).
3C{*H}-NMR (CDCls, 100.62 MHz):5 (ppm) 30.38 (-ChCH»-CH,-), 33.08 (=CHEH.-
CHy-), 34.62 (CH-CH,-Ar), 114.89 (HC=CH-), 119.37 Ar-Br), 130.18 fneta C),131.28
(ortho O, 138.28 (HC=CH), 141.33 @uart Q. EI-MS: 70 eV (m/z): 224.1/226.1 (W
182.0/184.0 (- Hs), 169.0/171.0 (- ¢H7), 155.0/157.0 (- €Ho).

131



7. Experimental part

3,5-Di+ert-butyl-4-imino-1-(4-pent-4-enylphenyl)cyclohexa-2 Sslien-1-ol (6Db).
Magnesium turnings (0.24 g, 9.9 mmol) were flamedlunder vacuum and suspended in 10
mL of dry THF under argortb (1.35 g, 6 mmol) dissolved in 20 mL of dry THF wadded
dropwise to the magnesium turnings under argorerAtmL of4b was added, the suspension
was heated to 50 °C in order to start the reac@orte the solution became turpid, the heating
was stopped, and the rest4dif was added so that the reaction sustained a gefitle. After
addition of all thedb, the reaction mixture was heated to reflux for. 3te solution was then
allowed to cool to RT, and if necessary, separétech the remaining Mg turnings with a
pipette. The Grignard product was immediately usedhe next step. Vacuum-driéd(0.57

g, 2.6 mmol), was dissolved in dry THF (15 mL) unéegon and added dropwise to the
Grignard mixture under argon. The reaction mixtwees left under stirring at RT for 1 h and
was then quenched with ag. sat. J&Hsolution (50 mL). The aqueous phase was removed
and extracted with ED (4 x 25 mL). The combined organic phases wereeautnated and
dried over night with KCOs. After evaporation of the solvent, a brown-red isilobtained.
The oil is dissolved in 5 mL of hexane and filtetbdough a short silica column. The silica
was washed with hexane (100 mL), resulting in thian of the unreactedb, which was
recovered after evaporation of the solvent. Thelpeq that remained adsorbed on the silica,
was eluted with ethyl acetate (100 mL). After ewvapion of the solvent, the product was
purified by column chromatography (stationary phas#ica type 60, mobile phase:
hexane/ethyl acetate 9/1) to g6l as a red oil, (0.44 g, 1.2 mmol, 46 %)-NMR (CDCl,
400.16 MHz):0 (ppm) 1.31 (s 18H C#), 1.70 (m 2H -CHCH,-CHy), 2.08 (q 2H HC=CH-
CHy), 2.59 (t 2H -®,-Ar), 4.95 - 5.05 (m 2HH,C=CH-), 5.77 - 5.87 (m 1H }£=CH-), 6.23

(s 2H CH of the cyclo-hexadiene rin@)12 (d J= 8.0 Hz, 2H arom), 7.30 (d = 8.0 Hz, 2H
arom), 10.02 (s 1H =NH)*C{*H}-NMR (CDCls, 100.62 MHz):6 (ppm) 30.44 (EH,-CH,-
Ar), 30.59 (CH), 33.25 (CH=CH-CH,-), 34.84 (€(CHs)3), 34.85 (€H,-Ar), 71.80 (C-OH),
114,71 (HC=CH-), 125.02, 128.58 (CH, Ar), 136.16 (CH of thelohexadiene ring), 138.5
(H,C=CH), 140.33, (CH-C, Ar), 141.52 (COHE, Ar) ,143.71(C-C(CHk)s3), 167.10 (C=NH).
EI-MS: 70 eV (m/z): 365 (M), 348.2 (- OH), 308.2 (- OH -4Es).

3,5-Di+tert-butyl-4'-pent-4-enyl-1,1'-biphenyl-4-amine (3b). The iminochinol6b (0.44 g,

1.2 mmol) was dissolved in £ (30 mL) and zinc powder (0.08 g, 1.22 mmol) wddeal
under stirring. The reaction mixture was coolechvah ice bath and conc. HCI (1.2 mL) was
added dropwise. After 2 h of stirring, ag. N5 %, 4 mL) was added. The aqueous phase

was removed and extracted with@t(3 x 25 mL). The combined organic phases werddri
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over night with NaSQO,. After filtration and evaporation of the solvetite brown-red oil was
dissolved in hexane. The precipitate was discaatheldafter evaporation of the solvent, the oil
was recovered and purified by column chromatografdtgtionary phase: silica type 60,
mobile phase: hexane/ethyl acetate 4/1) to @ibeas a red-brown oil (0.2 g, 0.57 mmaol,
48 %).*H-NMR (CDCl;, 400.16 MHz):6 (ppm) 1.44 (s 18H Bs), 1.68 (m 2H -G,-CH,-
Ar), 2.06 (g 2H HC=CH-CH,), 2.57 (t 2H -Gi»-Ar), 4.17 (s 2H NH), 4.8-5.0 (m 2H
H,C=CH-), 5.7 — 5.8 (m 1H ¥€=CH-), 7.13 (d,J = 8.0 Hz, 2H arom), 7.34 (s 2H arom), 7.37
(d, J = 8.0 Hz, 2H arom)**C{*H}-NMR (CDCl5, 100.62 MHz): (ppm) 30.25 (Ch), 30.63
(-CH2-CHy-Ar), 33.35 (CH,=CH-CHj-), 34.57 (€(CHa)s3), 34.92 (€Hy-Ar), 114.65
(H,C=CH-), 123.80(CH, Ar-NH), 126.63, 128.63 (CH, Ar), 130.00 (para C, Ar-)iH134.33
(C-C(CHg)3), 138.69 (HC=CH), ), 140.08,140.14 (C, Ar), 142.97 (C-N#l EI-MS: 70 eV
(m/z): 349.2 (M), 334.0 (- CH), 308.0 (- GHs).

1-Bromo-4-pentylbenzene(4c). Magnesium turnings (0.5 g, 20 mmol) were flamesai
under vacuum and suspended in 4 mL of dry THF. latem of 1,4-dibromobenzene (4.7 g,
20 mmol) in dry THF (20 mL) was added slowly to th@gnesium suspension under argon
atmosphere at RT. If the reaction did not stadrafie addition of a few drops, the suspension
was slightly heated. Turpidity and coloration of #plution indicated the start of the reaction.
After the addition of all the 1,4-bromobenzene, shispension was stirred until it had cooled
to RT. A catalytic amount of CuBr, codissolved witiBr, in 1 mL of dry THF was added.
Subsequently, 1-bromopentane (2.5 ml, 20 mmol) added dropwise under argon. The
reaction was started by slightly heating the susioen The reaction mixture was stirred at RT
overnight and quenched by the addition of aq. N&&4Cl solution until pH 7 was reached.
The reaction mixture became blue and was then agttawith E3O (3 x 6 mL). The
combined organic phases were washed with a 0.5JS,8asolution and dried with MgSQO
After filtration and evaporation of the solventethil was recovered and purified by column
chromatography (stationary phase: silica type 60bita phase: hexane) to give a colorless
liquid, 4c (0.72 g, 3.2 mmol, 16 %fH-NMR (CDCk, 400.16 MHz):6 (ppm) 0.85 (m 3H
CHj3), 1.24 (m 4H -CH), 1.51 (m 2H -E1,-CH,-Ar), 2.48 (m 2H -CH-Ar), 7.00 (d, 2H arom.
meta H), 7.30 (d 2H arom. ortho HYC{*H}-NMR (CDCls, 100,62 MHz):5 (ppm), 13.98
(CHgs), 22.49 (CH-CH,-) 30.98 and 31.35 (-CH), 35.29 CH»-Ar), 119.24 C-Br), 130.13
(meta C),131.22 ¢rtho O 137.81 Quart Q. The signals for 1,4-bromobenzene are also
present in both NMR spectra. EI-MS: 70 eV (m/z)622228.1 (M), 169.0/171.0 (M - GHy),
155.0/157.0 (M - GHa1).
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3,5-Di+tert-butyl-4'-pentyl-1,1'-biphenyl-4-amine (3c). Magnesium turnings (0.08 g, 3.2
mmol) were flame dried under vacuum and suspendédmL of dry THF under argon. 1-
Bromo-4-pentylbenzendc (0.72 g, 3.2 mmol) dissolved in 10 mL of dry THFRasvadded
dropwise to the magnesium turnings under argonorBedll 4c was added, the suspension
was heated to 50 °C in order to start the reac@orte the solutions became brown and turpid,
the heating was stopped, and the restoofvas added. The reaction mixture was then stirred
at RT for 2 h. The Grignard product was immediatedgd for the next step. Vacuum-dried
(0.72 g, 3.2 mmol), was dissolved in dry THF (5 minder argon and added dropwise to the
Grignard mixture under argon. The reaction mixtwees stirred at RT for 2 h and was then
guenched with aqg. sat. N@I solution (50 mL). The aqueous phase was remcuadi
extracted with BO (4 x 25 mL). The combined organic phases wereaumated and dried
over night with KCQO;. After evaporation of the solvent, a brown-redwds obtained. The
oil was then dissolved in E (30 mL) and zinc powder (0.2 g, 3.2 mmol) waseatldnder
stirring. The reaction mixture was cooled with ae bath and conc. HCI (3.5 mL) was added
dropwise. After 2 h of stirring, cold aq. NH25 %, 10 mL) was added. The aqueous phase
was removed and extracted with@t(3 x 25 mL). The combined organic phases wermddri
over night with NaSQ,. After filtration and evaporation of the solvetitg resulting brown-
red oil was dissolved in hexane. The precipitats elaninated and after evaporation of the
solvent, the oil was recovered and purified by goluchromatography (stationary phase:
silica type 60, mobile phase: hexane/ethyl acetéltto give3c as a red-brown oil (0.22 g,
0.63 mmol, 19.8 %)'*H-NMR (CDCl, 400,16 MHz)s (ppm) 0.83 (s 3H B3-CHy-), 1.28 (m

4H CHp), 1.43 (s 18H C-85), 1.55 (m 2H -El»-CH»-Ar), 2.51 (m 2H -®&,-Ar), 4.13 (s 2H
NH), 7.14 (d,J = 8.0 Hz, 2H arom), 7.34 (s, 2H, arom), 7.38 J&; 8.0 Hz, 2H arom).
13c{*H}-NMR (CDCl5, 100,62 MHz)s (ppm) 14.02 CH3-CH,-), 22.55 (CH-CH>-), 30.20 (-
C(CHa)3), 31.24 and 31.56 GH,-), 34.47 (€H,-Ar), 35.53 (€(CHg)s), 123.70 (CH, Ar-NH),
126.51, 128.18 (CH, Ar), 130.01 (para C, Ar-jiH134.19(C-C(CHz)s), 139.93, 140.42(C,
Ar), 142.88 (C-NH). EI-MS: 70 eV (m/z): 351.2 (N), 336.0 (- CH), 294.2 (- GHg). E°(30)

= 427.9 mV vs Fc/Fcin CH,Cls.

3,5-Di+ert-butyl-4-iminocyclohexa-2,5-dien-1-one(5). The iminochinones was prepared
according to [190 - 192], followed by recrystallioa from petrolether (60-90). The resulting
bright yellow crystals (0.1 g, 0.46 mmol, 13 % dielere dried under reduced pressure. mp
80.2 °C (Lit. 83 °C [191])*H-NMR (CDCl, 400,16 MHz)5 (ppm) 1.34 (s 9H C-B3), 1.37

(s 9H C-QHs), 6.29 (s 1H CH), 6.42 (s 1H CH), 11.36 (s 1H NHEZ{*H}-NMR (CDCl;,
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100.62 MHz): 6 (ppm) 30.58 (-OTH3)s), 31.06 (-CCHa)3), 34.91 (€(CHs)s), 36.81 (-
C(CHs)s), 127.08 (CH), 128.04 (CH), 155.5C-C(CHs)s), 162.35 (C-C(CHs)s), 166.19
(C=NH), 188.60 (C=0). EI-MS: 70 eV (m/z): 219.2 ]\ 204.2 (- CH), 176.2. Anal. Calcd
for C14H21NO: C, 76.67; H, 9.65; N, 6.39. Found: C, 76.409t83; N, 5.82.

Si—H modified silica(Msjy). The silica material (10 g) is placed in a quautze with a quartz
frit located in its middle. The quartz tube is mmdhvertically in a tubular oven (Figure 40).
The bottom part of the quartz tube is connected &0 mL round bottom flask with gas
connection, containing 15 mL of thionyl chlorideheél connection between the round bottom
flask and the quartz tube is closed and the topgfdhe quartz tube is connected to vacuum
(~ 102 mbar). The silica is then heated to 28 under vacuum for at least 6 h. Under
vacuum the temperature is raised from 200 to D0On 4 h and then kept at 86C for
another 6 hours. Subsequently, the connection ¢oura is closed and the quartz tube is
flushed from the bottom with argon, bypassing thend bottom flask filled with SOgI
Once the argon pressure has equilibrated, the ftdipeoquartz tube is connected to a water
bubbler for evacuation of the exhaust gas. The rarfjow fluidizes the silica, which
approximately doubles in volume. The argon is tdemen through the flask with thionyl
chloride which is stirred and heated to°@0Dwith a water bath. Within 3 h the argon flux has
driven all the thionyl chloride through the silistill heated to 800C. 15 min after all the
thionyl chloride has evaporated, the gas flow ianged to pass through the flask by-pass,
argon is replaced by hydrogen and the temperafutleecoven is raised to the desired value,
typically 900°C. After 2 h, the valve at the top of the quartaetis closed, the hydrogen flow
is stopped and the resultingsy material is allowed to cool down under a hydrogen
atmosphere.

M1fgiy.

Diameter = 212 nm (from DLS), 209 + 14 nm (from SEMeer = 16.9 nf g *. IR (DRIFT):

v (cm™), 3748 (isolatedvsio., Weak), 2265 ysi-n, broad), 1870 1gi-o-s), 1300 — 1000
(vsi-o-s).

M2sin. Diameter = 5.8 + 0.7 um (from SEMAger = 103.6 i g™, ?°Si CP/MAS NMR:4§
(ppm) -100.8 (), -83.7 (T4). IR (DRIFT): v (cm™), 3748 (isolatedssio., weak), 2286
(vsi-n, Strong), 1870vsi-0-s), 1300 — 10001sj-0-s).

M3sii. Ager = 172.6 M g . °Si CP/MAS NMR:d (ppm) —100.7 (©), -83.8 (T4). IR
(DRIFT): v (cm %), 3743 (isolatedsio., weak), 22851si-, strong), 1870vgi-o-s), 1300 —
1000 §si-o-s)-
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M4siy. Ager = 301.6 M g %°Si CP/MAS NMR:J (ppm) —-100.1 (&), -83.5 (T4). IR
(DRIFT): v (cm %), 3746 (isolatedsio., weak), 22831si-n, strong), 1870vgi-o-s), 1300 —

1000 si-o-s)-
vacuum e :ﬂ: — H,O bubbler

oven

SiO
quartz frit — ’

Ar/H,

SOCl,at 60 °C

Figure 40: Experimental set-up for the chlorinatiand reduction of the silica materials.

Preparation of M2, and M2g. For the preparation df12siyA, M2 was heated from room
temperature to 1008 in 5 h with the set-up shown in Figure 40 undgirbgen gas flow.
The temperature was kept at 10@for 2 h and the silica was then allowed to cootdom
temperature under hydrogen atmosphere. M@ the same procedure as fbtgy is
performed, modified, however, by omitting the civlation step.

M2a. IR (DRIFT): v (cm™), 3746 (isolatedvsio., Weak), 2288 ysi-n, medium), 1870
(vsi-o-s), 1300 — 1000vsj-0-s)-

M2g. IR (DRIFT): v (cm™%), 3748 (isolatedvsio., strong), 2290 vgi-n, medium), 1870
(vsi-o-s), 1300 — 1000vi-0-s)-
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Triethoxysilane modified silica (Mtes). MaterialM1g or M2 (2 g) was dried overnight at
100 °C under reduced pressure and then suspenddég tonluene (30 mL). Triethoxysilane
(500 pL, 2.7 mmol) was added and the suspensionh@ated under reflux for 24 h. The
resulting silica M tes) was washed with toluene and twice with ethanal gren dried under
reduced pressure at 100.

Mlgres. IR (DRIFT): v (cm™), 3800-2600 ysio., Strong), 2250 vgi-n, Strong), 1870
(vsi-o-s), 1650 (hydrogen bonded,& on SiOH), 1200-1000§j-o0-s)-

M2+es. Aser = 115 nf g 2°Si CP/MAS NMR:é (ppm) -110.2 (¢), -100.2 (3), -84.0
(T%), =73.3 (F4). IR (DRIFT):v (cm™), 3800 — 260010+, Strong), 2983, 2939, 2904c(y),
2243 (si-n, strong), 1870vsi-o-s), 1650 (hydrogen bonded,@& on SiOH), 1200 — 1000

(vsi-o-s).

10-Undecylenic acid modified silica(Mcoon). The hydride modified silicadM1fsiy,
M1gtes or M4siy (500 mg) were dried under reduced pressure at T®Vernight and
suspended under ultrasonication for 1 h in dry hexg5 mL). The suspension was then
mixed with 10-undecylenic acid (5QQ., 2.5 mmol) in a 250 mL quartz flask and degassed
by argon bubbling for 30 min. The suspension wealiated with a 700 W medium pressure
mercury lamp for 4 to 8 days. No filters were enyplh. The distance between the quartz
flask and the UV lamp as well as the intensity lié UV light were adjusted so that the
temperature of the suspension did not exceed 4@utitg the reaction. Silicadd coon were
separated from the solution by centrifugation, vealstvith hexane, ethanol, acetic acid and
again with ethanol, and dried overnight under redugressure at room temperature.
3C CP/IMAS NMR:§ 14.0 (SiCH,), 20-50 CH,, broad), 180 EOOH). IR (DRIFT): v
(cm™), 2923 and 2857 (mvcy, CHy), 2250 (W,vsiv), 1708 (Myc=o), 1455 (W,vch).
10-undecylenic acid after the reactidH-NMR (CDCl, 400.16 MHz):s (ppm) 1.22 (m 10H
-CHy-), 1.55 (m 2H ®,-CH,-COOH), 1.96 (m 2H ChCH-CH,-), 2.26 (t 2H E&,-COOH),
4.84-9.95 (m 2H €,=CH-), 5.66-5.78 (m 1H C}CH-), 11.84 (br s 1H COOH}>C{*H}-
NMR (CDCl, 100.62 MHz):6 (ppm), 24.55 CH,-CH,-COOH), 28.81, 28.95, 28.97, 29.11,
29.19 (€Hy), 33.70 (CH=CH-CH,-), 34.04 (CH,-COOH), 114.07MCH,=CH-), 138.93
(CH,=CH-), 180.64 (COOH).

1-Octadecene modified silicgM2c;g). Hydride modified silicdM2siy (2 g) was dried under
vacuum at 100 °C and suspended in neat 1-octadé6®rmal, 90 %). The suspension was

heated to 180 °C under stirring for 3 days. After teaction, the silica was separated from the
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solvent by centrifugation and washed with hexana Boxhlet apparatus overnight. Finally,
the silica was dried overnight under vacuum at 4@0**C CP/MAS NMR (50.32 MHz)5
(ppm) 12.42 (br, Si-CH -CHs), 22-35 (-CH-). IR (DRIFT): v (cm™), 3760 — 3550 (Wyon,
SiOH), 2960 (Mych, CHs), 2927, 2857 (Sych, CHy), 2279 (Sysi), 1870 (Mysi-o-s), 1466
(W, dc-) 1200 — 1000vsi-0-s)- Elemental analysis: C = 3.36 %

Recovered 1-octadecene after the reactisBaNMR (CDCl, 400.16 MHz):6 (ppm) 0.91 (t
3H CHs), 1.29 (m 26H -Cht), 1.41 (m 2H -Cht), 2.07 (m 2H CH=CH-CH,-), 4.94-5.04 (m
2H CH,=CH-), 5.79-5.89 (m 1H Cp+CH-). *C{*H}-NMR (CDCls, 100.62 MHz):6 (ppm),
14.13 (-CH), 22.73 (CH,-CHs), 28.99, 29.21, 29.42, 29.57, 29.68, 29.78H-), 31.98 (-
CH»-CH,-CHs), 33.87 (CH=CH-CH,-), 114.07 CH,=CH-), 139.23 (CH=CH-).

1,7-Octadiene modified silicaM2c-c). Hydride modified silicaV2siy (2 g) was dried under
vacuum at 100 °C and suspended in 1,7-octadiensmJ@liluted in dry hexadecane (30 mL).
The suspension was heated to 180 °C under stifoingd days. After the reaction, the silica
was separated from the solvent by centrifugatiahvaashed twice with each of the following
solvents at about 50 °C: cyclohexane, hexane ahdnel Finally the silica was dried
overnight under vacuum at 110 “6C CP/MAS NMR (50.32 MHz)s (ppm) 9.52 (Si-Ch} -
CHs), 20-40 (-CH-), 111.93 CH,=CH-), 139.15 (CH=CH-). IR (DRIFT): v (cm™%), 3800 —
2600 (w,von, SIOH), 3077 (Wycn, C=C-H), 2926, 2861 (scn, CHy), 2264 (sysin), 1870
(m, vsi-o-s), 1647 (W,vc=c), 1450 (w,dcn) 1200 — 1000vsi-0-s). Elemental analysis: C =
5.57 %.

Recovered 1,7-octadiene in hexadecane after tliiara'H-NMR (CDCl;, 400.16 MHz):5
(ppm) 0.95 (t3J4n = 6.87 Hz, 6H CH hexadecane), 1.33 (m 28H gHexadecane), 1.47 (m
4H -CH,-), 2.11 (m 4H CH=CH-CH,-), 4.94-5.14 (m 4H 8,=CH-), 5.65-5.85 (m 2H
CH,=CH-). *C{*H}-NMR (CDClIs, 100.62 MHz):6 (ppm), 14.11 (Chl hexadecane), 22.80,
29.51, 29.81, 29.85, 32.06 (gHhexadecane), 28.50 (GH 33.74 (CH=CH-CH,-),
114.31CH,=CH-), 138.83 (CH=CH-).

Triethylhexyn-1-ylsilane (9). A solution of 1-hexyne (3 mL, 26 mmol) in dry FH60 mL)
was cooled to 0 °C and n-butyllithium (2.7 M in bepe, 3 mL, 8.1 mmol) was slowly added
under stirring. The solution was left to equililrad RT for 15 min. Triethylsilane (3 mL, 19
mmol) was then added and the solution was heatesfltox for 6 days. The reaction mixture
was quenched with aq. sat. MH solution (100 mL). The aqueous phase was segghaatd
extracted with BO (3 x 25 mL). The combined organic phases wereaunated and the
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residual liquid was distilled under reduced presausing a Vigreux column. A clear liquid
(2.5 mL) was obtained as the main fraction at 125 3 mbar. Yield: 2.43 g (12.4 mmol,
69 %). 'H NMR (400 MHz, CDCJ): § (ppm) 0.57 (g, 6H, Si-El,-CHs), 0.91 (t, 3H, Si-Cht
CHs), 0.98 (t, 9H, CHCH,-CHs), 1.35-1.55 (m, 4H, CH, 2.24 (t, 2H).**C{*H}NMR
(100.62 MHz, CDGJ): 6 (ppm) 4.6 (SiCH,-CHs, 23(*C-?°Si) = 56.4 Hz), 7.4 (Si-CHCHs),
13.5 (CH-CH»-CH3), 19.5 (CH), 21.8 (CH), 30.9 (CCH,), 81.2 (Sic=C, 3(*c-*°si) =
82.7 Hz), 108.6 (Si-€C, 2J(**C-*Si) = 14.6 Hz)?°Si NMR (49.69 Hz, CDG): 6 (ppm)8.65.
MS (El): m/z: 196.1 (M), 167.1 (- Et), 139.1 (- Bu), 111.1, 97.1. IR (KBni'): 2954, 2934,
2912, 2874 (sych), 2173 (Syve=c), 1628 (br), 1457 (m), 1237 (m), 1013 (s), 9733 9&),
722 (s). Anal. Calcd for $GH24Si: C, 73.38; H, 12.32. Found: C, 73.30; H, 12.40.

Kinetic experiment - triethylhexyn-1-ylsilane (9). A solution of 1-hexyne (10 mL, 87
mmol) and hexadecane (0.5 mL, 1.7 mmol) in dry THE mL) was cooled to 0 °C and n-
butyllithium (2.7 M in heptane, 10 mL, 27 mmol) wabwly added under stirring. The
solution was left to equilibrate to RT for 15 mifriethylsilane (10 mL, 62 mmol) was then
added and the solution was heated to reflux. Alisjie 2 mL) were taken from the reaction
mixture and immediately quenched with an aqg. sai,QN solution (5 mL). The time of
guenching was recorded for each aliquot. The acuipbase was removed and extracted with
Et,O (3 x 5 mL). The combined organic phases were exnated under reduced pressure
(3 x 10° bar at 40 °C) and the residual liquid was investd with'H NMR spectroscopy.
The integration of the resonance from hexadecare seato 1 and the integration of the

signals from 1.35 to 1.6 ppm from the product (€al®) was plotted versus time.
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Table 19: Reaction time and integration valuesefdignal from 1.35 to 1.6 ppm.

reaction time integration between amount o yield

/ min 1.35and 1.6 ppm / mmol ! %
0 0.00 0 0

55 0.15 1.8 2.9

254 0.34 4.0 6.5
1170 1.03 12.3 19.8
1445 1.31 15.6 25.1
2750 2.36 28.1 45.3
4460 3.22 38.3 61.8
5495 3.60 42.8 69.1
7150 4.05 48.2 77.7
8580 4.19 49.9 80.4
10080 4.24 50.5 81.4

1-Hexyne modified silica(M4c=c). Material M4siy (1 g) was dried under vacuum at 100 °C
overnight and suspended in dry dioxane (20 mL)oWtgon of 1-hexyne (3 mL, 26 mmol) in
dry dioxane (20 mL) was cooled to 0 °C and n-butylim (2.7 M in heptane, 3 mL, 8.1
mmol) was slowly added under stirring. The solutiaas left to equilibrate to RT for 15 min,
and then added to the suspensioMdt;y. The suspension was heated to reflux under giirrin
for 7 days. After the reaction, the silica was safm from the solvent by filtration and
washed with dioxane, diethylether and dichlorome¢haFinally, the silica was dried
overnight under vacuum at 110 °€Si CP/MAS NMR (59.63 MHz)5 (ppm) -73.5 (Th),
-84 (T3), -96 (T), -109 ().

Acyl chloride modified silica (Mcoc)). The carboxylic acid modified silica®l1fcoon,
M1gcoon Or M4coon (500 mg) were dried for 3 h at 100 °C under redymedsure and then
suspended under ultrasonication in dichlorometi{d@emL). Oxalyl chloride (10QuL, 1.2
mmol) was added and after 30 min of stirring, tblwent and the excess oxalyl chloride were
removed under reduced pressure. Under an argonsphae, the resulting acyl chloride
modified silica M1fcoc;, M1lgcociand M4coc)) were used immediately, without further

treatment, for the preparation M.
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Ferrocene modified silica (Mgg). Substituted ferrocenda (20 mg, 0.074 mmol) was
dissolved in dry dichloromethane (15 mL) and adiell coci under argon. The mixture was
left under ultrasonication at 40 °C for 2 h. Theuling Mg, was then washed with the
following series of solvents: dichloromethane, atliadichloromethane, ethanol, water and
ethanol. The lightly yellow-colored material wasedr overnight under reduced pressure.
M1fg., M1gr;, andM4 g displayed similar IR vibration bands. The intelesitwere larger in
the case o4 g (high surface area material). IR (DRIFF)cm™), 3350 (broadyn-+), 3098,
(W, vc-n, ferrocene), 2923 and 2857 (8,1, CHy), 2270 ¢si-p), 1712 (M,vc=0, carboxylic
acid), 1632 (myc=o, amide I), 1542 (mgnn, amide I1), 1455 (Mgc-n, CHy).

The ferrocene surface concentration M. was determined from the total iron content
obtained from AAS measurements:, = 1.26 x 10° mol m? for Mifg, and It =
1.96 x 10°mol m? for M1gee.

o-Bromooctyl modified silica (M2g;). Material M2c-¢c (2g) was placed in a quartz round
bottom flask and dried under vacuum at 100 °C agétnThe silica was suspended in 50 mL
of dry n-hexane with 100 pL of 1-octene. Dry HBsgaas prepared by dropwise addition of
bromine to neat 1,2,3,4-tetrahydro-naphthaleneré@sgnce of iron powder as catalyst [197].
The HBr gas was passed through neat 1,2,3,4-tetraimaphthalene and a cryo trap (dry ice /
chloroform, -65 °C) for purification. The dry HBag was then passed through the suspension
which was irradiated with a 700 W medium pressuszcary lamp for 2 h. No filters were
employed. After reaction the particles were segaraiy filtration and washed with n-hexane
(3 times). Finally, the silica was dried overnigimder vacuum at 100 °C. The solution was
evaporated under reduced pressure to recover torgrfrom the hydrobromination of 1-
octene.®*C CP/MAS NMR (50.32 MHz):d (ppm) 11.49 (Si-Ch), 20-50 (-CH-). IR
(DRIFT): v (cm™), 3760 — 3000 (bryon, SIOH), 2928, 2858 (sich, CHy), 2263 (M,vsiv),
1870 (M,vsi-o-s), 1455 (W,0cH) 1200 — 1000vsi—0-s)-

Hydrobromination of 1-octene : 1-bromooctarie-NMR (CDCl, 400.16 MHz):6 (ppm)
0.92 (t 3H CH), 1.26 (m 8H -CH), 1.42 (m 2H -E1,-CHz), 1.69 (d 3H E13-CHBr), 1.82 (m
2H -CH,-CH,Br), 3.39 (d 2H CHBr), 3.97 (m 1H -CHBI).

1,3,5,7,9,11,13,15-oktakis(2-bromoethyl)octasilsasqxané® (10b). Octavinylsilsesquiox-
ane (0.250 g) was placed in a quartz round bottask fand dried under vacuum at 50 °C

[ The synthesis and characterizatior1®b was performed in cooperation with D. Ruiz Abad, Méyer,
Institut fir Anorganische Chemie.

141



7. Experimental part

overnight and then suspended in 50 mL of dry n-hex®ry HBr gas, prepared in situ [197],
was bubbled through the suspension which was atediwith a 700 W medium pressure
mercury lamp for 2 h. After reaction, the solverdsaevaporated under reduced pressure,
yielding 10b as a white solid (0.506 g, quantitative yield). :N&85 °C.*H-NMR (CDCl,
250.13 MHz):6 (ppm) 1.51 (t, 16H3Jy = 8.27 Hz, Si-El-), 3.51 (t, 16H3J4 = 8.27 Hz, -
CHy-Br). *C{*H}-NMR (CDCls, 62.90 MHz):6 (ppm) 17.95 (Si-Cht), 27.02 (-CH-Br).

2%Si NMR (49.69 Hz. CDG): 6 70.22 ppm. HR-MS (ESI): calcd for 1§3:BrsSigO1K
[M+K *]: 1318.30731, found 1318.30724. Anal. Calcd fegH3BrsSigO12: C, 15.01; H, 2.50;
Br, 49.94. Found: C, 14.74; H, 2.48; Br, 48.68.

8 Appendix

8.1 Polydispersity indexPDlI)

In macromolecule chemistry, the standard deviaimf the molecular weight distribution is
given by Equation 13 [229]:

= (13)

M,

g = _-'Mr__\.v '\: ?— 1
M g

where My is the number average molecular weight &hg the weight average molecular

weight.

The coefficient of variationc{), also called)-index [91], is the standard deviation divided by

the mean. Becauddy is also the statistical mean,

— (14)
cv=—t= My -1
M, \M,
The polydispersity indexPDl) [92], is defined as
M, (15)
PDI =—=
M,
therefore,
ev=\PDI—1 V PDI=cv*+1 (3)
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8. Appendix

8.2 Geometrical specific surface aréda (

=4nr? = surface area of one patrticle
e A Ap Ap p
mp my =Vp X Osio2 m, = mass of one particle
r = radius of a particle
) — age . _3
. Anr? Vp = 431 Psioz = silica density (2.2 x £gg m®)
Vp X Osio2 V,, = volume of one particle
d = diameter of a particle (m)
47 r?

- 4/3 7w r3 X Osio2

3 r=d/2
5 (5)
A=——"-—
d X psioz
8.3 Surface concentration of ferroceneMbg. from cyclic voltammetry{cy):

Nrcpy= amount of Fc on one particle

Tev= N;C,,(P) Nee(e) = NT';EE))_ A, = surface area of one particle
A= md? d = diameter of a particle
NecE) = amount of Fc on the electrode
NpE) = amount of particle on the electrode
o Neo(e) Nece)= Q/nF Q = charge associated with the oxidation of Fc
YT Nygnd? Noe) =T Ae n = number of electron

F = Faraday constant (96485 C nmit)e
I, = surface concentration of particles on
the electrode

Ae = geometrical surface area of the electrode

(12)

Iev=r pAenFrd?
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9. Conclusion

9 Conclusion

The objective of the thesis is the immobilizationredox-active molecules on a simplified
interphase system with a controlled geometry ireotd investigate their interactions in such
environments with, among other, electrochemicalstoBince the product resulting from the
standard silylation modification procedure are switable for the preparation of the desired
systems, the surface modification via a stable $nfd from a modified Si-H surface became

the main synthetic challenge.

The spherical particles necessary as solid matrixtfe simplified interphase system were
synthesized by a modified Stober process. The syinthstrategy involves high water
concentration as well as post-synthesis high teatper treatment in order to reduce the
microporosity. The characterization with scanningcegon microscopy and dynamic light
scattering, demonstrates that the silica partieles monodisperse and non-agglomerated
spheres. Also the gas physisorption isotherms dhaivthe materials can be considered as
non-porous. The diameter of the particles can pedun the sub-micrometric range by a
precise control of the reaction conditions. The -porosity is necessary to ensure a
homogeneous environment and a good accessibilitthéo redox-active molecules. The
monodispersity and the well-defined properties rsakeem suitable for the quantitative

analysis of electrochemical investigations.

For the silica surface modification via stable Sb@hds, a Si-H terminated surface is desired
as starting material. The chlorination-reductiogusmce at high temperatures introduced in
this thesis, opens a new route for the synthes&-6f modified silica surface. According to a
guantitative analysis of the evolved hydrogen fithi reaction of the modified surface with
ethanol/KOH, a high Si-H surface concentration mhiaved. Also the procedure is
reproducible for many types of silica materials. # well as®*Si CP MAS NMR
spectroscopy demonstrate that thg groups are the main product while the reactioSief
OH groups by reduction or dehydroxylation is almgsantitative. The high degree of cross-
linking of the Si-H groups with the silica matris aell as the absence of silanol groups are
desired for the stability, homogeneity and inergnetthe matrix. This contrasts with Si—H
modifications obtained from low temperature methadiere silanol groups remain after the

reaction and a large proportion ¢t Tgroups are produced.
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9. Conclusion

The characterization of the Si-H modified materialso makes it possible to propose the
assignment of thesiy band at 2283 crhin IR spectroscopy to the’Tgroups.

The chlorination is the key step to achieve a I8gHH coverage, and the optimal temperature
for the reduction step is about 98D. Under these reaction conditions, as shown byt
and DLS measurements as well as by the BET andaBaiysis, the physical properties, such
as shape, pore size and surface area, remain ialgamchanged. Only micropores are lost
due to the high temperatures employed during theqalure.

Thus, the chlorination-reduction sequence represamtideal strategy to provide the starting
material for further silica surface modificationtivredox-active molecules by reaction of the
Si—H groups. Moreover, the simple and efficientemscto Si—H terminated silica may also
open new modification routes and further applicai@f such materials, e.g. in separation
science and catalysis. To the best of our knowletlge is the first procedure enabling a
silicon hydride surface modification that may beplegd to all types of silica surfaces,
producing a high surface concentration, possiblgwahg large scale ups and leaving the
surface free of any other functionalities beside3in-H groups.

Free radical initiated hydrosilylation reactionsreveleveloped to produce a Si-C bond from
Si-H terminated silica surfaces. Both photochemaral thermal initiation may be employed.
A strong attachment of the organic molecules on diiea surface is obtained. Indirect
evidence, like decrease in the Si-H surface conagom, absence of C=C signals in the IR
and NMR spectra of the modified materials are ireament with the formation of a Si-C
bond. Moreover the reaction occurs exclusively be silica surface according to NMR
investigations of the reaction solution. Howevered evidence for the Si-C bond formation
could not be established wiffiC or 2°Si solid state NMR spectroscopy, because of weak
signal intensity and signal overlapping, respetyiv®oreover, the possibility for a radical
initiated surface telomerization as well as Markkoem addition during the hydrosilylation
reaction can not be excluded. Still, the free raldigydrosilylation is advantageous over the
transition metal catalysed- or radical initiatodurted reactions because it leaves the silica
surface free of impurities.

The photochemical induction is advantageous witfame to its mild reaction conditions for
the modification of non-porous materials. A carbaxyacid functionalized surface was
obtained via this method. Since amorphous silican@ transparent to UV light,
hydrosilylation of the Si-H groups within porous te@als requires a thermal initiation. A

C18 as well as a terminal C=C bond modified surfaese obtained from this route.
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9. Conclusion

As an alternative to the radical hydrosilylationthogls, a base catalyzed dehydrogenative
coupling reaction of a terminal alkyne with Si-Hbgps is proposed. The reaction performed
on soluble model compounds shows two valuable ddgas: side reactions are not found,
and direct evidence for the formation of the Sighdbis obtained. The kinetics of the reaction
where investigated withtH NMR spectroscopy. The reaction needs several tiagemplete,
but a high vyield is achieved. A dehydrogenative ptimg mechanism was proposed and
supported by experimental observations: No reaabiccurs in absence of a proton source
which is believed to act as a Lewis acid to malehidride a better leaving group. This is
confirmed by the experimental detection of When the reaction is performed in presence of
a proton sourcelhe optimization of this reaction on the silicafaue and the attachment of
redox-active molecules via this route are stilldexk at this point. However, this reaction is

promising as a general modification method focaikurfaces.

The direct attachment of terminal C=C bond fundi@ed redox-active molecules was not
achieved by photochemical or thermal hydrosilylatieactions because of the poor stability
under the reaction conditions and / or the neechigh concentration of the olefin. On the
other hand, the carboxylic acid modified surfacepared by the free radical induced
hydrosilylation can be converted easily into theregponding acyl chloride, and then be used
in a subsequent reaction to immobilize ferroceniésurearing an amine functional group. A
surface concentration similar to the one expeatea ferrocene monolayer is obtained.

The terminal C=C bond modified silicas obtainedtbgrmal hydrosilylation may also be
further functionalized by radical hydrobrominatio@haracterization by DRIFT and NMR
spectroscopy shows that the silica bound C=C grbaps fully reacted. Indirect evidence on
the outcome of the reaction is obtained from lowenalar weight model compounds: the
fact that the C=C bonds of 1-octene and of octdsilsgsquioxane are fully hydrobrominated
and that the anti-Markovnikov products are obtaineder homogeneous conditions, suggests
that C=C bonds on the silica surface may readiensame manner. Furthermore, the use of a
silsequioxane as model compound led to the prooluctf the bromoethyl substituted
octasilsesquioxane by radical hydrobrominationettdy yield and purity than the previously
published procedures.

However, the application of the brominated spaoetie immobilization of active molecules
has several limitations. Therefore, the reactivgl abloride modified silica surface was

preferred for the immobilization of the ferrocerexidatives.
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9. Conclusion

As a first application of the Si-H terminated saécmodified by radical hydrosilylation, their
performances as HPLC separation phases were tddtedchlorination-reduction sequence
followed by C18 surface modification opens a newtlsgtic strategy for the preparation of
low silanol activity C18 HPLC phases compared ®dhnventional silylation method. At the
early stage of their development, the C18 modifthses already match their silylated
equivalent for the separation of organic basesth@rother hand the peak tailing of chelating
analytes may still be improved. The source of miet@lurities is not determined at this point.
The solvent used during modification and HPLC testsvell as the original silica materials
are two potential sources. Finally, the methyleslecivity of the C18 modified phase is low.
Optimization of the thermal hydrosilylation reactjoin order to achieve higher surface
concentration and lower the extent of possible selections, may improve the separation
quality.

The HPLC investigation of the Si-H and C18 modif@licas delivers additional information
on the surface chemistry of these materials. Thek mesymmetry of organic bases after
separation with Si-H modified materials demonstatkat the chlorination-reduction
sequence produces a material almost free of suidataed silanol groups. On the other hand,
according to the peak tailing of organic basesrafgparation with C18 modified particles,
some silanol groups are produced during the hygtason reaction. However, their effect
on the HPLC separation is moderate, indicating it surface concentration remains low.

The second application of the silicon hydride terabed silicas modified with redox-active
molecules by radical hydrosilylation is their elechemical investigation, which is also the
original objective of the thesis.

In order to support a precise quantitative analydighe electrochemical results, a two
dimensional particle assembly on electrode surea® carried out. Dip-coating experiments
with bare silica particle yield the desired monelayoverage on hydrophilic platinum
surfaces. However, the hydrophobic character off¢h®cene modified particles resulted in
weak particle-electrode interactions. The spontasesorption of isolated particles on the
electrode surface is preferred for the qualitasimalysis of the charge transfer mechanism and
guantitative analysis of the redox-active molecudesessibility.

The electrochemical investigation makes it possiblelucidate the mechanism of the charge
transfer within the simplified interphase systemyckt voltammetry of the ferrocene
modified particles indicates that ferrocene unigroa large part of the particle surface are

electrochemically accessible by an electron hoppmgchanism. In addition to the
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9. Conclusion

intermolecular charge transfer between ferrocents @m the surface of a single particle, an
interparticle charge transfer between adjacentigbest within large agglomerates is also

taking place. Moreover, the proportion of activel&cales that are accessible to the redox
reaction were determined from the comparison of fl@ocene surface concentration

obtained from cyclic voltammetry with the one oh&d from atomic absorption spetroscopy.
The accessibility of more than half of the ferroeamits to the redox process is a further
evidence for a charge transfer occuring along Hragbe surface.

These redox-active molecule interactions and thargeh transfer by electron hopping

observed for the ferrocene as a model system gpertemt requirements for the scope of
electrochemical investigation and control of imnialed catalyst in interphases, which

should be the subject of future work.
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