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SYNOPSIS

This article assesses the use of micro-Raman imaging with respect to polymer science. This
relatively novel technique allows, at high spatial resolution, the acquisition of chemical
and morphological information over an area of a sample. Using Raman imaging by confocal
laser line scanning, a wide range of problems in polymer analysis has been studied to
outline the capabilities and limitations of the technique. Three ternary polymer blends
consisting of polypropene/polyethene/ethene-propene copolymer, polybutylenetere-
phthalate/polycarbonate/very low density polyethene, and styrene-co-acrylonitrile/styrene-
co-maleicanhydrate/poly-2,6-dimethylphenylene oxide were studied with regard to com-
positional and morphological heterogeneities. In a binary polymer blend consisting of two
different acrylate monomers, the refractive index profile established after artificially induced
diffusion of the main components was determined from the concentration gradients. The
distribution of unreacted free melamine in a cured melamine-formaldehyde resin was an-
alyzed. Furthermore, the general structure of a composite sample consisting of polyethene
fibers in an epoxide matrix was studied. Raman imaging proved suitable for the charac-
terization of heterogeneities in composition and morphology on a size scale equal to or
larger than 1 um. In this sense, the technique helps to close the gap between infrared
microscopy, with its comparatively poor spatial resolution, on the one hand, and transmission
electron microscopy, with its limited chemical information, on the other hand. For heter-
ogeneities on a submicron scale, the value of the technique is limited to the determination
of average information. When combined with curve fitting, Raman imaging permitted us
to determine the composition of the polypropene/polyethene/ethene—propene copolymer
blend with an accuracy of 5-10%. The main limitations to micro-Raman imaging of polymer
systems based on the confocal laser line scanning technique have been identified as the
destruction of the samples due to insufficient heat dissipation of the high-incident laser
power, interferences due to fluorescence, and the stability of the instrumentation during
long collection times required for good signal-to-noise ratio spectra of weak Raman scat-
terers. © 1996 John Wiley & Sons, Inc.

INTRODUCTION

The development of polymer products with specific
material properties often involves the compounding
with additives such as fillers, stabilisers, other poly-
mers, foaming agents, etc.!? Frequently, inhomo-
geneities in composition and morphology arise in
the compounded polymer system. It is generally be-
lieved that the overall material properties of a poly-
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mer blend material depend to a large extent on the
microscopic inhomogeneities prevalent.>® For a
better understanding of the influence of the
inhomogeneities on the material properties, it is de-
sirable to obtain information of the sample at a high
spatial resolution. Although visible light or electron
microscopical techniques are used extensively for
the structural characterization of polymer blends,
they often fail to provide unambiguous identification
of the individual phases in the sample. Furthermore,
the extraction of quantitative data are seldom fea-
sible.
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To obtain directly the desired chemical and mor-
phological information at high spatial resolution,
infrared and Raman microscopy appear suitable
techniques. Both Raman and infrared spectroscopy
are prominent in the analysis of polymers, since they
can yield a unique molecular fingerprint which con-
tains information on the type and quantity of mol-
ecules prevalent, their structure (configuration and
conformation), and the local environment they are
in (i.e., amorphous or crystalline, oriented or
unoriented’®). Compared to the extensively used
infrared spectroscopy, Raman spectroscopy has a
number of decisive disadvantages (i.e., the relative
weakness of the Raman effect and the susceptibility
of the technique to fluorescence). Generally, one ap-
plies infrared spectroscopy to molecular finger-
printing problems. However, Raman spectroscopy
has a number of characteristics which make its use
interesting for the chemical analysis at high spatial
resolution. Most commonly, visible or near infrared
laser light is used to excite the Raman scatter, and
it is possible to use an ordinary optical light micro-
scope as the excitation beam condenser and at the
same time collect very efficiently the backscattered
Raman light!%-!* for a subsequent spectral analysis.
The main advantage in this context is the possibility
to focus the probing laser beam to spot sizes of the
order of 1 um. A spatial resolution considerably
higher is thus achievable with Raman as compared
to infrared microscopy. Generally, it can be said that
provided the sample under investigation is not flu-
orescent or light sensitive, the Raman spectroscopic
analysis is relatively straightforward. No particular
sample preparation is necessary,’® and sample
alignment and focusing onto microscopic features
in or on the sample are easy. Furthermore, the col-
lection of the Raman scatter can be made confocal,
improving lateral and depth spatial resolution sig-
nificantly.’®?° By discriminating the extraneous
light contributed by out-of-focus objects, the image
contrast is dramatically improved. With a confocal
microscope, it is possible to obtain sharp images of
focal planes on the surface of or immersed in thick
objects.1”??2 Confocal Raman microscopy is now
conveniently applied to point analysis and depth
profiling of chemical and structural inhomogeneities,
molecular orientation, and local stress.?®

More recently, the efficient Raman analysis of
whole areas of a sample has become a viable option
by the development of Raman imaging. There are
three principally different Raman imaging concepts
based on conventional Raman spectroscopy. The
differences are essentially based on the form of sam-
ple illumination used to excite the Raman scatter

(i.e., point-by-point sampling, line sampling, and
real-time imaging of light distribution in a wide-
field (globally) illuminated sample area). The dif-
ferent imaging concepts have, to more or less extent,
been the subject of previous articles.?*??" The com-
parison of the different Raman imaging techniques
with respect to polymer analysis revealed that the
technical realization of Raman imaging by confocal
laser line scanning is suited best for a general ap-
plication in polymer science.?® This technique was
chosen here to demonstrate the value of Raman im-
aging for the study of heterogeneities in polymer
systems. Three different ternary polymer blends
were studied with respect to compositional and
morphological heterogeneities. In a binary polymer
blend consisting of two different acrylate monomers,
the refractive index profile was established from the
concentration gradients after thermally induced dif-
fusion of the components. The distribution of un-
reacted free melamine in a cured melamine-form-
aldehyde resin was analyzed. Furthermore, the gen-
eral structure of a composite sample consisting of
polyethene fibers in an epoxide matrix was studied.

EXPERIMENTAL

Raman Instrumentation

A Dilor XY800 spectrometer was used with a double
monochromator in subtractive mode for the rejection
of stray light and Rayleigh scatter and a third
monochromator for energy dispersion (1800 grooves/
mm grating, f = 800 mm). The entrance slit was set
to 150 um corresponding to 8 cm™! spectral resolu-
tion. A Spectra Physics Ar* laser model 2020 was
used in the 514 nm mode for the excitation of the
Raman light. Raman scatter was excited and col-
lected through an Olympus BH microscope with an
Olympus objective (X100/NA = 0.95). A confocal
microscope chamber was mounted in front of the
spectrograph. The confocal chamber contained a
variable-aperture pinhole placed in an image plane
of the microscope. Continuous adjustment of the
pinhole size between 50 and 1000 um was possible
without losing the accurate optical alignment. Un-
less stated otherwise, the pinhole diameter was set
to 100 um. The combination of an objective with
X100 magnification with a pinhole of 100 um di-
ameter gives rise to a lateral resolution of approxi-
mately 1 um and a depth resolution on the order of
3 um.'*® A two-dimensional, Peltier-cooled CCD
camera (Wright Instruments) served for the detec-
tion of the Raman scatter. Care was taken to exclude



artifacts due to the influence of molecular orienta-
tion on the collected Raman scatter. The polariza-
tion effects of a weakly oriented sample material
can usually be overcome by the use of circularly po-
larized excitation light. Hence, for all applications
described here, a A\/4 plate was introduced in the
laser beam to generate a circular polarization.

The instrument was used in the confocal laser
line scanning mode, which permits the simultaneous
collection of Raman spectra along a line of the sam-
ple.?® For this, the angle under which the excitation
laser beam enters the aperture of the microscope
objective is modulated periodically using a first mir-
ror scanner. This produces a single, focused spot on
the sample which moves periodically along a line.
Since there is a single illuminated spot scanning the
sample, the collection of the Raman light can be
made confocal by introducing a pinhole in an image
plane of the microscope. A second scanner, operating
synchronously with the first scanner, spreads the
collected light into a line on the entrance slit of the
spectrograph, thus preserving the spatial informa-
tion of the collected Raman scatter. The spectro-
graph disperses the light of the illuminated line such
that on a two-dimensional detector (usually a CCD),
one dimension contains the spatial information of
the sampled line while the other dimension contains
the spectral information (see Fig. 1). The lateral
spatial resolution along the line sampled is a func-
tion of the microscope objective, the wavelength of
the light used for excitation, and the number and
size of detector elements (pixels) the sampled line
is imaged on. The CCD detector used here had 1152
by 298 detector elements. The long axis is used to
collect the spectral information, while the spatial
information is spread over the short axis. However,
it is rarely necessary to have 298 distinct detector
elements for the spatial information. To improve
the signal-to-noise ratio, detector elements are
commonly combined in the spatial dimension. Sim-
ilarly, the detector elements in the spectral dimen-
sion can be combined if a high spectral resolution
is not required. The larger detector elements re-
sulting from spatial and spectral binning are denoted
as Raman pixels.

The software allows the subsequent probing of
lines on the sample, while the microscope table is
moved stepwise in the direction perpendicular to the
scanning direction of the probing laser beam. A pre-
defined area can thus be mapped by collecting a rec-
tangular array of sample points. The generated array
containing a Raman spectrum for each sample point
has to be processed to produce the desired image
(i.e., the distribution of compound A in a second
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Figure 1 Schematic representation of Raman imaging
by confocal laser line scanning using a point focused laser
for the excitation of the Raman scattering.

compound B of a mixture of both). In a process of
image arithmetic in which the area under a selected
Raman band corresponding to compound A of the
mixture is ratioed over the area under a Raman band
corresponding to compound B of the mixture for all
sample points of the array, an image is created which
shows the distribution of the relative amounts of A
and B in the sampled area. Since a Raman spectrum
exists for each sample point, the full spectral infor-
mation is available and other images containing de-
tails from different regions of the spectra can be
generated at any later time.

By collecting the Raman scatter confocally, it is
principally possible to produce optical sections at
varying depth in translucent samples, which, with
the appropriate software, can be manipulated to a
three-dimensional representation of the original
object. Similar three-dimensional imaging is already
pursued in fluorescence microscopy.?®

There are different modes of operation of this
instrument (refer to Fig. 1). With scanner one and
scanner two activated, the instrument acts as the
laser line scanner described earlier. In case only
scanner one is active and scanner two is set static,
the instrument probes a line of the sample, but all
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information is averaged into one spectrum. This is
a convenient method to obtain average spectra of a
sample containing inhomogeneities. Scanning the
laser beam rapidly over the sample allows a better
heat dissipation of the incident laser power. Higher
laser powers can be used without burning the sample,
thus reducing the collection time required for good
signal-to-noise spectra significantly. For light-sen-
sitive samples, this is often the only way to collect
a Raman spectrum at all. The probing, low-power
laser beam is scanned along a line while all scatter
collected is binned together to form a good signal-
to-noise average spectrum. Operating the system
with both scanner one and two static corresponds
to the ordinary, single-spot probing Raman micro-
scope.

TRANSMISSION ELECTRON MICROSCOPY

To introduce sufficient contrast in the electron mi-
crographs, the polymer samples were selectively
stained. For this, the bulk samples were immersed
in a 2% (w/v) aqueous solution of RuQ, for 48 h.
Since the staining medium penetrates preferentially
into the amorphous phase, the crystalline regions
appear as white structures in the micrograph.®® A
convenient side effect of the staining process is that
the polymer hardens considerably and subsequent
microtoming is facilitated. A Philips EM420T
transmission electron microscope was used with an
acceleration voltage of 120 kV.

APPLICATIONS

Ternary Polymer Blend: VLDPE/PBT/PC
Sample Description

The impact properties of polybutyleneterephthalate
(PBT) can be improved by blending with very low
density polyethene (VLDPE). Polycarbonate (PC)
acts as a compatibilizer, since PBT and PC can
chemically react in an esterification reaction to form
a copolymer. The VLDPE is immiscible with both
PBT and PC and hence forms a dispersed phase.
The PC shows a weak tendency to encapsulate the
VLDPE particles. Encapsulation of the VLDPE by
the PC is found to reduce the surface tension of the
PBT on the VLDPE segregated phase? and thus to
improve the processability of the blend. All com-
ponents are products of DSM, The Netherlands.
Raman imaging is used to study the distribution of
the different components within the sample.

The sample consists of a PBT matrix, with
VLDPE and PC added as minor blend components.
The components were coextruded in a miniextruder,
and 5-um-thick films were microtomed of the re-
sulting blend. The sample proved to be extremely
light sensitive, such that only very low laser powers
could be used to excite the Raman scatter. The in-
tegration time had to be increased correspondingly
to produce spectra of sufficient quality for a subse-
quent analysis. To capture more of the Raman scat-
ter, the confocal pinhole was opened to 150 um. Im-
aging of an area of 8 by 8 um? was attempted with
a resolution of four data points per um. With a laser
power of only 6 mW at the sample, the total time
required for the collection of all Raman spectra with
an acceptable signal-to-noise ratio increased to 8 h.
At such long collection times, the stability of the
microscope sample stage became a limiting factor
for the image resolution. Only the top half of the
image could be acquired before the sample film
burned.

RESULTS

Figure 2 shows the transmission electron microscopy
(TEM) picture of a thin section of the blend. Two
phases can clearly be discerned from the matrix. One
of the two segregated phases can also be seen to

PBT

Figure2 TEM micrograph of the ternary polymer blend
sample of VLDPE, PBT and PC.



form envelopes around the other. Unfortunately,
identification of the polymer materials by analysis
of the crystalline lamellae structure is impossible.
However, previous TEM analyses of binary blend
systems of the aforementioned components permit-
ted us to identify the matrix as the PBT and the
distinct, round segregated phase as the VLDPE. The
second dispersed phase and the encapsulating phase
is thus thought to be the PC.

Figure 3 features the Raman spectra of the in-
dividual components of the blend. The Raman bands
used for image construction are shown shaded. Al-
most all intense bands in any of the spectra coincide
to some extent with a band in one of the other spec-
tra. Three intense but highly overlapping bands have
been selected to image VLDPE (approximately 1295
cm™!),PC (1240 cm™!),and PBT (1270 cm™!). The
high spectral resolution available with the confocal
laser line scanning technique permits us to resolve
the individual contributions from the spectrum of
the mixture.

Figure 4(A) shows the Raman image obtained
by ratioing the area under the Raman band at 1240
cm ! over that at 1270 cm™!. A dark shading cor-
responds to a high ratio and thus to a high content
in PC with respect to PBT. During collection of the
bottom half of the image, the sample burned and
the spectra were featureless. Figure 4 (B) shows a
pseudo-3D representation of the image, and Figures
4(C) and 4(D) show the spectra extracted at lo-
cations corresponding to high and low Raman band
area ratio, respectively. The spectra extracted are
of sufficient quality, and the spectral features are
well enough resolved for the identification of the
individual components. The spectrum extracted at
a high Raman band area ratio [Fig. 4(C)] is that
of a mixture of mainly PBT with a minor contri-
bution PC. No or only very little VLDPE contributes
to the spectrum. The spectrum extracted at a low
ratio contains PBT, a significant amount of VLDPE,
and a small amount of PC.

An alternative image of the distribution of the
Raman band area ratio (1295 cm™!/1270 cm™) in
the analyzed area was prepared for comparison (not
shown here). It shows the distribution of the
VLDPE phase in the PBT matrix. Comparing the
two images of different Raman band ratios princi-
pally establishes that there are locations of segre-
gated PC and VLDPE phase in the PBT matrix. No
clear indication is present for the encapsulation of
the VLDPE phase by PC as seen in the TEM mi-
crograph. However, the encapsulating phase is gen-
erally of a thickness of a few hundred nanometres,
too thin to be resolved properly by Raman micros-
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Figure 3 Individual Raman spectra of VLDPE, PBT,
and PC. The Raman band areas used for construction of
the Raman images are highlighted.

copy. Furthermore, although the extracted spectra
give evidence for a large variation in composition,
the overall contrast in the images is low. This is due
to the procedure used for the determination of the
Raman band areas. The band areas are calculated
as defined by the shading in Figure 3. For highly
overlapping bands, this inevitably means that the
calculated band area under one particular Raman
band also contains contributions from its neigh-
bouring bands. The spectral information is smeared
out, and a decrease in contrast results. Proper curve-
fitting analysis of the extracted spectra should en-
hance the contrast between the data points of the
image significantly.

It is remarkable that independently of the posi-
tion in the image, the extracted spectra indicate the
presence of PBT. There is variation in the contri-
bution of PBT to the spectra, but there seems to be
not one location in the analyzed area which is free



236 MARKWORT AND KIP

e ——— T —

IE Image of the Raman band area
ratio (1240cm-1/1270cm-1)

Pseudo 3D representation of the Raman Image

Intensity [A.U.}

N\

1500 1410 1320 1230 1140 1080
Wavenumbers [cm-1]

Intensity [A.U.]

",

1500 1410 1320 1230 1140 1050
Wavenumbers [cm-1]

Figure 4 Raman imaging of the distribution of the individual blend components in a
film of a ternary blend of VLDPE/PBT/PC. The image is based on the Raman band area
ratio (1240 cm™!/1270 cm™?). A dark shading corresponds to a high ratio and thus to a high

content in PC with respect to PBT.

from PBT. This is in contrast to the impression
gained from the TEM micrograph, which shows two
phases well separated from the matrix and points
to an insufficient spatial resolution of the experi-
mental setup. Because of the extremely low laser
power that could be used, the confocal pinhole had
to be opened to 150 um diameter to collect more of
the Raman scatter. Inevitably, this leads to a reduced
depth and lateral spatial resolution, which manifests
itself in the detection of Raman scatter from the
surrounding matrix even at locations of segregated
phase.

Principally, the experiment shows that it is pos-
sible to image the chemical composition of this par-
ticular blend. Locations of segregated phase rich in
PC or VLDPE can be identified in the matrix of
PBT. However, the light sensitivity of the sample
prevented the acquisition of Raman spectra at ad-

equate spatial resolution to allow a more detailed
analysis. The image contrast may be increased by
improved determination of the contribution of the
different components to the extracted spectra.

Ternary Polymer Blend: SAN/SMA /PPO
Sample Description

For a miscibility study, a ternary polymer blend
which consisted of two copolymers, 40% styrene-co-
maleicanhydride (SMA—TU Dresden, containing
16% maleic acid anhydride) and 40% styrene-co-
acrylonitrile (SAN—TU Dresden, containing 22.8%
acrylonitrile) and one homopolymer 20% poly-2,6-
dimethylphenylene oxide (PPO—GE Plastics) was
produced. All three components were dissolved in
toluene, and a film was cast onto a microscope glass



slide. After evaporation of the solvent, the blend
hardened and a transparent film of about 10 pym
thickness was obtained. The phase diagram for this
mixture as obtained by DSC and cloud point mea-
surements indicates the presence of three separate
phases.?” The size of the phase domains is antici-
pated to be on the order of 2-5 um. Raman imaging
of the component distribution should provide a con-
venient way to confirm phase separation, identify
the composition of the different phases, and deter-
mine domain sizes.

Unlike in the study of the VLDPE/PBT/PC
blend, the Raman bands of the single components
selected for imaging were not overlapping (see Fig.
5). High spectral resolution was thus not a require-
ment. The Raman spectra were recorded on the Di-
lor XY800 system, but with a single 600 grooves/
mm grating (approximately 10 cm™! resolution).
This setup allowed the coverage of the full spectral
range of 4000 cm™! in a single exposure of the CCD,
so that the characteristic bands of all blend com-
ponents could be measured simultaneously. A laser
power of 25 mW at the sample could be used. An
area of the sample of 16 by 16 um? was analyzed
with a data point pitching of 0.5 um. The total col-
lection time for the Raman image was 4 h.

Results

Figure 5 shows the spectra of the single components.
Raman bands corresponding to CH stretching vi-
brations can be used to distinguish PPO from SAN
and SMA. Both styrene-containing copolymers fea-
ture Raman bands at 2900 cm™! corresponding to
the stretching vibration of aliphatic CH groups and
at 3050 cm™! characteristic for aromatic CH
stretching. PPO only contains aliphatic CH groups
with a characteristic Raman band at approximately
2900 ¢m™ . The spectra of SAN and SMA are es-
sentially identical to that of styrene. Only the CN
stretch vibration characteristic of the nitrile group
in SAN at 2240 cm™! allows a distinction.

The image in Figure 6 (A) shows the distribution
of the ratio of the Raman band at 3050 cm™! over
that at 2900 cm ™. A dark shading represents a high
ratio and thus a high content in SAN and SMA with
respect to PPO. Figure 6 (B) is the pseudo-3D rep-
resentation of the image. SAN and SMA seem
mainly to lodge in defined areas, separated from the
PPO. However, while the spectrum extracted at a
location of high ratio [Fig. 6 (C)] indicates an almost
pure styrene phase, the spectrum extracted at a low
ratio [Fig. 6(D)] evidences PPO but also a signif-
icant amount of styrene.
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Figure 5 Individual Raman spectra of PPO, SMA, and
SAN. The Raman band areas used for the construction
of the conventional Raman images are highlighted.

Figures 7(A) and 7(B) show the image of the
ratio of the area under the Raman band at 2240
cm™! over that at 2900 cm ™! and the corresponding
pseudo-3D representation. The dark shading stands
for a high ratio and thus for a high content in SAN
with respect to PPO. The images are essentially
comparable to those in Figure 6(A) and 6(B) in
number and shape of the features. However, a direct
comparison of the images in Figures 6 (A) and 6 (B)
with those in Figures 7(A) and 7(B) gives evidence
for phase separation of the SAN and SMA phase.
While the features in the foreground on the left-
hand side of Figures 6 (A ) and 6 (B ) seem to contain
mainly SMA, those at the far end appear to contain
mainly SAN.

Three separated phases can thus be discerned. A
continuous PPO/SAN /SMA phase is present in the
major part of the analyzed area with interspersed
discrete phases of high SAN /low SMA and of high
SMA /low SAN content. The SAN/SMA forms re-
gions free from PPO of a size on the order of 3-7
um diameter.
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Figure 6 Raman imaging of the distribution of the individual blend components in a
film of a ternary blend of PPO/SAN/SMA. The image is based on the Raman band area
ratio (3050 /2900 cm™!). A dark shading corresponds to a high ratio and thus to a high
content in SAN and SMA with respect to PPO.

Optical Fiber Preform Based on a Blend of Two
Different Polyacrylates

Sample Description

For short data transfer lengths where absorption
losses are of little relevance (typically 10-100 m),
it is interesting to develop optical fibers based solely
on organic polymers since they are cheap and offer
a comparatively high flexibility and insensitivity to
mechanical load.

To retain light in an optical fiber, it is necessary
to produce an index profile in which the fiber core
material is of higher refractive index than the clad-
ding. In the most simple form, this is achieved with
a stepped index profile. Higher data transfer rates
can be achieved with continuously graded index
profiles (GRIN). In case of polymer optical fibers,

a monomer, which yields a high refractive index core
once it is polymerized, is placed in the centre of a
fiber preform of a polymer with low refractive index.
Diffusion of the monomer from the core into the
cladding polymer can be induced thermally, estab-
lishing a concentration profile. The diffusion process
is stopped by polymerization of the monomer. A re-
fractive index profile is obtained which parallels that
of the composition. In a subsequent step, the fiber
preform is drawn into fiber-optic cable, retaining
the refractive index profile of the preform. For the
optimization of the production method for fiber pre-
forms, the preforms need to be tested frequently for
their refractive index profile. Currently, this is done
with interference microscopy, requiring the sample
to be cut in thin slices.*® The technique is simple
but time consuming. Raman imaging of the com-
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Figure 7 Raman image as in Figure 6 but based on the Raman band area ratio (2240
em~1/2900 cm™!). A dark shading corresponds to a high ratio and thus to a high content

in SAN with respect to PPO.

position of cladding and core should provide com-
parable information without having to pretreat and
damage the sample.?

The sample used in this study consists of a fiber
preform in the shape of a cylinder of 18 mm diam-
eter. Both cladding and core material are based on
acrylate monomers. For the cladding, however, a
chemically modified acrylate monomer was used
which yields a lower refractive index in the poly-
merized state. A fiber preform was produced by fill-
ing a cylindrical mould with the cladding monomer,
which was then fully polymerized. Subsequently, a
hole was drilled in the center of the preform and
filled with the core monomer. Before thermally in-
duced polymerization, the core monomer was given

time to diffuse at elevated temperature into the
cladding polymer.

For the Raman imaging, the scanner was set to
scan a line of approximately 8 um length in a direc-
tion perpendicular to the fiber preform radius. The
detector elements were grouped together to form two
larger detection elements, averaging 4 um length of
the scanned line each. The y stage was set to move
the scanned line in steps of 50 um along the radius
from the outer cladding to the center core of the
fiber preform. The scanned rectangular area had a
dimension of 8 um width and 9000 um length. A
high laser power of 90 mW at the sample could be
used, which reduced the collection time for spectra
with good signal-to-noise ratio to 20 s. The total
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time required for the collection of all spectra
amounted to 1 h.

Results

The pure component spectra of cladding and core
material are shown in Figure 8. The Raman spectra
of core and cladding polymer are significantly dis-
tinct from each other. The Raman band at 813 cm ™
only appears in the spectrum of the core polymer,
while the Raman band at 603 cm™! appears in both
core and cladding spectra at approximately identical
intensity. The Raman band area ratio (813 cm™!/
603 cm™!) is thus directly proportional to the con-
centration of the core polymer. Figure 9 shows the
concentration of the core polymer as extracted from
the scanned area along two lines reaching from the
outer cladding (0 um) to the inner core (9000 pm)
of the fiber preform. The concentration profiles rise
in two drawn-out steps from the outer cladding to
the inner core. This profile should closely resemble
the refractive index profile of the fiber preform. It
is obvious that the aim of producing a stepless,
graded index profile in the fiber preform has not
been achieved in this sample. The spatial resolution
of the Raman microscope is sufficient to perform a
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Figure 8 Individual Raman spectra of the different
polyacrylates used for the fabrication of the fiber preform.
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Figure 9 Profiles of the ratio of the area under the Ra-
man band at 813 cm™ over that at 603 cm™. The profiles
were extracted along a line from the outer cladding (po-
sition 0 um) to the inner core (position 9000 um) of the
fiber preform. See text for details.

similar analysis on the drawn fiber. For further
studies, a set of calibration standards of known
composition could be analyzed such that the mea-
sured core polymer concentration in the core/clad-
ding transition region can be converted into refrac-
tive index numbers.

Melamine-Formaldehyde Resin
Sample Description

Melamine-formaldehyde (MF) resins are thermo-
setting materials used in decorative laminates. Sys-
tematic research on MF resins is aiming toward im-
proving their material properties. It was tried to
lower the formaldehyde to melamine ratio (F /M),
resulting in a lower concentration of networking
bridges in the three-dimensional network structure.
This may result in the presence of melamine, which
is not bonded to formaldehyde. This might have
consequences for the network structure, the shelf
life of the resins, and the mechanical properties of
the cured resin.

In recent publications, the use of Raman spec-
troscopy for the characterization of MF resins was
reported.®3® It could be shown that Raman spec-
troscopy can be used to study the methylolation and
network formation reactions between melamine and
formaldehyde.?® The content of free melamine in
cured MF resins can be determined by analyzing the
Raman band intensity ratio of the bands at 676 cm™*
and 975 cm™!, which are due to vibrations in the
triazine ring of the melamine.’® The band at 676
cm! is only present in free, unreacted melamine,



whereas the band at 975 cm™! is present in the free
melamine as well as in the different substituted
forms.

Raman imaging is used to study the distribution
of free melamine in a cured MF resin sample. The
model sample consisted of a MF plate with a non-
commercial F/M ratio of 0.9 obtained by mixing a
resin of F/M ratio of 1.7 with free melamine and
subsequent curing under pressure. An area of 44 by
44 ym? was divided into 12 by 12 Raman pixels, each
pixel representing an area of 3.7 by 3.7 um?. The
acquisition time for the total image amounted to
approximately 10 min using a laser power of about
25 mW at the sample.

Results

Under the illumination with laser light for the ex-
citation of the Raman scatter, the melamine-form-
aldehyde sample gave rise to a considerable fluores-
cence signal. The Raman signal was still discernable
from the strong fluorescence background. However,
the background intensity was so high that the time
for the collection of the Raman spectra had to be
limited to prevent the saturation of the CCD detec-
tor. Hence, only a limited signal-to-noise ratio could
be obtained in the Raman spectra. Still, the spectra
were of sufficient quality to allow the Raman imaging
of the distribution of free melamine in a cured mel-
amine-formaldehyde sample. Figures 10(A) 10(B)
show the Raman image and the corresponding
pseudo-3D representation of the ratio of the Raman
band at 676 cm™' over that at 975 cm™!. A dark
shading corresponds to a high ratio and thus to a
high content in free melamine. Figures 10(C) and
10(E) show the spectra extracted at locations of
high and low free melamine content, respectively.
The profile in Figure 10(D) was extracted along a
line as indicated in the image. The results obtained
for this particular sample show that the sample
composition is very inhomogeneous. Regions of high
free melamine content of about 10 um in diameter
can be identified in a matrix of low free melamine
content.

Distribution of a Foaming Agent in a
Polypropene/ Polyethene Blend Foil

Sample Description

Foamed polymers are of significant commercial im-
portance in applications such as thermal insulation,
protective packaging, and the sealing of beverage
containers. Depending on the type of application,
vastly different methods of preparation are used. A
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common way to produce thin films of foamed poly-
mer involves the addition of a foaming agent in a
compounding step. When exposed to a well-defined
temperature, this compound disintegrates, thereby
releasing an inert gas. The released gases are cap-
tured as bubbles in the viscous matrix polymer melt.
The mechanical characteristics of the final foam are
determined by the size and the amount of the cav-
ities. These, in turn, are related to the concentration
and the distribution of the foaming agent in the
compounded polymer films before the actual foam-
ing step. To control the foaming step, it is desirable
to analyze the homogeneity of the distribution of
the foaming agent in the compounded films.

The sample analyzed here consisted of a thin tile
of approximately 0.5 mm thickness of a blend of
polyethene with polypropene. Azobiscarbonamide
was added as foaming agent, releasing nitrogen upon
thermal treatment. An area of 122 by 162 um? was
analyzed with 20 by 20 data points, each data point
corresponding to a size of 6 by 8 um?. With a laser
power at the sample of 80 mW, the total collection
time of the image amounted to approximately 2 h.

Results

The Raman image of the distribution of the foaming
agent in the polymer matrix is shown in Figure
11(A). For this, the ratio of the areas under the
Raman band at 1570 cm™! (Azobiscarbonamide)
over that at 1460 cm™! (polypropene and polyeth-
ene) is used. A dark shading relates to a high ratio
and hence a high concentration of the foaming agent.
Figure 11(B) shows the corresponding pseudo-3D
image. The spectra extracted at locations of a low
and a high ratio are shown in Figures 11(C) and
11(D), respectively. Spectrum C is that of the pure
polyethene /polypropene blend without any contri-
bution of the foaming agent. Spectrum D is that of
the pure foaming agent. From the Raman imaging
analysis, it becomes clear that the foaming agent is
very inhomogeneously distributed in the polymer
matrix forming isolated particles of approximately
15-20 um diameter.

PE-Epoxide Composite
Sample Description

In fiber composite samples, one of the dominant
characteristics determining material properties is
the stress transfer from the fibers to the matrix ma-
terial. In previous studies, confocal Raman micros-
copy was used for the point analysis of the local
stress transfer between fiber and matrix.!%%” For this
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Figure 10 Raman imaging of the distribution of free melamine in a bulk sample of
melamine—formaldehyde. The image is based on the Raman band area ratio (676 cm™'/975
cm™Y). A dark shading corresponds to a high ratio and thus to a high concentration of free

melamine.

purpose, a model composite was prepared, consisting
of a high E-modulus polyethene fiber (Dyneema
SK60, approximate diameter 15 um from DSM, The
Netherlands) embedded in an epoxy layer (XB5082
with XB5083 hardener from Ciba Geigy) with a
thickness of 100 um. Raman imaging by confocal
laser line scanning is used to analyze the sample
structure, with the polyethene fiber immersed sev-
eral tens of micrometres into the matrix material.
For Raman imaging, an area of 34 um by 38 pm was
selected such that a section of the fiber and the ad-
jacent matrix material were included. Grouping of
the CCD in the spatial direction was performed to
form 10 Raman pixels with a width of 3.4 um each,
yielding the total length of 34 um approximately
parallel to the length of the polyethene fiber. In the
perpendicular direction, the stepping motor of the

microscope stage was moved in 30 steps of 1.25 um
to cover the total length of 38 um. The laser power
at the sample was 10 mW. The collection time per
single sample point was 3 s, such that the total col-
lection time of the image amounted to 15 min.

Results

Figure 12(A) features a white light TV image of an
area of the composite. The structure of the fiber can
be distinguished from the matrix epoxide. For better
recognition, the fiber is highlighted using dashed
white lines. Within the fiber, the microfilaments can
be discerned by the lines along the direction of the
fiber. The Raman image was constructed calculating
the Raman band area ratio of the bands at 1060
cm™! due to the polyethene fiber over that at 1180
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Figure 11 Raman imaging of the distribution of a foaming agent in a compounded bulk
polyethene/polypropene blend sample. The image is based on the Raman band area ratio
(1570 ¢cm™!/1460 cm™). A dark shading corresponds to a high ratio and thus to a high
content in foaming agent with respect to the blend matrix.

cm ! due to the epoxide matrix material. The Raman
band areas were taken as defined in the spectra of
the pure components (Fig. 13).

From the 2D image presentation in Figure 12(B),
the shape of the fiber can be clearly recognized. The
fiber and the matrix featured a large difference in
fluorescence background. It was possible, though, to
remove the influence of the fluorescence by com-
puterized subtraction of the background from the
individual spectra in the spectral image. Spectra ex-
tracted at a position of high (in the middle of the
fiber) and low Raman band area ratio (in the ma-
trix) are shown in Figures 12(E) and 12(D), re-
spectively. These spectra compare well with those
taken of the pure components (Fig. 13). Taking into
account that the polyethene fiber is immersed into
the epoxide layer by about 40 um, the Raman spec-

troscopic distinction between fiber and epoxide ma-
trix is excellent. A profile of the (1060 cm™!/1180
cm™ ') Raman band area ratio extracted along a line
across the fiber, as indicated in the image, is shown
in Figure 12(C). The profile is unexpected for a
fiber which was thought to be circular in shape. It
turned out, however, that the polyethene fibers used
in the sample were of what is commonly called ‘“‘bean
shape,” a fact that matches the observed profile.
Figure 14 shows the pseudo-3D representation of
the Raman band intensity ratio distribution in the
imaged area. Also here, the bean shape of the fiber
can be recognized. Hence, confocal Raman imaging
using point focused illumination is able to image
polyethene fibers immersed in a matrix of epoxide.
The ability of the confocal arrangement to suppress
a large part of the fluorescence originating from ma-
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Figure 12 Raman imaging of a polyethene fiber/epoxide composite by point illumination
and confocal light collection. See text for details.

terial adjacent to the probed volume plus the pos-
sibility to treat all spectra individually before the
formation of the image alleviate the problem of
sample fluorescence to such an extent that excellent
images can be obtained.

The ability of the confocal arrangement to sup-
press a large part of the Raman scatter and fluores-
cence originating from material adjacent to the
probed volume permits the collection of images with
high contrast. Principally, it should be possible to
apply Raman imaging to the efficient mapping of
stress distribution in composite materials.

Ternary Polymer Blend: PP/PE/EPM
Introduction

Commercial isotactic polypropene homopolymer is
limited in its applications by its relatively low impact
strength and high brittleness temperature. The im-
pact properties of the polymer can be greatly im-
proved by blending with a minor fraction of a rub-
berlike ethene-propene random copolymer while

maintaining stiffness, strength, thermal stability,
and processability at a desired level.*® Blends of po-
lypropene with ethene-propene random copolymers
(and polyethene) are generally known as high-im-
pact polypropene and dominate a large fraction of
the polypropene market. High-impact polypropene
can be prepared by physically blending the individ-
ual components and performing subsequent coex-
trusion. The components of impact polypropene are
found to be phase segregated such that sample in-
homogeneities arise on a microscopic scale.®® Poly-
propene and polyethene are assumed to be incom-
patible. The random copolymer contains segments
of both polyethene and polypropene and is thought
to locate preferentially between the two homopol-
ymers. A shell of copolymer forms around the seg-
regated homopolymer and effectively separates it
from the matrix.*® In this way, it acts as a compa-
tibiliser between the homopolymers. More recently,
the possibility of a diffusion of the copolymer ma-
terial into the amorphous phase of the homopoly-
mers has been discussed.*! Raman imaging is applied
to the characterization of the compositional and
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Figure 13 Individual Raman spectra of the pure com-
ponents polyethene fiber and epoxide matrix used in the
composite sample. The Raman band areas used for image
construction are highlighted.

morphological structure in a physical blend of po-
lypropene, polyethene, and an ethene-propene co-
polymer of narrow composition distribution. For the
imaging of the samples, a careful selection of the
most promising Raman bands had to be made.

Imaging of Polypropene in Blends with Ethene-
Containing Polymers

The typical room temperatures Raman spectra of
polyethene, isotactic polypropene, and an ethene-
propene random copolymer of 70/30 percentage
monomer composition are shown in Figure 15. For
the imaging of polypropene-rich regions in blends
with ethene-containing polymers, the ratio of the
area under the Raman band at 1330 cm™ (polypro-
pene exclusively) over that under the Raman band
cluster at 1296 + 1305 cm™! (ethene-containing
polymer: polyethene and ethene-propene copoly-
mer) was used.
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Random Ethene-Propene Copolymer

The spectrum of the copolymer resembles that of a
mixture of amorphous polypropene with amorphous
polyethene. There are no characteristic copolymer
Raman bands significantly distinct from those of
semicrystalline polyethene or polypropene homo-
polymer. A Raman spectroscopic separation of the
copolymer from a blend with polypropene and po-
lyethene by single band fitting appears impossible.
However, the copolymer has a spectrum of charac-
teristic shape, and the determination of the copol-
ymer contribution to the overall blend could be at-
tempted by weighted curve fitting. For this, an ex-
tended spectral range of the individual blend
component spectra is fitted into the spectrum of a

Pseudo 3D representation of the Raman band area ratio
(10680cm-1 / 1180em-1).

Image rotated by 90 degrees

Figure 14 Pseudo-3D representation of the distribution
of the Raman band area ratio (1060 ¢cm™!/1180 cm™?) in
the imaged area around a polyethene fiber in a matrix of
epoxide.
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Figure 15 Schematic representation of the Raman
spectra of the different components used in the blends.
The Raman band areas used for the construction of the
rough composition images are highlighted.

blend of unknown composition. Prerequisite for
weighted fitting is that the spectra of the individual
components do not change upon mixing. For this,
the components must not interact with each other
such that mixing on a molecular scale leads to sig-
nificant changes in relative band intensities and/or
positions.*? Neither of the components of the blends
analyzed here contains polar groups, and a strong
chemical interaction is not expected. However, dif-
ferences in polymer crystallinity and orientation will
affect the quality of the fit. Consequently, the spec-
tral regions which show strong variation with crys-
tallinity and molecular orientation should be ex-
cluded as far as possible. The spectral region between
1400 and 1250 cm ™! was empirically determined to
be most suitable for the separation and quantifica-
tion of the three components of the high-impact po-
lypropene blend by weighted curve fitting.

Crystallinity in Semicrystalline Polypropene

The choice of Raman bands for the determination
of crystallinity in polypropene is quite difficult. In
isotactic polypropene, the chains preferentially ar-
range in a regular helical structure*>** and do not
interact with each other in a way that gives rise to
crystal field splitting. Hence, there are no Raman
bands which can directly be related to the crystalline
state. Nevertheless, a number of publications have
appeared on the use of Raman spectroscopy for the
determination of crystallinity in polypropene sam-
ples.*-*8 Essentially, these are based on the detection
of the relative amount of structurally perfect helices
in the polymer. Although not necessarily correlating
with polypropene crystallinity, stretches of perfect
helix structure are a prerequisite for the formation
of regular aggregates of chains in larger crystalline
structures. The Raman band area ratio (1167 cm™!/
1152 ecm™') was used here to estimate the polypro-
pene crystallinity. The conversion of the Raman
data into percentages of crystallinity could be at-
tempted by establishment of a calibration curve.
However, to obtain a picture of the homogeneity of
the crystallinity across mold injection plates, com-
parison of the spectroscopic data appeared sufficient.

Experimental

Samples and Sample Preparation. The high-impact
polypropene sample was prepared by blending po-
lypropene (Stamylan P 13E10, DSM) with polyeth-
ene (Stamylan HD 7625, DSM) and an ethene-pro-
pene copolymer with 70/30 ethene-to-propene ratio
(Tafmer, DSM) to give a final composition of 78%
polypropene, 14.5% polyethene, and 7.5% copoly-
mer. The routine used for weighted curve fitting was
calibrated using a range of binary polyethene/po-
lypropene blends of known composition. For all
biends, the components were mixed as granulate,
extruded, and injected into a mold. To reduce vari-
ation in polymer crystallinity related to the pro-
cessing conditions, all samples were produced with
a similar thermal history. Principally, the depth
resolution of the confocal Raman microscope per-
mits us to study the samples in the bulk form.?®
However, from transmission electron microscopy of
the high-impact polypropene blend, it is known that
the diameter of the dispersed phase is of the order
of 1 um. This is at the bottom range of the resolving
power of the microscope such that the maximum
possible spatial resolution has to be used. The depth
resolution of the confocal Raman microscope is on
the order of 2-3 um, though sample material farther



away from the focal plane does also contribute to a
small extent to the Raman spectrum (see ref. 28 and
references therein). To overcome uncertainties in
the Raman image due to the depth resolution, films
of 2 um thickness were prepared from the blend
samples by microtoming at liquid nitrogen temper-
ature.

Curve-Fitting Analysis. Two principally distinct
curve fitting procedures were used. To extract the
relative composition of a blend consisting of poly-
propene, polyethene, and a ethene-propene copol-
ymer, a curve-fitting routine was developed which
allowed the weighted fitting of a complete spectral
range of the individual component spectra into
spectra recorded from a blend of the components.
The program is based on the linear addition of the
individual component spectra (A, B, and C) plus a
background into an unknown total spectrum (7°) ac-
cording to

T=(y-A)+ (x+B) + (z- C) + Background

The fitting result is presented in relative amounts
of component A (polypropene), B (polyethene), and
C (ethene-propene copolymer) in percent.

The individual component spectra used for the
fitting were obtained by averaging a large number
of spectra recorded from an area on the respective
sample to avoid artifacts due to local inhomogene-
ities in morphology. Furthermore, the focal plane of
the confocal microscope was immersed several mi-
crometers under the sample surface to exclude sur-
face effects.

The curve-fitting routine proved extremely sen-
sitive to small shifts in peak position. Such shifts
occur when the ambient temperature of the spec-
trometer is not controlled accurately. Since the col-
lection time required for the large number of spectra
forming a Raman image of high spatial resolution
sometimes amounted to several hours, it occurred
that the peak positions in the spectra recorded first
differ from those recorded last. The spectra of the
pure, individual components were therefore taken
in quick succession and under identical conditions.
The peak positions in the individual component
spectra were then fixed with respect to each other.
For the weighted fitting of the unknown biend spec-
tra, the set of individual component spectra was al-
lowed to shift freely but unanimously in direction
and extent on the wave-number axis within a limited
bandwidth of 1.5 cm*. This bandwidth proved ex-
cessive since the maximal bandshift required to ob-
tain good fits never exceeded 0.7 cm™!. Without any
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further correction, the composition of the binary
calibration blends as derived by weighted fitting ap-
proached the actual composition closely. The
method was refined by adjusting the relative spectral
weight of the individual component spectra. For the
ultimate test, the weighted fitting routine was ap-
plied to determine the composition of average spec-
tra obtained from ternary blends of polyethene, po-
lypropene, and ethene—propene copolymer of known
composition. The blend composition could be de-
termined with an accuracy of 5-10%.

An entirely different method of curve fitting was
used for the analysis of polypropene crystallinity.
The determination of Raman band areas was done
by fitting of single peaks into clusters of Raman
bands using the GRAMS software from Galactic In-
dustries. Voigt profiles were assumed for the shape
of the Raman bands.*®

Results and Discussion

Blend Morphology. Figure 16 shows a transmission
electron micrograph of the blend. In a continuous
matrix, segregated particles of a wide size distribu-
tion can be seen. The particles are elongated in the
direction of mold injection, and the particle size
ranges between a few tenths of a micron to several
microns. The staining medium, which had been used
to prepare the samples for the electron microscopical
analysis, penetrates preferentially into the amor-
phous phase of the different blend components.
Consequently, the crystalline regions of the blend
are not or less stained and appear white in the mi-
crograph. Besides the heavily stained, black regions
corresponding to amorphous polymer, two distinct
lamellar structures can be identified. The cross-
hatched lamellae is typical for regions with poly-
propene as the predominant crystalline species. Re-
gions of predominantly crystalline polyethene can
be detected by its typical fibrillous lamellae (see
markers in Fig. 17).3! The picture shows segregated,
particle-like regions of high polyethene content sur-
rounded by amorphous material, which is supposedly
the copolymer phase. The segregated phase is
embedded in a matrix of high polypropene content.
Hence, from the transmission electron micrographs
it is possible to determine the general morphology
of high-impact polypropene blends and to detect the
preponderant crystalline species at a sampling lo-
cation. However, information about the minor crys-
talline components cannot be extracted. The com-
position of the amorphous regions is inaccessible.
Furthermore, it is impossible to extract any infor-
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Figure 16 TEM micrograph of sample A: 14.5% polyethene/7.5% ethene-propene random

copolymer/78% polypropene.

mation on the degree of crystallinity of the constit-
uents.

Raman Analysis at High Spatial Resolution. For the
Raman analysis at high spatial resolution, an area
of 8 by 8 um? was mapped with a data point every
0.33 um. To generate an image showing the distri-
bution of ethene-rich material in the matrix of po-
lypropene, a number of steps were pursued. All in-
dividual spectra of the spectral map were smoothed

N

to reduce noise and spikes. Subsequently, the spectra
were offset such that the minimum intensity coin-
cided with zero. Figure 15 shows the Raman spectra
of polypropene, polyethene, and a random ethene—
propene copolymer. The spectral regions used for
the construction of the conventional images are
highlighted. Ratioing the area under the spectrum
around 1296 cm™! over that at 1330 cm™, as high-
lighted in Figure 15, yields a composition image in
which a high ratio is characteristic for a location in

Figure 17 Enlargement of the TEM micrograph of sample A. The predominant crystalline
species can be recognized by their lamellar structure. The black, featureless regions cor-
respond to the highly stained amorphous region in the sample.



the sample with a high content in ethene-rich com-
ponents (polyethene and the ethene-propene co-
polymer).

Figure 18(A) shows a composition image of the
sample. Dark shading represents a high concentra-
tion of ethene-rich polymer relative to that of po-
lypropene. A corresponding pseudo-3D plot of the
relative amounts of ethene-rich to polypropene ma-
terial is represented in Figure 18(B). Segregated
particles of high ethene content can clearly be dis-
tinguished in a matrix consisting of predominantly
polypropene. Furthermore, the segregated particles
appear elongated along the direction of mold injec-
tion. From the composition image, the position,
shape, and size of the dispersed phase in the imaged
area can be determined. It is impossible, though, to
deduce the actual composition at the different sam-
pling points of the image. However, the spectra cor-

Direction of Injection —————J

8.3um
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U

Image of the Raman band area
ratio (1295¢cm-1/1330cm-1)

Pseudo 3D representation of the Raman band area ratio
as shown in the Image; value of the ratio in z-direction

Figure 18
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responding to the sampling points of the image can
be extracted. Figures 18(C) and 18(E) show the
spectra extracted at locations of high and low con-
tent in ethene-rich polymer, respectively. Spectrum
18(C) is that of almost, though not fully, pure po-
lyethene. A small amount of polypropene is still dis-
tinguishable. The spectrum 18(E) is that of pure
polypropene. In either case, it is impossible to es-
timate the amount of copolymer contributing to the
spectra. However, the extracted spectra are of very
high quality such that curve fitting can be attempted.
Weighted curve fitting is used to extract the blend
composition at high spatial resolution from the
spectra extracted at different positions in the Raman
image. The spectra as extracted along the line
marked in Figure 18(A) have been fitted, and the
corresponding blend composition is plotted in the
form of a composition profile in Figure 19(A). The
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(A) Image of the distribution of ethene-rich polymer in the area covered by

the Raman image of blend sample A [{14.5% polyethene/7.5% (70/30) ethene—propene co-
polymer/78% polypropene]. A dark color corresponds to high content of ethene-rich polymer
with respect to polypropene. (B) Pseudo-3D representation of the image in A. (C) Spectrum
extracted at a location of a high content of ethene-rich material. (D) Line along which the
spectra were extracted for the preparation of a compositional profile. (E) Spectrum extracted
at a location of a low content in ethene-rich material.
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Figure 19 (A) Composition profile as obtained by ex-
tracting the spectra from the Raman image of sample A
along the line depicted in Figure 19(D) and subsequent
weighted curve fitting. (B) Polypropene crystallinity pro-
file along the same line. (C) Profile of the ratio of the
copolymer content divided by the polyethene content.

composition profile intercepts two locations of a high
content of ethene-rich material at the left and at
the right-hand edge of the image in Figure 18(A).
These correspond to the segregated particles as were

analysed volume

witnessed by transmission electron microscopy. The
polypropene concentration is drastically reduced at
the locations of the segregated phase. Amidst the
ethene-rich particles, the polypropene concentration
rises to values between 90 and 100%. The ethene-
rich segregated particle on the left-hand side consists
mainly of polyethene, while that at the right-hand
side also contains a significant amount of copolymer.
In fact, the copolymer concentration across most of
the line extracted from the image is so low that it
is well within the error margin. The actual presence
of copolymer at such low experimentally determined
concentrations cannot be regarded as certain. Only
in the segregated particle at the right-hand side is
the copolymer concentration above 5% and thus
significant. Furthermore, the copolymer concentra-
tion rises, peaks, and decreases simultaneously with
the polyethene concentration. For a concentration
profile intersecting a core/shell structure, a peaking
of the copolymer concentration before and after
reaching the maximum polyethene concentration
would be expected. However, it would be premature
to conclude that absence of clear indications for a
core/shell structure indicates that the copolymer
diffuses on a large scale into the polyethene. The
observed concentration profiles for the polyethene
and copolymer are more likely due to insufficient
spatial resolution of the Raman microscope.
Figure 20 gives a schematic representation of the
sampling condition in the thin blend film. A perfectly
round core/shell structure is assumed for the dis-
persed phase. The polyethene is represented as a
white particle which is surrounded by the copolymer
phase (striped). The segregated phase is positioned
in the middle of the sample film. Assuming a film
thickness of 2 um and a diameter of the polyethene
particle of 1 um, the copolymer shell in a pure core/
shell structure has to be comparatively thin to still

[ Polyethene [] Polypropene

[ Copolymer

Figure 20 Schematic representation of three characteristic sampling situations that
principally might arise during the analysis of a sample film with spherical inclusions of
segregated phase by confocal Raman microscopy. The segregated phase consists of two
components which are assumed to form a core/shell structure. The analyzed volume is
represented by the hourglass-shaped beam profile of the focused laser beam.



maintain the relative polyethene to copolymer ratio
used in the blends. For a 2 : 1 polyethene-to-copol-
ymer ratio, the copolymer shell would have a thick-
ness of only 140 nm, while for a 1 : 2 ratio the shell
thickness would be of approximately 440 nm. Hence,
in any case the imaginary core/shell structure of the
segregated phase is completely surrounded by po-
lypropene. If this structure is now probed with the
typical hourglass-shaped volume element of analysis
of the confocal Raman microscope, three charac-
teristic situations arise. In case A the analyzed vol-
ume is fully immersed in the polypropene phase and
the Raman spectrum recorded will be that of pure
polypropene. In case B the analyzed volume partially
includes the copolymer shell of the segregated par-
ticle. The Raman spectrum will be that of predom-
inantly polypropene with a minor amount of copol-
ymer. In case C the analyzed volume is focused in
the center of the segregated particle. The corre-
sponding Raman spectrum will be that of mainly
polyethene with contributions of polypropene and
copolymer. However, the simplistic model does not
account for the particle shape of the segregated
phase, which clearly is not spherical (see transmis-
sion electron micrograph in Fig. 16). It also does not
consider the case when the segregated particle is not
positioned in the middle of the sample film. Fur-
thermore, it is assumed that all copolymer gathers
in a shell around the polyethene phase. The possi-
bility that the copolymer forms its own segregated
phase is not accounted for. The concentration profile
extracted from the Raman image of the sample gives
indications for the occurrence of polyethene particles
in the polypropene matrix without the presence of
any copolymer. The inverse situation of copolymer
particles without the presence of any polyethene is
probably similarly feasible. This would reduce the
amount of copolymer available to form the shells of
the model core/shell structure. The shell thickness
would consequently be even thinner than predicted
by the simplistic model picture. This can also be
seen in the transmission micrographs of the sample.
The layer of heavily stained amorphous phase
around the segregated particle of predominantly po-
lyethene is extremely thin at around 50-100 nm (see
Fig. 17). The confocal Raman microscope is not ca-
pable of resolving such small structures,?® and the
picture of the copolymer is blurred out. Copolymer
phase is detected in areas of the sample directly ad-
jacent to the copolymer phase where there actually
1s no copolymer. The polyethene and copolymer
concentration profiles extracted from the Raman
image are therefore neither clearly assignable to a
core/shell structure nor to the case of copolymer
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diffusion into the polyethene phase. The spatial res-
olution of the confocal Raman microscope is insuf-
ficient to distinguish between both models in sam-
ples with heterogeneities on submicron dimensions.
In the sample analyzed here, the small particle size
of the segregated phase and the insufficient spatial
resolution of the confocal Raman microscope most
likely also account for the observation that the po-
lypropene concentration never drops below 25%. As
can be seen from case C of the simplistic model, for
insufficiently large particles the polypropene matrix
contributes to the Raman spectrum even when the
analyzed volume is positioned directly on a copol-
ymer/polyethene particle. This is in line with results
reported earlier on the spatial resolving power of
the confocal Raman microscope.? The lateral spatial
resolution under identical experimental conditions
was found to be on the order of 1 um. The depth
resolution depended on the type and structure of
the sample and was on the order of 2-4 microns. In
both cases the resolution was determined as full
width at half maximum (FWHM) of a scan of the
Raman signal across a defined sample structure in
lateral or depth direction, respectively. However, this
definition includes that even if two sampling points
are separated by the FWHM value, the correspond-
ing spectra will contain contributions of both sam-
pling positions. In our case the thickness of the
sample films effectively defines the depth resolution
to 2 um.

In Figure 19(B) the polypropene crystallinity is
plotted along the line of extracted spectra from the
Raman image of the sample [Fig. 18(D)]. To cal-
culate the polypropene crystallinity, the Raman
band area ratio (1167/1152 cm™') was used. To de-
termine the Raman band area ratios, the contribu-
tion to the blend spectra of polyethene at 1170 cm™
and of the copolymers around 1150 cm™! have to be
accounted for. The weighted curve-fitting routine,
which was used for the determination of the blend
composition from the extracted spectra, provided
the possibility to extract the contribution of the
polypropene in the blend spectrum by weighted sub-
traction of the other blend components. Figure 21
shows an example of a blend spectrum (thin line)
and the remainder after the weighted subtraction of
the contribution of the copolymer and the polyeth-
ene (thick line). The removal of the copolymer and
polyethene contributions appears to be quite good,
though it is not perfect. Small residues are left over
in the regions of the subtracted blend spectrum that
had previously contained strong polyethene bands
(i.e., at 1296, 1131, and 1065 cm™!). The changes in
the polypropene band cluster at 1167 and 1152 em ™!
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Figure 21 Extraction of the polypropene contribution
from the spectrum of a blend of polypropene, polyethene,
and ethene—propene copolymer. The contributions of po-
lypropene, polyethene, and copolymer to the blend spec-
trum are determined by weighted curve fitting. The con-
tributions of polyethene and copolymer are then removed
from the blend spectrum (thin line) by weighted subtrac-
tion to leave the polypropene contribution to the blend
spectrum as remainder (thick line).

due to the correction for the other components of
the blend are small. However, the changes are visible
and they are expected to be more pronounced for
spectra extracted at locations of higher polyethene
and/or copolymer content. The profile of the poly-
propene crystallinity is surprisingly similar to that
of the polyethene concentration. At the locations of
high polyethene concentration, the polypropene
crystallinity is increased.

There have been earlier reports in literature of
the influence of polyethene (LLDPE, LDPE) on the
crystallization behavior of polypropene in binary
polyethene/polypropene blends.**® In phase-seg-
regated blends of polypropene with minor amounts
of polyethene, the crystallization behavior of the
polypropene matrix appeared strongly influenced by
the number and size of the dispersed polyethene
droplets. Upon rapid cooling from the melt, super-
cooling of the polypropene matrix is generally ob-
served. At the crystallization temperature of the po-
lyethene, the dispersed phase crystallized rapidly,
providing nuclei for the crystallization of the con-
tinuous polypropene phase. The crystallization
temperature for the polypropene increased, and an
increase in crystallization rate of the supercooled
polypropene phase is observed which is thought to
be due to heterogeneous crystallization at the
boundaries with the polyethene droplets.’® The
temperature curves recorded during the crystalli-
zation of the binary blends featured two crystalli-

zation peaks, which were interpreted in terms of two
insoluble components. However, the crystallization
temperature of the polypropene was found to in-
crease slightly with an increasing concentration in
the blend of polyethene. In other words, the poly-
propene crystallized quicker at higher concentra-
tions of polyethene. If polyethene and polypropene
were miscible on a molecular scale, one would expect
a drop rather than a rise in polypropene crystalli-
zation temperature. According to the principle of
the colligative effects, the crystallization tempera-
ture of a material drops linearly with the concen-
tration of a molecularly dissolved impurity. Hence,
the increase in the polypropene crystallization tem-
perature was interpreted to arise from polyethene
in the form of small domains in otherwise pure po-
lypropene. The presence of small polyethene crystals
acts as nucleation centers for the polypropene. Sim-
ilarly, in binary blends with polypropene, some types
of ethene-propene copolymers are reported to pro-
vide the polypropene matrix with nucleation sites
such that more crystailine domains resulted.**? In
light of these reports, the apparent similarity be-
tween the profiles in Figure 19 of the polyethene
concentration and the polypropene crystallinity are
interpreted as evidence for induced crystallization
in the polypropene by adjacent dispersed phase of
polyethene.

CONCLUDING REMARKS

In the course of the Raman imaging analysis of the
various polymer samples with the confocal laser line
scanner, the scope and the limitations of the tech-
nique became apparent. Continuously scanning the
laser beam over the sample permits the use of con-
siderably higher laser powers without causing dam-
age to the sample. In comparison to the Raman
analysis based on a static beam, the collection time
for good signal-to-noise spectra can be shortened
and the mapping of large sample areas at high spatial
resolution more efficient. However, for light-sensi-
tive samples such as the blend of VLDPE/PBT/
PC, the applicable laser power is still extremely low
even with a scanning laser beam. The required col-
lection times for light-sensitive samples can be very
high such that the stability of the sample, the sample
position, and the spectrometer become limiting fac-
tors. Nevertheless, an image could be obtained with
the line-scanning technique, while it is questionable
whether an analysis by static beam Raman micros-
copy with an equally high resolution could be per-
formed without sample burning at all. However, us-



ing the intense, highly focused laser beam of a Ra-
man microscope can have another drawback. Apart
from sample burning, the more subtle effects of
sample heating can result. In polymers, even mod-
erate heating may cause considerable changes in
morphology without inducing noticeable burning. In
particular, for composite samples with black fillers,
a noticeable heating effect on the sample structure
and thus on the Raman band position and shapes
has been found.?*-*® The effects due to heating must
be carefully considered to avoid an erroneous inter-
pretation of the Raman spectra of thermally altered
samples. A further serious limitation of Raman
spectroscopy in general is the interference of fluo-
rescence when using visible light for the excitation
of the Raman scatter. Under such conditions, a low
level of fluorescence is almost omnipresent in poly-
mer samples and can seriously hamper the collection
of the very weak Raman light. However, it was
shown previously that Raman imaging of weak flu-
orescent samples was successful in most cases when
using the specific advantages of the confocal laser
line-scanning technique.?®

The feasibility to study phase segregation phe-
nomena in polymer blends consisting of chemically
very different polymers was demonstrated here.
Principally, the study of phase separation in polymer
blends of components with almost identical chemical
structure (i.e., blends of different types of polyeth-
ene) could be attempted based on different degrees
of crystallinity in the different phases. If the crys-
talline lamellar size is different for the different
blend components, a separation by the longitudinal
acoustic mode (LAM) in the Raman spectrum could
be imagined. Alternatively, the Raman imaging of
two structurally almost identical polymer compo-
nents in a blend should conveniently be possible by
using isotopically tagged polymers. Additional ap-
plications of Raman imaging in polymer science can
be envisaged in the study of impurities in a sample
(1.e., catalyst rests in polymers) and additives such
as pigments and fillers. Moreover, it can be used for
the indirect determination of physical parameters
which are otherwise difficult to access. The deter-
mination of the refractive index profile in an optical
fiber via the analysis of the composition profile was
shown. Furthermore, the morphological analysis of
the individual components of a blend at high spatial
resolution was feasible. The contactless mapping of
local temperature or pressure differences in other-
wise homogeneous samples by the imaging of Raman
band positions could equally be envisaged.3034%°

Hence, despite the aforementioned limitations,
confocal Raman imaging is a very promising tech-
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nique for the analysis of polymeric samples with
heterogeneities on a size scale of 1 um or larger. In
such samples, the compositional and morphological
structure can be studied to a detail which is impos-
sible by alternative techniques. The different con-
stituents of a blend can be identified and quantified
at each location of the image, and the compositional
and morphological structure of the probed sample
area can be made visible as 2D or 3D representation.
The structures in these representations compare well
with those seen in TEM micrographs at comparable
resolution with the bonus of additional chemical in-
formation. Hence, this relatively novel technique
helps to close the gap between infrared microscopy,
with its comparatively poor spatial resolution, on
the one hand, and TEM, with its limited chemical
information, on the other hand. For heterogeneities
on a submicron scale, the resolving power of the
Raman microscope is insufficient. For such samples,
the value of Raman imaging is limited to the deter-
mination of average information.
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