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Abstract Oxide nanoparticles were used as carrier

for organic semiconductor materials. Stable suspen-

sions of ZrO2 nanoparticles coated with anthracene,

pentacene, or para-hexaphenyl were obtained by

microwave plasma synthesis of ZrO2 cores, subsequent

in situ coating with organic compounds, and in situ

dispersion in ethylene glycol. Powders of coated oxide

nanoparticles were synthesized for comparison. The

successful coating and a small uniform size distribu-

tion of the ZrO2 cores were confirmed by comprehen-

sive characterization including photoluminescence,

absorption spectroscopy, electron microscopy,

electron energy loss spectroscopy, mass spectrometry,

and X-ray diffraction. Powder compacts of anthracene-

coated ZrO2 particles showed good air stability and a

significant blue shift accompanied by an attenuation of

the emission lines at higher vibronic orders in

comparison to samples of pure anthracene as received.

For para-hexaphenyl-coated nanoparticles, the same

photoluminescence characteristics are observed as for

pure para-hexaphenyl. In the case of pentacene-coated

nanoparticles indication for degradation is found.
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Introduction

Nano-scaled core shell materials made of a metal

oxide core covered with a functional organic or oxide

shell offer great potentials for obtaining novel and

improved properties, e.g., as electronic, luminescent,

or sensor materials (Vollath 2008). Nanoparticles

with organic shells may also open new processing

routes for device fabrication, such as liquid phase

processing of the practically insoluble organic semi-

conductors pentacene and para-hexaphenyl (p-6P).

Initial studies in this direction were conducted on
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anthracene-coated oxide nanoparticles with an addi-

tional protective layer of poly methyl-methacrylate

(PMMA) showing a significant change of the optical

properties with respect to the pure organic constitu-

ents (Vollath and Szabó 2006).

The present article reports on an in-depth study of

the synthesis and the optical properties on in situ

dispersed oxide nanoparticles coated with organic

semiconducting materials. In addition to anthracene,

pentacene and para-hexyphenyl were studied due to

their technological importance. Pentacene is one of the

most prominent organic semiconductors (Anthony

2007). Both organic field effect transistors (OFETs)

and sensor devices based on pentacene films have been

successfully demonstrated and are subject of intense

ongoing research (Dimitrakopoulos and Malenfant

2002; Zhu et al. 2002). Para-hexaphenyl has a high

application potential as luminescent material in opto-

electronic devices due to its highly efficient blue

emission (Era et al. 1995). Using optical down

conversion to obtain green and red light emission,

p-6P-based multicolour or white organic light emitting

devices (OLEDs) can be fabricated (Tasch et al.

1997).

One drawback for a large scale application of both

pentacene and para-hexaphenyl is the negligible

solubility in common solvents at ambient conditions.

Pentacene, for instance, has to be either heated

(Minakata and Natsume 2005) or synthesized through

a soluble precursor (Brown et al. 1996) for liquid

processing, such as ink-jet printing (Böberl et al.

2007). The present study therefore investigates an

alternative approach to make pentacene and p-6P

suitable for liquid processing, namely microwave

plasma synthesis and in situ dispersion of organic-

coated oxide nanoparticles. Our previous studies have

shown that these nanocomposite particles form stable

dispersions in ethylene glycol (Sagmeister et al.

2008).

In difference to hot wall reactors, microwave

plasma synthesis is particularly suitable for producing

organic inorganic composite nanoparticles due to its

low processing temperatures compatible with organic

materials. Additionally, an electrostatic charging of

the particles originating in the plasma process in

combination with residence time in the plasma of only

a few milliseconds leads to a uniform, small size of the

oxide cores, since grain growth and agglomeration of

the core particles prior to coating is suppressed

(Vollath and Szabó 1999, 2006).

Besides a comprehensive characterization by

electron microscopy, mass spectroscopy, and X-ray

diffraction, the present study focuses on the study of

the optical properties of these composite nanomate-

rials. Optical spectroscopy techniques, particularly in

measurements of the absorption and photolumines-

cence (PL), represent powerful tools for investigating

the structure of the p-conjugated organic molecule

coatings and their interaction with the oxide cores

and solvents (Gundlach et al. 1999; Nijegorodov et al.

1997; Lakowicz 2006). Photoluminescence spectros-

copy is highly sensitive with respect to the electronic

and vibrational structure. In the case of organic

semiconductors based on p-conjugated organic mol-

ecules, information about the surroundings of the

molecules and their interaction with each other can be

deduced by the peak positions and the intensity ratios

of the different vibronic states in the recorded spectra.

In solid state luminescence, generally a red shift in

comparison with gas phase spectra and in case of

crystalline phases the so-called Davydov splitting is

observed (Kamura et al. 1974). Additional informa-

tion on the energy transfer and relaxation processes

and thus the local environment of the pentacene

molecules may be obtained by comparing PL and

absorption spectra, as these processes occur on

different timescales (Lakowicz 2006). Therefore,

the combination of optical spectroscopy methods is

expected to provide comprehensive information on

the structure of the pentacene and p-6P coatings and

the agglomeration of the particles, as well as the role

of solvents and in particular traces of impurities

which may quench optical emission lines.

Experimental

Chemical vapor synthesis of the oxide nanoparticles

(cores) is performed in a microwave plasma. Details

of the synthesis method in general are described in

(Vollath and Szabó 2006; Vollath 2008). In the

reaction zone, the precursors are decomposed and the

nanocrystalline (n-)ZrO2 cores are formed. The non-

agglomerated core particles are subsequently coated

in a second step. Collection of the particles has either

been accomplished by passing the gas stream through



a washing bottle filled with ethylene glycol (liquid

dispersions) or by deposition on a cooled finger

(powder samples). Figure 1 shows schematically the

experimental setup with liquid dispersion powder

collection.

Following our previous studies (Sagmeister et al.

2008; Brossmann et al. 2007), the liquid metal

organic precursor Zr(IV)-n-butoxide was used for

synthesizing the n-ZrO2 core particles. Pure anthra-

cene, pentacene, or para-hexaphenyl vapor from a

second evaporation source was used for organic

coating. In a typical run, 2 ml of metal organic

precursor with a feeding rate of 5 8 ml/h and 150 mg

of the organic coating material were used. In the case

of powder samples, about 200 300 mg of product

could be harvested. A pulsed microwave plasma

(2.45 GHz, on/off period: 1 ms/1 ms) with an effec-

tive power of 150 to 300 W was applied at a gas

pressure of about 10 mbar. This allowed both to

achieve a quantitative formation of small, uniform

oxide cores and to maintain relatively low tempera-

tures in the coating zone in the range of 200 250 �C

(pentacene, anthracene) or 380 420 �C (p-6P) to

reduce degradation of the organic coating material.

Reference samples of anthracene and pentacene

dispersed in ethylene glycol without n-ZrO2 cores

were prepared in the same experimental setup. In this

case, however, only the evaporation source for the

polyacenes was used without any microwave plasma.

Before characterization by optical measurements, all

in situ dispersed samples (Table 1) have been

ultrasonicated for 15 min. Alternatively, dry powder

samples of coated particles were obtained by collect-

ing the nanoparticles on a water-cooled finger and

scraping them off with a razor blade. For photolumi-

nescence and x-ray diffraction (XRD) studies, the

powders were pressed into small pellets using a uni-

axial pressure of 1 GPa. Reference samples of pure

powder compacts were made by pressing pellets of as

received anthracene and pentacene. Table 1 gives an

overview of the samples used in this study.

Transmission electron microscopy (TEM) was

done with microscopes of Tecnai F20 series at

200 kV. Electron energy loss spectroscopy (EELS)

measurements on organic semiconductor-coated n-

ZrO2 were performed with a Gatan Multiscan CCD/

EELS, operating at 200 keV. The acquisition of EEL-

spectra was performed in TEM image mode, using a

2-mm spectrometer entrance aperture and a disper-

sion of 0.3 eV/channel. The samples for TEM and

EELS measurements were taken by dipping lacey

carbon films on 300 mesh copper grids into the

collected powder. This preparation method has the

advantage of being free of organic solvents, com-

bined with the slight disadvantage of getting agglom-

erates instead of isolated powder particles. As many

parts of the agglomerates are located across the holes

of the support film, EELS analysis without any

influence of the support film is assured. Additionally,

uncoated n-ZrO2 nanoparticles were re-dispersed in

isopropanol and collected on polymer coated Cu grid

for TEM studies.

The photoluminescence measurements were car-

ried out using a computer-controlled Shimadzu RF-

5301 PC spectrofluorophotometer with a Xe-arc lamp

as light source in the case of anthracene and pentacene

(see Lakowicz 2006), for a general description. For the

PL measurements of the p-6P-coated samples, a

Horiba-Jobin-Yvon Fluorolog3 spectrofluorophotom-

eter was used. An excitation wavelength of 350 nm

was used, which is below the onset of strong absorp-

tion in the ZrO2 cores. The PL spectra were recorded

for wavelengths in the range from about 370 to

600 nm, taking about 1 min for a full scan. The

dispersions have been diluted to the point where no

significant self absorption could be observed. For

better comparability all PL spectra have been normal-

ized to each other. The PL and absorbance could not be

quantitatively assessed as the particle content obtained

by in situ dispersion and resulting optical density could

only be roughly estimated based on the yield for dry

powders under identical synthesis conditions.

Optical absorption was measured using a Varian

Cary 50 UV VIS spectrophotometer. The absorbance

of pure ethylene glycol in the measuring cuvette as a

Fig. 1 Schematic drawing of the microwave plasma synthesis

of ZrO2 nanoparticles, in situ coating with organic materials

(e.g., pentacene), and in situ dispersion in ethylene glycol



reference was scanned first and then automatically

subtracted from all following measurements.

Mass spectrometry was performed on a Micromass

TofSpec 2E Time-of-Flight mass spectrometer, an

instrument designed for matrix-assisted laser desorp-

tion/ionisation (MALDI). The instrument is equipped

with a nitrogen laser (337 nm wavelength, operated

at a frequency of 5 Hz) and a time lag focusing unit.

Ions were generated by irradiation just above the

threshold laser power. Spectra were recorded in

reflectron mode applying an accelerating voltage of

20 kV and externally calibrated with a suitable

mixture of poly(ethyleneglycol)s (PEG). The spectra

of 100 150 shots were averaged. Analysis of data

was done with MassLynx-Software V3.5 (Micro-

mass/Waters, Manchester, UK). It is important to

note that the solid samples were deposited directly on

the target without addition of a matrix material to

avoid any contaminations or interferences. Conse-

quently, the mass spectra discussed below are stan-

dard laser desorption/ionisation (LDI) spectra.

Results and discussion

Stable suspensions of pentacene and para-hexaphe-

nyl-coated nanoparticles were successfully prepared

using the in situ dispersion technique described

above. A particle content in the order of 1 g/L was

estimated from the amount of powder collected on a

cold finger under similar processing conditions. The

particles stayed dispersed for several weeks and no

sedimentation was observed under ambient condi-

tions (Sagmeister et al. 2008).

Transmission electron microscopy was used to

characterize the morphology and the size of the

particles. Micrographs recorded on both re-dispersed

uncoated n-ZrO2 (Fig. 2, left) and, exemplarily for

organic semiconductor-coated nanoparticles, on p-6P-

coated n-ZrO2 (Fig. 2b, right) show a small mean

grain size (d \ 5 nm) und a narrow particle size

distribution. The TEM measurements also show that

both the uncoated and p-6P-coated nanoparticles form

small agglomerates with a size in the order of 50 nm,

as previously observed in dynamic light scattering

(DLS) measurements (Sagmeister et al. 2008).

Electron-energy loss spectroscopy shows clear

evidence of organic coating on n-ZrO2 particles.

Figure 3a shows exemplarily zero loss EELS spectra

recorded on the p-6P-coated particles as well as on

uncoated n-ZrO2 and on an amorphous carbon film as

reference samples. For uncoated n-ZrO2 and the pure

carbon film, the EELS spectra at low energy losses

(Fig. 3a) are in good agreement with literature data

from the EELS-atlas (Ahn and Krivanek 1983). The

characteristic loss peaks at 13 and 22 eV are ascribed

to volume plasmons in Zr and C. The EELS spectra

of p-6P-coated n-ZrO2 particles show both contribu-

tions thus indicating an organic coating.

The assumption of a p-6P coating on the n-ZrO2

cores is also supported by EELS data for higher loss

energies giving a clear indication for the presence of

an organic coating. Figure 3b shows the background

corrected core loss spectra of uncoated n-ZrO2 (#0) as

Table 1 Preparation

conditions of the samples

investigated

Composition Preparation route Sample number #

ZrO2 Powder 0

Anthracene As received (powder) 1

In situ dispersed 2

ZrO2/anthracene core shell Powder 3

In situ dispersed 4

Pentacene As received (powder) 5

In situ dispersed 6

ZrO2/pentacene core shell Powder 7

In situ dispersed 8

In situ dispersed and aged 9

Para hexa phenyl As received (powder) 10

ZrO2/para hexa phenyl core shell Powder 11

In situ dispersed 12



a reference and of p-6P-coated particles (#11). The

reference n-ZrO2 is more or less free of C, whereas

clear indications of C=C bonding (p*) at an energy

loss of 285 eV, of C H bonding (r*) at an energy

loss of around 293 eV, and of C C bonding (r*) at an

energy loss around 299 eV are present in the p-6P-

coated material (Gordon et al. 2003). Zr M2 and Zr

M3 major edges are found in both spectra. Due to the

precautions taken during analysis, a C-signal stem-

ming from the lacey carbon film can be excluded.

In contrast to the EELS-studies, high-resolution

TEM micrographs (Fig. 2b) of the p-6P-coated ZrO2-

nanoparticles (#11) do not show clear evidence for

coating, because the individual particles are not

clearly separated. This may at least indicate that the

p-6P molecule with a length of 2.6 nm is not attached

perpendicular to the length axis on the surface of the

nanoparticles, otherwise it would act as a spacer and

separated nanoparticles should be observed. In the

case of a monolayer coating parallel to the length axis

of the p-6P molecule, the height of the molecule is

below the resolution of the TEM.

Anthracene-coated nanoparticles

For initial studies of the optical properties of

polyacene-coated nanoparticles, the material system

n-ZrO2-anthracene was chosen. The photolumines-

cence of anthracene as received and anthracene-

coated particles were probed both on powder samples

Fig. 2 TEM micrograph of uncoated n ZrO2 (a) and para

hexaphenyl coated n ZrO2 (b)

Fig. 3 Electron energy loss spectra of the low loss region (a)

for uncoated and para hexaphenyl coated n ZrO2 and amor

phous carbon. Part (b) shows the core loss region of uncoated

and p 6P coated ZrO2 nanoparticles



pressed into tablet-shaped pellets (# 1 and 3) and on

in situ processed dispersions in ethylene glycol (# 2

and # 4). In the case of consolidated powder samples,

the PL spectra of anthracene-coated n-ZrO2 and pure

anthracene significantly differ from each other.

Compared to pure anthracene compacts (# 1, Fig. 4a)

and literature data (Vollath and Szabó 2006; Nije-

gorodov et al. 1997; Gordon et al. 2003; Lumb 1978),

a blue shift and an increase in relative intensity of the

emission at 408 nm and an attenuation of the

emission lines at longer wavelengths occurs in

anthracene-coated n-ZrO2 (# 3). These variations

are probably due to interactions of the coating with

the core material. Qualitatively very similar results

have been reported for HfO2/anthracene/PMMA

nanocomposite particles (Vollath and Szabó 2006)

although the peak positions there are shifted to longer

wavelengths by 10 15 nm. This can be ascribed to

the different core material (HfO2) and the additional

PMMA coating.

In contrast to the powder samples, both as-

received anthracene and the anthracene-coated ZrO2

particles dispersed in ethylene glycol (# 2 and # 4)

appear identical after ultrasonication (Fig. 4b). This

indicates that the anthracene coating may have

dissolved in ethylene glycol, as it is attached to the

oxide cores only by weak van-der-Waals bonds. This

view is supported by literature data according to

which anthracene is soluble in ethylene glycol

(although only to minor extend) (Sizmann 1959).

Another indication for the dissolving of anthracene

from the ZrO2 cores is the fact that the initially milky

suspensions formed by in situ dispersion of coated

particles (# 4) became almost clear after ultrasonica-

tion. Based on the differences in the solid state

spectra (Fig. 4a), we can conclude, that it was

possible to coat the particles successfully. On the

other hand, the identical spectra of the dispersed

coated particles and of the as received anthracene

dispersion infer that the organic material has not been

degraded during the synthesis or subsequent storage

in ambient conditions.

Pentacene-coated nanoparticles

For pentacene-coated nanoparticles, both absorption

and luminescence were studied. Absorption spectra

were recorded on pentacene-coated ZrO2-nanoparti-

cles and on pure pentacene reference samples which

both were in situ dispersed in ethylene glycol (Fig. 5,

# 6, # 8). The absorbance spectra were corrected by

subtracting the contribution of pure ZrO2 nanoparti-

cles in ethylene glycol (measured separately) which

absorb in the region from 300 to 500 nm. Both the

pentacene reference sample (# 6) and the coated

Fig. 4 PL spectra of anthracene coated ZrO2 nanoparticles

(solid line) and of pure anthracene (dashed line) as pressed

pellets (a, samples #1, #3) and dispersed in ethylene glycol (b,

samples # 2, # 4)

Fig. 5 Absorption spectra of pure pentacene (# 6, dotted line)

and of pentacene coated nanoparticles after synthesis (# 8,

solid line) and after 7 weeks of storage (# 9, dashed line). All

samples are dispersed



particles (# 8) exhibit similar spectra especially in the

region between 500 and 700 nm where all peaks can

be attributed to absorption in pentacene (see Table 2).

The peaks observed in the wavelength range above

600 nm are characteristic for solid pentacene (Kam-

ura et al. 1974) indicating that the pentacene is not

dissolved in ethylene glycol. Two peaks at about 630

and 670 nm occur (Table 2) which are considered as

fingerprint for Davydov splitting. This means that the

pentacene coating exists at least partly in crystalline

form which is also supported by XRD studies on

consolidated powder samples showing a pronounced

signature of crystalline pentacene (Sagmeister et al.

2008).

Photoluminescence spectra were recorded on

pentacene-coated ZrO2-nanoparticles both as powder

compacts (# 7, Fig. 6a) and in situ dispersed (# 8,

Fig. 6b). Pure pentacene was also measured as a

reference (# 5, # 6). The PL spectra of pentacene-

coated n-ZrO2 (# 7, # 8) as well as those of pure

pentacene (# 5, # 6) show a dominant peak at a

wavelength of about 415 nm which is usually not

found in pentacene. Literature data show instead for

pentacene as well as for pentacene quinone (as a

principal oxidized derivative) photoluminesence at

wavelengths above 580 nm (Scherf and List 2002) in

agreement with theoretical calculations for the energy

levels in the pentacene molecule (Nijegorodov et al.

1997; He et al. 2005).

Pertaining to the origin of the dominant lumines-

cence peak at 415 nm, it is interesting to note that a

strong photoluminescence in the range of 420 nm

was also reported for n-ZrO2 and other nanoscaled

oxide cores coated with polymers, such as PMMA

(Vollath et al. 2004). This luminescence, which

showed a blue shift with decreasing particle size,

was characteristic for coated particles and considered

to originate from carbonyl and ester groups at the

oxide polymer interface. Therefore, the lumines-

cence at 415 nm in the present case is tentatively

attributed to oxidized pentacene derivatives. In fact,

both mass spectrometry studies (see below) and data

from literature indicate that pentacene may form

oxidized derivatives with hydroxyl- and carbonyl

functionalities (De Angelis et al., 2009). It is well

known that such oxidized derivatives may act as

efficient fluorescence quenchers what may explain

the absence of a pentacene-specific luminescence

(expected above 520 nm). On the other hand, a

comparison with the absorption spectra (Fig. 5)

shows that the concentration of these fluorescence

quenchers is obviously below the detection limit of

optical absorption.

It should be emphasized that the luminescene-

active impurities were already present prior to the

Table 2 Position of the four dominant pentacene absorption peaks and a comparison with literature

Pentacene powder, as received (sample 5) (nm) 544 584 629 673

Pentacene coated particles (sample 8) (nm) 544 583 629 667

Degraded pentacene coated particles (sample 9) (nm) 541 582 628 665

Reference dataa (nm) 542 582 630 668

a Kamura et al. (1974)

Fig. 6 PL spectra of pentacene coated ZrO2 nanoparticles

(solid line) and of pure pentacene (dashed line) as pressed

pellets (a, samples #5, #7) and dispersed in ethylene glycol (b,

samples # 6, # 8). In addition, the dispersed coated sample after

7 weeks of storage is shown (b, dotted line, #9)



synthesis process in the material as received (Fig. 5a,

sample #5). In addition to these pre-existing oxide

derivaties, both the optical absorption and lumines-

cence show indication of further degradation upon

storage for 7 weeks under ambient conditions

(Figs. 5, 6b, sample #9). The absorption exibits a

decrease in the region from 500 to 700 nm accom-

panied by the appearance of new spectral features

between 300 and 400 nm (# 9, Fig. 5). The latter fit

quite well with spectra of pentacene quinone solu-

tions (Itoh 1995) although it is shifted slightly,

probably due to solid state effects and different

solvents. Therefore, these new features and the

intensity decrease of the peaks above 500 nm can

be attributed to degradation of the organic material

(presumably due to the formation of oxidized deriv-

atives as pentacene quinone) during storage in air.

This evidence of degradation obtained from absorp-

tion spectroscopy is further supported from the

photoluminescence studies which show a significant

increase in the relative PL intensity at longer

wavelengths characterized by the appearance of

pronounced broad peaks near 600 nm (Fig. 6b,

sample #9). Again, this observation can be attributed

to the formation of pentacene quinone, which in thin

film exhibits photoluminescence peaks at 593 and

629 nm (Hwang et al. 2004). A degradation of the

luminescent properties, demonstrated for instance by

appearance of the additional emission at wavelengths

above 500 nm upon prolonged exposure to air and

photo-oxidation, represents a common problem of

organic semiconductors (De Angelis et al. 2009;

Jurchescu et al. 2004). For instance, for polyfluorenes

a change of the emission color from blue to green and

the formation of an emission band in the range of

2.2 2.3 eV were attributed to such keto-defects

(Scherf and List 2002).

The photoluminescence spectra measured on the

powder-compacted and the dispersed samples show

characteristic differences (compare Fig. 6a and b).

Whereas in the PL spectra of the powder samples

(Fig. 6a) only a broad and featureless peak occurs, in

dispersed pentacene (#6, Fig. 6b) three overlapping

peaks occur and also in the pentacene-coated dis-

persed sample (#8, Fig. 6b) a three-peak structure can

be discerned from the two shoulders of the dominant

peak. This peak structure is characteristic of vibronic

transitions. The presence of only one broad peak in

the powder samples suggests a high degree of

interaction between the luminescent molecules in

the solid state, smearing out any vibrational modes in

contrast to spectra recorded on diluted dispersions.

Both in the powder sample and the dispersed sample,

the PL spectra of the coated particles are slightly red-

shifted in comparison to pure pentacene. This obser-

vation is ascribed to an interaction of the pentacene

molecules with the oxide cores and within the small

agglomerates (Sagmeister et al. 2008).

For further characterization of the degradation

process, the samples were also characterized by

means of mass spectrometry. In addition to penta-

cene-coated nanoparticles, pentacene in the state as as

received and after purification was studied. Figure 7a

shows the positive ion LDI mass spectrum obtained

for pentacene powder purified twice by vacuum

sublimation under a temperature gradient. Only one

important species was detected. The signal at

m/z = 278.1 is assigned to the mono-isotopic peak

of the molecular ion of pentacene (C22H14).

In contrast to this, the positive ion LDI spectrum of

pentacene powder ‘as-received’ showed significant

additional signals at m/z values of 294.1, 295.2 etc.

(Fig. 7b). The peak at mass to charge ratio of

m/z = 294.1 is interpreted as the mono-isotopic peak

of the molecular ion of single oxidized pentacene, i.e.,

hydroxy-pentacenes with the formula C22H14O. Note

that the relative intensity observed at 295.2 is too high

in comparison to the theoretical isotope pattern of

C22H14O. This can be explained assuming simulta-

neous formation of molecular ions M? and pseudo-

molecular ions [M?H]?, a process often observed in

positive LDI or MALDI spectra. In negative ion LDI

mass spectra (not shown here), pentacene was

observed as molecular anion at m/z = 278.1, while

the hydroxy-pentacenes were observed as anion

[M - H]- at m/z = 293.1. These signals were also

detected in the negative ion LDI mass spectrum of

coated nanoparticles (Fig. 7c). Additional signals

indicating further oxidation were observed, too. For

example, the signal at m/z = 308.1 is interpreted as

the mono-isotopic peak of molecular anions of

quinones with the formula C22H12O2 (Natsume 2008).

Summarizing the mass spectrometry, indication of

oxidation-products of pentacene with both hydroxy-

and carbonyl-functionalities was found. It is important

to note that a small fraction of oxidized pentacene

already occurs in the pentacene powder as purchased.

Since no data of the ionisation probabilities of the



individual species are available, the mass spectra offer

qualitative, but not quantitative information. A com-

parison of Fig. 7 with literature data shows that in

case of the pentacene-coated particles, our findings of

oxidized derivatives are similar to previous results for

pentacene films exposed to visible light in humid air

(De Angelis et al. 2009), whereas the pentacene

reference powder used in our study contained mainly

hydroxyl-pentacene rather than pentacene quinone

(Jurchescu et al. 2004). The formation of additional

oxidized pentacene derivatives (Fig. 7c) may be

attributed to the presence of oxygen, water, and UV

light originating from the plasma zone during

synthesis.

Para-hexaphenyl-coated nanoparticles

PL spectra on ZrO2 nanoparticles coated with para-

hexaphenyl are shown in Fig. 8 along with a spec-

trum of a reference samples. The PL spectrum of the

consolidated powder samples of p-6P-coated n-ZrO2

(# 11) is similar to that of pure p-6P (# 10). Both are

in good agreement with literature data of p-6P (Ariu

et al. 1999). In the case of the suspended sample

(# 12), the PL spectrum shows only one broad

feature, which may be attributed to solution effects in

ethylene glycol.

It is interesting to note that para-hexaphenyl shows

a markedly different behavior than pentacene and

anthracene. In the case of p-6P, no spectral shift for

coated particles occurs in comparison to the pure

coating materials in the state as received. This may be

attributed to a smaller influence of the oxide cores on

the energy levels of p-6P due to twisted molecule

structure in comparison to the planar polyacenes. The

different molecular structure may also explain that

for p-6P detailed spectral features are observed for

powder samples (# 10, 11), whereas dispersions show

strong broadening. For pentacene, on the other hand,

detailed spectral features, especially at larger wave-

lengths are only observed in suspensions.

Para-hexaphenyl-coated samples also showed

much better air stability compared to pentacene-

coated samples. Even after 6 months of storage no

aging effects could be observed in the PL spectrum.

That means, in contrast to pentacene, no degradation

of the p-6P was observed neither due to UV radiationFig. 7 Positive ion LDI mass spectra of twice purified

pentacene (a) and as received pentacene (b) and negative ion

LDI mass spectrum of coated nanoparticles after synthesis (c)

Fig. 8 PL spectra of para hexaphenyl coated ZrO2 nanoparti

cles as powder sample (# 11, dashed line) and in situ dispersed

in ethylene glycol (# 12, solid line) in comparison to para

hexaphenyl reference powder sample (# 10, dotted line)



emitted by the plasma or thermal load during

synthesis nor due to storage at ambient conditions.

Summary

Using the microwave plasma technique, oxide nano-

particles coated with a functional organic shell of

anthracene, pentacene, or para-hexaphenyl were

successfully synthesized. In all the cases, powders

as well as dispersions have been synthesized. Trans-

mission electron microscopy confirmed a uniform

small size (*5 nm) of the particles. Electron energy

loss and optical absorption spectroscopy gave indi-

cations for organic semiconductor coating of the

ZrO2 nanoparticles.

For all the three nanocomposite systems, photolu-

minescence spectra were measured on powder-com-

pacted and in situ dispersed samples and compared

with the pure coating materials. In the case of

anthracene, the PL spectra of powder samples show a

blue shift and increase in intensity of the main line at

408 nm and a decrease at longer wavelengths in

comparison to pure anthracene. No difference was

observed after dispersion in ethylene glycol. For

para-hexaphenyl, no spectral shift was observed,

however, dispersions of coated particles showed large

peak broadening.

For pentacene, the absorption spectra of both

coated nanoparticles and pentacene as received match

well with literature data. The photoluminescence

spectra were, however, dominated by peaks around

415 nm not reported in literature for pentacene. This

behavior may be attributed to a quenching of the

fluorescence by a small concentration of oxidized

derivatives of pentacene with carbonyl and hydroxy

groups.

In the case of anthracene and p-6P, no degradation

during the synthesis and coating process or subse-

quent storage was observed. This shows the possi-

bility to synthesize suitable organic/inorganic

nanocomposites without altering the organic coating

material. In the case of pentacene-coated n-ZrO2,

both photoluminescence and mass spectroscopy show

the progressive formation of oxidized derivatives

during the synthesis process and subsequent storage.
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71:243 245. doi:10.1002/ange.19590710704

Tasch S, Brandstätter C, Meghdadi Leising G, Froyer G,

Athouel L (1997) Red green blue light emission from a

thin film electroluminescence device based on parahexa

phenyl. Adv Mater 9:33 36. doi:10.1002/adma.199700

90105

Vollath D (2008) Nanomaterials an introduction to synthesis,

properties and application. Wiley VCH, Weinheim
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