Preparation of inverse nanoparticle-polymer composites
by infiltrating monomers in indium tin oxide layers
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Abstract: The limitations of low-fill nanoparticle-polymer composites are overcome through
the initial creation of a stable, percolating inorganic nanoparticle scaffold with a very high
porosity via flame-spray pyrolysis. Subsequently, the porous structures are filled with a
monomer and are photochemically polymerized. It is shown that for indium tin oxide
nanoparticles filled with a bifunctional acrylate, the electrical conductivity can be increased
by one order of magnitude due to a structural changing of the layers.
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Introduction

Through the linking of inorganic ceramic-like mixed-oxide nanoparticles with highly
crosslinked thermoset systems, stiff, fracture resistant, and electrical as well as optoelectrical
functional materials can be prepared [1]. Conventionally, surface modified nanoparticles are
dispersed in either a polymer solution or a monomer, and from these dispersions films are
created. Due to the particle properties, the nanoparticle composite films hereby achieved
display a high degree of random aggregation of the particles in the composite [2]. In the work
described here, nanoparticles comprising semi-conducting mixed transition metal oxides are
embedded in a highly cross-linked thermoset matrix and are then maintained as low-fill yet
highly percolating composite films [3]. Hereby, the nanoparticles are synthesized using
flame-spray pyrolysis (FSP) [4] and are transferred in a further step to a secondary substrate
via the layer-to-layer process [5]. Subsequently, there is an infiltration and a polymerization
in the pores of the nanoparticle layer by a monomer. With nanoparticles from the flame-spray
pyrolysis and capillary-driven monomer infiltration, inverse nanoparticle composite films
should result, whereby the original particle scaffold structure and pore structure should be
maintained while the electrical conductivity should be increased. Inverse nanocomposite is
defined by us as a nanocomposite which is formed by first preparation of a particle scaffold
which is afterwards infiltrated by the organic matrix material.



Experimental Procedure

For the preparation of inverse nanoparticle composite films, nanoparticles consisting
of In19SNnp 103 (ITO) were synthesized using flame-spray pyrolysis. The detailed preparation
procedure for such nanoparticles can be found in the work of Kemmler et al. [6]. The
nanoparticle layers were transferred to a substrate and prepared as electrodes using a
conductive adhesive and contact electrodes under electrical resistance measurement with a
digital multimeter so that the conductivity could be determined at ambient temperature. 1,6-
hexanediol diacrylate (HDDA) was used as monomer for infiltration of the porous scaffold,
which is commercially available as Laromer® HDDA (BASF). To this the photoinitiator
bis(2,4,6-trimethylbenzoyl)-phenylphosphine oxide (Omnirad 819 from IGM) was added. The
infiltration and polymerization process can be found in Naatz et al. [7]. The samples thus
achieved were examined via SEM, TGA, DMA, DSC, Raman, optical microscopy and
resistance measurements.

Results and Discussion

The prepared nanoparticle composite film layers are transferred as thin films on glass
slides with connected copper electrodes. During the individual preparation steps, the
conductivity of the inverse nanocomposites was investigated using 2-point resistance
measurement. As shown in Figure 1(a), the pure ITO nanoparticle layer has a conductance of
2.4 uScm™. After successful infiltration, the conductance increased by approximately one
third to 3.3 pScm™. Due to capillary forces during the inflow of the liquid, it is expected that
the particle scaffold is restructured. As the conductivity increases during infiltration with the
monomer, one can conclude that the restructuration leads to an increase of particle-to-particle

contacts serving as electric pathways.
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Figure 1: (a) Conductivity of ITO nanoparticles after infiltration and ring with HDDA
monomer; (b) microscopic image of homogeneously filled particle layer with monomer after
UV curing

If the monomer is now photochemically polymerized inside the scaffold it shrinks and
the cure shrinkage of acrylates might be up to 14 vol.% [8]. This cure shrinkage leads to a
strong increase in number but especially intensity of particle-particle contacts. This leads to
the observed strong increases of conductivity. The obtained value is 14 pScm™, which is an
increase of one order of magnitude. The results show that the conductivity increases in each
preparation step and it is surprising that addition of an insulating polymer increases the
electrical conductivity significantly compared to the pure ITO layer. The results could be



reproduced in four independent measurements. For clarity Figure 1 only shows the results for
one of the series.

As presented in Figure 1(b), reflected microscopy examinations show that the polymer
phase completely covers the ITO nanoparticles. Individual agglomerates of the nanoparticles
as well as hair-like residues of the glass fiber filters used for the nanoparticle collection
during flame-spray pyrolysis are visible in the image. The extensive coverage with resin, and
thus the almost quantitative filling of the pores, was confirmed by TGA measurements.

Conclusions

Through a four-step process inverse nanocomposites could be prepared. First highly
porous layers consisting of ITO nanoparticles were prepared by flame-spray pyrolysis. These
layers were transferred onto glass surfaces, followed by imbibition with a monomer which
was polymerized in the fourth step. Interestingly the electrical conductivity increases in each
of these preparation steps although electrical insulating organic material is added. This is due
to particle scaffold restructuration and cure shrinkage, both leading to an increase in the
number of particle-particle contacts.
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