Synthesis and Properties
of Nanocomposites

By Dieter Vollath,* and Dorothée V. Szabé

Nanocomposites may exhibit new properties of technical interest. Technical applications require many
particles, leading to interaction of the particles thwarting the performance of these materials. To exploit
specific nano properties, the use of composites preventing the particles from interaction is necessary.
This leads to the application of nanocomposites. The most homogeneous composites consist of a core
coated with an outer layer of a second ceramic or a polymer. For industrial or at least semi industrial
production of nanocomposites, a process leading to non agglomerated powders in a sufficient quantity
is needed. Additionally, coating of the particles with either a second ceramic phase or an organic one is
necessary. The Karlsruhe Microwave Plasma Process fulfils these conditions.

1. Introduction

Nanomaterials are defined as materials with grain sizes
below 100 °nm or more stringent, as materials with special
properties depending on their small grain size, restricting in
many cases -nanomaterials to grain sizes below 10 nm. Many
crystallised or amorphous nanomaterials exhibit interesting
physical properties.”! These properties may be related to the
large amount of grain boundaries in the materials, or to the
special electronic structure of the small particles. In the latter
case, the special properties are ones of single isolated parti-
cles that are lost if the particles interact. To avoid interaction
between the particles they have to be kept in a certain dis-
tance depending on the type of interaction. Prevention of tun-
nelling between the particles needs less distance as compared
to dipole interaction.

These considerations lead to nanocomposites consisting of
an active phase, carrying the special physical property and a
passive one, acting as distance holder. It is essential for nano-
composites that no one of the active particles touches a sec-
ond active one. Additionally, the amount of the second phase
should be small. These nearly contradicting demands cannot
be met with a production process based on mechanical blend-
ing of the active and the distance holder phase. Only a pro-
cess that coats particles produced in a first step with the sec-
ond phase leads to a product with the necessary uniformity.
The Karlsruhe Microwave Plasma Process for the synthesis of
nanocrystalline ceramic powders solved these problems for
the first time.>””) The main characteristics of this process are
low reaction temperature and conditions for synthesis avoid-
ing particle agglomeration in combination with relatively

high production rates. The reaction temperature is low,
because the reactants are dissociated or ionised in the micro-
wave plasma; therefore, thermal activation of the chemical
reactions is not necessary. Particle agglomeration is avoided,
because the particles leave the reaction zone with electric
charges of equal sign. Therefore, they repel each other. This
allows coating of the particles in a second step with either a
second ceramic phase or a polymer layer.>”®! Later, a more
conventional variation of this process for ceramic coating
applying a tubular furnace was developed.””’ Generally, this
process needs reaction temperatures above 1000 °C to over-
come kinetic obstacles of the chemical reactions and to
increase the reaction rate. As the particles in general are
not repelling each other, this process forms clustered parti-
cles; therefore, applying this process leads to some extend to
coated clusters. Earlier attempts by Hung and Katz to pro-
duce mixed oxide powders nanoparticles of the core/shell
type by flame synthesis."®'" lead to coated clusters, too.
Entirely different is the approach of Jiao et al. applying a
modified Kratschmer-method to coat Fe, Co and Ni nanopar-
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ticles with amorphous carbon or graphite."”’ Carbon coated
Co-nanocapsules have also been prepared by chemical
vapour condensation."” Sethi and Tholén produced metal
nanoparticles by evaporation and condensation and oxidised
them partly in a subsequent step resulting in metal particles
and the corresponding oxide as shell."

Besides gas phase reactions discussed above, wet chemical
methods were developed, too. Coated semiconducting nano-
particles were synthesised by wet chemical ion-exchange
reactions.” Polymer coated Fe nanoparticles may be pre-
pared by thermal decomposition of an appropriate precursor
in the presence of polymer dispersants."® Sonochemical
methods are another possibility to prepare coated nanoparti-
cles in the size range of ca. 5 15 nm.""”! The sol-gel process is
one of the standard methods for preparing nanocomposites
consisting of nanoparticles embedded in a matrix. As report-
ed from different authors, the resulting nanocomposites may
be of the inorganic/inorganic"®?! or inorganic/organic®
type. Similarly, Ziolo et al. applied an in-situ formation meth-
od of nanoparticles in ion-exchanging resin to obtain ceram-
ic/polymer nanocomposites.®”!

2. Morphology of Nanocomposites
2.1 Particulate Nanomaterials

Physical properties of nanoparticulate materials usually
depend on the volume or the surface of the particles. There-
fore, it is absolutely necessary that the particle size distribu-
tion is as narrow as possible. Such a narrow size distribution
is visible in figure 1 depicting a typical electron micrograph
of nanocrystalline zirconia. This micrograph shows nearly
spherical particles with a size of ca. 5 nm. Dark field imaging
and high-resolution electron microscopy reveal that each par-
ticle is a single crystal and free of dislocations or twins. The
particle size can be adjusted during synthesis. This is demon-
strated in the particle size spectrum determined by particle
mass spectrometry > shown in Figure 2 where the particle
size was adjusted to a mean value of 3.1 nm. Smaller parti-

Fig. 1. Electron micrograph of zirconia particles. The particle size is in the range from
3 to4 nm.
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Fig. 2. Particle size distribution of zirconia determined by particle mass spectrometry [24].

cles, down to 2 nm, are possible if one reduces the rate of syn-
thesis significantly. Alumina nanoparticles with sizes below
7 or 8 nm are amorphous and rounded, whereas larger parti-
cles are crystalline and faceted.” In this case, the particles
are crystallised in the y-phase, indicating a critical diameter
for crystallisation of alumina.’?*"!

As mentioned in the introduction, for nanocomposites,
coated nanoparticles are more important than single-phase
nanoparticles. In general, the Karlsruhe Microwave Plasma
Process is capable to produce three types of nanocomposites
in situ:

Ceramic cores coated with a second ceramic phase.

Ceramic cores coated with a polymer or another organic
phase. 183!

Ceramic cores decorated with metallic clusters.

Figure 3 shows a typical example of a ceramic/ceramic
nanocomposite particle based on the system ZrO,-Al,Os. The
system alumina and zirconia is a perfect model for this type
of composites, as it fulfils the necessary requirements of not
exhibiting mutual solubility and not forming a common com-
pound.® The composite particle depicted in Figure 3 con-
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Fig. 3. Crystallised zirconia nanoparticle coated with ca. 0.5 nm glassy alumina.



sists of a crystallised zirconia core, characterised by lattice
fringes, and a coating of glassy alumina. The alumina coating
is just visible as faint halo with a thickness of ca. 0.5 nm.
Applications of nanomaterials, especially as functional
ones, are not connected with severe thermal or mechanical
load. Therefore, for most of the applications a polymer used
as binder or distance holder between the particles is suffi-
cient. This lead to the use of polymer coated ceramic nano-
particles as starting material. Depending on the surface prop-
erties needed for the application, either methacrylic acid
(MA), methyl methacrylic acid (MMA), or hydroxy propyl
methacrylic acid (HPMA) are used as monomers for polymer
coating ceramic nanoparticles. These monomers polymerise
under the influence of temperature and uv-radiation origi-
nated from the microwave plasma.’® IR absorption studies
revealed that during the PMMA coating process a substantial
number of ester groups are transformed into the correspond-
ing carboxylates.*® In contrast to the pure monomer or poly-
mer, the polymer bond at the surface of the oxide is insoluble
in tetrahydrofurane, THF, or any other solvent. Indepen-
dently of the precursor MAA or MMA, the polymer bond to
the surface is modified and is denoted m-PMMA within this
paper. Therefore, a nanocomposite particle consisting of a
ceramic core and a polymer coating may be described as one
molecule like R-(C=0)-O-(oxide particle). This description is
in good agreement with earlier findings by Meyer and co-
workers.*! They propose an ester-like linkage between the
carboxylic groups and metal surface atoms of oxide such as
TiO, or SiO,. Similarly, Weng et al. found surface binding
between carboxylic groups and TiO, nanoparticles predomi-
nantly in ester form.”™ Figure 4 depicts the typical morphol-
ogy of such a composite particle. In this micrograph, the par-
ticle core consists of y-Fe,Os, whereas the coating is made of
m-PMMA. Usually, the thickness of the coating is selected to
be in the range between 0.5 and 2 nm. For reasons of visibi-
lity, for the micrograph the thickness of the coating was
selected to be thicker, in the range of approximately 5 nm.
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Fig. 4. Maghemite, y Fe,O3 nanoparticles coated with m PMMA. In this figure, it is

clearly visible that the particles are individually coated. The cores do not touch each
other. The polymer coating is visible as a halo around the darker cores.

2.2 Consolidated Nanocomposites

A consolidation process, as pressing and sintering of alu-
mina coated zirconia kernels, leads to a product with a micro-
structure as depicted in Figure 5. Because of the small solubil-
ity of Zr in Al,Os, during sintering, the size of the zirconia
particles did not increase significantly. On the other hand,
this small solubility leads to zirconium rich areas around the
zirconia particles, visible as darker halo around the zirconia
particles in the electron micrograph. In any case, it is remark-
able that after sintering to full density, the size of the zirconia
phase remains to be less than 10 nm.

For ceramic/polymer nanocomposites, the final polymeri-
sation has to be initiated during densification. This is either
done by thermal polymerisation of the residual PMMA oligo-
mers or by a polymerisation initiated by the addition of a
cross linker.™ Generally, densification of a ceramic/polymer
composite powder, as shown in Figure 5, is performed by hot
pressing in the temperature range from 100 to 150 °C. In the
case of ALO3;/m-PMMA this procedure may lead to trans-
parent bodies. Figure 6 shows the morphology of hot pressed
y-Fe;O3/m-PMMA. The specimen for this electron micro-
graph, a slice with a thickness of 20 nm, was prepared by

Fig. 5. Sintered ZrO,/Al,O3 nanocomposite. It is remarkable to realise that in spite of
the full densification, the size of the zirconia particles did not increase their size signifi
cantly during sintering.
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Fig. 6. Morphology of a y Fe;O3/m PMMA body prepared by hot pressing. The speci
men is a 20 nm thick section cut with an ultramicrotome. The striation is an artefact
from specimen preparation.



mechanical cutting with an ultramicrotome. During this prep-

aration, the specimen broke into small stripes, as it is visible

in figure 6. Looking at particle sizes, one realises that all that
except one particles are of equal size.

3. Properties of Nanocomposites
3.1 General Considerations

High quality nanocomposites, in special coated nanoparti-
cles, are expensive and highly sophisticated materials. There-
fore, it is necessary to search for materials with great gain in
properties for high value added applications. These proper-
ties may be connected to one of the following phenomena:

Diffusion barrier against grain growth during sintering: Pro-
vided the mutual solubility between core and coating is close
to nil, the coating may act as diffusion barrier. This may be
used to protect the core with its special properties against the
influence of the surrounding atmosphere. Such a diffusion
barrier thwarts grain growth of the core particles during sin-
tering, whereas the coating material forms larger grains. This
situation is already depicted in Figure 5. The protection
against the surrounding atmosphere goes along with this
phenomenon:

Modification of the chemical surface properties: Such modifica-
tions are needed especially in medicine and pharmacology,
where luminescent or magnetic nanoparticles are used for
identification and quantification of cells and similar struc-
tures.””? To attach appropriate ligands with the needed
property at the surface of the nanoparticle, it is of great
importance to modify the particle surface by coating with a
material, well suited to attach specific organic compounds.

New physical properties: Most of the very special properties
of nanoparticles are ones of isolated single particles. To main-
tain these properties it is necessary to reduce the interaction
of the particles using a distance holder. Additionally, new
physical properties are also possible by exploiting interface
phenomena between core and coating. The examples of phys-
ical properties explained in the next chapters may be sum-
marised in this class.

3.2 Superparamagnetism

In conventional materials, Bloch walls subdivide the grains
into magnetic domains. The size of these magnetic domains is
ruled by thermodynamics. Therefore, coercitivity and rema-
nence are largely independent of the grain size. If the grain
size is reduced to a point, where the grains are free of Bloch
walls, coercitivity and remanence are increasing drastically.
This is the size range where each grain is a single domain.
This phenomenon is used for magnetic data storage. Further
reduction of the grain size leads to a complete vanishing of
coercitivity and remanence caused by thermal fluctuations of
the vector of magnetisation. The dependency of the rema-
nence or coercitivity on the grain size is shown schematically
in figure 7. The superparamagnetic regime is characterised
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Fig. 7. Dependency of the coercitivity or remanence as a function of the grain size. Ad
ditionally, this graph shows the transition of multi domain particle to single domain
particles and the second transition to superparamagnetism.

by the fact that the volume dependent energy of magnetic
unisotropy Kv (K ... material constant of magnetic unisotropy,
v ... volume of the particle) keeping the vector of magnetisa-
tion in a certain direction is smaller than the thermal energy
kT (k ... Boltzmann constant, T ... temperature).

Kv< kT 0))

Figure 8 depicts a typical static magnetisation curve of a
superparamagnetic ferrite containing 15.3 wt% Fe,O;. This
composite specimen exhibits a saturation magnetisation of
30 Am’kg™". This value is significantly lower than the one
found for conventional ferrites. This is, because each ferrite
nanoparticle has a surface layer with a thickness of ca. 1 nm
not contributing to the magnetisation.

With decreasing energy of unisotropy K v the frequency of
fluctuation increases. According to Néel,® the fluctuation
time 7 is expressed by:

7 = 1yexp(Kv/AY) V)
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Fig. 8. Static magnetisation curve of y Fe;O3/m PMMA consolidated nanocomposite
powder.



7o, the relaxation time constant, depends on the material
and is in the range from 107 to 10™'? sec. Provided the parti-
cles are sufficiently small, the relaxation time 7 is smaller than
107 sec. These considerations are valid for one single isolated
particle or a set of non-interacting ones. In consolidated parts,
superparamagnetism is preserved by reduction of the mag-
netic interaction using a distance holder. The dependency of
the magnetisation M of n non-interacting superparamagnetic
particles as function of the field H at the temperature T is
described with sufficient good approximation by the Lange-
vin function L(m,H,T):

mH, kT

M = nmL(m,H,T) = nm(cth( kT) — ﬁ)

3)

This relationship may also be used to calculate the particle
size distribution from the magnetisation curve. To do this,
one assumes I classes each with #; particles of the moment m;.
With these assumptions, the magnetisation curve may be
fitted by:

1
M=% nmL(m, HT) 4)
i=1

Figure 9a depicts the distribution of magnetic moments
derived from the magnetisation curve in Figure 8. To esti-
mate the particle size distribution, one has to consider that
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Fig. 9. (a) Distribution of magnetic moments of m PMMA coated y Fe;Osderived
from the magnetisation curve shown in Figure 8. (b) Particle size distribution of
PMMA coated y Fe,Osderived from the distribution of magnetic moments shown in
(a).

the magnetic moments m; are proportional to the volume of
the particle. To obtain the particle size distribution one has to
normalise the distribution of moments with (m;%%%. The
resulting distribution function is shown in Figure 9b. To ob-
tain sizes in nm, one has to calibrate this distribution function
with electron microscopy images. This is, because nanoparti-
cles have a boundary layer of ca. 1 nm with reduced magnetic
properties.

Literature values of the saturation magnetisation for su-
perparamagnetic nanocomposites vary dramatically. Ziolo et
al. determined 15 Amzkg'] at 1 T and 300 K for a Fe,O3/
polymer composite with 21.8 wt% of Fe,03.%*! Nanocompos-
ites containing 30 wt% of ZnFe,O, in a silica matrix show at
5 T a saturation magnetisation of 12.6 Am’kg ™' measured at
78 K. Savii et al. found 8.04 Am?kg™" at 0.216 T for Fe,O5-
5iO, nanocomposites containing 25 wt% Fe203.[20] Compared
to the magnetic moments obtained with y-Fe,Os;/m-PMMA
nanocomposites depicted in figure 8, these values are quite
small.

The static magnetisation curves shown until now were
measured in a system with a time constant of 100 sec. For
applications, shorter time constants are essential. Therefore,
figure 10 depicts the susceptibility of different ferrites made
of pressed ferrite/m-PMMA nanocomposites in comparison
with a commercial conventional ferrite. One realises that the
susceptibility values are in the same range. Relaxation times
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Fig. 10. Mass susceptibility of different ferrite/polymer nanocomposites in comparison
to a commercially available ferrite.
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Fig. 11. Mofbauer spectrum of a y Fe;O05/ZrO, composite specimen. The experimental
data are composed of the spectra of the magnetic core and the non magnetic surface
layer.



of less than one ns are interesting for technical applications in
future. The ultimate proof for those short relaxation times is
the Mofsbauer effect. This spectroscopy compares the relaxa-
tion frequencies with the Lamor frequency of the iron
nucleus. Provided the relaxation frequency is the higher one,
the iron nuclei “do not realise” that there is a high magnetic
crystal field. This leads to Mofibauer spectra showing the
quadrupole doublet of non-magnetic material instead of the
sextette observed with magnetic materials. Figure 11 shows
this for a y-Fe;O3/ZrO, composite specimen. This MofSbauer
spectrum is a superposition of two spectra: one of the ferri-
magnetic core and one of the boundary layer. In the example
given in Figure 11, the volume ratio of magnetic core over
outer boundary layer is 0.72. This reduced volume of ferri-
magnetic material in y-Fe,Oj3 leads to the well-known reduc-
tion of the saturation magnetisation and susceptibility. In
spite of these problems, the susceptibility of superparamag-
netic composites is in the range as it is found in conventional
ferrites. This is well visible in Figure 10.

3.3 Luminescence

Generally, luminescence is observed with aromatic organic
molecules. Quite often, these molecules exhibit limited stabil-
ity and toxicity. Therefore, luminescence properties are
sought in the field of inorganic nanoparticles. Until now, the
most important luminescent nanoparticles are semiconduct-
ing nanoparticles. In this class of materials, quantum dots
based on sulphides, selenides, or tellurides of zinc and cad-
H1L421 5r GaN™*! show the best luminescence efficien-
cy. Doping may increase the efficiency of light emission; typi-
cal examples are 7ZnS™*! and CdSe.*®! Particles based on Cd,
Se, and As are as well toxic as carcinogenic. Therefore, the
need of non-toxic luminescent nanoparticles leads to broad

mium

research activities mainly in the direction of rare earth doped
oxide nanoparticles.””! On air, the surface of oxide nanoparti-
cles, such as zinc oxide, form a hydroxide layer quenching
luminescence. Coating of the surface of the particles with a
polymer protects the oxide surface against ambient air, even
against water.*#*’!

It was discovered that wide gap insulating oxides exhibit
luminescence when coated with m-PMMA.""! This is shown
in Figure 12 depicting the luminescence of different oxide
nanoparticle powder specimen coated with m-PMMA. It is
obvious, nanoparticles of HfO,, a wide band insulator, exhibit
the highest and nanoparticles of WO, a semi-conductor, the
lowest luminescence intensity. Nanocomposites with y-Fe,O3
core never show luminescence at all. The particle size of the
ceramic cores was in the range of 5 nm. For the wide band in-
sulating oxide cores HfO,, ZrO,, and Al,Os, the luminescence
intensity increases with the uv absorption in the ceramic core.
Figure 13 is a graph showing the luminescence intensity of
powders of these nanoparticles as a function of the absor-
bance for the 325 nm excitation line in an aqueous suspen-
sion. In contrast to the intensity, the wavelength of the Iumi-
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Fig. 12. Luminescence of different oxide nanoparticles as powder coated with m PM
MA.
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Fig. 13. Luminescence intensity of the highly insulating oxides HfO,, ZrO,, and
Al,O3 as function of the absorbance of the powder suspended in water with a concen
tration of 0.01 gl .

nescence intensity maximum does not depend on the oxide
core. The small differences visible in Figure 12 are probably
caused by differences in the particle size.

It may be astonishing that combinations of two non-lumi-
nescent materials exhibit relatively strong luminescence in a
composite. Therefore, experiments to clarify this phenome-
non were performed. Starting point were the findings that
during the PMMA coating process a substantial number of
ester groups have formed an ester-like linkage between the
carboxylic groups and metal surface atoms of oxide.** There-
fore, these composite particles form molecule-like structures
of the type R-(C=0)-O-(oxide particle). Combining these find-
ings with the experimental result that the luminescence inten-
sity increases with increasing uv absorption in the ceramic
core, leads to the assumption that the observed luminescence
phenomena are related to an absorption process in the ceram-
ic core and a transfer of excitation via the carboxylate bonds



to the polymer coating. The modified PMMA is characterised
by a carbonyl group directly adjacent to the oxide surface.
Carbonyl groups are responsible for luminescence in aliphat-
ic compounds™ as it is known from e.g. biacetyl, CHs-
(C=0)-(C=0)-CHj;. To prove this postulated correlation, for-
mic acid ethyl ester (FAME), H-(C=0)-O-CHj; showing
luminescence in the range between 360 and 410 nm when
dissolved in water, was selected as precursor to coat the
oxide particles. This leads to the smallest possible molecule
H-(C=0)-O-(oxide particle) containing a carbonyl group at
the oxide surface. Additionally, samples made of ZrO, nano-
particles coated by diethylether (DEE), C,Hs-O-C;Hs, as pre-
cursor were prepared to form molecules like Co;Hs-O-(ZrO,).
This material does not contain any carbonyl group. At the
outside, both types of specimen were coated with PHPMA.
This polymer was selected because oxide particles coated
with PHPMA show only very week luminescence. In this case
there is a high probability that the (OH)™ groups are bond
directly to the surface. Figure 14 exhibits the luminescence
spectra of these specimens. It is obvious that FAME as
precursor for coating leads to identical spectra as found with
m-PMMA coating, whereas the coating without carbonyl
group leads to an entirely different spectrum. This is a clear
proof that the carbonyl group at the particle surface is respon-
sible for luminescence of these nanocomposites.

To shed more light at the mechanism, the size dependency
of the luminescence intensity and wavelength was deter-
mined. For these experiments, ZrO,/m-PMMA was taken as
example. The particle size was estimated with a precision of
ca. £ 0.2 nm by evaluation of x-ray diffraction line profiles
using the Scherrer formula.” These experiments resulted in
three correlations:
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Fig. 14. Luminescence spectrum of nanocomposite powders with ZrO, kernels coated
with FAME and DEE. The outside of the composites is coated with PHPMA. The spec

tra are characterised by the monomer. Additionally, the weak emission spectrum of
ZrO,; coated with PHPMA (A) is given for comparison. The spectra are normalised
and stacked.

The peak luminescence intensity increases with decreasing
particle diameter following the law:

I=1I,+b/d ®)

(I ... intensity, Iy = 2.04+ 0.1, b = 20.8 + 0.1 nm ... con-
stants, and d ... particle diameter in nm). As for a given
amount of material, the number of particles is proportional
d™® and the surface of one particle is proportional d* a depen-
dency of d™' describes a direct proportionality to the total sur-
face of the particles. Therefore, the proportionality of the
intensity with d™' correlates the emission mechanism with the
particle surface.

Decreasing particle size goes parallel with a blue shift
described by

1/A=1/2y + bd® ©)

(o =4165+0.05nm, b= 1.061 x 10°+ 5 x 10° nm™ ). Fig-
ure 15 depicts the experimental data. This blue shift goes par-
allel with a reduction of the line width.

The line width at half intensity follows the relation

AE = A(1/4) = AEy(1 — exp(—bd)) @)

(4Ep = 5.73*107* £ 1.6*10°nm ™, b = 6.39*107! £ 5.8*10°nm). A
fit of equal precision is obtained using the function:

AE = A(1/4) = AE, — b/d ®)

(AEp = 6.43*10*+ 2.2*10°nm ™, b= 4.59*10™* £ 3*10°°).

The latter two relations connect the emitted light directly
to the band structure of the ceramic core. This finding corre-
sponds well with the result that the uv-quanta are absorbed
in the ceramic core followed by a transfer of the excitation to
the carbonyl group bond at the surface.

The interaction of the m-PMMA coating with the oxide
core is different in the case of a semi-conducting oxide exhib-
iting luminescence. ZnO is representative for these materials.
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Fig. 15. Wavelength of the emission maximum as a function of the particle size of
ZrOy/m PMMA nanoparticles determined at the maximum of the intensity. The
experimentally found blue shift with decreasing particle size is fitted by 1/A = 1/A9 +
b,



Luminescence spectra of ZnO/m-PMMA nanocomposites
with varying size of the oxide are shown in figure. Typical for
these composites is a broad emission consisting of two broad
overlapping lines. Determination of the particle size by x-ray
diffraction is impossible because of the overlapping lines.
Therefore, the particle size was determined with reduced pre-
cision, estimated to be ca. =3 nm, by electron microscopy.
Fujihara et al. found on ZnO particles with a size of 6.2 nm
embedded in MgF, films a similar splitting of the emission."*?
This suggests that the splitting is a consequence of the inter-
action of the ZnO particles with the surrounding material.
For ZnO/m-PMMA, both of the overlapping luminescence
peaks exhibit blue shift with decreasing particle size. Addi-
tionally, the intensity ratio peak 1 over peak 2 increases with
decreasing particle size. These experimental findings follow
the relation:

L/I, =A+kd™? e

(I, I = Intensity of the second or first peak, respectively,
A=1.120 + 2x10*and k = 4.9 + 5*10° nm™). Assuming oxide
polymer interaction as source for peak 1 the intensity of
peak 1 should be proportional d™'. Therefore, the intensity of
peak 2 is
d?d =d> (10)

This is exactly the proportionality expected in quantum
confinement systems. Because of the overlapping, it is diffi-
cult to analyse the blue shift of the first peak with sufficient
precision. The blue shift of the second peak is described by
the expression:

1/A=1/Ay +bd? (11)
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Fig. 16. Emission spectra of ZnOfm PMMA nanocomposites, influenced by the parti

cle size. Additionally, the spectra show the exciting line in first order at 325 nm and at
650 nm in second order. The spectra are stacked and normalised.
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Fig. 17. Influence of the particle size on the blue shift of the ZnO emission line with
decreasing particle size. The experimental points were fitted with 1/ = 1/Ag + b*d >,

(Ao = 5427 £ 04 nm, b = 5.61*10° = 1*10 nm ™). The
experimental data connected with the fitted function are
depicted in Figure 17. The exponent 3, related to quantum
confinement, is the same as it was found by Monticone et al.
for the blue shift in ZnO."!

As the range of colours found with the oxide/m-PMMA
nanocomposites is limited, a new type of luminescent nano-
composites was designed.”™ This new composite consists of a
ceramic core, a monomolecular layer of an organic lumo-
phore, and a polymer coating for protection and adjusting the
surface properties according to the demands. One may expect
the following advantages from this new type of composites:

Broad range of possible colours based on the vast amount
of commercially available lumophors.

Modification of excitation and emission by the ceramic
core.

Combination of different properties by selecting appropri-
ate core and coating materials and

adjustment of the surface properties by selecting a poly-
mer according to the demands.

As a first example of the luminescence spectra a series of
composites with different insulating oxide cores, pyrene as
lumophore and PMMA as protection coating is shown. Fig-
ure 18 reveals that the spectra are independent of the ceramic
core, whereas the intensities depend strongly on the ceramic
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Fig. 18. Luminescence spectra of different oxide[pyrene/PMMA nanocomposites as
powder.
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Fig. 19. Luminescence intensity of oxide/pyrene/fPMMA nanocomposite particles
plotted as function of the absorbance at 325 nm. Absorbance was determined in an
aqueous suspension with 0.01 vol% particles in water.

core. This spectrum is nearly the same as it is found for pure
solid pyrene. Similar as in the case of oxide/m-PMMA nano-
composites, composites with hafnia core exhibit the highest;
those with silica core the lowest luminescence intensity. This
relationship is also reflected in the absorption of 325 nm uv-
quanta used for excitation. As it is demonstrated in Figure 19
the composites with hafnia kernel show the highest, the ones
with silica core the lowest absorption. This relationship leads
to the assumption that, at an excitation of 325 nm, the uv-
quanta are absorbed in the ceramic core. This excitation is
transferred to the lumophore molecules at the surface of the
composites. As there is no bonding between the ceramic core
and the lumophore, one may assume an excitation transfer by
dipole interaction such as the Forster mechanism.®>* The
spectra are changing from the excitonic ones to the molecule
spectra in the case that the particle surface is not covered
completely. This is demonstrated in Figure 20. Similarly, the
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Fig. 20. Luminescence spectra of ZrO,/pyrene/PMMA nanoparticles with different
coverage of the nanoparticle surface with the lumophore. The numbers at the lines indi

cate the percentage of surface covering. In all cases, the intensity is normalised and the
graphs are stacked. For comparison, the emission spectrum of the solid pure lumophore
is displayed.
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Fig. 21. Comparison of luminescence spectra of solid pyrene, Al,Os/pyrene/PMMA
nanocomposite as powder and Al,Os/pyrene/PMMA suspended in methanol.

transition from the excitonic spectrum to the molecule spec-
trum is found also in very thin suspensions. For comparison,
Figure 21 displays the spectrum of an alumina/pyrene/
PMMA composite as powder and suspended in methanol. In
this graph, one realises that in a thin suspension, these nano-
composite particles behave like molecules. Obviously, lumo-
phore molecules attached on one nanoparticle are not inter-
acting with each other. This is insofar astonishing as the size
relations between the lumophore molecules and the oxide
particle are so that the angles between the axes of the mole-
cules are not only 90 ° and 180 °. Therefore, one would have
expected at least some interaction between the lumophore
molecules on the surface of one ceramic nanoparticle.

In case of oxide particle/pyrene, the emission spectra of
pyrene is only very little influenced by oxide core. This is dif-
ferent if one uses anthracene as lumophore. Figure 22 dis-
plays the emission spectra of pure anthracene and a Fe,O3/
anthracene/PMMA nanocomposite. This comparison shows
two spectra that are identical except for the most intense line.
In the composite, the line at 420 nm is not fitting into the
well-known system of vibration modes of anthracene. This
extra line is observed independently of the oxide used as core
material.

anthracene
Fe203/anthracene/PMMA

intensity
5

ok
350 400 450 500 550 600
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Fig. 22. Emission spectra of pure solid anthracene in comparison with a y Fe,Os/
anthracene/PMMA nanocomposite powder.



4. Conclusions

Nanoparticles produced by the Karlsruhe Microwave Plas-
ma Process exhibit a very narrow particle size distribution.
This makes them ideal for any application as functional mate-
rial, as many of the interesting physical properties are volume
dependent. As the interaction of the particles changes or even
quenches the interesting physical properties, it is necessary to
coat each particle either with a second ceramic or organic
material. It has been shown that superparamagnetism, a
property typical for nanosized ferrites, can be saved into
pressed and sintered compacts, provided each individual
particle is coated with a distance holder. Applying a second
phase as "distance holder" also avoids grain growth during
sintering.

In special cases, the interaction between ceramic core and
organic coating may lead to new properties. A typical exam-
ple is luminescence. It was found that carbonyl groups bond
to the oxide core exhibit strong luminescence. This lumines-
cence depends strongly on the particle size. It shows blue
shift and narrowing of the emission line with decreasing par-
ticle size indicating a direct connection between the molecu-
lar orbital and the energy bands of the ceramic particle. To
broaden the range of possibilities, a second type of lumines-
cent nanoparticles was developed. In this case, a monolayer
of lumophore molecules was placed between the ceramic core
and the outer polymer layer. Even in this case, without
chemical bonding, there are distinct interactions between the
ceramic core and the lumophore molecules. Most interesting,
lumophore molecules sitting on one particle are not interact-
ing. Such a nanocomposite behaves like one molecule. Similar
as in the case of chemically bond molecules at the surface, the
uv-quanta for excitation are absorbed on the ceramic core
and the excitation is transferred to the luminescent molecules
at the surface.

The ceramic core may be selected in a way that it contrib-
utes with its own physical property to the properties of a
composite. A typical example for such a combination is a
superparamagnetic core and a luminescent coating. Materials
exhibiting this combination of properties are sought in bio-
technology for cell separation and quantification.

5. Experimental Section

The ceramic nanoparticles and ceramic/ceramic or ceram-
ic/organic nanocomposites used in this study, are synthe-
sized using the Karlsruhe Microwave Plasma Process, well
suited to produce ceramic nanoparticles coated individually
with a ceramic®” or a polymer® layer. This is possible, be-
cause the particles leave the reaction zone, where the particles
are formed, with electric charges of equal sign. As these
charged particles repel each other agglomeration is avoided
and coating of the particles in subsequent steps of a cascaded
process is possible. Depending on the demands, the particle
size is adjusted in the range between 3 and 10 nm; in special

cases, sizes down to 2 nm are possible. To synthesize the
ceramic cores, water-free, volatile precursors, such as
Aluminumtrichloride, AlCl;, Zirconiumtetrachloride, ZrCly,
ironpentacarbonyl, Fe(CO)s or Hafnium-t-butoxide, Hf[OC-
(CH3);l4 are used. They are introduced as a vapour into the
reaction tube just before the reaction zone. These compounds
react with the reaction gas, a mixture of Ar and 20 vol% O, to
the desired nanoparticles. Coating of the ceramic nanoparti-
cles with organic materials is possible, because the tempera-
tures in the system can be kept sufficiently low. This is one of
the inherent advantages of microwave plasma processing.
The selection of the polymer for the outer layer follows the
demands of the application. In general, PMMA is used for
coating. For hydrophilic coating PHPMA (poly hydroxy pro-
pyl methacrylate) is selected. In the case of PMMA coating,
the monomer reacts via carboxylate groups with the oxide
surface.” In all of these cases, polymerisation is initiated by
the uv-radiation from the microwave plasma.”® Electron mi-
croscopy was performed with a Philips CM 30ST. Magnetiza-
tion was measured using a superconducting SQUID magne-
tometer. MoSbauer experiments were performed with a Co”
source at room temperature. Luminescence spectra were
analysed using a spectrometer with Czeney-Turner mono-
chromator. For excitation, a HeCd laser (325 nm) connected
to a monochromator was used. The optical signal was
detected with a photomultiplier tube. Absorption measure-
ments were done in diluted suspensions of nanopowders in
the transmission mode.
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