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1. Abbreviations

abs. u.
AFM
alt
bipur.
CD
CIP

dso

doo

DC
DLS
DMAc
DMF
DRIFT
EA

[n]
MNrel
G

G

GC
HIP

LOM
LPD
LS

absorbance units

atomic force microscopy

alternating

bipurified

cyclodextrin

cold isostatic pressing

10 Vol% of the particles have a diameter less than dqg
50 Vol% of the particles have a diameter less than ds
90 Vol% of the particles have a diameter less than dg
Dinnschichtchromatographie (=TLC)

dynamic light scattering

dimethyl-acetamide

dimethyl-formamide

diffuse reflectance infra red fourier transformation spectroscopy
elemental analysis

viscosity

Staudinger index

relative viscosity

storage modulus, elastic modulus

loss modulus

strain

strain rate

gas chromatography

hot isostatic pressing

infra red spectroscopy

number of glucose units

light optical microscopy

liquid phase deposition

laser scattering

mass of a monolayer

molecular weight of the cyclodextrin 3 (1134 g/mol)



MCT mono-chlor-triazinyl

Mw molecular weight

n number of cyclodextrin molecules adsorbed on 1 g
Na Avogadro constant (6.023*10% mol™)

NMR nuclear magnetic resonance

PCS photon-correlation-spectroscopy

) volume fraction, solid loading

Oerit critical volume fraction for gelation

Omax maximum solid loading

PHiep isoelectric point (for coated particles)

PHpzc point of zero charge (for uncoated particles)
pur. purified

PZST lead-zirconate-stannate-titanate

PZT lead-zirconate-titanate

Rs retention factor

SEM scanning electron microscopy

T stress

TLC thin layer chromatography
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5. Introduction

For the industrial production of ceramic parts several methods are used for the

conversion of a ceramic powder into a monolith. The most important ones can be

grouped into dry pressing and plastic formingl1-7]. For dry pressing the powder is
either compacted in a die under uniaxial forces or encapsulated in a flexible form and
put into a hydraulic oil where the pressure is applied. Dry pressing is an established
method for the industrial mass production of not too complex shaped ceramic parts
since many years. Due to the missing dispersion and density gradients
inhomogeneities can be present in the part. Machining is sometimes required as a

post-treatment to yield high precision parts. Plastic forming involves extrusion,

injection molding[8], slip casting and pressure casting[9: 101. In extrusion the ceramic
powder is mixed with a wax or polymer and pressed as a stiff paste into the mold

whereas in injection molding the ceramic powder is suspended in a solvent with a

dispersant and a binder. The suspensionl11-15] provides a homogeneous
distribution of the particles. The binder is removed by heating causing shrinkage up
to 50 % due to the high binder content. Heating has to be done slowly to prevent
cracks and voids, parts with a large cross section need several days for binder burn

out. Injection molding is an attractive method for the production of complex shaped

parts with high surface precision. In pressure casting or pressure filtration[16-18] the
suspension is poured into a porous mold or filter and the solvent is separated from
the ceramic using an external pressure while in slip casting capillary forces remove
the solvent. Pressure casting and pressure filtration offer a higher productivity
compared to slip casting. The consolidation is achieved by removal of the solvent.
The liquid flow affects the microstructure of the suspension and causes an orientation
of non-spherical particles. To avoid these problems the suspension can be
consolidated by chemical means without removal of the solvent. Consolidation can

be achieved e. g. by a temperature induced gelation (TIG) as described by L.
Bergstrom et al.[19], a temperature induced irreversible bridging flocculation of
Al,05[20] or by using a change in the ¢-potential by a pH-shift causing a strong

increase of the viscosity of the suspension[21]. Many publications[22-30] describe
how acrylic acid or methacrylic acid is used for polymerization induced gelation

based on the solidification of the matrix in which the particles are trapped without
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selective and directed linkage of particles. B.-H. Kim[31] describes the crosslinking of
particles by molecules adsorbed on the surface. A. Kulak[32] fixed zeolite crystals on
glass and mica wafers by reaction of the epoxy- and the amino-functionalized

surfaces.

In this study a new processing method will be developed by bridging suspended
particles covalently and heterosupramolecularly using silanation and host guest
chemistry[33-39] of cyclodextrins. The consolidation step will be done by keeping the
solvent avoiding the liquid flow problems. The amount of organic additives is low
compared to other techniques, so the binder-burn-out-step is not necessary and the

accompanying heating problems do not occur.
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6. Cyclodextrins

6.1. Nomenclature, Constitution, Synthesis and Properties

of Cyclodextrins

Cyclodextrins[40-90] are cyclic oligosaccharides of D-glucose. k a-D-glucose
molecules form a cone-shaped macrocyclic ring. These glucose units are (1—>4°)-

glycosidicly linked by etherbridges. Both O-atoms at the 1- and 4-position have down-

conformation[91]. Correct names for cyclodextrins informing about the molecular
structure are cyclo-[(1—4')-a-D-glucopyranose]i or cyclo-heptakis-[(1—4)-a-D-
glucopyranose] for B-cyclodextrin. Other names are also used in literature such as
cycloamylose, which is reasonable because amylose consists of equivalently linked
D-glucose units. Additionally cyclodextrins are named as cyclomaltoses, which is
misleading because maltose is a disaccharide and not the repeating unit of the
cyclodextrins. Sometimes — especially in the older literature - they are named after
the researcher who developed the cyclodextrin chemistry further as Schardinger
dextrins. Natural cyclodextrins exist with 6 to 12 glucose units[92]. a-cyclodextrin
consists of 6 glucose units, B-cyclodextrin of 7 and so on. The a-, - and
y-cyclodextrins are the mostly used and investigated ones. A five membered
cyclodextrin can be chemically synthesized being tense, a reason for the inavailability
by enzymatic synthesis. Many cyclodextrin analogues[®3-56] consisting of non-
glucose units are synthesized. The structures and properties of the lower and higher

analogues that are not available by synthesis can be calculated with molecular

mechanics[®7].

Cyclodextrins are produced by enzymatic degradation[98-63] of starch. Starch
consists of two polysaccharides - amylose and amylopectine. Both species are built
up with a-D-glucose. The difference between both species is the connection of the
glucose units: A 1—>4° linkage leads to amylose, a 156" linkage is present in
amylopectine. The glucose chain of amylose forms a left-handed helix with six
glucose units per routine. Cyclodextrin-glycosyltransferase enzymes cut the amylose

chain and merge both ends together so that a ring shaped molecule is produced. The
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cut length is not selective yielding many cyclodextrins. The cyclodextrin-glycosyl-
transferases are produced by bacillus macerans[99, 641, bacillus megaterium[65, 66],

krebsiella pneumoniae M 5 all67] and bacillus stereothermophilus[68].

Table 1 depicts some characteristic properties of cyclodextrins[40, 69].

Table 1: Characteristic properties of cyclodextrins.

o-cyclodextrin B-cyclodextrin y-cyclodextrin
number of 6 7 8
glucose units
molecular mass 972 g/mol 1135 g/mol 1297 g/mol
solubility in water at 14.5 1.85 23.2
RT in g/100 ml
specific angle of 150.5+0.5° 162.5+0.5° 177.4+0.5°
rotation [oc]%5
height 790-800 pm 790-800 pm 790-800 pm
diameter of cavity at 470 pm 600 pm 750 pm
C-5 atom
diameter of cavity at 520 pm 640 pm 830 pm
C-3 atom
outer diameter 1.46+0.04 nm 1.54+0.04 nm 1.75+£0.04 nm
pKa (25 °C) 12.33 12.20 12.08

The cone-shaped macrocyclic ring is schematically drawn in Figure 1. The distances
in Figure 1 are measured at atomic models. The top side in Figure 1 represents the

narrow side of the cyclodextrin, the bottom side is the wide side.

470-830 pm

0,8 nm

1,5-1,8 nm

Figure 1: Scheme of cyclodextrin torus.
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The numbering of the carbon atoms in the glucose molecule and in the cyclodextrin
molecule is demonstrated by the diagram shown in Figure 2. The 2- and 3-positions
are the secondary sites. This is the wide side of the cyclodextrin. The primary carbon

atom is at 6-position which is located at the narrow side of the cyclodextrin torus.

Figure 2: Numbering of the carbon atoms in the cyclodextrin molecule.

18



6.2. Molecular Structure of Cyclodextrins

The results of the molecular mechanics calculations[70-87] are presented in the

graphics below (Figure 3 and 4). The crystal structures are described in[88-96].

Figure 3: a-Cyclodextrin, view on the secondary sidel971.

ac‘codextrn -Cyclodextrin

v-Cyclodextrin 8-Cyclodextrin

Figure 4: Molecular structures of a-, B-, y- and &-cyclodextrin.



In Figure 4 the hydrogen atoms are omitted in order to improve the viewing clarity of
the structure. The black balls represent the carbon atoms, the red ones the oxygen
atoms. The graphics clearly show the molecular structure of the cyclodextrins. The
cavity, the primary and secondary sides and the cone-shaped structure are obvious.
The O-6 atoms (upper side of the cyclodextrins in Figure 4) are directed to the
outside of the torus and depicted in gauche-conformation, the conformation with the
highest population. In some complexes the O-6 atom group can be regarded versus
the inner side to form H-bridges with the guest molecule. The gain of energy by the
formation of the H-bridging bond compensates the higher energy of the conformation.
In accordance with the tilt angle of the glucose units the ring tension decreases from
a~cyclodextrin to 6-cyclodextrin. In y-cyclodextrin one glucose unit is slightly distorted,
increased in 3-cyclodextrin, two glucose units being subjected. The 5-cyclodextrin
torus has a certain flexibility meaning it has not a rigid cone structure. If the
d-cyclodextrin is viewed from the side, the curved wave-like structure of the
cyclodextrin torus can be seen, the two distorted glucose units being the inflection

points.

20



6.3. Supramolecular Inclusion Chemistry of Cyclodextrins

and their Derivatisation

The cyclodextrins bear an interesting host guest chemistryl98] where the cyclodextrin
acts as the host molecule and a preferably hydrophobic specimen as the guest,

which is intercalated into the cavity of the cyclodextrin. Figure 5 illustrates a

supramolecular[98] host-guest inclusion complex[99-101] formed by a cyclodextrin

with a guest molecule. Guest molecules can be long chain polymers, too. The formed

complexes are called polyrotaxanes[102-105] |n this case cyclodextrin rings thread

onto the chain of the polymer like pearls onto a cord.

cyclodextrin ring (host)

4

guest molecule

Figure 5: Scheme of host guest inclusion complex.

The Van-der-Waals interaction between the guest and cyclodextrin is one reason for
the formation of the inclusion complexes. H-Bridges between the OH-groups of the
cyclodextrin and polar groups of the guest molecule support the inclusion process.
Energy needed to break the bonds of the water to the cyclodextrin is retained when
the included water is dissolved by bulk water. From the entropic point of view the
intercalation process induces order and decreases the entropy but the ejected water
molecules raise the entropy when they enter the bulk solvent. There are complexes
that have three different interaction entropies: a gain of entropy in total, AS=0 and a
loss of entropy. The enthalpy AH can also have negative, zero or positive values. The
Gibbs energy AG=AH - T AS has to be considered as an important criterion for the

formation of complexes.
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The synthetic organic chemistry of cyclodextrins focuses on the 6-position (Figure 2)

because this is a primary alcohol group where Sy¢ and Sy reactions can be carried
out[106-108]. The C-2 and C-3 atoms are fixed in the glucose rings limiting their

possibilities of reactions[109, 110]. LiH deprotonates the only one OH-2 group of the
cyclodextrin selectively. With |, / PhsP the OH-6 groups are substituted by iodine.
This labels and discriminates the 6-position from the other OH groups and provides
access to a multifunctionalization. By substitution of the iodine to the desired group
the derivatisation can be performed. For a mono functionalization at the 6-position a
tosylation with tosylchloride is reasonable inducing a regioselectivity and activation of

the cyclodextrin as with the multifunctionalization.
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7. DLVO-Theory

The DLVO—theory[1 11] named to its developers Derjaguin, Landau, Verwey and
Overbeek describes the interparticle potential of suspensions being useful for the
prediction of the stability of a colloidal suspension. Since a strong repulsive
interparticle potential is characteristic for a stable suspension and an attractive
potential induces flocculation of the particles, the knowledge of the potential is helpful
for the understanding of colloidal powder processing phenomena like the liquid-solid-
transition of a ceramic powder suspension in plastic forming. In general the
interparticle potential can be separated into three parts: the van-der-Waals potential,

the double-layer-potential and the polymer induced (steric) potential.

The van-der-Waals-potential is an ubiquitous potential. It is of electrodynamic nature

and derives from the interaction of dipoles which can be approximated for two

spheres by
Ar .-

V,(d) =———, providing thatd <. (1)
12d

A Hamaker constant

r particle radius

d surface separation distance

For two spheres of the same material V4(d) is always attractive, in the case of
different materials it can be attractive or repulsive. The magnitude of the interaction

can be represented by the Hamaker constant.

In protic liquid media particles can develop a charge on the surface depending on the
pH. Individual particles are surrounded by a cloud of counter ions because of this
surface charge; the higher the ionic strength in solution the smaller the cloud. These

charges induce an electric double layer potential:
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V,(d) = 2nr eep3 exp(—kd) (2)

r particle radius

d surface separation distance
¢o surface potential

K reciprocal Debye length

The Debye length is 1/k and defined as

1/2

1| kT 3)

K | e?dnzf
i

€ dielectric constant of the liquid
€0 permittivity of vacuum

k Boltzmann constant

T absolute temperature

electronic charge

n; concentration of ions with charge z;

Equation (2) is a simplified expression for the interaction of two spheres. Curves for
Va(d), Vi(d) and their sum Vy(d) are plotted in Figure 6.

In some cases it is not possible to create a stable suspension by electric double layer
forces because the maximum surface charge is not sufficient. In other cases
electrostatic stabilization is inadequate for the technical needs of colloidal powder
processing. In such cases the polymeric or steric stabilization can be used, where at
the particle surface adsorbed polymers hinder the particles to come too close thus
shielding the attractive van-der-Waals-forces (Figure 7a). If particles approach each
other, the polymer layers interpenetrate resulting in a repulsion (Figure 7b). The

magnitude and range of the repulsive interaction can be calculated by the de

Gennes’ scaling theory[1 12-113] for a medium dissolving the polymer. In this theory

the adsorbed polymer conformation is assumed to be either a low-surface-coverage
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mushroom, in which the volume of the individual polymer is unconstrained by
neighbors, or a high-surface-coverage brush, where the proximity of neighboring
polymer chains constrains the chain volume and causes extension of the polymer

into the solvent.

Figure 6: Total potential V,, van-der-Waals-potential V, and electric double layer potential V, versus
surface separation distance d. Positive sign means repulsive, negative attractive potential.

L V=V, Y,
'.:....“ Vs
- y
Va
-—l
a) b)

Figure 7: Steric stabilization a) scheme of polymer induced stabilization and b) polymer induced
potential Vs curve, van-der-Waals potential V, and total potential V.
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8. Characterization Methods for Ceramic Powders

8.1. {-Potential Measurements and Dynamic Light

Scattering

The surface charge density of the particles in solution is a useful parameter for

characterizing the surface chemistry of particles. Measurements of the (-

potentiall116-120] in dependence on the pH provide this information. A charged
particle adsorbs counter ions tightly. This layer called Stern layer is surrounded by a
layer of additional counter ions exceeding the ion concentration of the medium.
These ions are not fixed to the particle nor do they have a defined position. This layer
is refered to as diffuse layer. It moves with the particle through the medium. Its
diameter is much larger than the Stern layer and depends on the concentration of
ions in solution. If the particle moves, a shear gradient is formed because of the
laminar flowl121] and an additional layer sticking at the outside of the Stern layer is
attached to the particle. This layer is fixed to the moving particle. The -potential is
the electric potential at the border of this layer. Its value is usually only a little bit
lower than the potential at the outside of the Stern layer (Stern potential). For highly
charged particles or low electrolyte concentrations which enlarge the shear plane the
C-potential is significantly lower than the Stern potential. An adsorption of polymers
protruding strongly into the solution (hairy layers) separates the Stern layer from the
shear plane leading to a relevant difference between (-potential and Stern potential.
The pH-value for uncoated particles at £=0 is named pHy,c, the pH for coated

particles at £=0 is called pHigp.

The C-potential measurement apparatus calculates the electrophoretic mobility u

using the Helmholtz-Smoluchowski-equation[121],

\) _ €08

c ng (4)

u=
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u electrophoretic mobility
v velocity of particle
power of electric field
go dielectric constant
g relative dielectric constant

n  viscosity of the medium

C-potential

the C-potential can be calculated from u. This equation is valid for ka > 1, where « is

the reciprocal Debye-Huckel-length and a the radius of the particles. 4.6*1/k[121]is

the approximative length of the diffuse layer. For the systems investigated in this

work the condition ka >> 1 is valid, because the particle size is about 300 nm and

larger and the electrolyte concentration is in a medium range (10 mol/l).

The electrophoretic mobility u is obtained from v=u*E while the particle moves in an
electric field with a rectangular shaped tension-time-curve to prevent polarisation of
the electrodes. Two crossed laser beams with a time independent phase shift
produce a pedestrian-crossing-like-shaped interference pattern in the sample. The
time dependence of the intensity of the scattered light is measured by a digital
autocorrelator after amplification with a photomultiplier. The data is analyzed to get
the autocorrelation function G; G in general is the coefficient of the value of a function
at a certain time t and the value at the point t+dt, where & is a short time period.
Division of the value at the time t by the value at t+25t provides the next value of G
and so on. The G-function is a plot of the correlation coefficients versus time
expressing how similar the values are with proceeding time compared to the value at
the time t. The sine-shaped intensity-time-curve with exponentially decreasing
amplitudes is calculated from the autocorrelation function G and then converted via
fourier transformation to the intensity-frequency-function. The particles move in an
interference pattern with a sine-shaped intensity profile causing a sinodal intensity of
the scattered light. Due to the Brownian motion the movement of the particle has an
irregular statistic part inducing the exponential decay of the amplitudes, because the
scattered light of the observed single particle is absorbed with increasing movement

by other particles. The frequency plot represents the frequency of the sine curve of

27



the intensity-time-signal, the intensity in the intensity-frequency plot meaning the
number of particles of a certain frequency. The frequency plot is transformed into the
mobility plot using the Doppler effect, whereas the -potential-spectrum is obtained
with the mobility data and the above mentioned Helmholtz-Smoluchowski-equation

\" Ene€
u=Y _ fotr
E n

C.

For determination of the sign of the {-potential one laser beam is modulated with an
oscillating mirror so that the interference pattern moves with a defined and known
velocity. The direction of the mirror changes with the sign of the electric field, so that
the particles and the interference pattern move e.g. towards each other and with
changing sign of the electric field in opposite direction leading to two frequency
signals. With the increased and decreased frequency the direction of movement of

the particles can be retrieved.

The experimental procedure for the {-potential measurement is as follows: an
aqueous 10~ molar solution of KNOs is prepared. 50.6 mg KNO3 (anhydrous,
101.11 g/mol) are dissolved in 500 ml bidistilled water. A spatula tip of the ceramic
powder (=2 mg SisN4, ~5 mg Al,O3) is added, the suspension is shaken and
ultrasonicated for 10 min so that it is slightly turbid called stock solution. Small
sealable beakers are filled with the stock solution and the pH is adjusted with HCI-
and NaOH-solutions. Samples are prepared in the pH range from 1 to 12 with a step

size of 1 and measured five times.

The particle size measurement with dynamic light scattering (DLS)[122-128] which is
also called photon-correlation-spectroscopy (PCS) is based on the same principle as
the {-potential measurements, but without the electric field, the modulation of the
laser beam and without the second laser beam, so the interference pattern is
missing. The time dependence of the intensity of the scattered light is collected and
the autocorrelation function G is analyzed. If the powder is monosize and

monodispers, G becomes
G(t)= c exp(-D g* t). (5)
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c G(t=0)-value
D diffusion coefficient

t time

g= (4n m;/ L) sin ©/2 (6)
m, refractive index of the solution

Lo the wavelength of the laser

® the scattered angle

The semilogarithmic plot of the experimental G(t) data provides a linear curve which

can be fitted with

In G(t)=Inc-D g*t. (7)

The Stokes-Einstein-equation

d=kT/(3rn D) (8)
d hydrodynamic diameter

k  Boltzmann constant

T absolute temperature

n  viscosity

transforms the diffusion coefficient D into the desired hydrodynamic diameter d.

For sample preparation 10 ml of a 0.1% aqueous ceramic suspension is
ultrasonicated for 10 min in an ultrasonic bath, after dilution to clear, transparent

suspension it is fixed in the compartment.
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8.2. Rheology

Rheology deals with the flow behavior and deformation of materials subjected to

mechanical forces. The properties of ceramic suspensionsl1, 8, 1291 vary from elastic
solid like behavior to that of low viscous liquids. A Hook spring is used as a model for
the elastic properties, a Newtonion fluid as a model for the viscous properties. A force
F is applied onto the area A of a rectangular shaped solid body resulting in a
deformation dl/l with | as the original length and dl as the variation of the length

(Figure 8a). The Young modulus is defined as

s F/A
e dl/l

9)

with the tension o and the deformation €. A body is sheared by the force t (stress)

providing a shear deformation vy (strain) and a shear modulus G

© FIA

G: —
y tana

where tan o = o can be set for small deformations (Figure 8b).

- |d /

Figure 8: Deformation of a sample by a) tension and b) shearing.
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The viscosity describes the flow of fluids and is mostly measured as shear viscosity
in capillary-, Couette- or cone-plate-geometry. Shearing of a fluid yields a velocity v in
x-direction and a gradient of velocity dv in y-direction. The ratio of the shear stress t©

and shear rate y is called viscosity n

o FIA
= T dvrdy

with dv = ccij_x and t as the time. (11)

Liquids with a viscosity independent of the shear rate are called Newtonion liquids.
The relative viscosity 1 is defined by the ratio of the viscosity n and the viscosity of

the solvent nsoiy

MNsolv

so that n is independent of the solvent.

The viscoelastic properties can be charcterized in dynamic, oscillating
measurements. The oscillating force is chosen with a small amplitude so that the
deformations of the sample are low maintaining the microstructure of the sample. The

complex oscillating stress is provided by

T = 1et. (13)
T complex stress

T0 stress amplitude

® oscillation frequency

t time

The response of the sample — the complex strain — is equal to
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T complex strain
Yo strain amplitude

) phase shift between stress and strain

The phase shift § is characteristic for the viscoelastic behavior: Elastic samples have
a 6 of 0°, viscous ones a 6 of 90°. The complex dynamic modulus is defined as

T* .
G*=—=G+G" (15)

*

Y

G'is called dynamic storage modulus, it describes the capability of elastic energy
absorption and is a measure of the solid like properties. G" — the loss modulus —
describes the capability of plastic, irreversible energy absorption, it measures the

liquid like properties. G' and G" can also be expressed as

G'=2% coss and G"=2%.sins. (16)
Yo Yo

The ratio tano = el is called loss tangent.

32



8.3. DRIFT-Spectroscopy

The studied spectroscopic range is the middle infra red (MIR) from 4000 to 500 cm™.
The higher frequencies of this range are absorbed by chemical bonds like O-H or

C-H. The atoms start to vibrate along the bond or in another direction. The absorption

bandsl130, 131] are typical for certain chemical groups. At lower frequencies
(energies) the entire molecule begins to vibrate and rotate. These bands cannot be
assigned to specific functional groups, they identify the molecule itself which names

this spectral region finger print region.

For measurements the fine, powdery sample is placed in a container of 1 mm
diameter and 1 mm depth in the experimental setup for DRIFT-spectroscopy; the
reflected IR-light of the sample is directed by several spherical mirrors to the

detector.

The difference between DRIFT[132] and IR-spectroscopyl98. 133] in transmission is
that DRIFT is more surface sensitive than IR and that DRIFT is a semi-quantitative
method while the absorption in IR is dependent on the weighed amount. In IR the
analyzed substance is mixed with a carrier like KBr and pressed to a tablet. The
absorption increases with the increasing mass of compound. If needed, this can be
optimized by using the same masses of compound and KBr. The DRIFT
investigations done in this work are carried out without KBr dilution, because the
reflectivity of the probes is low. The DRIFT spectra are influenced by the grain size
and package of the particles. The grinding and preparation of the DRIFT samples are
performed just so in a reproducible way. SEM and particle size distribution
measurements control that the original grain size is obtained after chemical
modification of the powders. The reflected light is detected in DRIFT spectroscopy.
Thus a raised amount of substance does not increase the absorption. Fine grinding is
important, because it removes large agglomerates and particles, their surfaces
causing undesired specular reflection. As the penetration depth is not so high and the
scattering very low, leading to a weak absorption, inverted bands are produced in the
spectrum and cover underlying signals. The occurrence and shape of the large
particles is often irregular inducing inverted bands. The detected signal consists
mainly of diffusely reflected light generated by multiple absorption and scattering in
the sample.
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8.4. Atomic Force Microscopy

The principle of the AFM measurementl134] is illustrated in Figure 9: a square-
pyramidally shaped Si or SizN4 tip is close to the surface of the sample; a force
between the surface and the tip bending the cantilever being present because of the
electrodynamic and electrostatic interactions. The magnitude of the bending is
measured by laser light reflected from the cantilever via a mirror on a position
sensitive detector (PSD, four field detector), the distance between the tip and the
surface being controlled by a piezo element with the fixed sample. A scanning unit
that moves the sample laterally in the x- and y-directions is integrated into the piezo
element. The sample is moved under the tip and the piezo adjusts the distance to
ensure a constant bending of the cantilever. The driven way of the piezo is the
measured signal, its plot providing a topographic image of the surface. On a closer
view an equipotential area is measured — an area with a constant force between the
tip and the surface. That means that not a topology is plotted, but a constant force
area that can be interpreted as a topological image if the type of atoms, the bonds

and the charges do not vary.

Laser

dzﬁ
our field detector

Figure 9: Principle of AFM measurement.
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9. Heterosupramolecular Reaction Principles

For the crosslinking of particles two new methods are presented in the following

paragraphs.

In the first approach Si3;N4 particles functionalized with -cyclodextrin are crosslinked
by a polymer (Figure 10). The polymer molecule has tert-butyl-anilide units in its side
chains which are proper guests for 3-cyclodextrin. The polymer is well soluble in
water. The cyclodextrins are covalently bonded to the SizN4 particle via a spacer
molecule. The spacer is a bifunctional silane that has a proper anchoring group for
the SizN4 surface on the one side (tri-methoxy-silyl-group) and a side (epoxy group)
that selectively reacts with the amino group of the cyclodextrin. It is represented by
the blue line between the powder particles and the cyclodextrin torus in Figure 10. In
reality the SizN4 particles are much bigger than the cyclodextrin molecule units. Their
average diameter is 680 nm (dsg-value). The cyclodextrin torus has a width of about
1 nm and a height of about 0.8 nm. The spacer molecule provides a certain flexibility
and distance from the surface. The cyclodextrin bears into the solution and is able to

move in a small range. It can react with the tert-butyl-anilide units of the guest

polymer. The cyclodextrin intercalates the tert-butyl-anilide into its cavityl135, 136];
another tert-butyl-anilide unit can be intercalated into a cyclodextrin that is bonded to

another particle, so two or more particles are crosslinked by the polymer molecule.

polymer
guest

@ host
e ——

Figure 10: Scheme of heterosupramolecular interaction between guest 16 and
cyclodextrinfunctionalized Si;N4 6.

The bridged particles show an enhanced sedimentation.
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In a second approach SisN4 particles are covalently connected (Figure 11). Two
different SizN4 powders are prepared. One is functionalized with a bifunctional silane
bearing an iso-cyanato group on the one end and a tri-ethoxy-silyl group on the other
end. The silyl group works as an anchor to the SizN4 surface. So the iso-cyanato
terminus protrudes into the solution and is available for reactions. For the other SizN4
powder a silane with a silyl group and an amino group is selected. The resulting
Si3Ny4 is amino functionalized. Both SizN4 powders are suspended and can react
under formation of an urea bridge. The particles are crosslinked via a molecular
bridge. They form agglomerates large enough to be visible with the naked eye. The

suspension of both SizN4 powders shows strong sedimentation behavior.

. Oy AT

NH
NCO 2 NHCONH

Figure 11: Scheme of covalent interaction between Si;Ng-particles.

The heterosupramolecular chemistry of cyclodextrins can also be used to improve

the dispersibility of Al,O3; powder ceramics.

In this approach a cyclodextrin functionalized polymer is attached to Al,O3 particles
(Figure 12). The cyclodextrin polymer consists of the same backbone as the polymer
used above but has B-cyclodextrins in its side chains. The blue loops in the diagram
represent the polymer backbone. The layer of the cyclodextrin polymer at the surface
of the powder particles increases the steric barrier and improves the dispersibility of
the Al,O3 powder. The B-cyclodextrins that are fixed to the Al,O3 surface react with
the tert-butyl-anilide units of the polymer guest molecules in the same way as
described above. Thus the guest is adsorbed as a second layer on the cyclodextrin
polymer in a host-guest-reaction. The guest polymer layer increases the steric barrier

and further improves the dispersibility. The amount of the cyclodextrins linked to the
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surface of the powder particles is much higher in this case than in the approach
above (Figure 10). Preference is given to a reaction between cyclodextrins that
belong to the same particle and tert-butyl-anilide units that are bonded to the same
guest polymer in comparison to a reaction of the guest and cyclodextrins on different

ceramic particles, the last reaction causes an enhanced sedimentation in contrast to

an improved dispersibility.

Al,O3 particle

Figure 12: Scheme of heterosupramolecular interaction between guest 16 and
cyclodextrinfunctionalized Al,O3; 15.

Inclusion chemistry of dissolved[137, 138] and immobilized[139-148] hosts with
dissolved guests is well investigated. Highly enantioselective stationary phases in
gas chromatography (GC) are on silica fixed cyclodextrins[108, 149]. Therefore, this
approach promises new means of systems where two hosts are bonded to a solid

substrate and the guest is dissolved.
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10. Native Powders

10.1. Characterization of the Si;N4 Ceramic Powder

The SizN4 ceramic powder (type M 11) used in this work is supplied by H. C. Starck,

Goslar, Germany. Compared to other powders it is a relatively pure submicron

powder. The elemental analysis by L. Wang[150] and H. C. Starck[191] is shown in

Table 2. Beside the indicated impurities

Table 2: Elemental analysis of impurities in Si3N, powder (data from H. C. Starck).

element amount / mg/g
Fe 0.024

Ca 0.036

Al 0.539

C 2

0 10

the powder contains 3.76% SiO; as a surface layer being essential for the fixation of

silanes. The powder characteristics provided by L. Wangl[150] and H. C. Starck[151]

are given in Table 3.

Table 3: Powder characteristic of SizNa.

value
OL-Si3N4 94.5%
specific surface 12.7 m%g
area (BET)
PHpzc 4-5
SiO, content 3.76%
particle size d10=300 nm ds50=680 nm dgo=1390 nm
distribution

The topology of the surface of the Si;N4 particles has been characterized by AFM.
The AFM investigations are done in tapping mode (Digital Instruments, Nanoscope,
Mannheim, Germany) using a conventional Si3N4 tip and a circle-shaped, thin platelet
out of fused silica with approximatively 1 cm diameter as substrate for the SizN4
powder. The platelet is covered with a two component glue (UHU Endfest 300)

smoothed with a paper. After 10 min the glue has a sufficiently high viscosity and the
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ground, fine Si3N4 is spread on the platelet. The loose particles are removed by
tipping the platelet on the desk. Hardening the glue overnight fixes the particles.
Large agglomerates obscured by the cantilever cannot be seen on the monitor during
surface approach. So the cantilever has to be moved very carefully to the surface to

avoid damage.

The topology exhibited by the AFM measurements is shown in Figure 13-18 as a line
plot (four of eight measurements are presented). Figure 14 and 16 show each a
cross section (left picture) taken along the black line in the right picture (top view).
Bright colors mean high, dark colors low areas. The red triangles mark characteristic
points of the fractal particle surface. Table 4 and 5 quantify the corresponding
distances: the step size of 18 nm (Figure 14, Table 4) is 18-fold higher than the
dimensions of a cyclodextrin molecule with 1 nm in length, width and height. The
vertical distance between the triangles in Figure 16 is with 21 nm manyfold higher
than the cyclodextrin, too. These data reveal that the magnitude of the features of the
surface structure is one decade higher compared to a cyclodextrin molecule enabled
to be deposited on the surface in a layer-like structure and not to be trapped. The
surface roughness of 1 nm estimated from the cross section diagram confirms this.
So it can be concluded that the particles should be able to interact with each other to

form bridges and to be crosslinked.
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Figure 13: AFM image of SizN4; 750 nm scan.
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Figure 14: Section analysis of the AFM image shown in Figure 13.

Table 4: Section analysis of the AFM image shown in Figure 13.

distances between the red triangles

surface distance 35 nm
horizontal distance 29 nm
vertical distance 18 nm
surface roughness ~1 nm
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150 nm
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Figure 15: AFM image of SizN4, 300 nm scan of the same position.
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Figure 16: Section analysis of the image shown in Figure 15.

Table 5: Section analysis of the image shown in Figure 15.

nM

distances between the red triangles

surface distance 70 nm
horizontal distance 65 nm
vertical distance 21 nm
surface roughness ~1 nm
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Figure 17: AFM image of SizNg4, survey scan (6 um).
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Figure 18: AFM image of Si3N,4 , survey scan (2 um).
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10.1.1. Surface Chemistry of the Si;N, Powder

The used a-SizN4 is synthesized via a direct nitridation:

3Si+2N, —1200-10°C , g N,.

The powder is subjected to wet milling and treatment with HF and HCI to remove
elemental Si and Si02[152]. Instable, basic imino groups (Si;=NH) and stable, acidic
silanol groups (Si-OH) are the first step in the hydrolysis ot the SisN4 surfacel193-

158]. The imino groups react with water to form amino groups (Si-NH,) and silanol

groups; recently ammonia is set free (see DRIFT-spectrum in Figure 33).

Amorphousl 193] si0,[159], covering the SisNy4 particles, is formed with proceeding
time protecting the bulk from further hydrolysis. A long time treatment with HF or
highly concentrated alkaline solutions under heat removes the silicon dioxide layer

and retains the bare SizN4. Figure 19 depicts the hydrolysis of the SizN4 surface.

i H H H
N 0 \N/ l‘\l
S/ \ /O\S N

—>

Figure 19: Hydrolysis of the SizN, surface.

The pH-dependent reactions of the surface groups are:

Si—OHj; < Si-oH—9 ,si- O™ +H,0

Si—-NH3 < Si—-NH, —2H 5 Si—NH" +H,0

The silanol groups shift the basic SizN4 surface thus the pH,,. to the acid indicating

the progress of the hydrolysis. The ratio Ng/Na of
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Na = [Si-OH]+[Si-OH,*]+[Si-O] and
Ng = [Si-NH5"]+[Si-NH,]+[Si-NH]

in dependence of the pH,,. is described by L. Bergstroml160] (Figure 20).

054

Figure 20: Ng/Na versus pHp, for Si3N4[1 60].

According to this model the surface species of the SizN4 powder used here consist of

~95% silanol groups and ~5% amino groups leading to an acidic surface.

In DRIFT-spectroscopy the solid body appears with intense signals at wavenumbers
below 2000 cm™. Because of the strong intensity it is difficult to detect organic
compounds in this spectral region. These signals are caused by Si-N- and Si-O-

vibrations.
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10.2. Characterization of the Al,O; Ceramic Powder

10.2.1. Purity and Purification of the Al,O; Powder

The a-Al,O3 (type AKP-53) used here is supplied by Sumitomo Chemical Company,
Japan. It is a high purity, low soda, submicrometer alumina powder. Table 6 and 7
show the results of the material characterization (Table 6) and the elemental analysis
(EA, Table 7).

Table 6: Powder characteristic of Al,O3 by the manufacturer (except pHp).

parameter value
crystal type o

purity > 99.99%
specific surface area (BET) 12.3 m%g
particle size d50=290 nm
pszc z8-9

Table 7: Elemental analysis of impurities in Al,O3 by the manufacturer.

element amount / ug/g
Fe 9

Cu <1

Mg 20

Na 7

Si 140

The purity of >99.99% as declared by the manufacturer is not in accordance to their
EA-results: The purity of >99.99% means that the total impurity content is less than
0.01%. However 0.01% correlates to 0.1 mg/g = 100 pg/g. But even the Si content
(140 pg/g) is higher than 100 ug/g.

The purified powder was obtained after washing the as-received powder once with
bidistilled water (pH=5), the bipurified powder after washing twice with bidistilled
water. The elemental composition of Al,O3 as received, Al,O3 pur. (purified) and

Al,O3 bipur. (bipurified) was analyzed (Table 8).
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Table 8: Elemental analysis of Al,O3 as received, Al,O3 pur. and Al,O3 bipur..

element Al,O3 as received, Al,O3 pur., Al,O3 bipur.,
mass% mass% mass%

C 0.186 0.112 0.0922

N 0.086 0.116 0.149

H 0.082 0.056 0.053

Na 0.36 0.48 0.4

K <0.12 <0.12 <0.25

The carbon content clearly shows that there are organic compounds mixed to the
Al,O3 powder confirmed by the DRIFT-spectroscopic investigation (Figure 21).
Parallel to the DRIFT-spectroscopy the carbon content is decreased with increased
washing of the powder. The organic compound is water soluble so that most of this
additive can be removed and only a small amount remains. The hydrogen content is
also decreased with increased purification. Before washing it is lower than the carbon
content, after the purification both values reach a similar level of 0.0922 mass% C
and 0.053 mass% H. The low and decreasing hydrogen content is attributed to
hydrogen in the organic compounds, so that the content is decreased during the
purification. But this also means that the Al,O3 contains only 388 ug/m? water and
that the drying after purification is successful, because the water content does not
increase much. The sodium and potassium content remain on the same level during
both purification processes, either because the sodium and potassium compounds
are not water soluble or the sodium and potassium are incorporated into the lattice of
the Al,Os. It was verified that there is no sodium or potassium contamination due to

the purification process.

The difference between the sodium value of the manufacturer (710~ %) and the
value determined in this work (0.4%) can be explained by contamination during
storage, but nevertheless both values are low. The powder can be classified as pure
with a confined purity of 99.166% Al,O3 for Al,O3 as received and 99.0558% Al,O3 for
Al,O3 bipur. using the data in Table 8.

Even without any surface modification this powder and the SisN4-powder have some
colloidal stability exhibited by a missing sedimentation of the diluted aqueous
suspensions. This is important for the further investigations. The Al,O3; consists of
methylene or methyl and carboxylic acid containing compounds (Figure 21), probably

milling additives which can be removed by washing with slightly acidified bidistilled
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water (pH=5). The DRIFT-spectra (Bruker, IFS 66, Karlsruhe, Germany, Figure 21)

demonstrate the removing of the contaminants to get the purified powders used here.

— AlQ, as received
— ALQ, purified

Absorbance

00 T T T T T T T T T
4000 3500

T T T T T T
3000 2500 2000 1500 1000 500
Wavenumber / cm™'

Figure 21: DRIFT-spectra of Al,O3 as received and purified.
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10.2.2. The {-Potential of the Al,O; Surface

According to {-potential measurements (Malvern Instruments, Zetamaster,
Herrenberg, Germany) the Al,O3 powder has an alkaline surface with a pHp,¢ of
approximately 8.8 (Figure 22). The deposition of poly-acrylic-acid (Mw=50000 g/mol)
and copoly-maleic-acid-alt-isobutene 29 (My=60000 g/mol) cause an acidic shiftl13

14] due to the carboxyl groups (Figure 23). The pHi, of the Al,O3 / poly-acrylic-acid
system is =3.3 and the pHiep Of Al,O3/ 29 is =5.4.

60
. m AL, as received, pH_, =8.5

50 ALO, bipur., pszc=9'1
0 & F gz _

30 - E B
20 1

_10_- u -
-20 L}

¢-Potential / mV

-30 1 n__
40 B |

-50 -

Figure 22: (-Potential measurement of Al,O3; as received and purified.
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Figure 23: {-Potential measurement of Al,O3; / 29 and Al,O; / poly-acrylic-acid.
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10.2.3. Surface Chemistry of the Al,O; Powder

The Al,O3 surfacel12, 161-163] consists of Al, AI-OH and Al-O-Al species as
illustrated in Figure 24.

Figure 24: Surface of a-Al,Os;.

Carboxylic acids bond to the basic groups of the a-Al,O3 surface. An electrostatic
attraction between the negatively charged carboxylate anion and cationic centers on
the Al,O3 surface leads to adsorption. The carboxyl group can bind as a ligand or

chelat ligand to the aluminum.
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10.2.4. Particle Size Distribution of Al,O;

The particle sizel116] is investigated with laser scatteringl164-167] (LS, Malvern
Instruments, Mastersizer 2000 with Hydro 2000M dispersion unit, Herrenberg,
Germany) during dispersion of the Al,O3 powder in water. A tip of a spatula of Al,O3
(=5 mg) is added under stirring with 2520 min™" to the liquid flow cell of the LS-
apparatus (pH ~ 8). The particle size is with d5p=52.9 um and the main peak at 60 um
high at the beginning (Figure 25), because of the presence of agglomerates. Stirring,
ultrasonification and increasing time destroy the agglomerates leading to a reduced
particle size (dso=174 nm, main peak 150 nm, Figure 26). This is in agreement with
the d5p=290 nm value provided by the manufacturer, if different dispersion conditions

are taken in account.

6 -
— ALQ, as received, after injection, d,,=52.9 ym
1—AL0, as received, after 5 min, d,;=35.2 ym
54
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Particle diameter / ym

Figure 25: Particle size distribution of Al,O3 as received after injection of the sample and after 5 min.
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150 nm

11 7 AlLQ, as received, after 15 min, 7 min ultrasound, d,,=183 nm
10 — AL O, as received, after 27 min, 5 min ultrasound, d,,=174 nm
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Figure 26: Particle size distribution of Al,O3 as received after 15 min, 27 min and ultrasonical
treatment.

The bipurified Al,O3 is also investigated with laser scattering (LS). To purify the
Al,O3, the powder is suspended two times in water (pH=5) and centrifuged. After
decanting and drying at 60 °C in an oven the Al,O3 forms a monolithic cake that is
ground in an agate mortar to a fine powder. The particle size distributions after the
purification process (dsp=232 nm, main peak 178 nm, Figure 27) and before (dso=174
nm, main peak 150 nm, Figure 26) are similar leading to the conclusion that the

purification has no significant influence.
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Figure 27: Particle size distribution of Al,O3 bipur..

Different theoretical models[169-167] can be used for the calculation of the particle
size distribution such as the Mie theory for smaller particles. The calculation with this
theory requires the complex refractive index of the analyzed material, that is the
regular refractive index (the real part of the complex number) plus the extinction
coefficient (the imaginary part), whereas for larger particles the Fraunhofer theory
should be used. This theory does not require material constants of the analyzed
substance. As a criterion for the size 40*A can be used (where A is the wavelenght of
the applied light, here A=632.8 nm, He-Ne-laser). So 40*A = 25 um. The particle size
distribution is calculated for Al,O3 (as received, after injection) using different theories
(Figure 28) which show no remarkable divergence in the result. There are only slight
differences in the range lower 5 um particle diameter and above the curves are
congruent. So the Mie theory is applied in this work, being suitable for small particles
and describing larger particles as well. Changes in the optical constants do not affect

the curve much. The constants for alumina are used in this study.
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Figure 28: Comparison of different theoretical models.

The particle size was also measured with DLS[122-128] a5 a second method using

an angle of 90°:

Table 9: Al,Oj3 particle size measurements by DLS.

measurement hydrodynamic

diameter / nm
1 234 + agglomerates
2 248 + agglomerates
3 262 + agglomerates
average 248

The data analysis was done with the Contin theory providing a hydrodynamic particle

diameter of 248 nm. The corresponding LS result is 174 nm, the producer’s value

290 nm.
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10.2.5. Shape and Topology of the Al,O; Particles

Figure 29-32 show four of the eleven SEM images taken from two samples of Al,O3
pur. (field emission SEM, Zeiss, DSM 982 Gemini). For preparation of the SEM
samples the alumina powder is dispersed in iso-propanol and the suspension is
ultrasonicated for 10 min (Bandelin, Sonorex Super RK 514 BH). After dropping the
suspension with a Pasteur pipette on the sample holder and evaporating the iso-

propanol, the SEM micrographs are taken.

In the SEM-resolution the surface of the particles is more or less flat (Figure 29, 30)
only sometimes showing steps and roundly shaped elevations on the surface (Figure
31, 32). The particles lie separately on the sample holder. Congruent to the LS
investigations the purification of the Al,O3; does not merge the particles and does not
affect the particle size distribution. As provided by the SEM images the smallest
particles have a diameter of 20 nm, the middle one of 200 nm and the largest one of
600 nm. Small particles are often attached to larger ones; the 20 nm particles cannot
be detected with LS because of their weak scattered light intensity. Agglomerates are
detectable in the particle size distribution of Al,O3 (Figure 25) directly after adding the
powder to water. According to the SEM investigation they do not consist of one large

particle so that an intense long term stirring or ultrasonical treatment destroy them.
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Figure 30: SEM image of Al,O; pur..
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11. Functionalization of the Powders

11.1. Attachment of MCT-B-cyclodextrin to SisN4

A commercially available B-cyclodextrin derivative is attached in a one-step reaction
to SisN4 ceramic powder making a multi-step derivatisation of the cyclodextrin
unnecessary. The cyclodextrin described as MCT-B-cyclodextrin is produced and
distributed by Wacker, Burghausen, Germany. It is a white and very well water
soluble compound. MCT stands for mono-chlor-triazinyl, the sodium hydroxyl group
and the positions are not expressed. Its full name should be 3-chlor-5-sodium-
hydroxyl-triazinyl-B-cyclodextrin. The number of 3-chlor-5-sodium-hydroxyl-triazinyl-
groups per B-cyclodextrin ring varies from molecule to molecule, the average value is
2.8. The positions where the triazinyl rings are attached to the cyclodextrin are not
defined. The 2-, 3- and 6-positions of the cyclodextrin are used for attachment. Which
and how many D-glucose units are used is also not defined. A very defined and
regioselective derivatisation of B-cyclodextrin will be presented in the following

chapters.

The SizsN4 powder was used without further surface modification and the MCT-3-
cyclodextrin 31 was fixed to the SizN4-surface in one step. These advantages are

accompanied by the loss of regioselectivity.

The molecular structure of 31 and its attachment to the SisNs-surface is as follows:

<Yj® — 0°1 N

ONa ONa

32
31

The reactions[168, 169] of the heteroaromatic triazinel170] ring with the CI-C=N
group, a N-heteroanalogous carboxyl chloride, are carbonyl reactions at the C-atom.

While the triazinyl reacts with the silanol groups of the SisN4—surface, the O- or O™-
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atom of the silanol group attacks the partly positively charged carbonyl C-atom and
forms a silyl ester. The carboxyl chloride can also be hydrolyzed in a side chain

reaction so that the chloro group is converted to an OH-group.

The reaction for the attachment of 31 to Si3sN, is carried out in two different ways. The
first is a reaction of 31 with SisN4 in an aqueous suspension at 67 °C by isolating and
drying the wet powder overnight at 40 °C in an oven. The moderate temperature and
the comparatively low water content of the drying paste avoid hydrolysis whereas the
long reaction time, the high concentration and the use of intense mixing of 31 support
the reaction during drying. It is called "reaction at 67 °C". In the second approach a
suspension containing SizN4, 31 and water is prepared for intense mixing of the
compounds. Most of the water is removed by evaporation at room temperature and
predrying is done for 2 h at 45 °C to start the reaction. At 145 °C for 10 min the
reaction is completed while the cyclodextrin resists temperatures up to 180-200 °C in
the dry state. This reaction is called "solid state reaction". The reactions are carried

out as follows:

2.44 g 31 are dissolved in 55 ml water (20 mmolar). 10 g SizN4 as received are
suspended and stirred overnight at 67 °C. The product 32 is centrifuged, washed and

dried overnight at 40 °C then crushed in an agate mortar.

12.2 g 31 are dissolved in 120 ml water. 50.0 g SisN4 are added. The suspension is
stirred, ultrasonically treated for 10 min and centrifuged. The wet precipitate is poured
into a crystallization vessel and predried at room temperature then dried for 2 h at

45 °C. Thereafter the temperature is raised for 10 min to 145 °C. For purification 32 is
resuspended in water, centrifuged several times, dried at 50 °C and finally ground in

an agate mortar.

The DRIFT-spectrum (Figure 33) is measured and the methylene region is zoomed in

(Figure 34), so that the signals can be seen.

The C-potential measurements are shown in Figure 35 and 36. They prove that 31 is
bonded to the SisNs—surface because the curve is slightly shifted to the basic region

due to the small amount adsorbed, the basic triazine ring cause the shift. The pHie, Of
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7.2 compared to pHiep=7.7 for 20 can be easily understood. One amino group causes
a shift similar to that of the triazine ring. The curve has a flat shape as expected. The

position of the curve is different from all the others, what is another evidence for the

attachment of 31.

5.0 4
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- MCT, 67°C
4.0 1 —— MCT, solid state reaction SitN
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1.0 —
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Figure 33: DRIFT-spectra of 32.
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Figure 34: Zoomed DRIFT-spectra of 32.
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11.2. Synthesis of Mono-6-amino-f-cyclodextrin

The synthetic route is as follows:

o)
1l HCOONH, ,
OH TosCl, CHS CN O“ﬁ‘@i N3 NH2 NH2 NHZ
CuS0, * 5 H,0 o) Na N, Pd/C

NaOH, H, O 4, 0. MeOH
native B-cyclodextrin 50°C, suspension 3

The two products 1 and 2 are prepared as described in literaturel171-1771 For the
conversion of 2 to 3 a direct hydrogenation with gaseous H; and 2 in an appropriate

solvent in an autoclave under increased pressure can be used as successfully done
in the group of G. Wenz[173]. Because initiation of the reaction failed sometimes, an
indirect hydrogenation method is applied, where hydrogen is donated in situ by

hydrazine or ammonium formate. The synthesis is based on L. Jicsinszkyl178]. In the

approach used in this work the isolation and purification is improved:

1 g Mono-6-azido-B-cyclodextrin 2 is suspended in 10 ml methanol under nitrogen,
cooled down to —20 °C and 2 g Pd/C (=50 % water content, 10 % Pd on C) are
added. There is no remarkable heat formation, so the reaction mixture is heated to
room temperature. 0.2 g of ammonium formate is added and heated to 50 °C at a
stirring speed of 700 rpm without reflux. There is no indication of a reaction by gas
bubbles. After three hours some drops of hydrazine hydrate are added. The reaction
is carried out for 18 h while the loss of solvent is compensated by adding of water.
During the entire reaction time there is no visible gas formation contrary tol178].
Probably because of the lowered amount of educts (a third of the amounts used
in[178], but the solvent being more than a third) all gas is dissolved. The suspended
2 settles down at the bottom of the flask. It is scratched with a spatula from the wall to
redispers it. But a complete reaction is detected by TLC with alumina sheets and an
iso-propanol-ethylacetate-water-mixture (1:1:1) using mono-6-azido-B-cyclodextrin 2,
B-cyclodextrin and heptakis-6-amino-f-cyclodextrin 9 as references. 2 provides two

spots. One by unreacted B-cyclodextrin at R; = 0.39 and one by 2 at Ry = 0.57
(Krauter[179] 0.49). The reaction mixture provides a spot by B-cyclodextrin
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(R; = 0.39) and by product 3 at R; = 0.29 (Krauterl179] R; = 0.39). There is no spot
from 2. 9 stays at the baseline, because it is too polar and the interaction with the

alumina too strong.

The reaction mixture is cooled to room temperature. The catalyst is filtered off with
regular filter paper, washed with cold and hot water (45 °C) and filtered with a

450 nm membrane. The solvents are removed by rotary evaporation and freeze
drying. The crude product is suspended in methanol to extract the ammonium
formate, the methanol is filtered off and the product is dried. 3 is dissolved in water.
The aqueous solution of mono-6-amino-B-cyclodextrin 3 has a pH of 6.8. When
adding an activated (OH" - form) strongly basic anionic exchanger (DOWEX 2X8), the
pH of the suspension is 9.3 after some hours. After filtration (450 nm membrane) and
washing the ion exchanger with water, the filtrate has a pH of 7.3. Then it is freeze
dried yielding 357 mg 3 (36.5 %).

L. Jicsinszky separates the catalyst by hot filtration with a paper filter and adsorption
to charcoal. The separation by filtration and membrane filtration has the advantage
that no product is adsorbed to the charcoal and that it is more effective. For the
isolation of 3 from ammonium formate L. Jicsinszky transfers 3 to the hydrochloride,
dissolves the formate in water and precipitates the hydrochloride of 3 by addition of
methanol. In this work the ammonium formate is extracted from the solid 3 with
methanol. The treatment with the ion exchanger ensures that 3 is obtained in the
reactive, neutral form suitable for nucleophilic substitutions (Sy2) and not in the

inactive ammonium form.

The product is azide free (IR, Figure 37). There is a strong signal from the azido-
group of 2 at 2101 cm™ as described in literaturel180]. Partially hydrogenated azido-
groups at 2043 cm™' do not appear inl180]. The azido signals disappear after
conversion to the amine 3. This is a hint for the reaction of 2 to 3. At 1640 cm™ B-CD,
mono-6-azido-B-cyclodextrin 2 and mono-6-amino-f-cyclodextrin 3 show signals of
OH-groups in the solid state. The NH»>-groups of heptakis-6-amino-p-cyclodextrin 9
show a signal at 1601 cm™, but not at 1640 cm™' solid state OH. Partially

hydrogenated azido groups or amino groups from 2 are also at 1601 cm™. A slight
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shoulder at 1601 cm™ in the spectrum of 3 derives from amino functions, an evidence

for the formation of the amine 3.
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Figure 37: DRIFT-spectra of 6-NH,-3-CD 3, 6-(NH;);-B-CD 9.
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11.3. Epoxidation of SizN4

This chapter describes the epoxy-functionalization of SisN4. Native cyclodextrins
have many hydroxyl groups that react similarly but that are not very reactive. For a
defined reaction the functionalization of the cyclodextrins is important, so the
cyclodextrin is activated and a discrimination of the hydroxyl groups is induced. The
reaction partner of the cyclodextrin should also be selective. If both conditions are
satisfied, a defined reaction is achieved. Otherwise side reactions like

oligomerisations are present.

The epoxy group of 5 reacts predominantly with the amino group of mono-6-amino-§-
cyclodextrin 3. The reaction with water and hydroxyl groups of -cyclodextrin is very
slow. This leads to a defined reaction between 3 and 5. Another way is the
silanisation of 3 with 4 followed by the fixation to SisN4. The cyclodextrin is prepared
so that it can be bonded to SizN4 ceramics in one step. This sounds very promising,
but it has some disadvantages. Not only the epoxy terminus reacts with the amino
group, the silanol terminus of 4 formed after hydrolysis of the MeO-groups reacts with
amino groups under formation of a cation-anion-pair, too. The silanol part can also

react with the OH-groups of the cyclodextrin causing an oligomerisation of 3.

Reaction pathway:

OH
n-heptane |
OH + Meo), s " o7 N —— @ O_?‘MOW
o) 24 h
4 RT OH 5

5 g SizN4 are suspended in 57 ml n-heptane (Aldrich) in a 250 ml single neck flask.
390 ul (3-glycidyloxypropyl)-trimethoxysilane (2,3-epoxypropyl-propyl-ether)-
trimethoxysilane, Fluka) 4 are added and stirred with a magnetic stirrer at room
temperature for 24 hours. The suspension is centrifuged at 4000 min™' for 12 min.
The solvent is decanted and the precipitate is washed (redispersed) twice with 50 ml
n-heptane and centrifuged. The supernatant solution is decanted and the product is
dried for 12 h under regular pressure at room temperature and then for 2 hiin a

vacuum chamber at room temperature.
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Figure 38 shows the DRIFT-spectrum. CH.- valence vibrations (2936, 2869 cm™")
prove that the silane is attached to the surface. SisN4 itself has no organic
contamination at the surface since there are no signals typical for organic compounds

detectable in the DRIFT-spectrum.
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Figure 38: DRIFT-spectrum of epoxyfunctionalized Si;N4 prepared in heptane.

The hydrolysis of the epoxy group in 5 is slow. 5 is prepared as described above.
This time n-hexane is used as a solvent and a higher concentration of 4 is applied.
Two DRIFT-spectra are taken with a time distance of 14 days (Figure 39). The epoxy
group can be seen at 3053 and 3002 cm™ close to the methylene vibrations. It is
shifted to higher frequencies because the three membered ring tightens the bonds.
The two spectra are exactly the same (CO,-signal excluded). 5 was stored and
measured in air. The intensity of the epoxy signals does not decrease. This means

the epoxy group does not show significant hydrolysis under these conditions.
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Figure 39: Hydrolysis of 5.
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11.4. Immobilization of Mono-6-amino-B-cyclodextrin on

Epoxy-functionalized SisN4

For the immobilization of mono-6-amino-B-cyclodextrin 3 on epoxy-functionalized
Si3Ng4 5 the following reaction is used.

NH, DpmAc,

e 8 EG Ty

The total mass needed to cover the SisN4-surface completely with a cyclodextrin
monolayer is calculated on the basis that the required space for one cyclodextrin of a
close packing is a square of 1 nm side length (1 nm? area) according to the circle

shaped bottom side of the cyclodextrin (Figure 40).

Figure 40: Required space for a cyclodextrin of a close packing.

The SizN4-ceramic powder has a specific surface area of 12.7 m2/g. On 1 g SisNy
n=12.7 m?/ 107'® m? cyclodextrin molecules can be adsorbed. m=n/Na*M provides
the mass of a monolayer with Na as the Avogadro constant (6.023*10%) and M as
the molecular weight of the cyclodextrin 3 (1134 g/mol). 23.9 mg 3 form a monolayer
on 1 g SisNg4. In the following investigation mono-6-amino-f-cyclodextrin 3 is bound to
5 and the adsorbed amount is measured. This gives information whether 3 is bound
or not, the amount in mg and as percentage of the total amount. The desorption
properties are also investigated. They provide information about the power of the

binding of 3 to the surface.

1.000 g 5 are given into a centrifuge tube. 15.0 mg 3 are dissolved in 3.0 ml DMAc.

For complete dissolution 10 min are needed to get a colorless, transparent solution.
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The solution of 3 is added to 5 and stirred at room temperature for 24 h in the
centrifuge tube. The system is centrifuged at 4000 min™ for 30 min. The centrifuge
tube should not get any mechanical shock because 6 is easily redispersed. 1 ml of
the overstanding solution is taken into a 1 ml syringe with a long canula. The volume
of the overstanding solution is measured by pouring it into a cylinder. The rotation

angle is measured and the mass is calculated (Table 10).

3.0 ml water are added to the precipitate 6. The system is redispersed by stirring with
a spatula for 10 min, centrifuged, 1 ml is taken into a 1 ml syringe and the remaining
volume is measured. The rotation angle is measured. The powder is dried in a
vacuum chamber at 40 °C and ground in an agate mortar. The results are described
in Table 10.

Figure 41 shows DRIFT-spectra of 3 on SisNs,—powder. As indicated by the
measurement of the adsorbed mass (Table 10), there are no methylene vibrations for
the non-epoxyfunctionalized system (SisN4 + 3). Only 8.5% (Table 10) of 3 bind to
unmodified SisN4, whereas 17.3% (Table 10) of 3 bind to 5. 6 does not have higher
methylene signals than 5. Either the adsorbed amount of 3 is too low to be detected
with DRIFT, or a small amount of the epoxysilane 4 is dissolved and 3 is bound so
that in the result the methylene signal is constant or decreases, if more of 4 is

dissolved than 3 bound to 5.
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Figure 41: DRIFT-spectra of mono-6-amino-p-cyclodextrin 3 on Si3Ny.
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Figure 42 shows 5 after stirring in DMAc and washing with H,O under the same

conditions as described above for the fixation of 3 but without 3. It is obvious that no

silane is removed in contrast to a long stirring in water (Figure 43).
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11.4.1. Ad- and Desorption of Mono-6-amino-p-cyclodextrin on
Unmodified Si3N,4

As a reference experiment it is checked whether mono-6-amino-B-cyclodextrin 3
adsorbs also on unmodified SisN4. The blind adsorbed mass not bound or adsorbed

to epoxy groups is measured.

15.0 mg mono-6-amino-f-cyclodextrin 3 are dissolved in 3.0 ml (2.82 g) DMAc in a
centrifuge tube. 10 min are needed for complete dissolution. 1.000 g SizN,4 are added
and dispersed, then stirred with a magnetic stirrer for 12 h and centrifuged

(3000 min™', 30 min). The volume and rotation angle of the solution is measured.

For the investigation of the desorption 3.0 ml water are added. The powder is
dispersed, centrifuged and the rotation angle and volume are measured. Table 10
shows the results. The total amount of 3 that is included by the precipitate is called
"trapped" amount. The precipitate contains solvent in which some 3 is dissolved. This
amount is called "in solvent". "Bound" is called what is bound to the solid surface of
Si3N4. The number of decimal digits does not represent the accuracy of the
measurement. They are used for the calculation, the first digit after the decimal point

in the result is valid.

Table 10: Ad- and desorbed mass of 3 on 5.

6-NH; - B- conditions trapped bound in solvent
cyclodextrin 3
15.0 mg 3.0 mIDMAc, 3.10mg 1.27 mg, 8.5% 1.83 mg
1.000 g Si3N4
as received
Desorption 3.0 ml H,O 0.64 mg, 4.3% 2.46 mgin
3.1 ml H,O
15.0 mg 3.0 mIDMAc, 4.81mg 3.68 mg, 24.5% 1.13 mg
1.000 g
epoxy SizN4
Desorption 3.0 ml H,O 2.66 mg 2.59mg, 17.3% 0.07 mg

The measurement shows that 3 binds to 5. A blind adsorption of 3 to SizN4 is
recognized. By redispersing in water a part of 3 is dissolved from the ceramics. About

a quarter of the total amount is adsorbed by 5. The influence of the epoxysilane 4 on
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the adsorption of 3 can be clearly seen. 5 binds more (2.88-fold) 3 than SizNs4. 3 is
only loosely adsorbed to SisN4. So a large amount is desorbed by redispersing in

water.
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11.5. Immobilization of Heptakis-6-amino--cyclodextrin on
Si3N4

B-Cyclodextrin with seven amino groups at the 6-position 9 (one at each D-glucose
unit) is a proper derivative for fixation on epoxyfunctionalized SizN4 5. Because of
these seven amino groups per cyclodextrin compared to one in mono-6-amino-f-
cyclodextrin 3 there should be a better reactivity with 5. But the disadvantage of 9 is
that the formation constant of complexes is much lower than for 3. The synthetical

pathway for the synthesis of 9 is as follows.

N 9’ NH,
1,/ PPh, 7 Nan, . Pd/C .
—_— —_— —_—
native (3-cyclodextrin 7 8 9

The attachment of 9 to SisN, was described byl181-184] in the following way.

toluene |
10 min
60° c OH 5
(I)H H NH
. /\/\ 2
O SI/\/\O/\<I H O O 5|‘,. (e
RT 24 h OH OH

De Paolil183] prepared 10 as follows:

"0.5 ml (3-Glycidyloxypropyl)-trimethoxysilane are dissolved in 50 ml toluene. 0.8 g
Si3N4 ceramic powder are suspended in 50 ml of this mixture and stirred for

10 minutes at 60 °C. The suspension is filtered and washed three times with fresh
toluene. The ceramic powder is dried for 24 h in a vacuum chamber, then added to

an aqueous 10 mass% heptakis-6-amino-f-cyclodextrin solution (pH 7) and stirred
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for 24 h at room temperature. The suspension is filtered, washed three times with

distilled water and dried for 24 h in a vacuum chamber at room temperature."

9 is not soluble in water, DMF and DMAc according to this work; it is probably

suspended in water during reaction with 5[185]. The DRIFT-spectrum (Figure 43)
shows the reaction takes place. The mono-amino derivative 3 is very well soluble in
water. The one amino group increases the polarity and makes the molecule more
hydrophilic. The solubility is improved compared to the native B-cyclodextrin. At first
glance 9 should have a higher solubility because of the seven amino groups. But it is
just the other way round. Because of the full substitution at the 6-position the
symmetry is enhanced and the polarity is decreased. The insolubility does not allow
to do measurements of the adsorbed mass, because this method requires soluble
cyclodextrins. The DRIFT-spectrum shows that a higher amount of 9 is bonded to 5
(0.1 absorbance units, methylene 2940 cm™, the baseline substracted) than of mono-
6-amino-B-cyclodextrin 3 (0.0 absorbance units, Figure 42, corresponding to

3.7 mg 3/ g). The surface coverage of 3 is only 15% of a monolayer (23.9 mg/g), but
even this amount changes the colloidal behavior into the desired direction (see
chapter 12.2.). The thesis above proposes that the higher number of amino groups
increases the reactivity which is verified by the adsorbed amount, but it does not

mean a better crosslinkage of the particles.
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Figure 43: DRIFT-spectra of 5 and 10

SisN4 has no methylene-containing contamination (no peaks at 2930, 2890 cm™).
Epoxidation in H,O is successful. But stirring for 24 h in water dissolves silane
(decreasing intensity of methylene signals). Preparation of 10 without 4 and 9
(treatment of SisN4 with toluene and H,0) yields SizN4 with the same DRIFT-
spectrum as for SisN4 as received. Toluene and water is completely removed by
drying for 12 h in a vacuum chamber at room temperature. So peaks at 2924 and
2889 cm™ in spectrum of 10 derive mainly from cyclodextrin 9 and in a minor part

from epoxysilane 4. Influences of solvents are excluded.

The C-potential of 10 and reference systems are investigated. The following diagrams

show the results (Figure 44, 45).
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The pHpc of 10 is with 9.8 clearly basic and different from the other systems. The
seven amino groups of 9 cause the strong pH shift into the basic region. This proves
the stable bonding of 9 resistant to the ultrasonical treatment and to strong dilution.
The aminofunctionalized SisN4 20 has a mildly basic pHp,c of 7.7. The amino group

causes this shift being lower than for 10 because there is only one amino group. For

comparison unmodified SisN4 has a pH,,. of 4.9[160, 186, 187] The two SisN, curves
for the pHy,c have nearly the same position. They are very flat and do not show high
positive values for the pHp,c. 20 has a steeper curve with higher positive values
shifted to the right. 10 has a very steep curve, the high positive values lie on a
horizontal line leading into a step at the pH,,.. The change of the curve shape is
similar to an acid base titration. The titration of a weak acid with a weak base
provides a flat, rounded curve. The titration of a weak acid with a strong base
provides a step-like looking curve where the inflection point can clearly be detected.
The titration of a strong acid with a strong base provides a well step shaped curve.

The step is located at the inflection point.

10 does not sediment during 12 h (Table 11) according to observation of the aqueous
stock solutions for ¢-potential measurement (10~ mol/l KNOs, 2 mg powder in 500 ml
bidistilled H,0).

Table 11: Sedimentation behavior of 10.

system sedimentation pH
Si3N4 no 4
10 no 8
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11.6. Ad- and Desorption of Poly-3-CD on

a-Al,03; Powder Ceramics

11.6.1. Synthesis of Poly-B-CD and Attachment to the

a-Al,0;-Powder-Surface

In the chapters above the immobilization of cyclodextrins on SizN4 powder surfaces
was demonstrated, here the bonding of cyclodextrins to Al,O3 powder surfaces will
be investigated. The mechanism of the attachment of the cyclodextrin to the Al,O3

surface will be explained. After presentation of the synthesis and consitution of the

cyclodextrin containing polymer the adsorption of the cyclodextrin polymer will be

described.

In this approach the cyclodextrin containing polymer is ionically bound to the Al,O3
surface, whereas at SisNy4 it is covalently bonded to the surface. In this case the -
cyclodextrin is attached to a polymer backbone as a side chain. The polymer has
another side chain consisting of a carboxylic acid group as the anchoring group to
the Al,Os—surface. The surface of Al,O3 has basic groups to which the carboxylic
acid can be bonded. Beside that an electrostatic interaction between the negatively
charged carboxylic acid group and cationic centers on the Al,O3 can also be a reason
for the adsorption. The carboxylic group binds as a ligand or chelat ligand to the
aluminum and forms complexes like the hydroxo-complexes. The attachment of the
cyclodextrin to the Al,Oj3 is achieved in one step. The polymer is dissolved in water

and the Al,O3 is added, so that a surface modification of the Al,O3 is not necessary.

The reaction pathway is depicted below. Synthesis of poly-$-CD 14
(Mw=76000 g/mol, My of backbone 60000 g/mol) is developed in[188] (14 is named

as 4d). One D-glucose ring of the B-cyclodextrin is regio and stereo selectively
deprotonated at the 2-position. The molecule represents an alkanol anion. So the
B-cyclodextrin is activated for further synthesis. The polymer backbone is a
copolymer consisting of isobutene and maleic acid anhydride as monomers. The two
monomer units alternate strictly in the copolymer. The maleic acid anhydride ring is

the reactive unit in the copolymer. The anhydride is an activated carbonyl. The O™ of
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the B-cyclodextrin attacks the carbonyl C-atom of the anhydride and opens the ring.
The remaining molecule is an ester, the product is hydrolyzed to open unreacted
anhydride rings. The retained carboxylic group works as an anchor group to Al,O3

ceramics as mentioned above.

)\+ﬂ m
OOO O )
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1 12
Oli Lo (]
O +LiH 1)+12
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+ > O O
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For adsorption of 14 to Al,O3 1.000 g a-Al,O3 bipur. are suspended in 4.0 ml H,O
and ultrasound is applied for 10 min yielding a pH of 5.0. 10 mg 14 are dissolved in
6 ml H,O. The pH is adjusted from 6.3 to 4.8 by addition of 75 pl diluted HCI. A
solution of 14 is added in small portions to the Al,Os—suspension. During 10 min of
reaction pH is kept at 5 by addition of 100 ul diluted HCI. The reaction mixture is
centrifuged and the overstanding solution is analyzed (Table 12). To the remaining
solution 1.000 g a-Al,O3 bipur. are added and the adsorbed mass of 14 is measured

as described in chapter 11.4.. To investigate the desorption properties of 14 10 ml
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H,0O are added to the Al,O3 precipitate of the first adsorption. The suspension is

stirred for 5 min, centrifuged and analyzed.

The expressions "trapped", "bound" and "in solvent" ("in H,O") are explained in the
chapter 11.4.1.. The statements related to the number of decimal digits are also valid

for this investigation.

Table 12: Ad- and desorbed masses of 14 on Al,Os;.

conditions trapped bound in H,O

1! adsorption 1 g Al,O3 bipur., 10.175 ml 6.6 mg 5.7 mq, 0.91 mg
H,0, 10 mg 14, 0.1%, pH=5 57%

2" adsorption 1 g Al,Os bipur., 6 ml H,O, 1.9 mg 1.8 mg, 0.1 mg
2.5mg 14, 0.042%, pH=5 72%

Desorption of 10 ml H,O 6.1 mg 5.9 mg 0.2 mg

1*! precipitate

14 adsorbs to Al;O3 as confirmed by the DRIFT-spectrum (Figure 46, 47). In the first
adsorption with a 0.1%-solution 57% of the total (10 mg) 14 are adsorbed, in the
second with a 0.042%-solution 72% of the total (2.5 mg) 14 are adsorbed. 14 has a
significant affinity to the Al,Os-surface. In the second adsorption experiment the
concentration and volume of the poly-B-CD solution is lowered to about half. The
amount of Al,Oj3 is kept constant. The relative adsorbed amount in % should
increase, because more Al,Os-surface is available in relation to 14 compared to the
first adsorption. This should draw the balance of the reaction to the side of the
products (right side) which is proved by the increased adsorbed amount. This
phenomenon is investigated by DRIFT in the following paragraphs coming to the
same results. The desorption measurement shows that nothing of 14 is desorbed by
redispersing in water, a result to be looked at warily, but it shows that a small amount

is desorbed concluding that 14 has a high affinity to the Al,Oz—surface.

In an alternate preparation the concentration of poly-p-CD 14 in water is increased.
The mass of Al,O3 is lowered as well as the total surface area to enlarge the
attached amount whereas the volume of solvent is low to increase the probability of
collision of 14 with the surface. 50.5 mg 14 are dissolved in 1 ml phosphate buffer
(pH=7.2) in a small centrifuge tube. The dissolution process is slow and runs

overnight yielding a low viscous solution (200 mPa s, water 1 mPa s), where
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505.5 mg a-Al,O3 are added. During the reaction time of 40 min the suspension is
shaken several times. After its centrifugation at 4000 min™" for 20 min the
supernatant solution is decanted and the precipitate is dried at 60 °C in an oven with

circulating air. The DRIFT-spectrum is shown in Figure 46 and 47.

The high intensity of the methylene signals (0.1 absorbance units) shows that 14 is
fixed to the surface and indicates a larger adsorbed amount than for copoly-maleic-
acid-alt-isobutene 29 (alt=alternating, 0.01 absorbance units, 7 mg/g). The adsorbed
amount increases with the concentration of the solution (5% for 14, 0.071% for 29). In
this range the Al,O3 is not saturated and can take up more substance while the
cyclodextrin torus does not hinder the adsorption of 14. Some of the carboxylic
groups are protonated (carboxyl, 1700 cm™), some deprotonated (anion, 1573,

1397 cm™).

ALO, / poly-B-CD 15, high conc., buffer pH=7.2 1397, -COO™ 1374, -CH,

71 ALO, / copoly-maleic-acid-isobuten
1 s y ‘MQ"W

1.0

0.9 H

0.8 - 1700, -COQH \
1 1470, -CH,,

0.7 - -CH,

1573, -COO™
0.6

Absorbance (.5 _
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0.3 ]
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0.1 1
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Figure 46: DRIFT-spectra of 15 and Al,O3 / 29.
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Figure 47: DRIFT-spectra of 15 and 29 on Al,O3; compared to Al,Os.

Copoly-maleic-acid-alt-isobutene 29 (Myw=60000 g/mol) is equally deposited as poly-
B-CD 14 (My of the polymer backbone 60000 g/mol). The amounts are chosen as
follows: 5.00 g Al,O3, 35.5 mg copoly-maleic-acid-alt-isobutene 29, 50 ml H,O. 29 is
easily dissolved in water, the retained solution having a low viscosity (=50 mPa s).

The structure formula is depicted below.
HO o]
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11.6.2. Adsorbed Amount of Copoly-maleic-acid-alt-isobutene

Copoly-maleic-acid-alt-isobutene 29 (alt=alternating) is the polymer backbone of
poly-B-CD 14. It can be used as a model substance for the adsorption of 14 on Al,O3
in order to investigate the influence of the cyclodextrin torus on the adsorption. As 29
is not a chiral compound the adsorbed amount cannot be measured by rotation angle
measurement, but by acid base titration. The adsorption of 29 onto Al,O; is carried
out with a defined amount of 29. After centrifugation the supernatant solution is taken
and the remaining amount of 29 is measured, the difference to the total amount is the
bound amount. The conditions like masses and concentrations used in both methods
— angle of rotation measurement and acid base titration — are equivalent thus

allowing a comparison of the results of both methods.

The pH of the aqueous solution that is analyzed is adjusted with HCI-solution to 2.
The pH is controlled with a pH-meter (WTW, pH 535 Multical). A small amount (10-
100 wl) of a 0.1 or 0.01 molar NaOH-solution is added and the pH is measured.
During this procedure the pH value should be increased in small steps especially in
the range of 7. In this range only small amounts (10 pl) of the 0.01 molar NaOH
solution should be used because small amounts of OH™ cause a strong change in the
pH. The titration is done until a pH of 12 is reached. For calibration three solutions
with different amounts of the substance or a model substance are prepared and
analyzed, the titration curves for the calibration are plotted (Figure 48) and the first
derivative is calculated numerically (Figure 49). The derivative curve has two maxima
if the weighed mass for the substance is higher than zero, their distance is the differ-
ence between the x-coordinates being proportional to the weighed mass. If the
weighed mass is zero, the distance is zero, too and this means there is only one
maximum. The weighed masses are plotted versus the distances. The curve (Figure
50) should be a line that runs through the origin of the coordinate system. The
analytical function (line function) provides the relation between mass and distance.
The titration curves for the analyzed unknown masses are also plotted (Figure 51)
and derived (Figure 52-55). After reading the distance of the maxima mass is

calculated with its line function.
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Figure 49: First derivative of the titration curves for calibration.

85



Figure 50:
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Figure 51: Titration curves after adsorption of 29 on Al,O; and washing.
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Figure 52: First derivative of the titration curve for the supernatant solution after adsorption of 29.
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Figure 53: First derivative of the titration curve after the first washing water of 29.
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Figure 55: First derivative of the third washing water of 29.
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Table 13: Ad- and desorbed masses of 29 on Al,Os;.

after adsorption ~ 1%'washing 2" washing 3" washing
in50mlH,O 0.0 mg 56mg, 16% 7.69mg, 26% 3.87 mg, 17%
bound 35.5 mg, 100% 29.9 mg 22.21 mg 18.34 mg

Table 13 shows the results of the measurement of the ad- and desorbed masses with
acid base titration: The total weighed mass is 35.5 mg; 29 adsorbs on Al,O3 having a
good affinity to it. 100% of 29 are adsorbed in the first step, but only 57% of poly-p-
CD 14 are adsorbed on Al,O3 (see Table 12). If Al,O3 / 29 is washed with water,
approximatively 20% of the bound amount is dissolved again. Only the parts of 29
that are directly attached to the Al,Os-surface are tightly bonded, the outer molecules
of 29 are loosely bound and can be dissolved. If the concentration of poly-p-CD 14 is
lowered, 72% are bound (Table 12) meaning the bound mass of 14 is significantly
lower than the bound mass of 29. The cyclodextrin torus hinders the adsorption of 14
on Al,O3; compared to 29. The desorbed mass of 14 is zero concluding that 14 is
strongly bonded to the surface. There are no outer layers as in 29 that can be

dissolved again.
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11.7. Synthesis of Iso-cyanatofunctionalized Si;N4

The reaction scheme for the iso-cyanatofunctionalization (-NCO, -N=C=0) is as

follows:

OH
|

OH + (@087 " nco T O_?i/\/\Nc:o
17 OH

18

The silicon nitride is used without further purification because there is no DRIFT-
detectable contamination (Figure 38) and the elemental analysis does not show
noticeable amounts of other elements. n-Hexane is used as a solvent. The non-
aqueous solvent has the advantage to decrease the hydrolysis of the isocyanato

group compared to water as solvent. It is undried since the small water content of n-

hexane works as a catalyst for the silanisation reaction[189]. The ethoxy group of 17

is converted by water to a hydroxyl group reacting with the silanol groups of the

SisNs—surfacel190].

The synthesis is carried out as follows: 2 ml 1-tri-ethoxy-silyl-3-isocyanato-propane
17 (density 1.002 g/ml; Fluka, Switzerland) are added to 50 ml n-hexane in a
screwable beaker, yielding a turbid, slightly brown suspension. 3.00 g SisN4 are
suspended in this mixture and stirred in the closed beaker for 20 h at room
temperature. The product covers the inner surfaces of the beaker as a loose
sediment. It is isolated by centrifugation with a table centrifuge at 3800 min~" for

15 min. The transparent and colorless supernatant solution is decanted and the
remaining residue is washed twice with 40 ml n-hexane at a time as described above.
The n-hexane is allowed to evaporate at room temperature for several hours. Then

the material is ground in an agate mortar yielding 2.66 g of 18.

A DRIFT-spectrum is collected in Figure 56 (1%).
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Figure 56: DRIFT-spectra of 18 and 20.

A second reproducible spectrum is measured from 18 22 days later (Figure 56, 2"%).
As the methylene (2930 cm™)- and the hydroxyl (3350 cm™)-signals are decreased,
there is a continual loss of isocyanatosilane by evaporation (0.15 absorbance units,
-CH,, 1% 0.025 abs. u., —CHj, 2"% 0.15 abs. u., -OH, 1% 0.05 abs. u., -OH, 2").
Compared to the aminosilane (0.2 abs. u., -CH,, 1% 0.11 abs. u., -CH,, 2"%) the
adsorbed amount is significantly lower. In the first spectrum of 18 there is a small
NCO-signal (0.01 abs. u.) that disappears in the second spectrum showing that the
NCO-group is hydrolyzed before the first measurement and between the first and
second. The CONH-signal at 1635 cm™ is increasing from the first to the second
measurement, a hint for carbamic acid as an intermediate product in the hydrolysis
reaction of the NCO-group. No amino groups are detectable. Either the carbamic acid
is not hydrolyzed to the amine or the intensity and sensitivity are too low. In summary

the hydrolysis of 18 with time is depicted in the following scheme:
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1-Tri-ethoxy-silyl-3-isocyanato-propane (= tri-ethoxy-(3-iso-cyanato-propanyl)-silane)
17 can be attached upside down, so that the iso-cyanato group is attached to the
SizN4—surface and the silanol groups protrude into the solution. The following scheme

illustrates this:

OH + (BO.,9 "o @ OH- - - ’0=C=N/\/\S(0Et)3 24
17 \ )(L
O NTs(om), 25

A hydrogen bridging bond between the H of the silanol of the SizN4-surface and the O
of the carboxy group are the binding force in 24. An approach of the silanol-O-atom
to the carboxy-C-atom leads to the silylurethane 25 in a carbonyl reaction. The tri-
ethoxy groups are hydrolyzed to tri-silanol groups[189, 190] available for further

reactions.
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11.8. Synthesis of Aminofunctionalized Si;N4

The reaction for the aminofunctionalization (-NH,) is as follows:
I
OH + (0,87 TN, @ g
19 OH

For synthesis 2 ml 1-Amino-3-(tri-methoxy-silyl)-propane (= (3-aminopropyl)-tri-
methoxysilan, Fluka, density 1.016 g/ml) 19 are suspended in 50 ml n-hexane,
retaining a colorless slightly turbid suspension. Undissolved 19 remains at the bottom
of the vessel as a bubble. Other parts of 19 stick to the glass wall of the pipette. Then
3.00 g SisN4 are added. The reaction is stirred in a sealed beaker at room
temperature for 19 h 30 min and centrifuged at 3800 min~" for 15 min. The
supernatant solution is decanted and the precipitate is washed twice with 40 ml n-
hexane. After the second washing the supernatant solution is clear and colorless

meaning every undissolved parts of 19 are removed. The yield is 3.11 g of 20.

During the preparation some Si3Ny is lost (*300 mg per 3.00 g SisN4). The yield of
coated Si3Ny is higher than its educt amount meaning a large amount of 19 is fixed
on SisN4. The DRIFT-spectrum reveals the same result (Figure 56). A second
reproducible DRIFT-spectrum is taken 22 days later. During this time the intensity of
the methylene signal is decreased as well as the adsorbed amount concluding that
19 is partly evaporated. The molecules that are directly attached to the SizN4-surface
have a stronger interaction (covalently bonded or ionically) than the molecules in the
outer sphere which are loosely attached to the others. The adsorbed amount of 19
(0.11 abs. u., -CH,, 2" is higher than that of the iso-cyanatosilane 17 (0.025 abs. u.,
-CHjy, 2"). There is a big bulb in the spectrum due to OH-groups of water, the surface
layers trap a lot of water that evaporates. The amino groups are clearly detectable
(3350, 3287, 2191, 1480, 1384 cm™ in spectrum of 20 in Figure 56). As an additional
view of Figure 56 the signals are labeled in Figure 57. The amino groups do not
appear in the spectra of SisN4 (Figure 38) or the other compounds, so they derive
from the amino group of the aminosilane. The amino groups are partly protonated by

protons of H,O or of silanol groups. The signals for the amino groups are shifted to
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lower energies (frequencies, wave numbers). The amino groups are bridged either by

the solid surface, water or other amino groups.

1.0 7 . . . nd
Si,N, / aminosilane 20, 2
097 ——siN, / isocyanatosilane 18, 2
084 -NH," solid
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Figure 57: DRIFT-spectra of 20 and 18, same as Figure 56, but with labeled signals.

Additionally another way of attachment must be considered: The amino silane could

also be attached upside down to the SisNs—surfacel191]. After hydrolysis a silanol

group is protruding into the solution. The scheme illustrates this:

H
- |,
o+ (W0,sT N, ‘o H—ITI/\/\S(OMe)S
19 H 27
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12. Interaction of Ceramic Particles

12.1. Covalent Interaction of SizN4s-Powder-Particles

The crosslinkage of the iso-cyanatofunctionalized SizN4 18 with the amino-
functionalized SizN4 20 will be investigated. The crosslinking reaction of 18 with 20
yield a gel. Due to the crosslinking the rheological parameters like the storage
modulus G’, the loss modulus G” and the viscosity are changed. These changes
prove that the crosslinking reaction took place. First the reactants 18 and 20 are
characterized by C-potential measurements in water to retain (pH). The changes of
G’, G” and the viscosity should clearly be ascribed to the crosslinkage and not to
flocculation of oppositely or uncharged particles. To exclude this a pH value (pH=9) is
selected for the suspensions of 18, 20 and the gels, where the {-potentials are
slightly negative (-12 mV) and have a similar value. So the interparticle potential of 18

and 20 is repulsive.
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Figure 58: C-Potential of 18, 20 and SizN, in water.
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The sample preparation for 5 ml of a 20 vol% gel is described as follows, the total
volume (5 ml) is kept constant for every volume fraction: 1.72 g 18 (10 vol%) and
1.72 g 20 (10 vol%) are weighed in a small beaker corresponding to 3.44 g ceramic
powder of 1 ml volume. 3.5 ml bidistilled water with a pH of 10 is filled into a small
screwable beaker. Both powders are alternately added in portions by stirring with a
spatula. Before the addition of the last portions, the pH is drawn to 10 again by the
addition of 250 ul NaOH solution. This lowers the viscosity because of the increased
surface charge and supports the mixing and homogenisation of the components. The
sample is ultrasonicated for 15 min while cooling with an ice bath to suppress heating
of the sample. The pH is adjusted to 9 with 250 ul NaOH solution so that 4 ml water
(80 vol%) are added in total. The pH has to be checked several times and is adjusted
to 11 during the preparation of samples with a higher volume fraction. Dependent on
the viscosity the suspensions are injected into the rheometer by a syringe or a

spatula.

The rheological investigations were performed with a dynamic stress rheometer from
Rheometrics using cone plate geometry. The cone diameter was 40 mm, the cone
angle was 0.039 rad and the gap between cone and plate was 53 um. The
temperature was kept constant at 20.0 °C and evaporation of water was suppressed
by housing the cone. The oscillation frequency was 1 rad/s=0.15 Hz in the dynamic
measurements. The steady measurements of viscosity versus shear rate were

directly carried out after the oscillatory ones.

The functions of the storage modulus G’ and of the loss modulus G” versus the
stress t are plotted in Figure 59. G'(tr) and G"(t) are not time dependent (Figure 59)
meaning no reaction occurs during this time period. The time of the beginning of the

first measurement of the first sample is set as zero.

The storage modulus G’ expresses the solid state properties of the sample, the loss
modulus G” represents the liquid properties. The point in the plot of G’(tr) and G”(r)
where G’ crossed G” is called cross-over or transition. As expected the stress values
of the first transition, G' and G" at the viscoelastic plateau (left, horizontal part of the
curves) increase with the volume fraction (Figure 60). This is congruent to the

increasing viscosity with increased volume fraction. 18 and 20 as reference systems
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have a viscoelastic plateau at 10° Pa, that is more or less independent from the
volume fraction. Contrarily the viscoelastic plateau of the gel ranges from 10" to
nearly 10° Pa, which is higher than that of 18 and 20 (Figure 61 and 62). The
reference systems 18 and 20 exhibit a transition stress of 10? Pa. The transition of

the gels varies from 107" to 10° Pa.

A G, Gel, 28 vol%, pH=9,
1% sample, 1 measurement, 0 min
106 o G
A G, 1% sample, 2™ measurement, 10 min
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Figure 59: G'(t) and G"(t) in dependence of time for a 28 vol% gel of 18 + 20.
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Figure 60: G'(t) and G"(t) in dependence of the volume fraction for gels of 18 + 20.
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Figure 61: G'(t) and G"(t) for suspensions of 18, of 20 and for gels of 18 + 20 from 20 to 28 vol%.
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Figure 62: G'(t) and G"(t) for suspensions of 18, of 20 and for gels of 18 + 20 from 35 to 37.6 vol%.

G’ of the 28 vol% gel has a minimum at a shear stress t of 12 Pa. This minimum is
not present in the curves of the reference systems (Figure 61). At t=40 Pa the 25 and
28 vol% gel exhibits a second cross over missing in the reference systems. Right to
the transition of 18 and 20 in Figure 61 G" and especially G' decrease whereas both
moduli of the gel sustain on the same level. Summarizing, the curves of the gels are
different from the reference ones, while 18 is similar to 20. The gels do not behave
like a mixture of their components. This shows a chemical reaction took place to that

the changes in the rheological behavior are attributed.

Figure 63-65 reveal that the viscosity of the gels with lower volume fractions from 20
to 28 vol% is lower compared to the corresponding reference systems. This can be
explained by the presence of clusters formed by the reaction products of 18 and 20 in
the gels. The cluster formation decreases the total surface of the particles exposed to
the water and decreases the total interaction energy of the particles leading to a
reduced viscosity. This is in agreement with the low values of G', G" and the

transition compared to the reference systems (Figure 61).
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The behavior of G’ and G” of the gels can be understood in the following way. At
stresses in the range of the viscoelastic plateau G' is higher than G". This means that
the gels have solid-like properties. The particles are vibrating against each other

maintaining the microstructure of the gel.

el, 37.6 vol%

A

Gel, 35 vol%

n/Pas
8’\)

, B5 vol%
18, 33 vol%

18, 20 vol%
Gels, 25 and 28 vol%

Gel, 20 vol%
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Figure 63: n versus 7 of gels and 18.
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Figure 64: n versus 7 of gels and 20.

Figure 65: Relative viscosity n versus volume fraction ¢ for the gel formed by mixing, 18 and 20.
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After the cross-over the particles slip beside each other. The suspensions start to
flow and have a liquid-like behavior exhibited by G" values higher than the G' values.
The clusters have the capability to absorb energy and to set energy free. This results
in the second transition at t=40 Pa where the clusters elastically take up energy from
particle-cluster and cluster-cluster collisions by deformation and relaxation of the
cluster. The reference systems do not have this elastic energy absorption
mechanism. G' and G" of the reference systems decrease to very low values. The

curve of G'is bent in a 90° angle and G' is too low to be measured.

From 20 to 28 vol% the viscosity of the gel is lower than that of the reference
systems (Figure 63). A 20 vol% suspension of 18 has a higher viscosity than a 28
vol% gel. At 35 vol% the viscosity of the gel starts to increase drastically because a
lump begins to be formed spanning the entire beaker (percolation cluster). At 37.6
vol% the viscosity of the gel overshoots that of the reference systems (Figure 65)

caused by the gelation and the network attraction.

The data points of the gel in Figure 65 are fitted with the Mooney equation

[nlo
0

Nrel = €XP obtaining ¢max=0.39, where n is the relative viscosity, [n] the

(I)max

Staudinger index, ¢ the volume fraction and ¢max the maximum solid loading; neither

—[Mldmax
¢ ]

(I)max

the Mooney equation nor the Krieger-Dougherty equation n, = (1 -

applied to 18 fits the data well. The curve for the gel is shaped like a 90° angle bent
at the critical volume fraction of gelation at ¢.i=35 vol%, whereas ny¢ for both
reference systems increases more slowly than that of the gel. This is due to lack of

gelation of the reference systems.

The required compounds needed for covalent interaction of the ceramic particles are
commercially available, in any amount at a low price. So this method is interesting for

industrial applications like plastic forming.

The reaction of 18 and 20 is carried out in dilute suspension (0.567 g 18 + 20/I,
1.65*10™ vol%), too. 850 pg 18 and 850 pg 20 are suspended in 3 ml H,0 in a small
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screwable beaker, shaken and ultrasonically treated for 10 min. After another 5 min,
a cylindrical, long tube with a small diameter (NMR-tube) is filled with the suspension

with a 1 ml syringe with a long canula. The pH of the suspension is ~6.5.

After 18 hours agglomerates with 50-500 um diameter according to the LOM images

(Figure 66-69) are formed that settle down and stick to the wall of the tube.

The agglomerates show that 18 reacts with 20 in dilute suspension, but here the
reaction leads to sedimentation whereas the highly concentrated suspensions (20-
37.6 vol%) do not sediment. They are gelled under formation of a percolation cluster
leading to a consolidation of the slurry. So the desired effect can be controlled by the
concentration of the suspension. These phenomena can be understood using the
DLVO-theory. The pHy,. of 18 is 6.0, the pHp,c of 20 7.7, so both are close to the pH
of the suspension (=6.5). This induces a coagulation parallel to the reaction. Under
these conditions both forces — the colloidal and the chemical — are directed towards a
particle attraction causing an agglomeration. Whereas in the rheological investigation

the particle potential is set to a repulsive one with a pH of 9. In both cases the

reaction takes place independently of the potential.
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Figure 66: LOM-image of agglomerates of 18 + 20.

Figure 67: LOM-image of agglomerates of 18 + 20.
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Figure 68: LOM-image of agglomerates of 18 + 20.

,,.' 4

Figure 69: LOM-image of agglomerates of 18 + 20.

105



12.2. Heterosupramolecular Interaction of Si;N4 Particles

The cyclodextrinfunctionalized SisN4 particles 6 will be crosslinked with the guest
polymer 16. The particles will be bridged via the polymer guest molecule 16. The

crosslinkage leads to an enhanced sedimentation of the particles.

The synthesis of guest polymer 16 (Myw=70800 g/mol, My of backbone 60000 g/mol)

is described in[192] (named 10a), similar to the synthesis of 14.
NaO (0]

16
A scheme of the reaction is presented in Figure 10. The tert-butyl-anilide side chain
of 16 is a proper guest for B-cyclodextrin. One tert-butyl-anilide of 16 is intercalated
by a B-cyclodextrin that is attached to SisN4. A second of the same molecule 16 is
intercalated by a B-cyclodextrin fixed to the same SisN4 particle or to another one. If it
is fixed to the same Si3N4 particle, the steric barrier of the SisNy4 particle is enlarged
providing an enhanced dispersibility. If 16 with an attached SisN4 particle is fixed to

another SizN4 particle, the two particles are bridged and enhance sedimentation.

To receive more information, some reference systems are also investigated. The
reaction and the analysis of the systems are done simultaneously by observation of
the sedimentation behavior. 30 mg 16 are dissolved in 3 ml phosphate buffer
(pH=7.2, 0.03 molar), 1.7 mg 6 therein suspended, shaken and ultrasonicated for 10
min. After another 5 min, the suspension is filled into a NMR-tube with a 1 ml syringe
with long canula and the sedimentation observed. A second tube with 1.7 mg 6 in 3
ml phosphate buffer without the polymer guest 16 is likewise prepared, as well as a

third tube with 1.7 mg epoxyfunctionalized SizN4 5 with 30 mg 16.
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The sedimentation rate after 120 h is as follows:
6 >6+16 > 5+16.

This can be explained using the DLVO-theory. With 0.03 mol/l the electrolyte
concentration is high, so that a stabilization through electrostatic double layer forces
is reduced. In system 6 is no stabilizing polymer present, so that there are no
polymer induced forces, but attractive Van-der-Waals forces resulting in
sedimentation of 6. The Van-der-Waals interaction between spheres of the same
material is always attractive. In 6 + 16 and 5 + 16 the polymer stabilizes the particles
leading to a lowered sedimentation compared to 6. Bridges between the particles in 6
+ 16 enhance the sedimentation compared to the cyclodextrin-free system 5 + 16

where no bridges are present.

Summarizing, SisN4 particles could successfully be crosslinked by using cyclo-

dextrins. This is very interesting for the consolidation step in plastic forming.
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12.3. Improved Dispersibility of Al,O3; with Cyclodextrin

Cyclodextrins can be used to stabilize Al,O3 suspensions. A polymeric -cyclodextrin
that is bonded to the Al,O3; powder surface adsorbs a guest polymer with appropriate
anchor groups. The guest polymer is attached as a second layer on the cyclodextrin

layer. These two layers enlarge the steric barrier and increase the dispersibility.

A scheme of the reaction is shown in Figure 12. The tert-butyl-anilide side chain of
the guest polymer 16 is intercalated by the B-cyclodextrins of the poly-B-cyclodextrin
attached to Al,O3 (system 15 with a high concentration of 14). So 16 is bonded as a

second layer to the Al,O3. The reaction is carried out as a sedimentation experiment.

30 mg 16 are dissolved in 3 ml phosphate buffer (pH=7.2, 0.03 molar). 2.9 mg 15 are
suspended, shaken and ultrasonicated for 10 min. After 5 min waiting the suspension
is filled into a NMR-tube with a 1 ml syringe with long canula and the sedimentation is
observed. Reference systems are prepared in the same manner: A second tube is
prepared with as-received Al,O3, a third tube is prepared with 15 and in a fourth tube
Al,Os; is filled and 16 is added.

The sedimentation rate after 120 h is as follows:
AlbO3 > 15> AlbO3 + 16 > 15 + 16.

This can be explained using the DLVO-theory. The electrolyte concentration of

0.03 mol/l suppresses a stabilization by electrostatic double layer forces. In the Al,O3
system are the only remaining forces the attractive, electrodynamic Van-der-Waals
forces causing sedimentation. System 15 is similar to Al,Og3, the poly-3-CD 14
enlarges the steric barrier of the particles inducing a reduced sedimentation.
Whereas in Al,O3 + 16 and 15 + 16 the guest polymer 16 is adsorbed on the Al,O3
enlarging the steric barrier and leading to a stabilization of the particles due to
polymer induced forces. 15 + 16 exhibits the lowest sedimentation because it has
additionally 16 as a second layer on the poly-B-cyclodextrin layer. This second layer

increases the steric barrier furthermore.
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In 15 + 16, 16 adsorbs to single ceramic particles without bridging them. This causes
improved dispersibility compared to the cyclodextrin free system. In 6 + 16, 16
bridges different ceramic particles causing sedimentation, because 6 has a small
amount of cyclodextrins on the surface as compared to 15. -Cyclodextrin works as
an anchoring group for the guest polymer 16. The probability that several tert-butyl-
anilide groups intercalate into B-cyclodextrins located on the same ceramic particle is
not very likely. The other tert-butyl-anilide groups are complexed by -cyclodextrins
fixed to another ceramic particle building up a heterosupramolecular interaction in-
between. In 15 + 16, 16 is fixed to a single ceramic particle because there are

enough B-cyclodextrins attached to it.
In summary, a cyclodextrin layer and an additional guest polymer layer as a second

layer could successfully be attached to Al,O3 particles. These particles show an

enhanced dispersibility which could be used in plastic forming.
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13. Discussion

For a heterosupramolecular or covalent interaction of particles by crosslinking or
attachment to a polymer backbone a suitable surface modification is required that
enables a selective reactivity between the two desired components. So cyclodextrins
and silanes are attached to the surfaces. The attachment of the cyclodextrins can be

done monomeric covalently or polymeric ionically.

A commercially available B-cyclodextrin derivative, 3-chlor-5-sodium-hydroxyl-
trianzinyl-B-cyclodextrin, is covalently bound to the SizNy4 surface in one step. An
effortful derivatisation of the cyclodextrin is not required. The triazinyl ring is not
bound to a defined position at the cyclodextrin torus having in average 2.8 triazinyl
groups. The number per glucose unit and the position are not specified. The DRIFT
spectrum proves the attachment of 3-chlor-5-sodium-hydroxyl-trianzinyl--

cyclodextrin to the surface and C-potential measurements pHiep=7.2.

In another covalent approach mono-6-amino-B-cyclodextrin 3 is bound to epoxy-
functionalized SisN4 5. The synthesis of the cyclodextrin starts with -cyclodextrin,
that is monofunctionalized at the 6-position to the tosylat 1 and the amino-
cyclodextrin is obtained via hydration of the azide 2. The hydration is done with a
hydrogen donor (ammonium formate, hydrazine hydrate). The reaction is monitored
by TLC and the isolation and purification are improved. The epoxy groups are
induced on the SisN4 by reaction with (2,3-epoxypropyl-propyl-ether)-trimethoxysilane
4. The mono-6-amino-B-cyclodextrin is bonded to the epoxy-functionalized SizN4 5 as
the last step. This route provides a regioselectivity and a spacer between the
cyclodextrin torus and the surface ensuring flexibility. The adsorbed amount is as low
as approximatively 25% of the total mass. This is in contrast to 9% for the non-
modified SizN4 revealing that mono-6-amino-B-cyclodextrin binds to the epoxy group.

Washing desorbs the loosely bound parts, 17% are still remaining.

Because of the seven amino groups of heptakis-6-amino-p-cyclodextrin 9 this
molecule binds more easily to 5 than mono-6-amino-p-cyclodextrin 3 with one amino

group. This is exhibited by the intensive DRIFT-signals (0.1 absorbance units,
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methylene). The seven amino groups lower the complex binding constant of the
cyclodextrin to a guest. A disadvantage of 9 is its low solubility in solvents. The amino

groups cause a strong basic shift of the pHie, to 9.8.

Poly-B-cyclodextrin 14 has a side chain with a carboxylic acid terminus that can be
attached to a-Al,O3; ceramic powders and a -cyclodextrin containing side chain. This
is an interesting way to the covalent monomeric route described above and Al,O3 is
as well functionalized with cyclodextrin in a one step reaction. DRIFT shows that
poly-B-CD 14 is immobilized on the Al,O3; surface. The adsorbed amount can be
varied. The maximum amount is higher than for the other systems. The ad- and de-
sorption investigations carried out under the same conditions as for the SizN4
systems allow a comparison: 57 mass% are adsorbed in a 0.1 % solution and 72% in
a 0.042% solution, while 25% of mono-6-amino-B-cyclodextrin 3 are adsorbed on 5.
After redispersing the Al,O3 / cyclodextrin in water no poly-B-CD 14 is detected in the
supernatant solution in contrast to mono-6-amino-f-cyclodextrin on epoxy-

functionalized SizN4 where 30% of the adsorbed mass are redissolved.

The influence of the cyclodextrin torus on the adsorption is proven by the adsorption
of copoly-maleic-acid-alt-isobutene 29 (the backbone of poly-3-CD 14) on Al,Os. 29
has a high affinity to Al,O3 (100%), whereas adsorption is reduced to 57% by the
cyclodextrin torus which hinders the adsorption of poly--CD 14. If Al,O3 / 29 is
washed with water, approximatively 20% of the bound amount are redissolved. Only
the inner molecules are tightly bonded to the surface, the outer ones are physisorbed
and are easily redispersed. In the case of 14 every molecule is tightly fixed to the

surface, so that the desorbed amount is 0%.

As already shown some ceramic / cyclodextrin systems were prepared, requisites for
the heterosupramolecular interaction of particles using host guest chemistry. Two or
more cyclodextrins bearing on SisN4 particles are attached to the guest polymer 16.
The B-cyclodextrin on the SisN4 6 works as an anchor for the tert-butyl-anilide units of
the guest polymer 16. So several particles are crosslinked via a long chain polymeric
molecule. The heterosupramolecular binding is caused by the intercalation chemistry
of the B-cyclodextrin, its reaction monitored by the sedimentation behavior. The

sedimentation rate after 120 h is as follows:
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6 > 6+16 > 5+16. According to the DLVO-theory the 0.03 mol/l electrolyte
concentration reduces the stabilization by electrostatic double layer forces. So the
only remaining forces are polymer induced forces and Van-der-Waals forces. In
system 6 is no stabilizing polymer present, so that there are no polymer induced
forces, but attractive Van-der-Waals forces resulting in sedimentation of 6. In 6 + 16
and 5 + 16 the polymer stabilizes the particles leading to a lowered sedimentation
compared to 6. Bridges between the particles in 6 + 16 enhance the sedimentation

compared to the cyclodextrin-free system 5 + 16 where no bridges are present.

16 reacts with single particles of 15 (Al,O3; with a high coverage of poly-3-CD 14)
because the intraparticular reaction being preferred compared to the interparticular
reaction. This means no bridges are formed between the particles. The two layers on
the particles increase the steric barrier and improve the dispersibility strongly, the
same molecules achieving opposite effects — improved dispersibility and

sedimentation. The critical factor is the adsorbed amount.

A covalent interaction between two ceramic particles is achieved by formation of a
molecular bridge, crosslinking both particles. SisN4 is functionalized with two different
commercially available silanes which can react with each other with their non silyl
termini. 1-triethoxysilyl-3-isocyanato-propane 17 is bonded to SizN4 obtaining 18 and
1-trimethoxysilyl-3-amino-propane 19 to SisN4 resulting in 20. The reaction is
indicated in diluted suspension by the formation of agglomerates (50-500 um) and
sedimentation. Stable highly filled suspensions (20-37.6 vol%) could be prepared
with a maximum solid loading of ¢max=0.39, too, gelling at the critical volume fraction
dcit=0.35. The data of the relative viscosity n. in dependence of the volume fraction
¢ can be fitted with the Mooney equation. The viscosity of the 20-28 vol% gels is
lower and G' and G" have an additional cross over compared to suspensions of 18
and 20.

With cyclodextrins attached covalently and ionically to Al,O3 and SisN4 powders and
differently functionalized silanes bonded to SisN4 particles a heterosupramolecular,
long chain and a covalent, short chain linkage of particles is achieved, respectively. A
reaction between two fixed components and a dissolved one is successfully

performed as an interesting extension to the inclusion chemistry of solved and
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immobilized hosts with solved guests. By control of the coverage of the particles with
cyclodextrin the reaction can be carried out as an intraparticular or as an

interparticular reaction inducing improved dispersibility or enhanced sedimentation.

The covalent crosslinkage of SisN4 powder particles presented here uses silanes that
are commercially available, in any amount at a low price. So this method could be
interesting for industrial applications of plastic forming. The heterosupramolecular
crosslinkage of cyclodextrin-functionalized Al,O3; powders is also an interesting

alternative for consolidation with plastic forming.
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14. Future Prospectus

The dispersion of ceramic powders has a remarkable potential scientifically and
technically. Cyclodextrin polymers on particles improve their dispersibility by their
enlarged steric barrier. The cyclodextrins provide a supramolecular chemistry which
induces a manifold flexibility and immense opportunities for ceramic processing. With
these possibilities the dispersion behavior can be changed and fitted to the required
demands such as the adsorption of a guest polymer as a second layer on the

cyclodextrin polymer layer on a particle enhancing the dispersibility furthermore.

Most solid-liquid-transitions, applied in ceramic processing, are irreversible.
Therefore, a reversible transition is interesting when shear thinning is asked. The
cyclodextrin-functionalized SizN4 system crosslinked by the guest polymer (Figure
10) should be shear sensitive: Without shearing the viscosity should be high due to
the crosslinkage of the particles, whereas by shearing the viscosity should be
lowered (shear thinning), because the guest in the side chain of the polymer,
intercalated into the cyclodextrin, is pulled out of the cyclodextrin and the
crosslinkage is broken. If no shear stress is applied anymore, the guest is again
complexed by the cyclodextrin and the viscosity increases. Another possibility to
lower the viscosity can be the addition of a low molecular mass guest that has a
higher complex formation constant for the cyclodextrin than the polymer. The low

molecular mass guest ejects the side chain of the polymer out of the cyclodextrin.

Systems with a temperature dependent viscosity are very attractive for plastic
forming applications. It is true that the temperature dependence of the complex
constant for the host guest binding is low, however, for enhancement the strongly

temperature dependent complex formation constant of the tri-amino-pyrimidine-

barbituric-acid-complex[193-195] can be used (Figure 70). Tri-amino-pyrimidine is
included in one part of the cyclodextrins that is immobilized on the particles, and the
barbituric-acid is complexed by the other part of the cyclodextrins. Around room
temperature both molecules should form a complex, that dissociates at higher
temperatures (= 50 °C). By this association and dissociation behavior the particles

should be reversibly crosslinked and resolvable inducing the desired transition.
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Figure 70: Temperature dependent reversible crosslinking of particles.

For many ceramic applications also the homogeneous mixing of powders is an
important step in the manufacturing process. To achieve a complete dispersion the
surface of different powder components could be chemically modified with reactants
thus mixing creates a distribution in which each particle of one component is
neighored by a particle of the other component. This can be done successfully by
crosslinking as described in this work in two ways: firstly the ceramic powders are
functionalized with two different groups reacting with each other so that a covalent
bond is formed. Secondly the cyclodextrin-functionalized particles are attached to the
side chain of a polymer molecule via heterosupramolecular host guest inclusion
chemistry to be bridged by a polymer molecule. Like that two different kinds of
ceramic powders can be mixed homogeneously also a phase separation (demixing)
is suppressed by the molecular connection of the particles. This is especially valid for

ceramic substances having marked differences in mass densities and particle sizes
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which can be mixed that way without risking separation by sedimentation of the

substance with the higher density.

The deposition of ceramic layers[196-201] js of interest for the production of coated
materials. The ceramic layer may protect the substrate material against atmospheric
influences such as oxidation and may improve the wear behavior and tribological
properties. For these demands a lateral homogeneous depostion onto the substrate
is required which can be achieved by the depostion of ceramic powder particles on a
substrate similar to the liquid phase deposition method (LPD). A main methodical
difference is that with the LPD method the ceramic substance is synthesized in situ
and immediately deposited on the substrate whereas here an already available

powder is modified and deposited.

Another interesting possibility of the application of the technology described here are
multilayer systems consisting of different ceramic compounds in which desired
material properties can be combined (Figure 71). The system in Figure 71 could be
built up by an alternative deposition of tert-butyl-anilide-functionalized PZT (lead
zirconate titanate) and cyclodextrinfunctionalized Al,O3 onto a cyclodextrin-

functionalized substrate via the tert-butyl-anilide-cyclodextrin-complex.

Furtheron for mixed-oxide ferroelectric and piezoelectric compoundsl197, 202-209]
like barium titanate and PZT the technology described here can be applied for lateral

heterogeneous deposition of substrates which opens new fields for the production of

electrical and electronic devices (Figure 72)[206-210]. Gold dots on a substrate
(Figure 72) are of interest for the induction of the lateral heterogeneity and for the
bonding of bifunctional thiols or disulfides. After modification of gold with thiols or
disulfides that have e.g. a tert-butyl-anilide terminus as an anchor group,

cyclodextrin-functionalized PZT could be bonded to the thiol or disulfide.
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Figure 71: Construction of ceramic mulitlayer systems.

Gold

Substrate

Figure 72: Nanostructured deposition of ceramics.
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The host guest chemistry of the cyclodextrinfunctionalized powders prepared here
could also be useful for the storage of substances. Sensitive compounds (e. g.
especially such of light sensitivity) can be protected by the cyclodextrin torus, or
radioactive compounds are immobilized and attached to a solid substrate. This

decreases the outgoing radiation and makes their handling easier.

Another usage for cyclodextrin-coated ceramic powders could be the separation and
purification of multi-component systems. When a suspension containing several
compounds flows over cyclodextrin-functionalized powders, the desired molecules
being intercalated into cyclodextrin. The powder with the bonded substance can be
stored after centrifugation. To be set free, the powder is suspended in a solution
containing molecules with a higher binding constant to the cyclodextrin than the

intercalated compound. The desired substance is ejected into the solution.
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15. Abstract

New concepts of particle interaction for the processing of ceramic powders are
developed. They are based on chemical reactions either by heterosupramolecular or
covalent interaction of proper reactants. For this the particles are functionalized so
that they are able to undergo defined reactions with each other. A commercially
available B-cyclodextrin derivative, 3-chlor-5-sodium-hydroxyl-trianzinyl-3-
cyclodextrin, is covalently bound to the SizN4 surface in an one step reaction. An
effortful derivatisation of the cyclodextrin is not required. The triazinyl ring is not
bound to a defined position at the cyclodextrin torus (in average 2.8 triazinyl groups

per cyclodextrin).

In the next covalent approach mono-6-amino-B-cyclodextrin is bound to epoxy-
functionalized SizN4. This route provides a regioselectivity and a spacer between the
cyclodextrin torus and the surface ensuring flexibility. The ad- and desorption
behavior is investigated by rotation angle measurements, the adsorbed amount is
low: approximatively 25% of the total mass is adsorbed. This is in contrast to 9% for
the non-modified SisN4 revealing that mono-6-amino-B-cyclodextrin binds to the

epoxy group. Washing desorbs the loosely bound parts, 17% are still remaining.

Because of the seven amino groups of heptakis-6-amino-p-cyclodextrin this molecule
binds more easily to epoxy-functionalized SizN4 than mono-6-amino-B-cyclodextrin

with one amino group. This is exhibited by the intensive DRIFT-signals.

The cyclodextrinfunctionalized SizN4 could heterosupramolecularly be crosslinked by
a guest polymer bearing tert-butyl-anilide as an anchor for the cyclodextrin in the side

chain. This is interesting for the consolidation step in plastic forming.

Al,O3; powder could be cyclodextrin-functionalized in one step by the deposition of a

polymeric B-cyclodextrin derivative.

A two layer system consisting of a cyclodextrin polymer and a guest polymer was
built up on Al,O3; powder particles. Due to the enlarged steric barrier the dispersibility

of the Al,O3 is improved which is interesting for ceramic powder processing.
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A covalent interaction between two ceramic particles is also achieved by
functionalizing SisN4 with two different commercially available silanes which can react
with each other with their non silyl termini thus forming a molecular bridge between
particles. 1-triethoxysilyl-3-isocyanato-propane is bonded to SizsN4 and 1-
trimethoxysilyl-3-amino-propane reacts with SisN4. The reaction is indicated in diluted
suspension by the formation of agglomerates (50-500 um) and sedimentation. Stable
highly concentrated suspensions (20-37.6 vol%) could be prepared with a maximum
solid loading of ¢max=0.39, too, gelling at the critical volume fraction ¢¢=0.35. The
data of the relative viscosity n. in dependence of the volume fraction ¢ can be fitted
with the Mooney equation and the moduli G'(tr) and G"(t) were measured. The
viscosity of the 20-28 vol% gels is lower and G' and G" have an additional cross over
compared to suspensions of the iso-cyanatofunctionalized SisN4 and the
aminofunctionalized SisN4. Concluding, SizN4 powder could successfully be
crosslinked by using low cost silanes. This technique is a promising possibility for the

consolidation step in plastic forming.
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16. Zusammenfassung

In der keramischen Formgebung ist der Flissig-Fest-Ubergang von
Pulversuspensionen von groRer Bedeutung. Er wird entweder physikalisch durch
einen Entzug des Losungsmittels oder durch thermoplastische Zweitphasen bewirkt
oder chemisch durch Gelieren, Flokkulieren oder anderen durch eine Modifikation der
Pulveroberflache induzierten Reaktion. Bei den in dieser Arbeit vorgestellten
Methoden werden einzelne Partikel direkt und selektiv Uber Molekulbricken
miteinander verknUpft. Dazu wurden einerseits Cyclodextrine verwendet und
andererseits Silane, die gezielt auf die Oberflachen von suspendierten Pulverteilchen

aufgebracht wurden.

Cyclodextrine sind zyclische Oligosaccharide der a-D-Glucose (cyclo-[(1—4°)-a-D-
glucopyranose]). Die wichtigen a-, B- und y-Cyclodextrine enthalten 6, 7 und 8
Glucoseeinheiten. Sie sind Uber den enzymatischen Abbau der Starke zuganglich
(Cyclodextrin-Glycosyltransferasen) und haben die Form eines hohlen Torus, in

dessen Cavitat vorzugsweise hydrophobe Gaste eingelagert werden kdnnen.

Als keramische Modellsubstanzen wurden a-Al,Os- und SisN4-Pulver hoher Reinheit
und mit Teilchendurchmessern im Submikrometerbereich verwendet. Die
Partikelform und Topologie dieser Pulver sind mittels Rasterkraftmikroskopie (AFM)
und Rasterelektronenmikroskopie (SEM) untersucht worden. Die Untersuchungen
zeigen, dass die Pulver unregelmafig geformte Plattchen mit einer fraktalen
Topologie aufweisen. Die chemische Zusammensetzung ist durch Elementaranalyse
bestimmt worden, die PartikelgréRe und deren Verteilung mittels Laserbeugung und
dynamischer Lichtstreuung. Infrarot-Spektroskopie in diffuser Reflexion und -
Potentialmessungen liefern Aufschluss Uber die Oberflache. Al,O3 hat eine BET-
Oberflache von 12,3 m?/g, einen Ladungsnullpunkt von pPHpzc=8-9 und einen mittleren
Teilchendurchmesser (dsg) von 290 nm. Das kommerziell erhaltliche Al,O3; enthalt
eine Substanz, die Uber Methylen- und Carboxylgruppen verfligt, was sich aus der
Elementaranalyse und der Infrarot-Spektroskopie in diffuser Reflexion ergibt.
Wahrscheinlich handelt es sich um einen Mahlhilfsstoff, der durch Waschen mit
Wasser (pH=5) leicht entfernt werden kann. Das SisN4 hat eine BET-Oberflache von

12,7 m2/g, einen Ladungsnullpunkt pH,,c von 4-5 und einen mittleren
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Teilchendurchmesser von ds5o=680 nm. Auf den einzelnen SisN4-Partikeln befindet
sich eine durch Hydrolyse mit Luftfeuchtigkeit gebildete SiO,-Schicht (3,76 Masse%).
Sie hat an ihrer Oberflache Silanolgruppen, die fur die Anbindung der Silane wichtig

sind.

Damit die einzelnen Teilchen kovalent miteinander verknUpft oder an ein langkettiges
Molekil angehangt werden kénnen, missen sie geeignet funktionalisiert werden.
Dies geschieht, indem die beiden gewunschten Partner selektiv miteinander
reagieren. Zu diesem Zweck werden Cyclodextrine und Silane auf den Keramik-
pulvern angebracht. Die Cyclodextrine kdnnen kovalent monomer und polymer

ionisch an die Keramik gebunden werden.

Ein kommerziell verfugbares B-Cyclodextrinderivat, 3-Chlor-5-Natriumhydroxyl-
Triazinyl-B-Cyclodextrin (MCT-B-Cyclodextrin 31), ist in einer einstufigen Reaktion
kovalent an die SizN4s—Oberflache gebunden worden. Eine aufwendige
Derivatisierung entfallt. Der Triazinring ist nicht regioselektiv an das Cyclodextrin
gebunden (im Mittel 2,8 Triazinylgruppen pro Cyclodextrin). Weder die Anzahl pro
Glucoseeinheit, pro Cyclodextrinring noch die Stelle sind definiert. Das Infrarot-
Spektrum in diffuser Reflexion belegt die Anbindung von 31 an SizN4. Das -Potential
(isoelektrischer Punkt pHiep=7,2) ist aufgrund der Hydroxylatgruppe zum Alkalischen
verschoben (pH,.c von SisNy ist 5,0) und liegt im Bereich von aminofunktionalisiertem
SizN4 20 mit pHiep=7,7. Die sieben Aminogruppen in 10 verursachen eine wesentlich

starkere Verschiebung des isoelektrischen Punktes zu pHiep 9,8.

Eine andere Mdglichkeit, Cyclodextrin auf SisN4 zu immobilisieren, stellt die
Anbindung von Mono-6-Amino-f-Cyclodextrin 3 an epoxyfunktionalisiertes SizN4 5
dar. Die Synthese von 3 geht vom nativen B-Cyclodextrin aus, das uber das Mono-6-
Tosylat 1 in das Azid 2 Uberfihrt wird. Die Hydrierung des Azids wird mit Hilfe eines
Wasserstoffdonors (Ammoniumformiat und Hydrazinhydrat) durchgefuhrt. Die
Reaktion, deren Fortgang diinnschichtchromatographisch (DC) verfolgt wird, die
Isolierung sowie die Reinigung sind verbessert worden. Die Epoxygruppen werden
durch Reaktion mit (2,3-Epoxypropyl-Propyl-Ether)-Trimethoxysilane 4 auf dem Si3zN4
eingefuhrt, an die dann 3 leicht angebunden werden kann. Dieses Verfahren stellt

eine regioselektive Fixierung dar, bei der der Abstandshalter fur eine ausreichende
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Flexibilitdt sorgt. Die geringe adsorbierte Menge, das Ad- und Desorptionsverhalten
konnen durch Messung des Drehwertes untersucht werden. Ungefahr 25% der
Gesamtmasse werden von 5 adsorbiert, von SisN4 dagegen nur 9%. Die locker
gebundenen Fraktionen werden beim Waschen wieder geldst, sodass noch 17% auf

der Keramik verbleiben.

Die sieben Aminogruppen des Heptakis-6-Amino-B-Cyclodextrins 9 erleichtern die
Anbindung an 5 was sich aus den intensiven Banden im Infrarot-Spektrum in diffuser
Reflexion ergibt (0.1 Absorptions Einheiten fiir Methylen). Gleichzeitig erniedrigen sie
die Komplexbildungskonstante fur Gastmolekule. 9 hat den Nachteil, dass es sich

sehr schlecht in organischen Lésungsmitteln und Wasser 16st.

Eine weitere Mdglichkeit der Fixierung von Cyclodextrinen auf Keramikpulvern stellt
der polymer ionogene Weg dar. Poly-3-Cyclodextrin 14 enthalt B-Cyclodextrin als
eine Seitenkette und Carboxylatgruppen als Ankergruppen fur Al,O3 in der anderen.
Dies eroffnet die Moglichkeit, auch Al,O3 mit Cyclodextrinen in einem Schritt zu
funktionalisieren. Infrarot-Spektroskopie in diffuser Reflexion bestatigt, dass 14 auf
Al,O3 fixiert wird. Es kann gezielt die adsorbierte Menge eingestellt werden, wobei
die maximal adorbierte Menge grofer ist als die der anderen Systeme.
Untersuchungen der ad- und desorbierten Menge mittels Drehwertmessungen unter
denselben Bedingungen wie fur das SizsN4-System erlauben einen Vergleich: 57
Masse% werden in einer 0,1 %-igen Lésung adsorbiert, 72 % in einer 0,042 %-igen
Lésung; zum Vergleich werden 25 % von 3 an 5 gebunden. 14 ist fest an Al,O3
gebunden, nach Redispergierung findet man kein geldstes 14 im Uberstand, im

Gegensatz zu 6, bei dem 30 % der adsorbierten Masse wieder geldst werden.

Von Bedeutung ist die Frage, ob der Cyclodextrintorus die Adsorption des Poly-3-
Cyclodextrins 14 behindert. Zu diesem Zweck wird das Ad- und Desorptionsverhalten
von Copoly-maleinsaure-alt-isobuten 29 auf Al,O3 untersucht. 29 ist das polymere
Ruckgrat von Poly-B-Cyclodextrin 14 ohne Cyclodextrinringe. 29 hat eine hohe
Affinitat zur Al,O3-Oberflache, was sich in einer adsorbierten Menge von 100 %
auldert. 14 wird zu 57 % adsorbiert, was darauf schlielRen lasst, dass der
Cyclodextrintorus die Adsorption beeintrachtigt. Wird Al,O3 / 29 gewaschen, so

werden ca. 20 % der gebundenen Menge wieder geldst. Ein Teil der Molekiile ist
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nicht fest an die Oberflache gebunden, sodass diese sich wieder leicht abldsen
lassen. 14 dagegen ist fest an die Oberflache gebunden, es lassen sich keine

aulderen Schichten ablésen, was aus einer desorbierten Menge von 0 % hervorgeht.

Eine kovalente Verbruckung zweier keramischer Partikel wird durch Silanisierung mit
zwei Silanen erreicht, die unterschiedliche miteinander reaktionsfahige Nicht-Silyl-
Termini haben. Kaufliches 1-Triethoxysilyl-3-Isocyanato-Propan 17 wird an Si3N4
gebunden, sodass 18 entsteht. Ebenfalls kommerziell erhaltliches 1-Trimethoxysilyl-
3-Amino-Propan 19 wird auf SizNy fixiert, sodass man 20 erhalt. 18 reagiert mit 20 in
verdunnter Suspension unter Bildung von 50-500 um grof3en Agglomeraten,
aulRerdem sedimentiert 18 + 20. Es konnten auch stabile, hoch-konzentriete
Suspensionen (20-37,6 vol%) mit einer maximalen Feststoffbeladung von ¢max=0.39
prapariert werden, die bei einem kritischen Volumenbruch von ¢.=0.35 gelieren. Die
Messdaten der relativen Viskositat n. gegen den Volumenbruch ¢ kdnnen durch die
Mooney-Gleichung beschrieben werden. Die Viskositat der 20-28 vol% Gele ist
niedriger als die der Systeme 18 und 20. Die 20-28 vol% Gele haben einen
zuséatzlichen Ubergang des Speichermodules G'(t) mit dem Verlustmodul G"(t)

(t=Schubspannung), der den Referenzsystemen 18 und 20 fehlt.

Es werden einige Keramik / Cyclodextrin Systeme beschrieben. Sie sind die
Voraussetzung fur eine heterosupramolekulare Verbindung von keramischen
Partikeln auf der Basis von Wirt-Gast-Wechselwirkungen. Ein oder mehrere Partikel
der cyclodextrinmodifizierten SisN4-Keramik 6 werden an das Gastpolymer 16
gebunden; dadurch werden mehrere Teilchen Uber eine langkettige Bricke
miteinander verknupft. Das B-Cyclodextrin interkaliert das tert-Butyl-Anilid des
Gastpolymeren 16. Hinweise auf die Verknupfung der Partikel erhalt man kolloid-
chemisch durch eine verstarkte Sedimentation, die sich folgendermalf3en anordnen
lasst: 6 > 6+16 > 5+16. Eine elektrostatische Doppelschichtstabilisierung wird gemaf
DLVO-Theorie durch die Elektrolytkonzentration von 0,03 mol/l vermieden. Als
weitere Krafte kbnnen noch die sterisch induzierten und die Van-der-Waals-Krafte
vorliegen. Im System 6 ist kein stabilisierendes Polymer vorhanden, sodass nur noch
die attraktiven Van-der-Waals-Krafte wirken, die die Sedimentation verursachen. In 6
+ 16 und 5 + 16 stabilisiert das Polymer 16 die Partikel was zu einer erniedrigten

Sedimentation im Vergleich zu 6 fuhrt. Bricken zwischen den Partikeln in 6 + 16
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verstarken die Sedimentation im Vergleich zum cyclodextrin-freien System 5 + 16, in

dem keine vorhanden sind.

Das Gastpolymer 16 reagiert intrapartikular mit 15 (Al,O3 mit einer grof3en
adsorbierten Menge an Poly-B-Cyclodextrin 14) d. h., es wird auf einzelnen Partikeln
abgeschieden ohne verbrickend zu wirken. Dies liegt an der hohen Belegung mit
Cyclodextrin, die die Wahrscheinlichkeit fur eine intrapartikulare Reaktion gegenuber
der einer interpartikularen erhoht. Durch die zwei adsorbierten Polymerschichten ist
die sterische Barriere vergroRert, was eine gute Dispergierbarkeit bedingt. So lassen
sich Uber die Belegung gegenteilige Effekte einstellen — Dispergierung und

Sedimentation.

Mit den Cyclodextrinen und den geeignet funktionalisierten Silanen werden eine
heterosupramolekulare, langkettige Verknipfung bzw. eine kovalente, kurzkettige mit
keramischen Partikeln durchgefuhrt. Damit wird eine Reaktion zwischen zwei auf
einem Festkorper gebundenen Komponenten und einer geldsten erzielt, was eine
interessante Erweiterung der Interkalationschemie zwischen einem gelosten oder
immobilisierten Wirt und einem gelésten Gast darstellt. Es kann Uber die Belegung
mit Cyclodextrin jeweils eine intrapartikulare oder eine interpartikulare Reaktion
ausgelost werden womit ein dispergierender oder ein sedimentierender Effekt der

Keramik erzielt werden kann.

Beide Konzepte sind industriell fir das Direktgie3en in der keramischen Formgebung
interessant. Die kovalente Vernetzung von SizNy-Partikeln mit Hilfe von Silanen, die
kauflich erhaltlich sind, ist sehr einfach durchzuflihren und daher sehr
erfolgversprechend. Die heterosupramolekulare Vernetzung von cyclodextrin-
funktionalisierten Pulverpartikeln mit Hilfe von Gastpolymeren erscheint

insbesondere fur die Konsolidierung von Al,Os-Pulversuspensionen von Bedeutung.
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