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Abstract

The morphology, size distributions, spatial distributions, and quantitative chemical compositions of co-polymer
polyol-reinforcing particles in a polyurethane have been investigated with scanning transmission X-ray microscopy
(STXM). A detailed discussion of microscope operating procedures is presented and ways to avoid potential artifacts
are discussed. Images at selected photon energies in the C 1s, N 1s and O 1s regions allow unambiguous identification of
styrene—acrylonitrile-based (SAN) copolymer and polyisocyanate polyaddition product-based (PIPA) reinforcing
particles down to particle sizes at the limit of the spatial resolution (50 nm). Quantitative analysis of the chemical
composition of individual reinforcing particles is achieved by fitting C Is spectra to linear combinations of reference
spectra. Regression analyses of sequences of images recorded through the chemically sensitive ranges of the C 1s, N 1s
and O Is spectra are used to generate quantitative compositional maps, which provide a fast and effective means of
investigating compositional distributions over a large number of reinforcing particles. The size distribution of all
particles determined by STXM is shown to be similar to that determined by TEM. The size distributions of each type of
reinforcing particle, which differ considerably, were obtained by analysis of STXM images at chemically selective
energies. © 2001 Elsevier Science B.V. All rights reserved.
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metrology of reinforcing particles. In many
practical applications the intrinsic chemical or
mechanical properties of a polymer are modified in
various ways through the use of reinforcing
particles. In this case, the system investigated is a
polyurethane containing two different types of
copolymer polyol reinforcing particles.

Polyurethane polymers, in the form of free-rise
or molded foams, are widely used in the auto-
motive and furnishings industries. In order to
make foams with higher hardness several different
strategies are presently employed [1]. Copolymer
polyol (CPP) particles, which are dispersions of
polymer particles in polyether polyol, inorganic
fibers, and low molecular weight cross-linker
polyols, are preferred for stiffening slabstock
foams which are made in long, continuous blocks
or buns. In order to understand how reinforcing
particles like co-polymer polyols affect mechanical
properties such as elastic modulus, tear strength
and resiliency, and in order to develop improved
CPP substances, it is important to have analytical
techniques which can probe the morphology and
chemistry at the required spatial scale. While
traditional chemical spectroscopies such as infra-
red or NMR are excellent at chemical character-
ization, they do not have adequate spatial
resolution to address questions relating to the
submicron composition of polymer blends con-
taining reinforcing particles. Analytical transmis-
sion and scanning transmission electron
microscopy (TEM/STEM) have superb spatial
resolution and can provide useful polymer micro-
analysis when performed with care [2] but in most
cases the high-energy electron beam causes too
much radiation damage for detailed spectroscopic
studies of the composition of small radiation-
sensitive polymer phases. Also, on account of the
lower energy resolution of analytical TEM/STEM
using electron energy loss spectroscopy (EELS)
[2,3], the ability to differentiate similar chemical
species is not as good as synchrotron-based X-ray
microscopy. Overall, NEXAFS microscopy per-
formed on a high-resolution synchrotron beamline
provides superior chemical contrast relative to
TEM-EELS.

Over the past decade analytical soft X-ray
microscopy has developed into a useful tool for

characterizing soft materials such as polymers
[4-7], as well as environmental and biological
samples [8]. The variant used in this work,
scanning transmission X-ray microscopy (STXM)
[9-14] provides near-edge X-ray absorption spec-
tra (NEXAFS) with ~0.1eV energy resolution,
which provides quite good chemical analysis. The
spatial resolution is of the order of 50nm,
adequate for studies of many reinforcing particle
systems, including CPP particles in polyurethanes.
While there is some radiation damage, particularly
to the dominant aliphatic polyether or soft
segment component, the damage rate is much
lower than in electron microscopy studies of the
same materials. This is consistent with a recent
study of polyethylene terephthalate in which
damage rates of X-ray and electron microscopy
were compared quantitatively [14]. Recent related
studies that describe complementary aspects of the
application of NEXAFS microscopy to polymers
include: spectroscopic investigations to develop
the conceptual understanding of the origin of
spectral features [5-7,16—19]; a systematic ap-
proach to quantitation through comparison to
model polymer reference standards [19,20]; quan-
titative studies of urea and urethane (carbamate)
composition in model homogeneous [19-21], and
typical heterogeneous, phase segregated polyur-
ethanes [22,23]; analysis of the orientation of
polymer chains and functional groups using the
polarization dependence of images and spectra
[4,7].

In this work, scanning transmission X-ray
microscopy has been used to study a polyurethane
in which two types of copolymer polyol (CPP)
reinforcing particles were used simultaneously.
The polyurethane matrix is a high molecular
weight polypropylene oxide (PPO) cross-linked
with toluene diisocyanate (TDI). One CPP is
poly(styrene-co-acrylonitrile) (symbolized here as
SAN), and the other is an aromatic-carbamate rich
poly-isocyanate poly-addition product (symbolized
here as PIPA), derived from methylene diisocya-
nate (MDI) [24-26]. Both species were formed and
dispersed in the polyether polyol component of
the polyurethane formulations. The two types of
particles are indistinguishable when an unstained
sample is viewed in a transmission electron



A.P. Hitchcock et al. | Ultramicroscopy 88 (2001) 33—49 35

microscope (TEM). In this study, STXM spectro-
scopy, imaging, and analysis procedures are
developed which optimize the ability to distinguish
and quantitatively analyze these two CPP particle
types. The distributions of the sizes of the PIPA
and SAN particles have been measured and
compared to the average particle size distribution
determined from transmission electron microscopy
(TEM). The composition of the SAN and PIPA
CPP particles has also been analyzed, both on a
particle-by-particle basis, and through the use of
compositional maps derived from image sequences
[27].

2. Experimental

Thin sections of the specimens were prepared by
cryo-microtoming plaques of the slabstock poly-
urethane at —120°C using a Reichert-Jung FC4E
microtome. The plaques were made according to a
procedure described earlier [1]. Sections were
transferred dry to uncoated copper grids using
an eyelash. Typical sections were judged to be
100 nm thick based on the interference colors of
the sections on the knife edge. A JEOL 2000FX
ATEM was used to examine unstained samples.
When grids were studied by TEM to examine the
morphology, radiation-induced spectroscopic
changes were noted by STXM. Thus, the sections
analyzed by STXM in this work were not
previewed by TEM to avoid radiation damage
artifacts.

C1s images and NEXAFS spectra were re-
corded with the Stony Brook STXM at the X-1A
beamline of the National Synchrotron Light
Source (NSLS) [9-11]. C1s, N 1s and O Is images
and NEXAFS spectra were recorded with the
beamline 7.0 STXM at the Advanced Light Source
(ALS) [12-14]. The principles and experimental
details of the X-ray optics used in scanning
transmission X-ray microscopy have been de-
scribed in detail elsewhere [8,9]. Briefly, mono-
chromated undulator radiation illuminates a
Fresnel zone plate, which has a first-order focal
position defined by /' = Ddo.n/mA , where D is the
zone plate diameter, o,y is the width of the
outermost zone, m is the order of the zone plate

employed, and A is the X-ray wavelength (see
Fig. 1). The diffraction limited resolution is given
by 1.22d,n/m. An image is generated by monitor-
ing the X-ray signal transmitted through a thin
section of a specimen as it is raster-scanned at the
focus of the zone plate. For these measurements
the spatial resolution of the NSLS microscope was
about 60nm (Raleigh criterion) and the energy
resolution was ~200 meV (the NSLS-based results
reported herein were obtained during the commis-
sioning of a new monochromator which now
provides ~100meV resolution). Measurements
made with the ALS microscope provided higher
energy resolution (~100meV) but significantly
lower spatial resolution (~100 nm) on account of
mechanical vibration and limitations of the X-ray
optics.

Point spectra of the CPP particles acquired with
dwell times at each energy of <0.1s at NSLS did
not appear to be noticeably affected by radiation
damage, although longer dwells were observed to
damage the polyether matrix. Mass loss in the
polyether-rich matrix occurs with a critical dose
(defined as the dose which produces a 1/e decrease
in the intensity of a specified spectral feature)
which is ~60 times smaller than that for poly
(ethylene terephthalate) [15]. The carbonyl group
of the PIPA particles exhibits spectral changes
with a critical dose that is ~15 times smaller than
that for PET [28]. At the ALS the undulator gap
must be scanned synchronously with the photon
energy on account of the narrow undulator
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Fig. 1. Schematic of Fresnel zone plate focusing used in
scanning transmission X-ray microscopy. ;N is the width of
the outermost zone, and f is the focal length of the first-order
diffraction spot.
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spectral output, whereas full range NEXAFS
spectra at the NSLS are acquired without chan-
ging the undulator gap. A mechanical shutter is
used to block unwanted radiation during the
change of monochromator energy and undulator
gap, but the shutter has an uncertainly in its
opening time of the order of 100ms. Thus, for
practical reasons, acquisition of point spectra at
the ALS microscope is relatively slow — the
minimum sampling period is about 1s — and
typically some X-ray flux hits the sample for
between 0.3 and 0.5s/energy point. In contrast
point spectra at the NSLS are acquired with 20—
60 ms/energy point since the undulator gap is not
changed. The long sampling period combined with
the ~10 x higher flux at ALS relative to NSLS
lead to significant beam damage over the course of
acquiring a NEXAFS spectrum in point spectral
mode at the ALS (when the focused X-ray beam is
used). In order to obtain meaningful spectra with
negligible radiation damage, the ALS microscope
routinely uses sequences of images with short dwell
times (0.2-0.4ms per pixel) and a fine energy
spacing. Subsequent post-processing aligns these
images, then extracts spectra at any subset of
pixels in the sampled region. Image alignment is
necessary to correct for drifts of the field of view
associated with lateral shifts in the position of the
Fresnel zone plate focusing optical element as its z-
position is scanned to retain focus with changing
photon energy (wavelength). The software for
image sequence acquisition at NSLS, and the
subsequent analysis of the data (sometimes called
‘stacks’) was developed by Chris Jacobsen [27]. In
addition to curve fit analysis of point spectra, we
have also used newly developed procedures [29] to
generate quantitative composition maps by a
linear regression analysis of the spectrum at each
pixel in an image sequence.

In order to obtain the most reliable quantitative
analysis using STXM it is important to under-
stand, monitor, and minimize a number of sources
of systematic error. On the instrumental side, this
includes factors such as detector non-linearity,
spectral purity of the incident radiation, and the
spatial profile of the zone plate focused beam [14].
Regarding detector linearity, the NSLS micro-
scope uses a gas proportional counter operating in

pulse counting mode which is linear to ~1 MHz,
with an efficiency of ~15% and negligible dark
count. The ALS microscope uses a phosphor
(polycrystalline GdO,S,: Tb, recently converted
to a single-crystal yttrium aluminum phosphide) to
convert X-rays to visible photons which are then
detected in pulse mode with a high performance
photomultiplier tube (Hammamatsu 647P). The
overall system in the ALS microscope has a linear
response up to 25 MHz, a measured efficiency of
30% at the C 1s edge, and a dark count of less that
200 Hz, which is negligible relative to the typical
detected incident flux signal of 5-15 MHz.

With regard to spectral purity, the NSLS
microscope is equipped with a two-mirror order
suppression device which reduces higher orders to
less than 1% [30]. Currently, ALS beamline 7.0
does not have a tunable order-sorting device but
Ni coatings on mirrors provide an effective means
to damp higher-order photons above 850eV.
Photoemission studies on this line indicate that
the light incident on the zone plate has ~4.5%
second order and ~1% third order at 300eV.
These levels are reduced to 0.6% and 0.5%,
respectively if a 160nm Ti filter foil is placed in
the beam; however, the Ti filter was not incorpo-
rated in the beamline when these measurements
were made. At the time of these experiments, the
usable linear optical density range was limited to
OD values of less than 3 at the ALS microscope,
whereas, in CO, gas, linear optical density
response up to 7 has been observed with the NSLS
microscope when the order sorting mirrors have
been tuned carefully.

The profile of the X-rays that impinge on the
sample to generate the transmitted signal has a
number of components: the desired focused spot
from first-order diffraction, the portion of the
second-order diffraction that passes through the
order sorting aperture, un-diffracted beam in cases
where the central stop is not sufficiently opaque,
and a diffuse scattering halo due to imperfections
in the placement and profile of the zone plate
zones. The superimposition of light from all
sources other than the first-order focused spot
gives rise to a broad, structured distribution many
times the focal spot size — the so-called “‘halo”.
Under most favorable conditions, the integrated
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intensity of all of the halo (i.e. everything outside
the focal spot) is < 1% of the focused beam. If the
order-sorting aperture (OSA) and central stop of
the zone plate are not aligned, then un-diffracted
beam which passes around the central stop will
increase the halo intensity. Under certain circum-
stances, the halo can give rise to signal artifacts
which can affect the accuracy of quantitative
analysis. For example, when the sample under
study is a strongly absorbing species embedded in
a more transparent matrix (e.g. carbon black in a
polymer matrix), then 1-2% of transmitted light in
the halo region becomes a significant fraction of
the observed signal. In such cases, the halo signal
limits the maximum optical density one can
observe without effective absorption saturation,
and the X-ray absorption signal reflects the matrix
as well as the dense embedded species. Clearly
careful tuning of the microscope is an important
factor in producing accurate results.

On the operational side, one must use acquisition
techniques which provide meaningful incident flux
({p) signals, good energy calibration, and one must
monitor the extent of radiation damage. At both
the NSLS and ALS microscopes the 7 signal used
to generate optical densities is recorded before or
after the actual measurement. It is necessary to use
this approach in order to have the same detector
sensitivity and to incorporate spectral effects of the
zone plate, such as its contributions to filtering
higher-order radiation. In the ALS microscope, a
secondary signal, the current at the front of the
OSA, is collected. This signal, which is a convolu-
tion of total electron yield and gas ionization yield,
serves to correct for instantaneous variations in
incident flux (due to beam motion in the storage
ring) as well as to correct for the decay in ring
current between sample and Io measurements.

Energy scale calibration at the NSLS micro-
scope is routinely carried out by injecting a small
amount of CO, gas in the He stream bathing the
photon path length and recording the sharp
Rydberg lines of CO, [14,31]. At the ALS, gas
and solid reference samples can be recorded for
calibration. For this work, the N1s and Ols
spectra were calibrated with N, and O,, respec-
tively, while the C 1s spectra were calibrated using
the known positions of the strong resonances.

Prolonged study of these polyurethane samples
results in mass loss of the polyether-rich matrix
and selective damage of the carbonyl groups of the
PIPA. In both microscopes, after critical analytical
measurements such as image sequences, it is
routine procedure to monitor the extent of sample
damage by recording an image at an energy that
shows large spectral changes due to radiation
damage (e.g. 289eV for Cls studies). Measure-
ments with unacceptably high damage rates are
not used in subsequent analysis. The data reported
in this work are those recorded before significant
damage had occurred (< 5% change).

In the data analysis one must evaluate the
significance of the derived quantitative results by
appropriate statistical and reproducibility tests.
The accuracy of the results is limited by the degree
to which materials used as reference standards
accurately match the chemical character of the
components in the material under study. The set of
reference compounds must encompass all of the
chemical components in the material and the
reference spectra should be unaffected by radiation
damage or spectroscopic saturation. A large
amount of supporting spectroscopy [16-20] has
been carried out to make sure spectral features are
assigned correctly and that the model spectra are
those appropriate to the problem.

3. Results and discussion

3.1. C ls imaging and spectroscopy: qualitative
identification

Prior to the STXM investigation, a different
section of the same sample was examined by
transmission electron microscopy (Fig. 2). Although
the morphology and size distribution of the CPP
particles are clearly revealed, TEM imaging of
unstained samples cannot distinguish the chemical
identity of the individual particles. By contrast, as
outlined below, the chemical sensitivity of selective
energy imaging NEXAFS microscopy makes iden-
tification of the CPP particles very straightforward.

Differences in the X-ray absorption spectra of
the components provide the basis for distinguish-
ing PIPA and SAN CPP particles. This is
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Fig. 2. Transmission electron microscope image of a polyur-
ethane plaque containing a mixture of two types of copolymer
polyol (CPP) reinforcing particles. One type is SAN, a
copolymer of polystyrene and polyacrylonitrile, and the other
type is PIPA, a carbamate-rich polyurethane addition product.
How does one know which particle is which type of CPP?

illustrated in Fig. 3 which plots Cls NEXAFS
spectra of the polyether-rich matrix, the SAN and
PIPA particles, along with the average spectrum of
the sample. These spectra were acquired at the
ALS microscope from the mixed CPP sample
using the image sequence mode of acquisition. The
SAN spectrum was recorded from an area of
~2um? while the PIPA spectrum was recorded
from an area of ~0.2 um?”. The spectra are similar
to those recorded in point-mode from other
samples containing larger spatial regions of these
CPP materials. The spectra of both PIPA and
SAN exhibit a strong low-energy transition at
285eV, which is associated with Cls — m{_c
transitions at the C—H carbons of the phenyl ring
common to both structures. In addition, the SAN
particle has a strong transition at 286.7 ¢V arising
from C 1s — mi_y transitions of the acrylonitrile
component (AN) of the styrene/acrylonitrile
(SAN) copolymer. This feature is unique to the
acrylonitrile component of the SAN particles
which provides the basis both for distinguishing
SAN from PIPA and for quantitative analysis of
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Fig. 3. Cls X-ray absorption spectra (NEXAFS) of SAN
particles, PIPA particles, the polyurethane matrix, and the
spatially averaged spectrum of the sample. Vertical offsets of
0.4, 0.8 and 1.2 OD units have been used in plotting the upper
three spectra. These spectra were extracted using multi-pixel
sums over relevant regions from an image sequence recorded
with the scanning transmission X-ray microscope (STXM) at
the Advanced Light Source (ALS). The chemical structures
indicated for the SAN and PIPA particles are the structural
motifs that give rise to the dominant spectral features, but they
do not depict all aspects of their structure, which includes poly-
ether components. What are the values of m and n?

the styrene/acrylonitrile composition of individual
SAN particles. At 287.2eV, on the high-energy
side of the m{_y peak, the optical density of the
PIPA particles and the matrix is the same and very
low relative to that for SAN. Thus, an ideal
strategy for selective imaging of SAN is to image
at 287.2¢eV, where the SAN particles are in high
contrast but the PIPA particles are indistinguish-
able from the matrix. Note that the quality of this
‘sorting’ of the two types of CPP particles depends
on making a careful choice of energy, accurate
energy calibration, and also on the spectral purity
of the imaging photon beam. Any higher order or
stray light contamination reduces the chemical
contrast. At higher energy, around 288e¢V, the
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matrix begins to have a very strong absorption
associated with the C Is — o._, transitions in the
polyether chains. At somewhat higher energy,
289.8 eV, the PIPA particles have a sharp peak
associated with C 1s(C=0) — n{_, transitions.
In pure PIPA this feature is stronger than the
intense 285.1eV m{_ peak and it occurs at an
energy where SAN does not have a sharp feature.
On this basis one might expect 289.8eV to be an
ideal energy for selective imaging of PIPA.
However, in practice, while imaging at 289.8eV
gives some relative enhancement of contrast of
PIPA relative to SAN, it is an inefficient means to
highlight PIPA relative to SAN because of the
strong absorption by both the matrix and SAN at
this energy which results in poor overall contrast.
This energy could be useful for distinguishing
PIPA particles from segregated ureas, which
absorb at 289.4 for a TDI-based system [23]. In
general, it is much easier to see strong absorption
against a weak background (as in imaging at
285.1eV which dramatically highlights both types
of reinforcing particles against the weakly absorb-
ing polyurethane matrix) than it is to detect strong
absorption against a background of similar
absorption strength. As a further example of the
relative contrast afforded by mg_y versus mi_q
transitions, the spatially averaged spectrum
(Fig. 3, obtained by summing the spectra from
all pixels in the ~100 pm? area imaged), gives some
indication of the SAN-specific peak at 287¢eV but
essentially no sign of the PIPA-specific peak at
290eV. Comparison of the spatially resolved
spectra to the spatially averaged spectrum empha-
sizes the value of good spatial resolution in
NEXAFS chemical analysis of heterogeneous
materials.

When using variable spectroscopic sensitivity to
highlight a specific component, one must be
concerned about the effect of density and thickness
variations between different phases in the sample,
and among different sections of the same sample.
These factors can complicate the otherwise
straightforward approach of imaging using chemi-
cally specific energies derived from model NEX-
AFS spectra. Density and thickness variations can
be compensated by normalization of chemically
sensitive images to images measured at photon

energies outside of the chemically sensitive near-
edge regions.

C1s NEXAFS microscopy works very well in
differentiating the two CPP particles in this
sample. Fig.4 compares images recorded at
285.1eV (mi—c) and 287.2eV (~mi_y) of a
14 pm x 14 pm region of the sample. As discussed
above, the energy chosen for the second image was
not at the top of the m{_y resonance peak but
rather slightly above, in order to minimize the
difference between the absorption by the poly-
ether-rich matrix and the PIPA, so that the SAN
particles have the highest contrast. The image at
285.1eV (Fig. 4a) highlights both types of CPP
particles with very strong contrast relative to the
polyurethane matrix. This is as expected from the
strong mi_. absorption by the phenyl groups of
the aromatic CPP particles and much smaller
absorption by the polyurethane matrix, which is
polyether rich. It is very clear that imaging at
287.2 eV (Fig. 4b) provides complete selectivity for
the SAN particles, based on their acrylonitrile
content. Images at 289.8 eV (not shown) provide
only limited ability to distinguish the two types of
CPP particles. However, the PIPA particles can be
readily identified in the difference of the 285.1 and
287.2 eV images, as illustrated in Fig. 4c. We note
that careful choice of an acquisition strategy, such
as that employed to record the SAN-selective
image in Fig. 4b, is preferable to image subtraction
as this avoids possible artifacts associated with
image drift, image scale changes, etc. Such artifacts
give rise to ghost images at the large SAN particles
in Fig. 4c, particularly the lower-half of the image,
even though every effort was made to match the
spatial scales of the two images prior to subtrac-
tion. As described in the following section,
regression analysis of image sequences using fits
of the spectrum at each pixel to spectral standards
[29], provides extremely powerful chemical analy-
sis. If the spectral standards are suitable, this
approach gives the quantitative chemical composi-
tion at each point in the region studied.

3.2. Chemical contrast at the N 1s and O Is edges

While the Cl1s edge clearly provides excellent
ability to distinguish these two types of reinforcing
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particles, it is also of interest to investigate the
chemical contrast at the N Is and O 1s edges. All of
the nitrogen in SAN is at the unsaturated nitrile
group (C=N) whereas the nitrogen in PIPA and
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the matrix is in essentially saturated environments
(N-H). Thus, one might expect very strong
selectivity for SAN at the energy of the
N 1s — mxc=n transition. Similarly, since the
SAN particles nominally do not contain oxygen,
one might expect strong contrast at the O 1s edge.
In spite of the seemingly “obvious™ potential for
image contrast at these energies, we must remem-
ber that the total absorption cross-section at each
X-ray energy for a particular component is
governed by a number of factors, including density
differences, thickness differences and the back-
ground from lower energy core/valence absorption
edges, in addition to the chemically specific
transition.

Fig. 5 compares N 1s spectra of the three
components, and images recorded with the ALS
STXM at several energies in the N Is spectral
region. The contrast in the N s region is lower
than at the Cl1s edge (on account of the large,
underlying C 1s signal), except at 399.8 eV (image
b), the energy of the strong N 1s — m¢_y transi-
tion of the nitrile group. Imaging at 399.8eV
preferentially highlights the SAN relative to the
PIPA particles and is clearly as effective as C1s
selective energy imaging for particle type identifi-
cation. The N 1s spectrum of PIPA is very similar
to that of the matrix, as expected since all of the
matrix nitrogen is in a carbamate environment in
this particular polyurethane formulation [20].
Although their spectral shapes are similar, the
PIPA particles are somewhat more dense than the
matrix. Therefore they have a higher optical
density at all energies and they remain visible
throughout the whole N 1s region.

Fig. 6 compares O 1 s spectra of the PIPA, SAN
and matrix components, along with images re-
corded with the ALS STXM at the indicated

<
Fig. 4. Comparison of X-ray microscopy images at (a) 285.1eV
and (b) 287.2¢V of a polyurethane containing SAN and PIPA
CPP particles recorded with the Stony Brook STXM at the
National Synchrotron Light Source (NSLS). (c) Difference of
the 285.1 and 287.2eV images which highlights the PIPA
particles only. The ghost signals at the positions of many of the
SAN particles are from imperfect registry of the two images. In
these transmission images dark regions correspond to higher
absorption.
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Fig. 5. (left) N Is spectra of the matrix, PIPA and SAN particles recorded with the ALS STXM in linescan mode. No spectral offsets
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selective identification of the SAN particles in the 400eV image.

energies. In the O s spectral region it is the PIPA
particle that has the unique spectral signature,
namely the m{_, resonance at 532.5e¢V. While
imaging at this energy does highlight the PIPA
relative to the SAN particles (PIPA are the darker
small particles in Fig. 6b, see arrow), the contrast
is relatively low since the O 1s — ©;_ transition is
a weak feature relative to the remainder of the O 1s
signal, in part associated with the polyether
content of the PIPA particles but mainly with
underlying N 1s and Cls absorption. Since the
chemical structures of both the matrix and PIPA
contain oxygen while the nominal structure of
SAN does not, we expected the SAN to appear
with strong negative contrast in the O Is region.
However, the SAN particles used in this CPP
formulation do have some polyether component
(as do all copolyol polymer particles, see below)
and, therefore, they have an O 1s spectral signature
rather similar to the ether signal present in both
the PIPA particles and the matrix. The increase in
signal across the O 1s edge is only 10% for SAN,
much less than the increase for the PIPA and

matrix particles. This leads to somewhat lower
contrast of SAN in the O 1s continuum. However,
the optical density of the SAN CPP particles
remains larger than the surrounding matrix at all
energies and thus the expected contrast reversal
was not observed. This could be because the SAN
particles are thicker than the rest of the section,
they have a higher density, or they have a higher
absorption cross-section. A higher overall spectro-
scopic cross section does exist because of the
strong N 1s absorption in SAN. The SAN
particles are also known to be more dense that
the matrix. Overall, there is relatively weak
spectral contrast at the Ols edge since it is
superimposed on the strong Cls and Nls
continua This limits the ability to differentiate
SAN and PIPA particles by means of selective
energy imaging at the O 1s edge.

3.3. Particle size analysis

It is clear from Figs. 4-6 that the size distribu-
tion of the SAN particles differs from that of the
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PIPA particles. We have quantitatively analyzed
the apparent particle size distributions of each type
of CPP particle, based on chemically selective C 1s
imaging. (We denote these particle sizes as
‘apparent’ since the section is much thinner than
the diameter of most particles and thus there are
artifacts associated with the random sampling of
the levels of particles the section was cut through
[32]). In addition we have determined the apparent
particle size distributions from TEM images, in
some cases of exactly the same thin section of the
sample that was analyzed by STXM. The particle
size analysis was carried out in the following
manner. A threshold value corresponding to about
10% greater than the minimum intensity in the
particles was applied to the full image to generate a
mask image in which each pixel is either black (0)
or white (1). The area of each particle was then
determined by summing the number of contiguous

white pixels. Finally, all particles are assumed to
be circular in order to compute the particle
diameter from the measured area. Systematic
errors of this procedure include: reliability of the
thresholding (a range of values was explored and
the distributions reported correspond to the best
thresholding achievable); occurrence of some
particles sectioned through the top or bottom
regions rather than the middle; effects of particle
curvature which blur the boundaries of the
particles; errors associated with finite sampling;
non-circular particle cross-sections. The impact of
these types of systematic errors on particle size
distributions is discussed elsewhere [32].
Histograms of the distributions of the particle
sizes (~diameters) derived from the two STXM
images recorded at NSLS (Fig.4) and from
multiple ALS STXM and TEM images are shown
in Fig. 7. One hundred to several hundred particles
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Fig. 7. (a) Histograms of particle sizes derived from STXM
images recorded at 285.1eV at NSLS (image shown in Fig. 4)
and at ALS. The inset shows the particle size distribution
derived from analysis of four TEM images (total area of
~2000 pm?, ~400 particles). (b) SAN particle size distribution
derived from STXM images recorded at 287.2eV at NSLS
(Fig.4) and ALS. (c) The difference of the particle size
distributions of STXM images at 285.1 and 287.2¢V, which is
the PIPA particle size distribution.

in each image were analyzed. Fig. 7a compares the
particle size distribution, independent of chemical
composition, as measured from STXM images at
285.1¢eV (e.g. Fig. 4) and from TEM images. The
285.1eV  STXM and TEM distributions are
similar, each exhibiting two maxima — one around
50 nm, the other around 150-200 nm, as well as a
long tail to larger size. Fig.7b is the size
distribution of the SAN particles as determined
from analysis of 287.2eV STXM images (Fig. 4).
Note the change in vertical scale. The SAN
distribution is clearly different. Relative to the

average particle size distribution (Fig. 7a), there
are more large particles, fewer particles in the
middle range, and a relatively large number of sub-
100nm SAN particles. Fig. 7c depicts the particle
size distribution of the PIPA particles derived from
the difference in the size distributions derived from
285.1 and 287.2eV STXM images. The PIPA
particle distribution is very different from the
average distribution, with the PIPA particles
having a narrower range of sizes, clustered around
200 nm. This analysis shows that there are very few
PIPA particles larger than 0.5pum, and that the
peak of the PIPA distribution lies below 200 nm.
In contrast, the SAN particle size distribution is
more complicated. The size-weighted average size
is around 400 nm. Most SAN particles are smaller
than 1um and many SAN particles are smaller
than 0.1 pm, but there are also a number of SAN
particles in the 2-3 um range. In several cases the
larger SAN particles have a ‘caulifiower’ shape (see
Figs. 2 and 4), suggesting they may be agglomer-
ates of smaller particles. Results from the two X-
ray microscopes are in good agreement, although
the higher spatial resolution of the NSLS micro-
scope allows better definition of the size distribu-
tions at small sizes. The power of STXM to
partition particle distributions according to che-
mical composition is well illustrated by this
example.

3.4. Composition maps from regression analyses
of image sequences

Fig. 8 presents maps of the chemical compo-
nents of this system — polystyrene (pS), polyacry-
lonitrile (pAN), polyol, matrix, and PIPA -
obtained by a 5-component regression analysis of
a sequence of 72 images (12 x 8 um) between 280
and 291eV recorded at the ALS. The indicated
grey scales correspond to relative mol% since the
model spectra were on absolute oscillator strength
per repeat unit scales. The model spectra for the
matrix and the PIPA are those plotted in Fig. 3,
extracted from regions of this image sequence. The
model spectra of polypropylene oxide (analog to
the polyol component of the CPP particles),
polystyrene (pS) and polyacrylonitrile (pAN) were
recorded on un-oriented samples with the Stony
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Fig. 8. Component maps for polystyrene, polyacrylonitrile,
polyol, polyurethane matrix and PIPA derived from linear
regression analysis of the spectrum at each pixel in a C 1s image
sequence recorded at the ALS. The portion of the aligned
sequence analyzed consisted of 171 x 111 pixel images (80 nm/
pixel) recorded at 72 energies between 280 and 291 eV. See text
for details of the models used. The vertical scales indicate
relative mol%.

Brook STXM at NSLS using a defocused beam to
ensure no radiation damage artifacts. The model
spectra from NSLS have been carefully calibrated
and the energy resolution matched to that used for
the ALS measurements.

The individual component images clearly sup-
port the conclusions drawn from selective energy
imaging (Fig.4). In particular, they show that
there are both large and small SAN particles but
only small PIPA particles. The polyol map shows
signal at the SAN and PIPA particles whereas
there is negligible signal at the corresponding
locations in the matrix map. While there is some
overlap with the matrix signal, the very large
difference between the matrix and polyol maps
indicates that C 1s NEXAFS microscopy is able to
distinguish pure polyether—polyol in the CPP
particles from the partially aromatic polyurethane
matrix despite their strong spectral similarity,
which arises since the matrix is predominantly
polyether-polyol (see Fig. 3). This differentiation
has enabled measurement of the amount of
polyether-polyol in the SAN and PIPA particles.
The PIPA image identifies and quantifies the PIPA
particles. It also shows structure in the matrix,
which may be evidence for the hard phase
microsegregation intrinsic to aromatic polyur-
ethanes [23]. Further study is needed to verify
that point. Finally, the pS map has a weak, diffuse
signal in the matrix region which may help explain
a discrepancy between the styrene/acrylonitrile
ratio measured by STXM and that expected from
the formulation. This issue is discussed further in
the following section which presents the quantita-
tive results for the CPP particle compositions
derived from analysis of the C 1s image sequence.

Fig. 9 presents composition maps derived
from image sequences recorded in the N 1s and
O Is spectral regions. Since the N1s and Ols
spectra of the pure materials were not available,
the pS and pAN components were not analyzed
separately. Instead, the image sequence was
fit to linear combinations of spectra internally
generated from selected regions known to be
PIPA, SAN and the matrix. The N Is analysis
clearly distinguishes the SAN particles and
could readily be used as the basis for quantitation
of the acrylonitrile component of SAN. Regression
analysis of O Is image sequences gives reasonable
identification of the PIPA particles, but has limited
ability to distinguish the SAN from the matrix.
The O 1s is the least favorable of the three core
edges, which is not surprising given the similarity
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Fig. 9. Component maps for PIPA, SAN and matrix derived from linear regression analysis of the spectrum at each pixel in N 1s and
O Is image sequences recorded at the ALS. In these component maps brighter regions correspond to higher concentration or thickness.

of the O 1s spectra of the three main components
(Fig. 6).

3.5. Quantitative compositional analysis of the
CPP-reinforcing particles

In addition to identification of different CPP
materials, and the qualitative aspects of the
compositional mapping, it is possible to
generate quantitative chemical compositions
from either the component maps or from point
spectra  [19,20,33-36]. In this section, we
describe the use of signals extracted from image
sequences to (i) quantify the composition of the
two types of reinforcing particles and (i) to
determine the ratio of polystyrene (pS) and
polyacrylonitrile (pAN) in several of the larger
SAN copolymer particles.

We have used two approaches to the quantita-
tive analysis of the chemical composition of
individual reinforcing particles. For both types of
particles, the compositions were determined from
quantitative component maps derived from the
C Is image sequence (Fig. 8) as outlined below. We
have also performed regression analyses of selected
PIPA and larger SAN particles by curve fit
analysis of spectra extracted by summation over

multi-pixel regions from the C 1s image sequence.
The compositions determined by spectral curve fit
analysis are in good agreement with the results of
the image sequence analysis, so only the latter is
reported in detail here. In order to establish
quantitative intensity scales, the model spectra
were background subtracted and converted to an
oscillator strength per repeat unit scale, by setting
the far Cls continuum to match the value for
atomic carbon [37,38] and then multiplying by the
number of carbon atoms per repeat unit —
polyether (3), polystyrene (8), polyacrylonitrile
(3), and PIPA modeled as MDI reacted with a
C4 diol (19). The extracted PIPA and SAN C s
spectra were then curve fit to find the mixture of
the spectra of pure components which best
reproduced the spectral shapes in the chemically
sensitive 284-291 eV region. An equivalent least-
squares minimization procedure was accomplished
with the regression analysis of the image sequence
from 280 to 291 eV (Fig. 8). With either approach,
the derived regression coefficients are the relative
mol% values for each species so that normal-
ization to the sum of these values gives absolute
mol%. The absolute mol% values were then
converted to wt% using the molecular masses of
the repeat units — polyether (42), polystyrene (104),
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polyacrylonitrile (53), and PIPA modeled as MDI
reacted with a C4 diol (278).

Table 1 reports the analysis results from the
component mapping for four SAN and four PIPA
particles. The quality of the fits to the extracted C
1s spectra are illustrated in Figs. 10 and 11 for
SAN and PIPA, respectively. In both the SAN and
PIPA particles there is an appreciable amount of
polyether — 12(2) wt% in SAN and ~15(4) wt% in
PIPA. The four SAN particles analyzed are all
much larger than the thickness of the microtomed
thin film — the smallest particle from which
compositional numbers were derived is about
0.5um diameter, whereas the film was ~0.1 pm
thick. Thus the polyether component identified by
this quantitative analysis is unlikely to arise from
matrix above or below the particle, but rather to
be part of the chemical make-up of the particle
itself. Since the size of the PIPA particles
approaches that of the specimen thickness, this
comment is less applicable to the PIPA particles,

and thus some of the polyether signal found
nominally in the PIPA may be from matrix, either
on top or below the PIPA, or even at the edges
where it may be partly mixed in on account of the
limited spatial resolution. CPP particles are
synthesized in polyether polyol in a manner that
explicitly forms covalent links to the CPP particles
[26]. Thus it is very likely that polyol is incorpo-
rated into the CPP particles. Infrared spectro-
scopic analysis of extracted SAN solid gave an
estimate of 10wt-% incorporated polyol, in
reasonable agreement with our analysis. The four
large SAN particles in the image sequence which
were analyzed were found to have relatively
uniform compositions, with a variation of less
than 5% in the ratio of the styrene to acrylonitrile
content. The average weight ratio of (pS) to (pAN)
in these larger SAN particles is 0.86(2). Interest-
ingly, this pS/pAN ratio is lower than that
predicted from the relative mass of the monomer
feedstocks in the bulk formulation of the SAN

Table 1
Quantitative in situ analysis of the chemical composition of individual polyurethane copolymer polyol-reinforcing particles
Mol%?* Wt%"
# E° it AN° S/AN® E° S¢ AN° S/AN®
A. SAN particles (see Fig. 10)
1 21 25 54 0.45 14 40 46 0.88
2 18 25 57 0.45 12 40 48 0.85
3 16 25 59 0.43 11 40 49 0.82
4 22 24 54 0.45 14 40 46 0.88
B. PIPA particles (see Fig. 11)
Mol%* Wt%"
# Ce E° Ce E°
1 49 51 86 14
2 40 60 81 19
3 70 30 94 6
4 66 34 92 18

#Based on regression analysis of the C 1s image sequence (Fig. 8) using model spectra whose vertical scales had been established on a
per-repeat-unit oscillator strength basis. The estimated error based on the quality of the fits is =3 mol% {this does not account for
systematic errors associated with mismatch of models and the material under study} The quality of the fits are illustrated in Figs. 10
and 11. Results for four particles are presented to indicate reproducibility of the analysis and uniformity of the composition of the
particles. While the fit was made to five components (polyurethane matrix, pure polyol, polystyrene, polyacrylonitrile and PIPA), the
table reports the compositions of the main components for each particle type, ignoring the minority components which contribute a

few % to the fit.

PWt% (a)=mol% (a)+mw (a)/(Z; mol%; +*mw,) where mol% (a) is mol% of species a and mw; represents the molecular weight of

species 1.

°E =polyether, S=polystyrene, AN = polyacrylonitrile, C = carbamate (PIPA)
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Fig. 10. Illustration of the quality of the C 1s image sequence
curve fit analysis summed over four SAN particles. The dots are
the spectral data summed over ~1000 pixels, the solid line is the
fit, and the thin solid line indicates the pS, pAN and polyol
component contributions. The circles superimposed on the four
SAN nparticles in the inset image indicate the regions of the
sample from which this spectrum was derived. This navigation
image was derived from the SAN and PIPA component maps
(Fig. 8) by thresholding to have 0/1 coded maps which were
summed with a 1:3 weighting.

particles, which corresponds to a pS to pAN wt%
ratio of 1.50. The reason for this discrepancy is not
fully understood at present. One possibility is
incomplete polymerization of the styrene during
formation of the CPP-polyol. Unreacted styrene
monomer or polystyrene oligimer could then be
preferentially located in the polyurethane matrix
relative to the amount in the SAN particles. A low
level of signal is observed in the polystyrene
component map (Fig. 8) throughout the matrix
region which provides qualitative support for this
interpretation.
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Fig. 11. Illustration of the quality of the C1s image sequence
curve fit analysis summed over four PIPA particles. The dots
are the spectral data summed over ~200 pixels, the solid line is
the fit, and the thin solid lines indicates the carbamate and
polyol component contributions. The four PIPA particles
analyzed are indicated in the inset navigation image (see
caption to Fig. 10).

These results illustrate the ability of STXM-
based NEXAFS microscopy to provide quantita-
tive chemical analysis on submicron regions with
better than 5% precision. Other examples of
quantitative polymer analysis with STXM include:
urea/urethane composition in model polyur-
ethanes [6,19] and high water content polyurethanes
[23]; polystyrene/poly(methyl meth-acrylate) blends
[35], PS, Br-PS thin film structures [36], and
confinement structures [39]. The level of precision
demonstrated in this work should be achievable
whenever there are characteristic spectral signatures
of the individual components and the radiation
damage rates are low enough to allow acquisition
of representative images and spectra. Aided by
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image sequence procedures, it is possible to carry
out this level of detailed analysis on features down
to and even slightly smaller than 0.1pm in
diameter.

4. Summary

Based on its spectroscopic and imaging cap-
abilities, scanning transmission X-ray microscopy
(STXM) has been shown to be a suitable tool for
distinguishing polymer-reinforcing particles of
different chemical composition, and for quantify-
ing their chemical composition and size distribu-
tions. Comparisons of images at selected energies
provide a quick and reliable means to differentiate
SAN and PIPA CPP particles. The C 1 s region is
better than the N 1s or O 1s regions, partly because
of better intrinsic spectral resolution (smaller
natural linewidths), but also because the contrast
at the Cls edge is much higher since there is
negligible underlying background continuum. N 1s
imaging at 400eV also provides high selectivity.
Quantitative spectral analysis showed that both
types of CPP reinforcing particles contain
~15wt% polyether polyol. The presence of this
component in the SAN particles leads to relatively
poor ability to differentiate SAN and PIPA
particles at the oxygen edge. The polystyrene/
polyacrylonitrile ratio in large SAN particles was
determined to be constant within the precision of
the measurements. This study is a good illustration
of the power of soft X-ray spectromicroscopy for
quantitative microanalysis of soft, radiation sensi-
tive materials such as polymers and biological
specimens. It is one of many possible areas of
application of soft X-ray spectromicroscopy to
polymer science.
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