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ABSTRACT: This Perspective summarizes the recent advances and perspective in three-dimensional (3D)
imaging techniques and their applications to polymer nanostructures, e.g., microphase-separated structures
of block copolymers. We place particular emphasis on the method of transmission electron microtomography
(TEMT). As a result of some recent developments in TEMT, it is now possible to obtain truly quantitative 3D
images of polymer nanostructures with subnanometer resolution. The introduction of scanning optics in
TEMT has made it possible to obtain large volumes of 3D data from a micrometer thick polymer specimens
using conventional electron microscopes at relatively low acceleration voltage, 200 kV. Thus, TEMT covers
structures over a wide range of thicknesses from a few nanometers to several hundred nanometers, which
corresponds to quite an important spatial range for hierarchical polymer nanostructures. TEMT provides
clear 3D images and a wide range of new structural information, which cannot be obtained using other
methods, e.g., conventional microscopy or scattering methods, can be directly evaluated from the 3D volume
data. In addition, when combined with other characterization methods, e.g., scattering and computer
simulations, TEMT can yield even better results. The single chain conformation of block copolymers inside
microdomains may be virtually visualized by TEMT. TEMT is a versatile technique that is not only restricted
to polymer applications but can also be used as a powerful characterization tool in energy applications,

e.g., fuel cells, etc.

1. Introduction

Polymer materials are ubiquitous in our daily life. They often
consist of more than one species of polymers and, therefore, can
be called multicomponent systems, e.g., polymer blends' ™ and
block copolymers.>® Because of the repulsive interaction between
the constituent polymers, multicomponent polymer materials
often show “phase separation”. Organic—inorganic composites
are another class of polymer-based multicomponent materials
that have attracted considerable interest of researchers because
they often exhibit unexpected properties synergistically derived
from the constituents.”* Nanometer-sized particulate fillers, e.g.,
carbon black (CB), silica (Si) nanoparticles, etc., are known to
form hybrids with organic polymers, which show a significant
increase in their static and dynamic moduli,” strength,'® and
thermal and electrical conductivities.'"+'?

The number of studies carried out to characterize such multi-
component nanometer-scale polymer structures (hereafter called
“nanostructures”) has been significantly increasing over the past
couple of decades. Academic interest in complex fluids (to which
polymeric systems belong) as well as the continuous industrial
demand for new materials have triggered such studies. Pattern
formation and self-assembling processes of polymer blends have
been widely researched for studying nonlinear nonequilibrium
phenomena. Block copolymers self-organize to form (equilibrium)
highly periodic nanometer-scale domains (“microphase-separated
domains” or simply “microdomains”). A deep understanding of
the “structure—property relationship” in multicomponent poly-
mer nanostructures is of significant importance for industrial
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applications of these nanostructures: carrying out basic studies
on this relationship will aid in designing new polymer materials
with superior physical properties that satisfy the diverse require-
ments of industries.

Thus, morphological studies of the multicomponent poly-
meric materials have been carried out by employing microscopy
and scattering methods. Commercially available optical micro-
scopes, transmission electron microscopes (TEMs), scanning
electron microscopes (SEMs), and atomic force microscopes
(AFMs) have been widely used in these studies. The biggest
advantage of microscopy is that it provides intuitive real-space
representations of morphologies. However, when it comes to
“measurements”, especially in the case of quantitative measure-
ments, microscopy may lack statistical accuracy due to the small
field of view. In contrast, scattering methods usually provide
considerably superior statistical accuracy simply because the
larger observation volume. It should be, however, noted that
scattering methods often require “(hypothesized) models”
beforehand for data analyses. They do not provide any intuitive
insights into morphologies, as microscopy does. After all, for the
complete characterization of a specific morphology, the morpho-
logy has to be first obtained by microscopy and subsequently by
scattering for the evaluation of structural parameters on the
basis of the morphology. Thus, microscopy and scattering are
complementary.

With the advances in precision polymerization, polymer
nanostructures, especially microphase-separated structures, are
becoming increasingly complex. The identification of such com-
plex morphologies is difficult because conventional microscopes
provide only two-dimensional (2D) (transmitted or surface)
images of three-dimensional (3D) objects. These 2D images are
not useful as the nanostructures are becoming complex, which
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consequently makes the interpretation of the accompanying
scattering data difficult. Therefore, new microscopes that are
capable of obtaining 3D images of nanostructures have to be
developed. We hereafter call the technique involving the use of
such microscopes as “3D microscopy”.
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In the present study, we focus on the 3D microscopy technique,
transmission electron microtomography (TEMT). This Perspec-
tive is organized in the following manner. In section 2, various 3D
microscopy techniques including TEMT are introduced, and
their features and spatial resolutions are briefly described.
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Figure 1. Schematic illustration showing resolution of both microscopy and scattering methods. Abbreviations are as follows: OM (optical
microscopy), LSCM (laser scanning confocal microscopy), X-ray CT (X-ray computerized tomography), SEM (scanning electron microscope),
TEMT (transmission electron microtomography), AFM (atomic force microscopy), WAXS (wide-angle X-ray scattering), SAXS (small-angle X-ray
scattering), LS (light scattering), USAXS (ultrasmall-angle X-ray scattering), SANS (small-angle neutron scattering), and USANS (ultrasmall-angle
neutron scattering). Methods shown by the bold arrows are 3D microscopy techniques. The shaded region represents the “missing spatial region” in 3D

MiCroscopy.

In section 3, recent developments in TEMT with respect to
quantitative measurements are mentioned. New TEMT with
scanning optics developed using a conventional TEM with an
acceleration voltage of 200 kV for imaging thick polymer speci-
mens of the order of micrometer is also explained. It is important
to use both real-space methods (i.e., microscopy) and Fourier-
space methods (i.e., scattering) together to characterize complex
polymer morphologies. In this study, we propose the combina-
tion of these two complementary methods for polymer nano-
structure characterization. In section 4, some representative
examples of TEMT for polymer nanostructures are presented.
Anexample of use of TEMT for energy applications is included in
this section. Possible future studies and research areas using
TEMT are also discussed.

2. 3D Microscopy

Figure 1 shows the spatial resolution of various types of
microscopy and scattering methods, including 3D microscopy
techniques such as laser scanning confocal microscopy (LSCM),
X-ray computerized tomography (X-ray CT), and TEMT. LSCM
has been extensively used to investigate the phase-separated
“bicontinuous” structures of polymer blends.* It should be noted
that X-ray CT is particularly useful for opaque specimens with
micrometer-sized structures, while transparent specimens are ne-
cessary for LSCM. X-ray CT has been also extensively used in
medical science.'”'® In the early 1990, the spatial resolution of
X-ray CT was limited to ca. 100 ym. Recently, the resolution has
substantially improved and is now comparable with (~1 um) or even
superior to that of optical microscopy. Figure 2 shows an example of
morphological investigation of a fiber reinforced plastics (FRP)
under uniaxial extension using X-ray CT with a homemade uniaxial
tensile testing instrument. Three 3D images at the same volume of the
FRP specimen were taken as a function of strain, in which the
formation of the voids around the fibers were clearly observed.'® We
here note that the stress values from the FRP are simultaneously
obtained as the specimen is stretched and the corresponding 3D image
is taken. Such combination of the mechanical properties together with
the internal morphologies of the materials is of great significance in
understanding the structure—property relationship.

One of the biggest drawbacks of employing X-ray CT for
polymers is, however, that the X-ray absorption coefficient is

Figure 2. 3D images of a fiber reinforced plastics (FRP) under uniaxial
extension (extension rate: 0.1 mm/min). The images were taken using
X-ray CT equipped with a homemade uniaxial tensile testing machine.
The strains are (a) 0 (quiescent state), (b) 20%, and (c) 60%. The gray
rods are glass fibers. The red and transparent regions are voids and
matrix polymer, respectively. Two representative fibers, parallel and
perpendicular to the uniaxial direction, z, at each strain are indicated by
dashed ellipsoids. The scale bar is 200 um. Data obtained by using ELE
SCAN (NITTETSU ELEX Co., Ltd., Japan).

small and very weakly depends on the type of species. Thus,
(chemical) treatment, e.g., labeling or etching, is often required
for contrast enhancement. The X-ray phase shift induced by
polymers, on the other hand, is significantly large. X-ray phase
tomography measures such X-ray phase shift and reconstructs a
tomogram that maps the refractive index difference, which is
roughly proportional to the mass density of polymers.”” Thus,
X-ray phase tomography is potentially superior to the conven-
tional (absorption) X-ray CT. NMR, which has a resolution of
ca. 20 um (not shown in Figure 1), is used for 3D imaging.”'
Because most of the polymer materials have hierarchical
structures, not only nanoscale structures but also their higher-
order structures in the submicrometer scale (“mesoscale”) are
important. The shaded region in Figure 1, corresponding to the
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mesoscale, is the missing spatial region in 3D microscopy. This
spatial gap spans from a few tens of micrometers to a couple of
micrometers, which is “too large” for TEMT and “too small” for
X-ray CT and LSCM. With the recent development in X-ray
optics, the highest resolution of X-ray CT has approached several
dozens of nanometers. Coherent X-ray diffraction microscopy,*
which is a lensless phase-contrast imaging technique, may also be
another candidate for the mesoscale 3D observations. The setup
of this new imaging method is close to that of the small-angle
X-ray scattering. The coherently diffracted wave is related to the
sample electron-density map by Fourier transform, and the phase
of the diffracted wave, which is not directly measurable in the
scattering experiments, is retrieved using an iterative method.”>*
The coherent X-ray diffraction microscopy was actually used to
observe an unstained human chromosome.

In TEMT, 3D imaging of thick polymeric specimens of the
order of a micrometer is now becoming practical using lab-based
200 kV TEM.>>% The latter will be briefly described in section 3.
B. Although these attempts to fill the spatial gap are yet in the
preliminary stage, the 3D structural characterization of poly-
meric materials over a wide range from nanometers to millimeters
will be realized in the near future. We note that there are some
“destractive” 3D imaging methods, in which stripping of the
surface of the specimen and the subsequent imaging of the
exposed surface are iterated so that a series of 2D images at
different depth can be obtained.”’ ** Low-pressure plasma
treatment,” focused ion beam (FIB) treatment,””** and ultra-
microtoming™ are used for stripping the surface of specimens,
while scanning force microscopy and scanning electron micro-
scopy are used for surface imaging.

3. Recent Developments in TEMT and Its Perspective

In this section, recent developments in TEMT are discussed.
Asmentioned before, TEMT is based on tomography. Let us first
start with the history of tomography. The need to obtain a higher-
dimensional “structures” using lower-dimensionality data is
present in many fields of physical and life science. This concept
was first applied in the field of astronomy.>’ A method was
proposed for the reconstruction of a 2D map of solar microwave
emissions from a series of 1D radio telescope data. In 1963, a
study on the potential of tomography for application in medicine
stimulated interest in tomographic reconstruction.*> The deve-
lopment of the X-ray computed tomography scanner was based on
Cormack’s work, > for which Cormack and Hounsfield received a
joint Nobel Prize in 1979. The first tomographic reconstruction
from electron micrographs can be traced to 1968,***¢ which was
followed by the publication of a number of theoretical papers
discussing the theoretical limits of Fourier techniques,’” ap-
proaches to real-space reconstruction,”*’ and iterative recon-
struction routines.**”*? Although the theory rapidly advanced,
developments in experiments were slow. The limiting factors are
beam damage, the poor performance of goniometers, and large
computing power required for image processing and reconstruc-
tion. Among these factors, the last two have been addressed, but
the beam damage is still a serious problem.

In the case of TEMT, projections at different angles are
recorded by tilting the specimen with respect to the electron
beam in the TEM column. The projections are carefully aligned
about the tilt Srotation) axis and then reconstructed to generate
3D images.*~*” The achievable tilt range in a TEM is restricted by
the small space between the specimen holder and the objective lens;
they will come in contact with each other at a large tilt angle, e.g.,
70°. The missing information due to this angular limitation is
indicated by a wedge-shaped region in the Fourier space, i.e., the
missing wedge, giving rise to a loss of resolution of the reconstructed
image, especially in the direction parallel to the electron beam. This
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intrinsic but serious problem of TEMT has remained unsolved for
the past two decades. An experiment to solve (or reduce) the missing
wedge problem is presented in section 3.A. For further details about
TEMT, an excellent book entitled “Electron Tomography”™* and
few review papers™ ™ are available.

A. Truly Quantitative TEMT. As mentioned previously,
the limitation of the angular range in experiments results in
the missing wedge of structural information in the Fourier
space. Because of this limitation, the resolution along the
direction parallel to the optical axis of the microscope (the
plane perpendicular to the plane of the specimen), i.e., the
Z-direction, is lower as compared to that in the specimen
plane.****%* In addition, a critical effect of the missing wedge
is that the 3D reconstruction of elongated objects in the speci-
men plane strongly depends on their angle relative to the tilt
axis. For example, cylindrical microdomains in the block
copolymer morphology that are perpendicular to the tilt axis
of the specimen may not be imaged by 3D reconstruction.™

One of the most effective solutions of this problem is to
minimize the volume of the missing wedge by employing
another tilt axis in addition to the first one (“dual-axis
tomography”). Penczek et al.>' pioneered dual-axis tomo-
graphy for biological sections, followed by Mastronarde.
The unsampled volume in conventional single-axis tomo-
graphy, i.e., the missing wedge, becomes the “missing pyr-
amid” in dual-axis tomography (see Figure 2 in ref 50), which
is considerably smaller than the missing wedge. The detailed
protocol of dual-axis tomography and its substantial effects
on the 3D visualization of the cylindrical microdomains can
be found elsewhere.”

Although effective, dual-axis tomography requires te-
dious experimental protocols such as (i) two tilting experi-
ments at the same volume of the sample and (ii) the
combination of two 3D reconstructed data sets with high
precision. Despite involving such protocols, the missing
region in the Fourier space only reduces and does not vanish.
In CT, it is advisable to tilt the specimen up to 90°. Such
complete rotation has been first carried out using a high-
voltage electron microscope (HVEM). In this study, a thin
glass capillary is mounted concentrically on a regular single-
axis tilt holder of an HVEM.>* A biological specimen whose
size is of the order of a few micrometers is mounted on the tip
of the holder.

Realistically, scientists have limited access to the HVEMs,
and moreover, it is a lot more beneficial for polymer research
if such “missing-wedge-free TEMT” is combined with the
conventional 200—300 kV TEM. Under such constraints,
more sophisticated samples, e.g., needle-shaped specimens
with diameters of ca. 100—200 nm, have to be prepared. This
type of nanofabrication of materials has been quite difficult,
especially in the case of “soft” polymer materials. In 2005,
Niihara et al. reported the successful fabrication of a soft
polymer material, a block copolymer, using the FIB meth-
od.>* On the basis of the Niihara’s results, Kawase et al.
prepared a needle-shaped specimen of a zirconia/polymer
nanocomposite with the diameter of 150 nm, which was
attached to the tip of a specially modified specimen holder
without any supporting film. They obtained complete set of
tomograms generated from 181 projections that were mea-
sured over the angular range of £90°.%°

Figure 3a shows an electron micrograph of the needle-
shaped specimen. The 5—20 nm sized zirconia grains appear
as black domains in the polymer matrix. No obvious sign of
damage occurred during the FIB fabrication process, such as
melting of polymer matrix due to the intense gallium ion
beam or the redeposition of contaminates, is observed on the
surface of the needle-shaped specimen.
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Figure 3. (a) Electron micrograph of needle-shaped polymer nano-
composite containing zirconia fillers. The rectangle indicates the posi-
tion subjected to the TEMT experiment. (b) Volume-rendered and
(c) surface-rendered 3D images of needle-shaped specimen from various
viewing angles. The needle-shaped specimen whose diameter is 150 nm
was made using an FIB system (FB2100, Hitachi, Ltd., Japan) at an
acceleration voltage of 40 kV and mounted on a modified Mo grid for
+90° rotation. TEMT experiment was carried out using a JEM-2200FS
(JEOL Ltd., Japan). In total, 181 electron micrographs from —90° to
+90° in 1° increments were taken. The tilt series of the electron
micrographs was precisely aligned by the fiducial marker method using
the zirconia grains as markers, and then tomograms were made by the
filtered back projection (FBP) method.”®> All the softwares for the
alignment and reconstruction are homemade. Detailed experimental
protocol can be found elsewhere.

The 3D structure of the zirconia/polymer composite is
shown in Figure 3 as a volume-rendered image (Figure 3b)
and surface-rendered images from various viewing angles
(Figure 3c). The white regions are corresponding to zirconia
grains. Even though the zirconia domains appear to be
continuous under TEM (see Figure 3a), it is clear from the
TEMT 3D reconstruction that they form mostly separate
domains and not intersecting domains.

Image artifacts prominently appear in the X—Z plane
(a plane perpendicular to the tilting axis of the TEM) due
to the limitation of the angular range. Because we have the
complete data set with £90° angular tilting, it is worthwhile
to show how the maximum tilt angle affects the image quality
and resolution in TEMT experiments. A series of 3D recon-
structions with various maximum tilt angles oo are made.
That is, 3D images are reconstructed from exactly the same
TEM tilt series and alignment within the angular range of
+o. Figure 4a shows the X—Z cross sections of the same
region of the needle-shaped specimen from oo = 40° to o0 =
90° with 5° increments. As a decreases, the image quality,
especially the contrast between the zirconia grains and the
polymer matrix, becomes worse, and the edge of the needle-
shaped specimen becomes pear-shaped. Note that the angu-
lar range is normally limited to oo = 60°—70° in conventional
TEMT observations using planar sections.

Accurate determination of structural parameters, e.g.,
volume fraction ¢, of zirconia grains is of particular interest.
¢ is measured as a function of a and is shown in Figure 4b.
¢ decreases as o increases and approaches a certain asymp-
totic value for a high o (a. > 80°). The known composition of
the zirconia grains is 0.055 £ 0.005 from the preparation of
the sample (dotted line), which is in an excellent agreement
with the measured asymptotic value. The elongation of the
zirconia grains and the low signal-to-noise (S/N) ratio of the
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Figure 4. (a) Series of images of X—Z cross sections of region of needle-
shaped specimen reconstructed at various maximum tilt angles, o, from
40° to 90° with 5° increments. (b) Plot of volume fractions (zirconia/
nanocomposite), ¢, experimentally determined from 3D reconstruction
series from a = 40° to oo = 90°. The dashed line represents the known
composition of zirconia grains. The error bars are associated with the
uncertainty in the threshold of binarization.

tomograms may be the cause of the small deviation from the
true value at small o values, which makes the binarization (in
order to find the interface between the zirconia and polymer)
of the tomogram somewhat difficult. It is worthwhile to note
that we have observed 27% error in ¢ of our zirconia/
polymer nanocomposite for conventional TEMT, i.e., a =
60°. Furthermore, we have found that the angular range of .
~ 70° (or o. ~ 50° in dual-axis tomography) may be required
in order to attain 10% error in ¢ of the nanocomposite.

B. Scanning Transmission Electron Microtomography: 3D
Imaging in “Mesoscale”. Let us describe another recent
development in TEMT—new TEMT employed to cover
mesoscale structures. As mentioned in section 2, there is a
spatial gap in 3D microscopy (see Figure 1). In polymer
science, the hierarchical nature of polymer structures has to
be seamlessly examined from a few to several hundreds of
nanometers. In block copolymer nanostructures, for exam-
ple, the smallest structural elements, e.g., spheres, cylinders,
lamellae, are of the order of several nanometers to several
tens of nanometers, which can be examined by existing
TEMT.¢~®! The upper-hierarchical structure of such struc-
tural elements is the grain. The size and internal domain
orientation of the grains, the mesoscale structures, are too
large to be observed by existing TEMT.

This is also true in the case of industrial samples. The
nanocomposites consisting of nanoscale (particulate) fillers,
e.g., carbon black and silica nanoparticles, and polymer
matrix, primary particles form “aggregates” whose size
spans from 100 nm to 1 um. These aggregates further
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Figure 5. (a) 3D surface-rendered image of ultrathick specimen of ABS
resin. The thickness of the specimen is ca. 1 um. The optical axis of the
electrons is along the Z-axis. The size of the box is 1980 nm x 1980 nm x
998 nm. One of the salami structures indicated by green color is
magnified and shown in (b). This STEMT experiments was carried
out on a JEM-2100 microscope (JEOL Ltd., Japan) with a LaBg
electron gun. The accelerating voltage was 200 k V. The pixel resolution
was 4.4 nm. A series of STEM micrographs with 512 x 512 pixel
elements were acquired at tilt angles ranging form —60° to +60° in 2°
increments. The electron optics of the JEM-2100 was tuned so that the
effective focal depth in the STEMT experiments was 1600 nm. The
experimental protocol, tilting of the ABS specimen, and subsequent
imaging either by STEM were carried out using JEOL-developed
software “TEMography”. Detailed experimental protocol can be found
elsewhere.

assemble and form network structures called “agglomer-
ates”. Both aggregates and agglomerates contribute to the
(mechanical) property of the nanocomposites; however, only
aggregates can be studied by TEMT.®* In order to fully
understand the mechanical property of nanocomposite ma-
terials, 3D investigation of mesoscale “agglomerates” have
to be carried out in 3D.

Thus, an extraordinary “ultrathick” specimen of the order
of a few micrometers must be imaged in 3D either by TEMT
or by X-ray CT for the mesoscale structural analysis. Quite
recently, Aoyama et al.®> and Loos et al.*® independently
reported 3D observations of thck biological and nano-
composite specimens by scanning TEM by using a 300 kV
field emission gun as an electron source. They used micro-
tomography along with scanning transmission electron
microscopy (STEM). Let us call the technique scanning
transmission electron microtomography (STEMT), in con-
trast to TEMT which we discussed so far. The main feature
of STEMT is the optimization of the conversing angle of the
electron beam for large focal length of electron optics. We
note here that similar optics can be also realized in TEMT
by changing the detection angle. The smaller the conversing
(or detection) angle, the longer is the focal length of electron
optics.

Figure 5 shows a 3D surface-rendered image of an ultra-
thick sg)ecimen of an acrylonitrile butadiene styrene (ABS)
resin.?® The ABS resin (TECNO ABS 330) was purchased
from Technopolymer Co. Ltd., Japan. The thickness of the
microtomed section is ca. 1 um. The spatial distribution of
0Os0y-stained polybutadiene (PB) spherical domains (often
called “salami structures”), ranging from ca. 100 to 500 nm in
diameter, can be clearly observed. Figure 5b shows a magni-
fied image of a salami structure, which shows that the
internal polystyrene/polyacrylonitrile domains are mostly
discrete and not continuous.

In the above-mentioned experiment,”® STEMT (at 200 kV
acceleration voltage) is carried out with the acceptance
angle for the detecter set to 6 mrad (bright field mode,
BF-STEMT), indicating that transmitted and low-angle
scattered electrons are used for the imaging. As compared
to our study, the accepting angles in previous studies®>®

Figure 6. Cross-sectional images of the specimen shown in Figure 5a.
The black parts indicate OsOy4-stained butadiene domains. The electron
beam is along the Z-axis. (a, b) Cross-sectional “digitally sliced” images
at different depths of 1 um thick sample. The depths of X—Y slices are
indicated by dashed lines in (¢). The electron beam was incident from the
top, and hence, image (b) is obtained deeper inside the thick specimen.
The detailed structures of the “salami” structure near the surface,
i.e., part (a)i appear to be clearer than those inside the specimen,
i.c., part (b).>

were larger (dark-field mode, DF-STEMT). Contrast genera-
tionin STEM, especially in DF-STEM,** is rather complex; it is
still uncertain which one of the two, i.e., BF- or DF-STEM,
is better for polymer materials. In the case of ABS resin,
BF-STEMT gives clearer image than DF-STEMT. In contrast
to STEMT, the maximum observable thickness of ABS resin
by TEMT (transmission mode) at low detection angle, 2.8
mrad, is found to be ca. 600 nm due to the severe blurring
associated with the chromatic aberration of the optics.

A problem associated with STEMT is the beam broad-
ening®® in the sample. As the collimated electron beam goes
through a thick specimen, electrons suffer multiple scattering
thereby making the electron beam broader than when it
enters the specimen. Thus, the resolution at deeper parts of the
specimen becomes worse as compared to the surface (surface
closer to the electron source); as a result, the cross-sectional
images become blurred toward the bottom of the specimen, as
shown in Figure 6.%° One of the solutions of the beam broad-
ening problem is to completely rotate, angular tilting = 490°
(as described in the previous section), the needle-shaped
specimen of ABS resin with a few um in diameter.®®

The development of STEMT is still in the premature stage.
STEMT has to be significantly developed for the practical
application to polymers. It is interesting to point out that
such development of 3D observation for ultrathick speci-
mens is opposite direction of what the traditional electron
microscopy has developed. In other words, STEMT pursues
the large observation volume at the sacrifice of the resolu-
tion, while the traditional trend in the electron microscope
has always pointed to higher resolution to achieve atomic
resolution. Nevertheless, (S)TEMT for the mesoscale fills the
“spatial gap” (the gray region in Figure 1) and carries out 3D
imaging completely from submicrometers to millimeters.

C. Combination with Scattering Method. As mentioned in
section 1, although the Fourier-space methods, i.e., scatter-
ing methods, are very powerful tool for statistically obtain-
ing various structural parameters of polymer morphologies,
they often require a hypothesized structural model for data
analysis. Featureless scattering profiles, such as the profiles
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Figure 7. Volume-rendered 3D images of dPS--P2VP thin film from
two different view points, in which dPS microdomain was made
transparent. The box size of each 3D image is 720 nm x 90 nm x
344 nm. A series of TEM projections were acquired at tilt angles ranging
from —50° to +50° in 1° increments. The tilt series were then aligned by
fiducial marker method®® using the Au particles and then reconstructed
on the basis of the FBP method.*® Detailed experimental protocol can
be found elsewhere.®’

without scattering peaks, are especially difficult to interpret.
Even when a scattering peak exists, the characteristic length
associated with the peak position is sometimes unknown.
The real-space methods, especially 3D microscopy, are thus
necessary to confirm the basic morphology of samples.

In this section, a block copolymer thin film with cylindrical
morphology was investigated by a novel combination of
neutron reflectivity (NR) and TEMT.®” The block copoly-
mer was poly(deuterated styrene-block-2-vinylpyridine)
(dPS-b-P2VP). Figure 7 shows reconstructed 3D images of
a dPS-H-P2VP thin film from two different view points, in
which only the P2VP microdomain is shown (the dPS
microdomain is transparent). Although the majority of the
cylindrical microdomains were oriented parallel to the sub-
strate and formed six layers, they did not form hexagonally
packed cylindrical morphology (shown later in Figure 8a).
Some of the cylindrical microdomains were aligned normal
to the film surface and connected the adjacent layers
(indicated by the white circle in Figure 7). The cylindrical
microdomains appear to be interconnected through vertical
cylinders.

The measured NR profile from the dPS-»-P2VP thin film,
Rexps 1s shown by the open circles in Figure 8, where the
reflectivity Ris plotted versus the magnitude of the scattering
vector along the Z-direction, ¢. [¢. = (47A) sin 6]. Here, 6 is
the scattering angle. A featureless NR profile is obtained
from the thin film, indicating that the microphase-separated
structure inside the thin film is not highly ordered (as clearly
shown in Figure 7).

As the first step to the analysis of R, let us assume that the
microphase-separated structure forms hexagonally packed
cylindrical (HEX) microdomains in the thin film, as illustrated
in Figure 8a. Although we already know that the microphase-
separated structure in the thin film is not highly ordered (see
Figure 7), the HEX model is the first choice because it is the
easiest and simplest model for cylinder-forming block copoly-
mers. The cylinders are assumed to be aligned parallel to the sub-
strate according to the results from previous studies.”""?
The hypothetical model is based on the structural para-
meters determined in the bulk state.®” The scattering length
density profile along the direction perpendicular to the film
surface, i.e., along the Z-axis, is calculated from the model,
b/Vmodel, Which is then used to calculate the NR profile,
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Figure 8. (a) Cross-sectional view of hypothesized initial model of dPS-
b-P2VP thin film cast on Si substrate. The dark circles and white domain
indicate the P2VP cylinders and dPS matrix, respectively (edge-on
view). The Z-axis is normal to the film surface. (b) NR profile of
dPS-5-P2VP thin film (open circles). The dashed line indicates the
calculated reflectivity profile based on the hypothetical model (a). The
dashed line is used as an “initial guess” in the fitting protocol.®”
(c) Reflectivity profile of dPS-b-P2VP thin film. The open circles
indicate the measured NR profile. The dashed line and solid line
represent the calculated reflectivity profile from the initial model
obtained by TEMT and the best-fit reflectivity profile, respectively.

Rinoder (the dashed line in Figure 8). It is obvious that Rp,oqel
does not reproduce the NR profile over the entire range of
q-. Subsequentlxo/, an algorithm based on a recursive calcula-
tion method®® " is employed to fit Ry,oqer t0 Rexp. Although
the NR profile approaches R.y,,, there is still a considerable
deviation, especially for large ¢.. This result again indicates
that the microphase-separated morphology is not a simple
one as hypothesized. Because the NR profile does not
show distinctive peaks, it is intrinsically difficult to have
a precise and unique best-fit profile unless we have a
realistic model for the scattering length density b/v as the
initial guess.

The scattering density profile along the Z-axis, b/vrgmT,
can be estimated from the 3D image in Figure 7. The detailed
protocol of the estimation of b/vrgnmT from the 3D image can
be found elsewhere.®” The NR profile based on b/vremt
obtained from the TEMT experiments, Rtgm, 1S shown in
Figure 8c. From comparison with the previous results in
Figure 8b, i.e., Ryoqel, it is found that Rrgyt exhibits a more
accurate NR profile than Rp,oq4e1, indicating that b/vremT
(and thus TEMT) captures the global feature of the dPS-
b-P2VP thin film morphology. b/vremT is similarly used as
the initial guess for the fitting. The resulting Rrgmr.fic 18
denoted by solid lines in Figure 8c. RremTt.fc Shows an
excellent agreement with Ry, considerably better than
Riodel- We note here that the TEM 2D cross-sectional
micrograph of the dPS-h-P2VP thin film does not provide a
good initial guess model as the TEMT 3D volume data,
indicating that 3D structural information is necessary for the
analysis.

The novel methodology proposed here can be further
extended to the structural studies of the block copolymer
thin film with more complex morphologies, e.g., gyroid,
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Figure 9. (a) Transmission electron microtomograph of gyroid morphology in SIS triblock copolymer. The nonintersecting light and dark channels
correspond to the minority microphase (S in the SIS copolymer), while the majority (I) microphase is transparent. The edge of each cube is equal to
twice the periodic length, and the top cross section is the (001) plane. Forty-nine digital images were acquired at a resolution of 2.1 nm/pixel and tilt
angles ranging from +60° to —60° in 2.5° increments. A detailed experimental procedure can be found elsewhere.®® (b) Fourier transformation of 3D
structure of SIS triblock copolymer at ¢. = 0. Numbers at some diffraction spots indicate the Miller indices of the gyroid structure.

perforated ldyers etc. It can also be extended to off-speculdr
scattering data’® "3~ 7 as well as specular scattering data, i.c.,
reflectivity data, because the 3D volume data obtained from
TEMT provide not only depth information but also in-plane
structural information. The combination of 3D real- and
Fourier-space methods will be useful for morphological
studies in general, and hence, it is expected to become
popular in the future.

4. Some Examples and Perspective of Polymer Nanostructure
Studies Using TEMT

TEMT is an ideal tool for characterization of polymer
nanostructures, and as such, it has proven useful for providing
high-resolution 3D information on a variety of polymeric struc-
tures, e.g., block copolymer nanoscale microphase-separated
structures,*>6-38:60.77779 nanocomgosite materials,**®! carbon
black/natural rubber composites, = etc. Some of these studies
provided not only clear 3D pictures but also quantitative
structural information. In what follows, we briefly show some
examples of structural studies carried out using TEMT to show
possible future applications of the methods in polymer science.

A. Microphase-Separated Morphologies of Block Copoly-
mers: Morphological Studies. Following the classic study

carried out by Spontak et al.,’® a co ﬁle of morphological
studies were carried out in the 1990s.>’~%° The numbers of
studies using TEMT on block copolymers are increasing
rapidly, especially in the past couple of years. This technique
has been mainly used for structural 1nvest1gat10ns due to its
3D visualization capability,'®:77-78:82790

Figure 9a shows one of the representative reconstructed
3D images of the microphase-separated structure showing
the gyroid (G) morphology. It is formed in poly(styrene-
block-isoprene-block-styrene) (SIS) triblock copolymer.
The light and dark channel networks evident in Figure 9a
both represent the polystyrene (S) microphase. They are
shaded differently to show that the two S channel networks
do not intersect. For the sake of clarity in this figure, the
isoprene (I) microphase is transparent. We note here that an
excellent review paper has been published’! on the topic of

“ordered network mesostructures” such as the SIS triblock
terpolymer described in this section, for which TEMT would
be the ideal characterization tool.

The single-grain structure factor can be obtained by the
Fourier transformation of the 3D structures once a single G

grain is extracted. Needless to say, the structure factor corres-
ponds to the “(small-angle X-ray) scattering pattern” of the
morphology. Figure 9b shows that such a structure factor at
g 1s zero (¢ is the wavenumber). Several diffraction spots are
clearly observed, a crystallographic analysis of which identifies
the microphase-separated structure is G. Besides such morpho-
logical characterization in the Fourier space, geometrical and
topological features of the complex G morphology, e.g., aver-
age coordination number of the S network, Euler character-
istics,”? surface curvature,® etc., have been measured from the
3D structures. Surface curvature is particularly important
because it is related to the packing frustration of the blocks
inside the microdomain® and, thus, the stability of the 3D
morphology of the copolymer. We note here that these struc-
tural parameters can be directly obtained only from the 3D
images. In addition, the analysis of the 3D volume data of the
SIS copolymer reveals many defects, e.g., the disconnection of
polystyrene (PS) networks, multiple branches at junctions other
than 3 (the coordination number of the G nanostructure is 3)
[a 3D movie is available in the Supporting Information]. One of
the advantages of 3D data is that nanostructures can be
virtually observed from inside.

Another interesting example of visualizing complex 3D
morphology by TEMT is the double-helical structure of poly-
styrene-block-polybutadiene- block poly(methyl methacrylate)
triblock terpolymer (SBM).®! Since the discovery of the
double-helical structure of DNA,” the helix has been
an attractive subject for investigations of molecular struc-
ture.”>™° In materials science, numerous studies have
investigated the artificial creation and control of helical
structures. Because of their sophisticated self- assembling
capabilities, block copolymers have been used to mimic the
well-known biological architecture, the helix.”>*7:1%

Figure 10 shows TEM micrographs of the SBM triblock
terpolymer, in which the dark gray regions correspond to the
0Os0y-stained PB microdomains. The white and light gray
regions are the poly(methyl methacrylate) (PMMA) and PS
microdomains, respectively. The TEM images reveal that the
PS cylinders along with the PB helical microdomains are
hexagonally packed in the PMMA matrix. The PS cylind-
rical microdomains are not completely covered by the PB
microdomains, as shown in Figure 10a. Although the nano-
structure of the SBM triblock terpolymer is quite interesting,
the 2D projection of the 3D structure did not provide
adequate structural information.
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Figure 10. TEM micrographs of SBM triblock terpolymer showing its
two representative morphology. OsOy-stained PB microdomains ap-
pear in black. (a, b) Two representative morphologies of SBM terpo-
lymer. As schematically shown in the inset of (b), the PS cylinders with
the PB helical microdomains are hexagonally packed in the PMMA
matrix. 3D structures of the double-helical structures are shown on the
top of the TEM image in (a). Left- and right-handed double-helical
structures are found and are shown by blue-red and green-yellow
helixes, respectively. The spatial arrangements of the left- and right-
handed helixes are also shown in (b) by blue and yellow circles,
respectively. (c) Structural dimensions, e.g., pitch of helix, d, diameter
of helix, D, etc. The TEM and TEMT 3D observations were carried out
using a JEM-2200FS (JEOL Co., Ltd., Japan) operated at 200 kV. A
series of TEM images were acquired at tilt angles ranging from +75° at
an angular interval of 1°. The experimental details can be found
elsewhere.®!

Both left- and right-handed double-helical structures
could be clearly visualized by TEMT (Figure 10a). Contrary
to the previous report on the same triblock copolymer
by Krappe et al.,” it was found that the SBM triblock
terpolymer has a simple “double”-helical structure and not
a four-stranded (i.e., “double double™) helical structure.
Interestingly, the number of left- and right-handed helical
structures was the same. Although the structural order in
terms of the helical sense appears to be random, at least at
first glance, it is likely that an adjacent pair takes oppos-
ing helical configurations (see Figure 10a). Such detailed
but important features of the helical structures can be
obtained only by TEMT. It appears that with helical
“mesoscale” structures are becoming popular,” 1> TEMT
will be one of the essential tools for studying the helical
morphology as well as complex microphase-separated struc-
tures in general.

B. Microphase-Separated Morphologies of Block Copoly-
mers: Dynamical Aspects. The main advantage of TEMT is
that it does not require any prerequisite assumptions in
acquiring 3D images. The two examples described in the
previous section demonstrate that TEMT is one of the most
powerful methods to investigate “static” polymer nanostruc-
tures, especially the complex ones. Unlike other microscopy
techniques such as light microscopy, the samples for TEMT
are microtomed; hence, this technique is limited to the
observation of the fixed 3D morphologies. In some cases,
however, dynamical processes of polymer nanostructures
may be studied from 3D “snapshots”.

It is well-known that block copolymers undergo order—
order phase transitions (OOTs), which often exhibit an
epitaxial relationship between the morphology of two
phases.'® % One of the extensively studied examples is
the phase transition from or to the G structure, which is more
intriguing than the others due to the structural complexity of
the G phase.

Figure 11 showsa TEMT image and digitally sliced images
of the gyroid (G)/hexagonally packed cylinder (HEX) tran-
sitional structure of a poly(styrene-block-isoprene) (SI)
block copolymer.'"!" In the 3D image (Figure 11a), only the
PS domain is shown, and this hexahedral image is obtained
from the rectangular box area in the TEM image shown in
Figure 11b. The dimension of the hexahedron is 400, 200,
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Figure 11. (a) 3D reconstructed image of coexisting structure of G and
HEX. The dimension of the hexahedron is 400 nm x 200 nm x 80 nm
(X, Y, Z). Only the PS domain is shown. (b) TEM image of sample
region from which 3D image was reconstructed (boxed area). (c—f)
Images of cross section illustrated in hexahedron. Polyisoprene (PI)
block was stained with OsO4 and appears darker. The TEM and TEMT
3D observations were carried out using a JEM-2200FS (JEOL Co.,
Ltd., Jag)an) operated at 200 kV whose details can be found else-
where."!

Figure 12. (a) Simulated projection along (111)g. The two single
gyroids are expressed by different gray tones. The loci of the cylinder
axis are indicated by circles. There are two different types of loci, as
indicated by solid and dotted circles. (b) Simulated projection along
(220)g. The loci of the cylinder axis are indicated by circles. In this
(220)G — cylinder axis mechanism, all loci are equivalent.

and 80 nm (X, Y, Z). Here, Z is the direction of incident
electron beam, and X—Z is the film plane (i.e., substrate
surface). Figure 11b clearly shows the grain boundary region
of the coexisting G and HEX phases. HEX cylinders are
oriented along the X-axis, while the G phase shows the
{I11}g plane characterized by the wagon-wheel-shaped
structure. For deeper understanding of the 3D nanostructure
of the coexisting morphology of G and HEX, several digi-
tally sliced images are obtained for the cross section of the
hexahedron. Figure 11e shows an image of the HEX grain
perpendicular to the cylinder axis, while Figure 11f shows
an image of {220}g, which is orthogonal to both {121}g
and {I111}g.

These results indicate that the HEX cylinder axis is
perpendicular to {220} and parallel to both {121}5 and
{111}g. Figures 11c,d show the images consistent with this
result. Figure 11c shows the coexisting {10} ygx and {121} .
Figure 11d shows a magnified version of the image in
Figure 11b. The former clearly shows coexisting {11}ygx
and {111} since it is a digitally sliced image. Therefore, it is
unambiguously confirmed that {121}g and {l11}g were
respectively converted to {10} ygx and {11}ygx.

Matsen has reported on how the phase transition bet-
ween G and HEX occurs.'%® According to his proposal,
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the (111)g axis is converted to the cylinder axis of HEX. As
illustrated in Figure 12a, the projection along the (111)g
direction has 3-fold symmetry, and the loci corresponding to
the HEX cylinder axes are indicated by small circles. The loci
are not structurally uniform but are of two different types, as
indicated by solid and dotted circles. At the loci indicated by
dotted circles, tripodal skeletons of two single gyroids have
to be connected to form a HEX cylinder. An appropriate
mechanism for this conversion from G to HEX has been
proposed by Matsen.'” On the other hand, in the new
transitional structure observed in this section, the HEX
cylinder is formed along the (220)g direction. The symmetry
of the {220} projection is slightly distorted from the right
hexagon, as shown in Figure 12b, where the loci of cylinders
are indicated by circles. In contrast to the (111)g — cylinder
axis mechanism,'%®'"%112 a1l loci are equivalent, and the
cylinder axis would grow connecting two single gyroid
skeletons.!'! Even though the hexagon is distorted, the
{121} plane gets to be converted to the {10}xgx plane
without perturbation. This type of epitaxial transition path
has not been observed in previous studies.

One of the distinct features of the above-mentioned example
is its thin film structure. The surface interactions of block
copolymers may play more important role in the thin film
OQOTs rather than in the bulk OOTs. The phase transition
behaviors in thin films as compared to those of bulk have been
reported earlier. Park et al. have reported that in the phase
transition of HPL (hexagonally perforated layer) — G HPL
layers are converted to {121} in thin films,'” while such an
orderly transition is not observed in shear-oriented bulk.'%*1%3
Similarly, Mareau et al. have reported that in the G/HPL grain
boundary structure in bulk HPL layers are connected to
{111}g,'" which is again not compatible with the epitaxial
relationship between the HPL layers and {121} 5 found in thin
films.'” Thus, the OOTs in block copolymers have to be
further investigated, and TEMT is an essential tool for the
investigation because it provides not only the epitaxial relations
between the prexisting and newly formed microdomains but
also mechanisms of rearrangement of microdomains during
the OOTs, 11:112.114

C. Single Chain Conformation Inside Microphase-Sepa-
rated Morphologies. As described in section 4.A, block
copolymers have a tendency to self-assemble, forming films
with highly periodic nanoscale morphologies.''> The sub-
chains of block copolymers are packed in the microdomains
with their chemical junctions presumably placed at the inter-
face. Because of such topological constraints, the subchains
are sometimes awkwardly accommodated in the nano-
domains (“packing frustration”).”> The balance between
the interaction (enthalpy) and frustration of the subchains
(entropy) determines the final morphologies. Because the
packing frustration arises from deviation in the chains
from their preferred conformation, scientists plan to devise
methods to visualize the chain conformation not only in
bulk''®"'*! but also in restricted dimensions.'**~'#*

Small-angle neutron (or X-ray) scattering has been used
to evaluate the gyration radius R, of the subchains in
lamellar-forming block copolymersiglm_119 The results of
these evaluations have shown that the lateral interpenetra-
tion of the subchains is smaller than the interpenetration
normal to the interface. The obtained R, is, however, the
averaged value, while R, is intrinsically a local quantity.
A simulation technique has been independently used for
investigating the conformation of specific chains in nano-
domains.'* "% For example, Aoyagi and co-workers'?®
have estimated the ratio of bridge to loop conformations in
the lamellar domains of an ABA-type triblock copolymer
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Figure 13. Images obtained by (a) TEM and (b, c) TEMT. The scale
bars in each figure indicate 300 nm. The white broken lines in (a) and (c)
show the boundary region between two grains, while the squares in (c)
indicate the regions studied using SCF simulations. (d) Single chain
distribution in bent lamellar domains. The density of the PS segments
projected on the X—Z plane is shown by color gradation, and the
distribution of single chains, ¢l (r), is shown by the yellow contour
surfaces. A JEM-1010 transmission electron microscope (JEOL, Co.,
Ltd., Japan) at an accelerating voltage of 100 kV. The tilt angles ranging
from —60° to +60° in 2° increments. Details of experiments as well as
computer simulations can be found in the literature.'>

using the self-consistent-field (SCF)'**™'*® and the coarse-
grained molecular dynamics (CGMD)'>>!3! simulations.
The success of these studies indicates that the collaboration
between experiments and SCF simulations can be further
improved.

Figure 13a shows a TEM micrograph, and Figures 13b,c
show the images obtained by TEMT. In the TEMT images, a
grain boundary and a lamellar morphology of SI block
copolymer are clearly observed. The two cubes, A and B,
shown in Figure 13cindicate the regions studied using the 3D
SCF simulations. The flat lamella (A) corresponds to the
equilibrium lamellar morphology, while the bent lamella (B)
corresponds to the grain boundary. The experimentally
obtained 3D interface is used as the “boundary condition”
for the SCF simulations in order to estimate the chain
conformation of subchains.'*> Detailed protocols of the
SCF simulations and 3D TEMT structural data can be found
elsewhere.'* R, is calculated using the segment distribution
@singie(r) in the flat lamellar interface and is consistent with
the previous theoretical'?*'** and experimental''® results.

Figure 13d shows the result of the total segment density
distribution of the PS subchain in the bent lamellar interface.
The total density is shown by the color gradation on the X—Z
plane. In order to schematically show the “shape” of the PS
subchain, the isodensity surface corresponding to a certain
@single(r) is shown as a yellow surface in the figure. We show
two chains whose junctions are fixed at the outer (right) and
the inner (left) interfaces of the PS nanodomain. Intrigu-
ingly, the PS subchain of the right-hand side chain (R-PS) is
more stretched than that of the left-hand side (L-PS). This is
due to the effect of the curvature of the interface. In the bent
region, the chains are subjected to a stretching or compres-
sion force arising from the extra gradient of the SCF due to
the interfacial curvature, which is caused by incompressi-
bility. This indicates that the local stress in the nanoregion of
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Figure 14. TEM micrograph of polymer fuel cell electrode (background).
The small dots are Pt particles on a carbon black substrate, “Ketjenblack”
(supplied by Tanaka Kikinzoku Kogyo K. K.). The electrode does not
contain an ionomer. The electrode is rotated inside TEMT up to +90° with
1° increments on a JEM-2200FS (JEOL Co., Ltd., Japan) operated at
200 kV. 181 TEM projections are recorded, which are used for the 3D
reconstruction. The same experimental protocol described in the ref 139
was used. The inset shows the 3D image of the tip part of electrode, where
Pt catalysts inside and on the surface of Ketjenblack are shown in green
and red, respectively. The dashed line shows the correspondence between
the TEM and TEMT images.

the deformed structures can be illustrated using the stretch-
ing or compression conformation of the single chain. Thus,
we can analyze the conformation of a subchain localized at
a particular point in the real nanodomain by combining
TEMT and computer simulation. We expect that this
method will aid in understanding self-assembled structures
and improving material properties in the future.

D. TEMT for Energy Applications. Finally, we show that
TEMT is also essential for energy applications. Polymer-
based fuel cells and nanostructured polymer solar cells are
environment-friendly next-generation power sources. Such
energy sources with significantly enhanced energy output
and durability are in high demand, especially for automotive
applications. However, the performance loss of the fuel cells
during operation prevents their practical application. There-
fore, degradation mechanisms of fuel cells has to be inten-
sively studied. The polymer fuel cell electrode (PFCE),
consisting of platinum particles or platinum alloy particles
(Pt catalysts) supported on graphite carbon particles and
proton-conducting ionomer binder, is one of the most im-
portant components'** of fuel cells and may be a source of
the degradation. The detailed characterization of PFCEs
before and after the operation is significant in order to
understand the degradation mechanisms for further improv-
ing of the durability of the cells.

The degradation of cell performance is believed to be
related to the CO adsorption on active catalysts at the
anode.'3>13¢ The size of Pt catalyst particles is also believed
to increase after the operation of fuel cells.'*” The increase in
the size of Pt catalyst particles results in the reduction of the
active surface area of the catalyst, which affects the reaction
kinetics and ultimately degrades the cell performance. TEM
has been one of the most popular techniques used to char-
acterize the morphology of fuel cell catalysts in terms of not
only the catalyst particle size but also their shape and
distribution."*”"13® However, particles often overlap along
the optical axis of the microscope, which prevents the
accurate evaluation of the structural information.

Figure 14 shows a TEM micrograph of a PFCE. The light
gray part and dots indicate the carbon substrate (“Ketjenblack™)
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and Pt catalysts, respectively. In the figure, a TEMT recon-
structed image of the part of the PFCE is also displayed. The
spatial distribution of Pt catalysts with respect to Ketjenblack is
clearly shown. The experimental technique described in section
3.A, ie., £90° rotation experiment, is employed in this case.
Because the diameter of the Pt particles is ca. 2—3 nm, high-
resolution 3D imaging (below 1 nm resolution) is required. The
green and red dots indicate Pt catalyst particles located inside and
on the surface of Ketjenblack, respectively. Almost 70% of the Pt
catalyst particles were found to be inside Ketjenblack. This
finding is in sharp contrast with our previously examined PFCE
with a different type of carbon substrate called “Vulcan”, in
which all the Pt catalyst particles were located only on the surface
of the carbon substrate.'*

It is commonly believed that Pt catalysts on carbon
substrates contribute to the electrochemical reaction because
it takes place where the Pt catalysts and ionomer meet. In this
case, the Pt particles inside the graphite carbon substrate, if
any, should not work due to the absence of the ionomer.
However, the PFCE made of Ketjenblack examined here has
superior performance as compared to the one with Vulcan
(the content of Pt catalysts is the same for both electrodes). In
addition, it appears that the former has longer durability
than the latter. In a separate low-resolution elementally
specific TEMT experiment using fluorine as the target ele-
ment (the ionomer containes F), it is shown that the ionomer
exists inside Ketjenblack. Thus, the internal Pt catalysts do
contribute to the electrochemical reaction and the PFCE
with Ketjenblack substrate may show longer durability
probably because the Pt catalysts inside the substrate may
be protected. Although further experiments are necessary to
prove these speculations and clarify the degradation me-
chanisms of the PFCE, it is obvious that TEMT provids
considerably better structural information than conven-
tional TEM. In another energy-related device, i.e., polymer
solar cells, the photoactive layer is made of at least two
functional materials that form nanoscale interpenetrating
phases with specific functionalities. TEMT is also used to
investigate interpenetrating 3D structures. Researchers are
trying to optimize the photoactivity of solar cells.”®'40:14!

5. Summary

This Perspective summarizes the recent advances and perspec-
tives in three-dimensional (3D) microscopg/, especially transmis-
sion electron microtomography (TEMT).*** TEMT is based on
tomography and transmission electron microscopy (TEM).
TEMT has been proven to be quite useful and powerful in the
characterization of polymer nanostructures. As described in
section 3, TEMT can be used for truly quantitative measurements
by introducing a “needle-type” specimen for +90° rotation.*
Thisis a breakthrough in TEMT because the method has suffered
from drawbacks such insufficient as rotation range of specimens
and low anisotropic image resolution for nearly 20 years, since its
introduction in 1988.>° Moreover, a micrometer thick specimens
can be observed with a resolution of few nanometers, which
enables us to cover hierarchical polymer nanostructures ranging
from a few nanometers up to several hundred nanometers. It has
also been shown that the combination of TEMT and scattering
methods provides considerably better structural information
than using just one of these methods. In section 3.C, a feature-
less reflectivity profile of a cylinder-forming block copolymer
thin film was clearly explained with the aid of 3D structures
obtained by TEMT. As the polymer nanostructures become more
and more complex, such a combinatorial approach using both
real- and the Fourier-space methods, i.e., TEMT and scattering,
will be very important.
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From the 3D volume data array obtained by TEMT, some
basic structural parameters, e.g., the volume fraction and the
interfacial area per unit volume of 3D objects, can be directly
and relatively easily measured. These structural parameters
are basic, but they have been so far inferred from 2D images
and, therefore, were possibly inaccurate. The characteristic
length, if any, readily measured by using a scattering techni-
que, can also be estimated by taking the Fourier transform
of 3D images. A new set of structural parameters, e.g., interfacial
curvature, connectivity of network microdomains, etc., can also
be measured. We would like to emphasize that these geometrical
parameters cannot be evaluated by any other gconventional)
experimental technique besides 3D microscopy.* Further, the
size, distribution, and orientation of platelike filers, e.g., mont-
morillonite, in nonocomposite materials can be quantitatively
obtained !4

For the application of TEMT to polymer nanostructures,
we employed block copolymer nanostructures as one of the
representatives, as described in section 4. The double-helical
morphology of an ABC-type triblock terpolymer as well as the
bicontinuous morphology of an ABA-type block copolymer
could be clearly imaged. The space group of the bicontinuous
morphology was a controversial issue in the earlly 1990s, but it has
been characterized now by using 3D images.””' The helical sense
and pitch, the essential structural parameters to characterize
helical structures, may be most efficiently measured by using
TEMT."!

From 3D structures, it is possible to investigate the essential
aspects of block copolymer self-assembling processes. The
order—order transition (OOT) in a block copolymer from gyroid
to cylinder morphologies was studied by TEMT. The obtained
3D structures at the boundary between the preexisting gyroids
and the newly formed cylindrical microdomains showed epitaxial
relation, close examination of which showed the transition
mechanism of the OOT. Morphological studies of thin films
are another interesting area due to their wide range of applica-
tions in nanotechnology.'* For example, an unusual thickness-
induced morphological transition from cylinders to spheres in a
cylinder-forming block copolymer (in the bulk) was found by
TEMT.®” Such morphological change could be overlooked only
if the surface morphology of the thin film were observed by AFM.
Another essential feature of the block copolymer self-assembly,
i.e., how the blocks are accommodated inside microdomains,
may be visualized by combining TEMT and advanced computer
simulations, as described in section 4.C. TEMT will play an
important role not only in morphological studies but also in
energy applications such as the next-generation cells for improv-
ing their designs and durability.

Finally, we will further develop TEMT, an excellent 3D
visualization tool that can be used in nano- and mesoscale ranges,
so that we can observe specimens under various “environments”,
e.g., under atmospheric pressure, indentation, or stretching, etc., in
three dimensions. Adding the fourth dimension, time, is also
important in 3D imaging, which we hope to deal with in the future.
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