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Abstract
Polymer blends composed of multiple types of polymers are used for various industrial applications; therefore, their
morphologies must be understood to predict and improve their physical properties. Herein, we propose a spectral imaging
method based on scanning transmission electron microscopy (STEM) and electron energy-loss spectroscopy to map polymer
morphologies with nanometric resolution as an alternative to the conventional electron staining technique. In particular, the
low-loss spectra of the 5–30 eV energy-loss region were measured to minimize electron irradiation damage rather than the
core-loss spectra, such as carbon K-shell absorption spectra, which require significantly longer recording times. Medium-
voltage (200 kV) and high-voltage (1000 kV) STEM was used at various temperatures to compare the degrees of electron-
beam damage resulting from various electron energies and sample temperatures. A multivariate curve resolution technique
was used to isolate the constituent spectra and visualize their distributions by distinguishing the characteristic peaks derived
from various chemical species. High-voltage STEM was more useful than medium-voltage STEM for analyzing thicker
samples while suppressing ionization damage.

Introduction

Polymers are used in various fields and applications owing
to their light weights and the range of characteristics
imparted by polymers with various chemical and mechan-
ical properties, which depend on the chemical constituents
of the monomer units. Some fields and applications require
properties that cannot be achieved with the use of a single

polymer. In such cases, ‘polymer blends’, which are
obtained by mixing polymers or copolymerizing monomers
with different properties, are used [1]. The physical prop-
erties of polymer blends are significantly affected by the
combination of the blended polymers and their underlying
morphologies, that is, how the constituent polymers are
intermixed microscopically [2]. Morphology-control tech-
niques and their evaluation are important for research and
development of polymer blends.

Transmission electron microscopy (TEM) has been
widely applied to evaluate the morphologies of polymer
blends at the nanometer scale, and several sample pre-
paration and imaging techniques have been developed to
enable better visualization of the polymer blend sub-
structure, which otherwise exhibit low contrast between the
various species. Electron staining with strong oxidizing
agents such as OsO4 or RuO4, in which the heavy metal
reacts with certain functional groups or crystal structures in
the constituent polymers, is commonly used to analyze
differences between the components, particularly in selec-
tively revealing C= C bonds, benzene rings, or amorphous
parts of the crystalline polymers [3, 4]. However, this
method is not applicable to all types of polymer blends; for
example, in some cases, no effective electron-staining agent
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is available, or the staining process results in very low
contrast. The combination of differential phase contrast
(DPC) [5] or high-angle annular dark field (HAADF)
methods with scanning TEM (STEM) [6] has been pro-
posed recently; however, these methods cannot identify the
polymer species and result in degradation or interfacial
reaction phases due to alloying in complex systems.

The combination of STEM and electron energy-loss
spectroscopy (EELS) may resolve these issues because
EELS can be used for elemental analysis and also for
analyses of the chemical-bonding states in samples of
interest. This technique may enable separate visualization of
the spatial distributions of the underlying components in
polymer blends with nanometric resolution via the collec-
tion of an EELS set as a function of the position in the
sample scanned using an electron nanoprobe [7]. This
method is called spectral imaging (SI), and the concept is
shown in Fig. 1.

The carbon K-shell absorption spectra (C K-edge) of
polymeric materials exhibit a variety of characteristic fea-
tures due to the σ* and π* peaks, depending on the nature of
the C-C bonds [8, 9], and they are very useful for distin-
guishing between polymer species. Isolation of the spectral
features for multiple polymer components in a blend may
enable effective morphological visualization [10, 11].
However, most polymers are highly susceptible to irradia-
tion damage, which is caused by the high-energy/high-
density electron illumination of S/TEM, which results in
instant loss of the C K-edge features or sample perforation
during measurements [12]. Therefore, the electron dose
used in the measurement must be minimized to avoid
sample degradation while maintaining a reasonable signal-
to-noise ratio (SNR) in the spectra.

Electron-irradiation effects include knock-on damage,
ionization (radiolysis), and thermal damage. Knock-on
damage results from direct collisions between the incident
electrons and the ion cores of the target material, which are
governed by the energy/momentum conservation laws of
the classical mechanics framework [13]. The energy/
momentum transferred is larger for higher electron energies;
however, the knock-on cross-section is smaller for higher

accelerating voltages. In contrast, ionization effects are
more significant for lower accelerating voltages. Thermal
damage may be caused by the thermal diffusion of atoms
displaced either via knock-on or ionization and may be
suppressed more effectively at lower temperatures.

We attempted to investigate the applicability of the
proposed methodology, spectral changes owing to the
electron irradiation, the damage suppression enabled by
cooling, and differences in the damage modes for various
acceleration voltages during the STEM operation. We also
assessed the practicability of used high-voltage STEM for
thicker polymer samples, which has never been examined.

Mapping various polymer species based on their spectral
features is complex because only a few databases are
available that associate peak positions to the natures of C-C
bonds for a number of polymers, such as that described in
[14]. In addition, only a limited number of databases have
been published on the electron-irradiation damage caused
by various electron doses, the accelerating voltage of the
TEM used, and the sample temperatures for a wide range of
polymers. A multivariate curve resolution (MCR) technique
was used to analyze such SI datasets, which isolated the
spectral components involved therein without a priori
known reference spectra and simultaneously visualized the
projected spatial distribution of each component [15]. This
type of image analysis is called ‘hyperspectral image ana-
lysis (HSIA)’.

Here, we propose a stain-free method,
STEM–EELS–HSIA, using low-loss (energy losses of
5–30 eV) spectra to evaluate the morphologies and local
chemical states of polymer blends while minimizing electron-
induced degradation. The low-loss spectra of polymers
exhibit small but characteristic features as counterparts to
those appearing in the C K-edge spectra [16], as well as
plasmon energy shifts, which are another useful measure of
material density. The low-loss spectral intensity is higher
than the C K-edge spectral intensity by two or three orders of
magnitude, thereby enabling a corresponding reduction in the
electron dose and significantly shorter recording times.

Experimental procedure

Preparation of synthetic rubber-based polymer
blends

The sample used in this study was a polymer blend containing
low-density polyethylene (LDPE), thermoplastic polyurethane
(TPU), and a modified hydrogenated styrene–ethylene–
butylene–styrene block copolymer (SEBS). Figure 2 shows the
molecular structures of the components.

LDPE (Suntec M2115) was obtained from Asahi Kasei
Corporation (Tokyo, Japan), and TPU (Elastollan ET-685)
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was procured from BASF Japan, Ltd. SEBS was synthe-
sized according to paragraphs 149–54 of Japanese Patent
No. JP2018-193431 [17]. LDPE, TPU, and SEBS were
mixed at a weight ratio of 22.5:67.5:10.0 and melt-kneaded
in a twin-screw extruder (TEX30, Japan Steel Works, Ltd.)
at a cylinder temperature of 200 °C, screw speed of
253 rpm, and discharge rate of 5 kg/h. Then, roll forming
and hydraulic press forming (200 °C, 100 kg/cm2) were
used to obtain a 2 mm-thick molded sheet.

In this study, LDPE was used to reduce the weight and
cost. While LDPE and TPU are incompatible (immiscible),
a fine dispersion of each component at the nanometric scale
is generally effective for ensuring the mechanical strength
of the blend. Given its partial miscibility with both com-
ponents, SEBS served as a compatibilizing agent for the
LDPE and TPU.

Preparation of samples for STEM–EELS–HSIA
measurements

Ultrathin sections of the polymer blend were prepared via
the cryomicrotomy method using a Leica UC6 ultra-
microtome and FC6 cryo-unit. The cooling temperature was
set to −120 °C. Standard sections measuring 100 nm in
thickness, approximately 400 µm on the long side and
150 µm on the short side, were prepared. These sections
were loaded onto a Cu grid mesh without a support film for
measurement. Another set of ultrathin sections was stained
with Ru for TEM measurements. Ru staining was per-
formed by placing the mesh loaded with ultrathin sections
and RuO4 crystals in the same sealed container for 4 min.

TEM and STEM–EELS–HSIA measurements

The Ru-stained sample was analyzed with an HT7700
TEM (Hitachi, acceleration voltage: 120 kV). For the
STEM–EELS–HSIA measurements, two scanning transmis-
sion electron microscopes with different accelerating vol-
tages (i.e., 200 and 1000 kV) were used: a Reaction Science
high-voltage transmission electron microscope JEM-1000 K
RS (JEOL, acceleration voltage of 1000 kV), which was

equipped with an energy filter (GIF Quantum equivalent),
and a JEM-2100 STEM (JEOL, acceleration voltage of
200 kV), which was equipped with an EELS detector (Gatan
Enfina 1000). Table 1 shows details of the STEM–EELS
measurement conditions. STEM–EELS–HSIA was per-
formed at approximately 100 K with a liquid nitrogen-cooled
holder to investigate the effect of temperature on damage
suppression. The incident electron-beam current was
reduced, partly to improve the energy resolution (the full
width at half maximum (FWHM) of the zero-loss peak (ZLP)
is ~1 eV or less at 200 kV and ~1.5 eV for 1000 kV) and
partly to minimize the radiation damage. The former was
necessary for detecting small characteristic peaks, and the
latter contributed to shortening the EELS recording time per
step and, accordingly, the total data acquisition time. The
spectral recording time (exposure time) per pixel was set to
maximize the ZLP intensity within the detector saturation
limit and the SNR for the MCR analysis; moreover, the CCD
vertical binnings were set to 130 and 100 for the GIF and
Enfina-1000 spectrometers, respectively, to minimize the
data-transfer time of the CCD. Vertical binning deteriorates
the detector dynamic range; however, the shorter total mea-
surement time had a higher priority. Notably, the current
density per pixel corresponded to a few tens of thousands of
Coulombs per square meter per second, which may have
significantly damaged the polymers during scanning at an
accelerating voltage of 200 kV at room temperature (RT), as
monitored by the π–π* transition peak for the energy loss at
approximately 5 eV [18].

The degree of thermal damage after STEM–EELS–HSIA
acquisition is easily recognized in the ADF-STEM images
because the scanned area appears darker than the sur-
rounding area owing to electron irradiation-induced sample
evaporation (see Fig. S1 in the Supplementary Information).
As shown in Fig. S1 in the Supplementary Information, the
sample measured at RT and 200 kV was significantly
damaged, as expected given the electron dose per pixel.
This measurement condition (200 kV/RT) was hence avoi-
ded thereafter. However, thermal damage marks do not
always indicate significant thermal damage during the
measurements because the beam scan in SI mode operates
such that the probe first moves to a specified position, after
which the EELS is recorded for a specific time. The electron
probe remains at the same position until data transfer is
complete and moves to the next position according to the
specified scan step width. Thus, thermal damage occurs
mainly while the probe waits after recording the spectrum
because the data acquisition time per step was nearly 1 s,
which was significantly longer than the spectral recording
time (1 or 5 ms). Furthermore, the subpixel-scan option was
selected in the present SI, so the electron probe did not
remain at a point in each scan step square but scanned
within the 4 × 4 subdivided areas. Therefore, the scan step

n

(a)Polyethylene (b)Hydrogenated styrenic elastomer(SEBS)

(c)Thermoplastic polyurethane (TPU)

O

O
R1

O N

O
R2

N

O

O
R3

O
N

O

l m

l m

C2H5

a b

Fig. 2 Molecular structures of the components in the polymer blend
sample under investigation
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width must be sufficiently larger than the probe size to
prevent the overlap of neighboring illuminated areas and
suppress beam damage while accounting for beam spread in
the sample. In the present study, the scan step was at least
five times larger than the probe size.

Analysis of the STEM–EELS–HSIA data

Three methods were used to visualize the spatial distribu-
tions of the constituent polymers with the experimental
STEM–EELS–HSIA dataset: energy filtering by selecting
the spectral feature (peak) characteristic of each polymer
[19], multilinear least-squares (MLLS) fitting using the
standard (reference) spectra of the components [20], and
MCR to isolate the underlying spectral components without
a priori knowledge [21]. In the present study, MCR was first
applied to the raw SI dataset, after which MLLS fitting was
conducted with the unfolded spectra (endmembers) to
ensure that trace components or systematic residue remains
were not missed during MCR.

A STEM–EELS–HSIA dataset has a three-dimensional
structure consisting of the two-dimensional spatial coordi-
nates xy × the spectral energy axis (Fig. 1). Among the var-
ious MCR algorithms [21], MCR via log-likelihood
maximization (MCR–LLM), as proposed by Braidy et al.,
was recently shown to deliver statistically excellent perfor-
mance [22, 23]; a brief explanation of this algorithm is given
in Supplementary Information S2. We adopted this method
by importing the original Python code to Gatan Microscopy
Suite® (GMS) version 3.4x or higher, a commercial TEM/
spectroscopy-related analysis platform, with the I/O part
modified to be compatible with GMS to enable efficient and
unified spectral analyses of subsequent MLLS and other fits.

Because MCR spectral decomposition requires specifying
the number of components (spectra), we set this number to
three, which was identical to the number of blended compo-
nents. Nonlinear least-squares (NLLS) fitting was also applied

to the isolated spectra, and Gaussian functions were used to
classify the peak characteristics of various chemical species.

Low-loss spectra were used to estimate the sample thickness
with the Lambert–Beer law, which is expressed as follows:

t

λ
¼ ln

R
I Eð ÞdE

R
I0 Eð ÞdE

� �

;

where t represents the sample thickness, λ represents the
electron mean free path (MFP) for plasmon loss, and ∫ I (E)
dE and ∫ I0 (E) dE represent the total inelastically scattered
and ZLP peak intensities, respectively [7]. Because λ
depends on the mean atomic number and density of each
constituent phase in a sample, a t/λ map can be used as a
measure of the phase (polymer species) distribution, which
may be used to validate the MCR results.

Results and discussion

TEM measurements with the Ru-stained sample

We first examined the morphologies of the synthetic rubber
polymer blend via conventional Ru-stained TEM at RT to
obtain the reference data (ground truth reference) necessary
to compare them with the morphologies provided by the
STEM–EELS–HSIA data.

SEBS was expected to exhibit the highest Ru-electron-
staining efficiency, which would be manifested as a dark
contrast in a bright-field (BF) TEM image. Among the three
components, TPU showed the lowest Ru-electron-staining
efficiency and the brightest contrast in the BF-TEM image.
LDPE formed a mixture of amorphous and lamellar crystals
at the nanometric scale [24], and the amorphous part was
stained more effectively by Ru than the lamellar part.
Therefore, LDPE was expected to exhibit a contrast inter-
mediate between those of SEBS and TPU.

Table 1 Details of the
measurement conditions

Item Measurement conditions

[1] [2]

Instrument JEM-1000K RS (JEOL) JEM2100 STEM (JEOL)

Accelerating voltage (kV) 1000 200

EEL spectrometer GIF Quantum (Gatan) Enfina 1000 (Gatan)

Probe size (nmϕ) 2 2

Exposure time (s/step) 0.005 (5/16 ms/subpixel) 0.001 (1 ms/subpixel)

Scanning step width (nm/step) 10 10

Energy dispersion (eV/ch) 0.1 0.1

Current density (pA/nm2) 10 100

CCD vertical binning 130 100

Measurement temperature RT & 100 K RT & 100 K

1000 H. Umemoto et al.



Figure 3 shows a BF–TEM image of the Ru-stained
polymer blend, and the components were identified based on
the aforementioned principles. The sample contained circular
domains, with diameters of several micrometers, dispersed in
the matrix. The matrix exhibited the brightest TEM contrast,
whereas the domains were classified into three contrast
levels: the brightest, comparable with that of the matrix, the
darkest, and an intermediate level. The areas showing these
contrasts were assigned to the three blended polymers by
considering the projected area ratio in the TEM image, the
mixing proportion of each component during sample pre-
paration, and the Ru-staining properties of each component.
As indicated in Fig. 3, (i) the matrix and the circular domains
showing the brightest contrasts corresponded to TPU, (ii) the
areas showing intermediate contrast corresponded to LDPE,
and (iii) the areas showing the darkest contrast corresponded
to SEBS, which were mainly distributed at the boundaries
between the matrix and the domains and contained smaller
TPU domains with diameters of approximately 50 nm.

STEM–EELS–HSIA data for MCR-LLM analyses

Figure 4 shows the spectral components and their corre-
sponding endmembers (spatial distributions), which were
isolated with the STEM–EELS–HSIA datasets obtained
under various measurement conditions with MCR–LLM,
and the number of components was set at three. The result
from the 200 kV/RT condition indicated significant thermal
damage associated with electron irradiation (a change in the
sample shape in the irradiated area, as shown in Fig. S1 in
the Supplementary Information), which was excluded from

Fig. 4. The original MCR-LLM unfolding results are shown
in Fig. S2 in Supplementary Information S2.

Figure 4a Summary of the MCR–LLM analysis results
for the STEM–EELS–HSIA data collected under various
observation conditions (1st row), ADF–STEM images (2nd
row), and spatial distribution maps of the three resolved
components as RGB composite images (blue: TPU; red:
LDPE; green: SEBS; 3rd row). (b) Spectral endmembers
corresponding to the score images in (a).

Because the same area of a sample cannot be scanned
under different conditions, a direct comparison was made to
determine the optimal scanning conditions. However, under
all three measurement conditions, the morphologies of the
polymer blends exhibited matrix–domain structures, wherein
circular domains with diameters of a few micrometers were
dispersed in the matrix. Based on the interpretation of the
previously described Ru-stained TEM images and a com-
parison with the components isolated with the
STEM–EELS–SI data, components 1–3, as shown in Fig. 4a,
were identified as TPU, LDPE, and SEBS, respectively. All
of the components exhibited similar characteristics, wherein a
fine mixture of SEBS, TPU, and LDPE was distributed over
the domain structure and SEBS was concentrated near the
interfacial region adjacent to the matrix. The spectrum of the
LDPE component exhibited the fewest π—π* transition
peaks among those of the three components, which was
consistent with the fact that it comprised only single bonds,
unlike the other polymer species, which contained benzene
ring(s) in their monomer units.

To validate the MCR results, we performed MLLS fitting
of the original STEM–EELS–HSIA data cubes by using the
three MCR-resolved endmembers as the basis vectors
because the component spectra (endmembers) unfolded by
MCR-LLM may be considered ‘calculated basis vectors
(spectra)’; constraints such as nonnegativity and a fixed
number of components were imposed based on the
assumption that the experimental data can be expressed with
a linear combination of the specified number of basis
spectra (components). All of the data cubes, except those
for the data collected at 200 kV/RT, wherein the sample
exhibited significant thermal damage, exhibited reduced
chi-squared (χ2/σ2; χ2: square sum of residual values, σ2:
variance of statistical noise) values on the order of unity, as
shown in Fig. S3 in the Supplementary Information. This
finding validated the three-component MCR results. In
addition, the nearly featureless residual images were within
the accuracy of the present noise level in the residual chi-
squared maps in Fig. S3 in the Supplementary Information,
and this strongly indicated that no interfacial reactions
(solution formation or phase separation) occurred at the
interphase boundaries in the polymer blend to form residual
structures. This indicated that TPU, LDPE, and SEBS,
which are generally immiscible, were mixed on a

TPU

TPU

LDPE

SEBS
500nm

Fig. 3 TEM image of the polymer blend sample under investigation
after Ru staining
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nanometric scale (semisoluble state) near the interface,
owing to the ‘compatibilizing effect’ of SEBS. This was
observed regardless of the temperature and accelerating
voltage employed. The ADF/BF–STEM images obtained
from the same areas did not present such unambiguous
details, owing to their poor contrast, which proved that our
methodology effectively evaluated the morphologies of the
polymer blends without electron staining.

An examination of the isolated peaks shown in Fig. 4b
indicated that the peak positions of the volume plasmon
(~22 eV) and small characteristic peaks (5–10 eV) depended

on the electron energy and sample temperature. This finding
suggested that irradiation effects occurred at the molecular
scale, leaving the morphological features of the constituent
polymers almost unaltered.

Assignment of spectral features to specific types of
chemical bonds

We first assigned the observed features to specific types of
chemical bonds based on energy losses of 5–15 eV, as
reported in previous studies. The spectral endmembers

ADF-STEM
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500nm 500nm

1000 kV/100 K 1000 kV/RT

Composite 
RGB Image
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(b)
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Fig. 4 a Summary of the
MCR–LLM results for the
STEM–EELS–HSIA data
collected under various
observation conditions (1st
row), ADF–STEM images (2nd
row), and spatial distribution
maps of three resolved
components as RGB composite
images (blue: TPU; red: LDPE;
green: SEBS; 3rd row).
b Spectral endmembers
corresponding to the score
images in (a). The volume-
plasmon and theoretical π—π*
transition peak positions
assigned to C= C bonds are
indicated
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resolved from the datasets with MCR are shown separately
for the three polymer species in the energy-loss regions,
except the bulk plasmon peaks, to elucidate the features
shown in Fig. 5, wherein the characteristic peak positions
(i)–(vi) are indicated. The resolved spectral endmembers
exhibited shoulders at 5–6 and 8–9 eV and significant broad
peaks at ~7 and ~22 eV. The significant broad peaks at
~22 eV represented the σ*+π* bulk plasmons [25], whereas
the smaller peaks in the 6–7 eV range (marked as (i) and (iv)
in Fig. 5) were attributed to the plasmon resonance of π

electrons, as in graphite, but more likely to π–π* transitions,
as indicated by the presence of a similar peak in both solid-
and gas-phase aromatic compounds [26–28]. This peak is a
characteristic of C=C sp2 double bonds and those for con-
jugated and nonconjugated systems may overlap. The peak
intensity increases or decreases with increasing radiation
damage via double-bond formation or breakage, respectively.
Additional features in the 5–6 eV region, which resulted from
irradiation damage (molecular modifications of the carbonyl
groups after intramolecular dehydrogenation [18, 26, 27] and
cross-linking between the benzene rings and main chain [24],
marked as (iii) and (vi) in Fig. 5, respectively), were also
considered. Miscellaneous features depending on the poly-
mer species, such as shoulders at 8.5 (C–C σ* for poly-
ethylene, marked as (ii) in Fig. 5) [18, 26] and 12–15 eV
(C–C σ* or C–H σ* for polyethylene, which were not pro-
minent), were also observed [18].

NLLS fitting of the spectral features with Gaussians

The spectral feature of each endmember was best expressed
as a linear combination of a minimum of five Gaussian peaks
by using NLLS fitting. The characteristic features, labeled
(i)–(vi) in Fig. 5, were classified into thr four groups G2–G5,
excluding the bulk plasmon (labeled G1), owing to limita-
tions in energy resolution (1–1.5 eV). G2 comprised similar
damage peaks ((iii) and (vi)), whereas G3 comprised indis-
tinguishable C=C double bonds ((i) and (iv)), as shown in
Fig. 5, with the initial peak (shoulder) positions ± their half
width at half maxima set as 21.0 ± 3, 4.5 ± 0.5, 6.0 ± 0.5,
8.0 ± 0.5, and 13.0 ± 0.5 eV for G1 (bulk plasmon), G2, G3,
G4, and G5, respectively. The peak positions and FWHM
were treated as free parameters, and a typical NLLS fitting
result is shown in Fig. 6 (for TPU at 200 kV/100 K). Other
fitting results are shown in Fig. S4 in the Supplementary
Information. The summaries of the peak positions for G1–G4
and the area ratios of G2/G4 and G3/G4 are shown in
Fig. 7a–f for various conditions and endmembers. The
background intensities around the energy-loss region of
2–10 eV for 1000 kV were significantly higher than those for
200 kV owing to the extended tails of the ZLP peaks resulting
from the higher energy resolution (1.5 eV) at 1000 kV.
However, changes in the peak positions (Fig. 7a–d) and

relative peak areas (Fig. 7e, f) for the respective measurement
conditions can be discussed without ignoring their physical
significance. A summary of the considerations obtained from
the analyses done with NLLS fitting is shown in Table 2.

The bulk plasmon peak, G1 (Fig. 7a), provides a measure
of the material density for a nearly constant composition
because the plasmon energy is proportional to the valence-
electron density [7], which is well correlated with the
electron MFP for the plasmon loss, which is another mea-
sure of the sample thickness. Thus, the plasmon peak
position and sample thickness, in units of electron MFP, can
be used as fingerprints to distinguish between materials or
phases with similar compositions but different densities. In
carbon materials such as polymers, σ and π bonds generally
provide three and one valence electrons per atom, respec-
tively. Because a monomer has a larger fraction of single σ
bonds, it has a higher valence-electron density and exhibits
a stronger plasmon peak energy, as seen in Fig. 7a, except at
200 kV/RT. A pseudothickness map in units of electron
MFP, λ, for the data obtained at 1000 kV/RT is shown in
Fig. 8; this map is very similar to the RGB map obtained
under the same conditions, as shown in Fig. 4. Considering
that the sample underwent severe thermal damage at
200 kV/RT, the highest plasmon peak positions for all
components at this condition were attributed to thermal
shrinkage resulting from carbonization/graphitization [29];
this was most evident for LDPE, which exhibited the most
prominent π—π* transition peak among the four measure-
ment conditions. Notably, the blueshift of the plasmon peak
was suppressed more effectively at an accelerating voltage
of 1000 kV, even at RT, than at 200 kV/100 K. This finding
suggests that the ionization effect caused thermal damage.

The peak position of G2 (Fig. 7b) exhibited no clearly
interpretable trends with the measurement conditions investi-
gated, possibly because G2 comprised three or more molecular
structures (different types of C=C double bonds), with mul-
tiple peaks overlapping at a particular energy resolution, and
each component may have behaved differently toward electron
irradiation under different conditions. Density functional

Fig. 6 Results of NLLS fitting with five Gaussians for TPU at 200 kV/
100 K
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theory (DFT) calculations based on model structures in which
the C–C single bonds of the polyethylene chains were trans-
formed into double bonds illustrated that the peak corre-
sponding to the enyl group (corresponding to conjugated
double bonds (iv)) shifted toward the higher energy side with
an increasing number of double-bond side chains, whereas the
peak corresponding to nonconjugated double bonds (corre-
sponding to peak (v)) shifted toward the lower energy side, as
shown in Fig. S5 in the Supplementary Information.

The G3 peaks corresponding to TPU and SEBS, as
shown in Fig. 7c, were blueshifted for the studies performed
at 1000 kV/100 K and 200 kV/100 K compared with those
obtained at 1000 kV/RT and 200 kV/RT, presumably
because of cross-linking of the benzene rings. In contrast,
the G3 peak corresponding to LDPE shifted in the opposite
direction from the TPU and SEBS peaks under the of 100 K

and RT conditions, respectively, which can be explained by
the conversion of single bonds to double bonds caused by
irradiation damage, as theoretically predicted in Fig. S5a in
the Supplementary Information.

G4 corresponded to C–C single bonds, and the peak was
expected to shift toward the higher energy side owing to
conversion of the C–C single bonds to C= C double bonds,
as shown in Fig. S5a in the Supplementary Information. As
shown in Fig. 7d, the peak positions corresponding to all
polymer species were associated with higher energy losses
at RT than at 100 K, regardless of the accelerating voltage.

The peak area ratios G2/G4 and G3/G4, as shown in
Fig. 7f, g, respectively, indicated alternative aspects of the
electron irradiation-induced structural changes. Both ratios
had larger values at RT and smaller values at 100 K, except
for the G2/G4 ratio for TPU, which showed a significantly
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Fig. 7 a–d Peak positions obtained via Gaussian fitting under various conditions for peaks G1–G4, respectively. e, f Area ratios G2/G3 and G3/G4,
respectively

Table 2 Summary of the
considerations obtained from
analyses of the NLLS fits

Initial structure Structure or changes
caused by irradiation

Conditions prone to occur Rationale

(i) Benzene-ring (iii) C= C
(Reorganization of the carbonyl group)

1000 kV G2/G4

(i) Benzene-ring (vi) Cross-linking 1000 kV G2/G4

(ii) C-C (iv) C= C (Nonconjugated) 200 kV G3, G4 peak shift
G3/G4

(ii) C-C (v) C=C (Conjugated) 200 kV G3, G4 peak shift
G3/G4

– Graphitization (thermal shrinkage) 200 kV G1 peak shift

※ The Roman numerals correspond to those in Fig. 5
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higher value at 1000 kV/RT compared with those obtained
under the other irradiation conditions. Knock-on damage
frequently results in the formation of conjugated double
bonds [26] and cross-linked structures [27] between benzene
rings and the main chain [30, 31], which may have increased
G2/G4. In contrast, due to the thermal damage associated
with ionization, G3/G4 was assumed to have increased owing
to the formation of nonconjugated C=C double bonds.
Thus, G2/G4 and G3/G4 may be indicators for the degrees of
knock-on and thermal damage, respectively.

The main factors affecting specimen damage caused by
electron irradiation are (a) an increase in temperature due to
phonon excitations, (b) ionization due to inelastic electron
scattering, (c) direct knock-on between electrons and atomic
nuclei, and (d) subsequent secondary diffusion of defects
[32]. Factors (a) and (d) can be reduced by cooling the
sample [32], and (b) can be suppressed by lowering the
inelastic scattering cross-section under high acceleration
voltage conditions [33]. Although knock-on damage may be
increased at high acceleration voltages [30, 31], (a), (b), and
(d) are the dominant factors causing polymer damage [30].

The cross-sections damaged via knock-on and ionization
of carbon were estimated with theoretical formulae available
in the literature [34, 35]; the results are shown in Figure S6 in
the Supplementary Information. Figure S6 indicates that the
knock-on damage cross-section at 200 kV was 1.5 times that
at 1000 kV, whereas the ionization cross-section at 1000 kV
was nearly half of that at 200 kV. Thus, the total electron-
irradiation damage may have been reduced significantly by
employing an accelerating voltage of 1000 kV.

Based on the differences observed in the characteristic
peak positions/area ratios under the 1000 kV/100 K and

200 kV/100 K conditions compared with those obtained
under the previously described irradiation conditions, the
1000 kV/100 K and 200 kV/100 K conditions appear to have
caused mild irradiation damage. Knock-on damage was more
apparent at 1000 kV than at 200 kV, while secondary diffu-
sion of the primary knocked atoms was suppressed at low
temperatures, resulting in mitigation of the knock-on damage.
In addition, the G3/G4 ratio measured at RT indicated that the
extent of thermal damage was lower at 1000 kV than at
200 kV. Thermal damage was mainly associated with the
formation of nonconjugated double bonds in the olefinic
structure of the main chain [26]. A comparison of the spectral
components obtained at 1000 kV/RT or 200 kV/RT and
200 kV/100 K, as shown in Fig. 4b, indicated attenuation of
the shoulder at 9 eV, thus suggesting that cooling effectively
suppressed ionization, although the thermal damage was
more significant for the measurements done at RT.

Conclusions

The results of the proposed STEM–EELS–HSIA method
indicated that the original morphologies of the components
were retained in the polymer blend, wherein they became
nearly miscible at the nanometric scale, with no interfacial
reactions. Sample deterioration associated with electron
irradiation was insignificant, although severe thermal damage
was noted for the 200 kV/RT condition. A maximum spatial
resolution of 5 nm may be achieved with the proposed
method because of beam overlap between the scan steps,
depending on the resistance of the target polymer species to
electron-irradiation damage. This resolution is superior to
that achievable by scanning transmission X-ray microscopy.
Notably, an accelerating voltage of 1000 kV caused less
damage than an accelerating voltage of 200 kV, regardless of
the temperature, and was more effective for analyzing thicker
samples. In the future, the proposed strategy could be refined
to generate 3D morphological maps of polymer blends via
multiple scans. We will attempt to apply the present method
to other types of blends containing a variety of polymer
combinations to accumulate a database of their reference low-
loss spectra; characteristic features will be assigned to the
corresponding chemical formula units, which may contribute
to the development of more functional polymers.
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