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Abstract 
 
The results of Raman microspectroscopy measurements 
of octamethylsilsesquioxane (om-POSS) (3-wt %) in 
polypropylene (PP) are presented and compared with 
theoretical spectra calculated by ab initio density 
functional theory (DFT) based methods. The internal 
structure of this dielectric composite at the micrometer 
level was obtained by Computerized X-ray micro-
tomography (CXμT) which reveals how micron-scale 
filler particles are distributed in the matrix media. The 
X–ray powder diffraction (XPD) was used to determine 
the om-POSS inner crystallite size that is in a nanometer 
range. Transmission electron microscopy (TEM) images 
confirm that the composite contains both nano and 
micron sized particles. The multiscale analysis indicates 
that in the composite om-POSS crystalline nanoparticles 
having a size from tens to hundreds of nanometers tend 
to agglomerate together with preferred orientation to 
form elongated micron sized particles. Orientation of 
crystallites affects the relative intensity of various 
Raman peaks. Appearance of Raman images thus 
depends on the choice of the peak used in the analysis.  
 
 
1. Introduction 
 
POSS-based (polyhedral oligomeric silsesquioxane) 
materials, including biomaterials, dielectric materials, 
organic light-emitting diodes, lithography resists, 
catalysts, membrane fuel cells, and battery membranes 
have recently been introduced [1]. Advantageous 
changes in the material properties of nanocomposites are 
usually connected with the surface properties and 
interfacial interaction of the filler particles because of 
the large surface area to volume ratio of the filling 
material. Hence, properties such as structure and 
orientation of the filler in the polymer matrix may play a 
crucial role in understanding this phenomenon. The 
octamethyl-POSS (om-POSS) filler material has been 
shown to have ability to substantially increase the 

breakdown strength of polypropylene (PP) [2]. The 
results of the relative permittivity, loss factor and 
volume resistivity measurements indicate that om-POSS 
additives could improve the dielectric properties of PP. 
In this work we present detailed structural analysis of 
this om-POSS-PP composite material. In particular we 
explain the variation in the Raman spectrum of om-
POSS particles. 
 
2. Methods 
 
2.1. Raman microspectroscopy 
 
For composite analysis a dispersive micro-Raman 
spectrometer (Bruker Senterra R200-785) equipped with 
a linearly polarized diode laser (785 nm) in back-
scattering geometry was used. The confocal aperture 
used was 25 µm with 100x objective (NA 0.90). The 
laser power was kept low to avoid overheating the 
sample (25 mW). At each point measurement time was 
10 s. The area of interest in the sample was scanned with 
motorized stage of 0.1 µm accuracy in two or three 
dimensions using 0.5 µm steps. 
 
2.1.1 Theoretical analysis of Raman spectra 
 
In this work angular dependence of the Raman spectrum 
of the om-POSS crystal is studied theoretically using 
Raman susceptibility tensor calculated with the state-of-
the-art code Abinit [3, 4] and rotating the tensor Rm of 
the formula 
 
I ∝ |es Rmei|2 
 
where es and ei are the unit polarization vectors of the 
scattered and incident laser fields. 
In density functional theory calculation, Perdew-Wang 
92 functional, Monkhorst Pack [5] k-point grid and 
energy cut off 4×4×4 / 500 eV with Troullier Martins 
pseudopotentials have been used. The details of the 
calculation have been described elsewhere [6]. 
 



2.2. X–ray powder diffraction (XPD) 
 
The X–ray powder diffraction data was measured with 
PANalytical X´Pert PRO diffractometer in Bragg–
Brentano geometry using two different beam setups. For 
om-POSS powder, Johansson monochromator was used 
to produce pure Cu Kα1 radiation (1.5406 Å; 45kV, 
30mA), and composite sample only β-filter was used to 
produce mixed Cu Kα radiation (1.541874 Å; 45kV, 
30mA). The data was collected in continuous step-
scanning mode by X´Celerator detector on 2θ range of 
4-75° with a step size of 0.0167°, and using sample 
dependently counting times of 20 or 35 sec per step. 
Hand-ground powder sample was adhered on a silicon-
made zero–background holder with petrolatum jelly, 
whereas composite sample was placed to a  solid-sample 
bracket. The qualitative search-match routine 
implemented in HighScorePlus was used for 
identification of samples with ICDD powder diffraction 
PDF-2 database (release 2007) [7]. 
 
2.3. Computerized X-ray micro-tomography 
(CXμT)  
 
The composite sample was cut with razor blade to 
(1.760x0.813x0.339) mm size. The tomographic images 
of the sample were obtained using SkyScan 1172 -table-
top tomographic scanner. 3D image of the sample is 
calculated from the transmission or reflection data 
collected by illuminating the object from many different 
directions. The scanner uses continuous incoherent X-
ray beam to produce 2D shadowgraphs from multiple 
angles. Reconstruction of the shadowgraphs produces 
cross-sectional images of the absorption coefficients of 
the X-ray beam. 3D picture of the sample consists of 
hundreds or thousands of cross-sectional images. 
Tomographic image had in this case resolution of 0.9 
µm. Tomographic imaging noise was removed with 
variance weighted mean filter before tresholding image 
to binary geometry, particles and bulk material, for the 
purpose of 3D particle analysis. Particle volume 
distribution was determined by an algorithm that 
analyses the 3D shape of the particles and their volume 
from binarized image. 
 
2.4. Transmission electron microscopy (TEM) 
 
The nanoscale dispersion of om-POSS in the PP matrix 
was investigated with TEM. Ultrathin sections of the 
sample were obtained using a Diatome 45° diamond 
knife at room temperature using a Leica Reichert 
Ultracut S ultramicrotome. The 95 nm thick sections 
were collected on a copper grid and observed with 
JEOL-JEM-1200EX electron microscope at 60 kV 
acceleration voltage. 
 
 
 

3. Results 
 
3.1. Raman microspectroscopy 
 
The spectra of the PP and om-POSS microparticles were 
measured (Fig. 1). The spectral range of 120-250 cm-1 
was selected as an optimal for analysis of om-POSS in 
composite to avoid overlapping of characteristic Raman 
peaks of PP. The microparticles in the sample were then 
scanned and visualized as an intensity contour plot of a 
selected characteristic Raman peak of om-POSS. The 
appearance of the intensity contour plot depends on 
which Raman peak is used in the analysis (Fig. 2). This 
effect is caused by variation in the relative intensities of 
different Raman peaks depending on measurement spot 
(see spectra in Fig. 2). This has to be taken into account 
when making conclusions about material distribution in 
the sample. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Raman spectrum of a) PP b) om-POSS 
 
 

 
Fig. 2. Raman intensity contour plots of an om-POSS 
particle in a composite generated by integrating 
intensity of the peak  at 157 cm-1 (left image) and at  
206 cm-1 (right image). The crosses situated in the 
intense regions of the contour plots mark the place 
where the spectra below are collected. The difference in 
the images reflects the relative difference of the peak 
intensities in different regions of the agglomerate. 
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3.1.1. Theoretical analysis of Raman spectra 
 
Raman spectra of om-POSS crystal were calculated 
using two different single crystal orientations in linearly 
polarized electric field. Lorenzian broadened spectra are 
shown below. (Fig. 3)  
 

 
Fig. 3 Calculated spectra with two different linearly 
polarized laser and analyzer (parallel) orientations: 60° 
(gray) and 180° (black) rotation around a trigonal axis 
of the rhombohedral om-POSS crystal. 
 
 
3.2. X–ray powder diffraction (XPD) 
 
The average crystallite sizes of om-POSS were 
estimated by Scherrer method using the full-width at 
half-maximum of the most isolated diffraction peak of 
om-POSS at 10.6° 2θ. The average crystallite sizes were 
determined to be 170 nm for powder and 40 nm for 
composite samples. 
 
 
3.3. Computerized X-ray micro-tomography 
(CXμT) 
 
The combined volume of the om-POSS particles was 
determined to be 1.7 % from the total volume of the 
sample. Taking into account the densities of om-POSS 
(~1.26 g cm-3) and PP (~0.946 g cm-3) this corresponds 
to the concentration of 2.3 wt -%. The aspect ratio of the 
particles was calculated to be 4.6. These elongated 
particles were evenly distributed in the matrix. (Fig.4) 
The diameter distribution extends from about 1 µm to 
16 µm and the most probable diameter is about 6 µm. 
 
 
 

 
 
Fig. 4. CXμT visualization of the total bulk material 
presented on the left and particle phase on the right. 
Physical dimensions are (1.760x0.813x0.339) mm. 
 
 
3.4. Transmission electron microscopy (TEM) 
 
Micrographs show that most of the om-POSS crystals 
are agglomerated together in the PP matrix as micro-
particles that consist of nanoparticles with various 
orientations. (Fig. 5) 
 
 

 
 
Fig. 5. TEM images of an om-POSS particle in 
composite sample. 
 
 
4. Discussion 
 
Polycrystalline microparticles give characteristic Raman 
signal of om-POSS [8, 9] The Raman signal of these 
particles is not uniform in this material as reported 
earlier. [2] The optimal spectral range for distinguishing 
om-POSS from PP is 120-250 cm-1. There are three 
Raman peaks: 150 cm-1, 157 cm-1 and 206 cm-1 that can 



be assigned to om-POSS. In the spectra the relative 
intensities of the peaks vary depending on the 
measurement spot (Fig. 2). The theoretical calculations 
done by changing the crystal orientation in linearly 
polarized electric field show qualitatively similar 
changes in relative peak intensities (Fig.3). 
A plausible explanation to this effect is caused by 
orientation of the crystallites in agglomerates. Tensorial 
nature of Raman scattering leads to dependence of 
signal intensity on the relative orientation between the 
electric field of the incoming electromagnetic field and 
the molecule. This effect can be easily measured for 
single crystals [10]. In the present case measurements 
are performed for polycrystalline agglomerates. Detailed 
theoretical modelling shows that the orientation effect 
indeed can explain the variation in the peak intensities 
observed in this work [6] (see Fig. 3). Thus, we argue 
that within the confocal volume there must be 
orientation in the ensemble of individual crystallites. 
This conclusion points to an interesting possibility of 
orientational Raman mapping. 
A quantitative microstructure analysis done by CXμT 
reveals that the microparticles are evenly distributed and 
have elongated shape. Under optical microscope the  
om-POSS PP-composite appears to be heterogeneous 
mixture of polycrystalline rod shaped microparticles in 
semi crystalline polymer matrix. A similar morphology 
of the same type of composites has been characterized 
previously using electron microscopy and XPD 
techniques [11-14]. 
The XPD analysis gives a crystallite size that is in 
nanometer scale. TEM images from the composite 
support this information. Cubic elongated nanocrystals 
are agglomerated together and form microparticles of 
specific elongated shape that suggest their packing is not 
fully random. 
 
5. Conclusion 
 
Composite material consisting of om-POSS and 
polypropylene was studied by Raman micro-
spectroscopy. It was found that the relative intensities of 
different Raman peaks of om-POSS varied depending 
on the measurement spot. In order to understand this 
variation detailed Raman spectroscopic and structural 
characterization studies complemented by theoretical 
modelling were performed. Multiscale characterization 
yielded a detailed picture of the samples consisting of 
homogeneously distributed micron-sized elongated om-
POSS agglomerates. The average size of the crystallites 
in the agglomerates is on the order of 40 nm. The 
variation in the Raman spectra of om-POSS can be 
explained by the orientation of crystallites showing that 
within the confocal volume there is orientation in the 
ensemble of crystallites forming large agglomerates. The 
results are important considering the interpretation of 
Raman images in composite materials and imply a 
possibility for orientational imaging. 
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