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Abstract

This review describes contemporary advancements in the study of interfacial morphologies and associated processes of
multicomponent polymers. A particular emphasis is placed on the use of three-dimensional (3D) microscopy, for example,
transmission electron microtomography (TEMT) and laser scanning confocal microscopy (LSCM). The time evolution of a
spinodal interface during the phase separation of a polymer blend was followed by LSCM. The obtained 3D interfacial
morphology was analyzed by differential geometry. The scalability was tested using curvature distributions. 3D
nanoimaging, that is, TEMT, was applied to examine the stability and dynamics of complex block copolymer (BCP)
morphologies, and novel structural data were directly assessed according to the 3D volume data. This review also examines
two essential developments in the time-dependent in situ electron tomography of polymer materials to study the dynamic
processes of BCPs. The 3D microscopy-based structural information renders an important perspective into the studies of
nonlinear nonequilibrium occurrences as well as the statistical physics of long-chain-bearing moieties.

Introduction

Polymer materials are a constant feature of contemporary
life. They come in multicomponent [1-4] and block copo-
lymer (BCP) varieties [5, 6]. Phase separation, however,
often occurs in multicomponent polymer materials owing to
repulsive interactions between the polymer constituents.
Increasingly, more studies are being undertaken on phase-
separated structures. This has been warranted partly due to
the need for new industrial materials and complex fluids.
The pattern formation and self-assembly of polymer blends
constitute the primary focus of research into nonlinear,
nonequilibrium phenomena [2, 3].

Altering a polymer blend from its single phase to the
two-phase or spinodal region by changing its thermo-
dynamic variables often causes the thermodynamically
unstable mixture to separate into two phases. This occurs
through spinodal decomposition (SD), during which a
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bicontinuous two-phase structure forms. This is usually
transient and occurs in different condensed atomic and
molecular systems including simple fluid mixtures, metallic
alloys, and inorganic glasses [1, 7]. Several scattering stu-
dies [8—17] on SD are available. These include the time
evolutions of structural properties, for example, the wave-
lengths of structures that have undergone phase separation.
During late-phase SD, excess free energy localizes at the
boundary between two phases, and the structure evolves to
reduce the system interfacial energy as well as the interface
area.

BCPs also phase separate into structures called “micro-
phase-separated nanostructures,” which form as a result of
chemical junctions within the polymer molecule. BCPs
cannot phase separate into micron-scale structures owing to
the covalent bonds between component block chains. Dur-
ing phase separation, these chemical junctions must be at
the interface while microdomain-forming blocks must
evenly fit into the attendant microdomains. As a result, BCP
morphologies are analyzed within the statistical purview of
long-chain-bearing moieties.

BCP nanostructures have certain topological properties
similar to those of other self-organized polymers including
surfactants and lipids. As a result, the notion of a constant
mean curvature (CMC) minimal surface has emerged [18]
to shed some insights into the durability of complex BCP
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nanostructures. The full characterization of surface topology
requires quantitative measurements of surface curvatures.
Some researchers aver that the area-averaged mean curva-
ture, (H), influences gross morphology (e.g., lamellar,
bicontinuous, cylindrical, or spherical), while the standard
deviation of the mean curvature distribution, oy, shapes the
mild durability of nanostructures including gyroid (DG),
double-diamond (DD), or hexagonally perforated lamellar
(HPL) morphologies. This consideration follows from the
notion of “packing frustration” [19]. The implication is that
when the interface moves toward a CMC, the mean cur-
vature will not be constant everywhere along the interface
because the microdomain-forming blocks must fit into the
space in the most entropically viable way.

Like SD in polymer blends, BCPs involve dynamic
processes. A representative example of such a dynamic
process is the order—order transition (OOT), which usually
associates epitaxially with the morphologies of the two
phases. The phase change associated with the DG mor-
phology (in terms of to and from) has been well studied
[20-23]. Such dynamic phenomena can be regarded as an
interfacial rearrangement from one topology to the other
and are likewise owing to the results of a subtle balance
between the interface minimization and packing frustration
of block chains. Consequently, interfacial morphologies and
their dynamic processes play significant roles in many
aspects of multicomponent polymers.

Morphological studies, including those related to inter-
facial morphology, of multicomponent polymeric materials
are usually conducted through scattering and microscopy
techniques. Transmission electron microscopes (TEMs),
optical microscopes, scanning electron microscopes, and
atomic force microscopes are frequently employed in
investigating these phenomena. The microscope’s hallmark
lies in its provision of real-space relationship characteriza-
tions depending on the scattering method. Although this
paper does not provide details associated with scattering
methods, to fully evaluate identifiable morphologies, these
data are initially attained by microscopy and then by scat-
tering to evaluate structural indices using a morphological
model obtained from the microscopy observations. This
underscores how microscopy and scattering complement
each other.

Yet, the complex nature of polymer (nano)structures, as
increasingly revealed through progress in polymerization
precision technologies [24-27], underscores the difficulty
associated with identifying complex morphologies. This is
largely owed to the fact that conventional microscopes only
generate two-dimensional (2D) images of three-dimensional
(3D) objects. Such 2D images are of no use as the (nano)
structures become more and more intricate. This
makes interpreting the associated scattering data
difficult. Hence, only novel microscopy techniques with a
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3D image-rendering capacity such as transmission electron
microtomography (TEMT), X-ray computed tomography
(CT) and laser scanning confocal microscopy (LSCM) are
used. Thus, microscopy and scattering are complementary.
Although studies using X-ray CT are not described here, the
technique is very useful to observe the 3D structures of
polymer systems at the micron-scale [28, 29].

This article is structured as follows: The next section
engages the time evolution of the 3D bicontinuous interface
of a polymer mixture undergoing phase separation during
late-stage SD. LSCM was utilized to visualize the complex
interface topology for the first time. In the section “Inter-
facial morphologies of block copolymers,” complex 3D
interface morphologies of various BCPs, including the DG
morphology and an intriguing double-helical structure of a
triblock terpolymer, are presented. The interfacial curvature
distributions of a bicontinuous DG morphology were
directly assessed to demonstrate that the DG interface does
not show CMC and to demonstrate the relevance of packing
frustration to stabilizing nanostructures. Double-helical
nanostructures and complex grain morphologies from the
simplest BCP morphology to the lamellar morphology are
also examined in 3D. The dynamic processes in BCPs are
presented in the penultimate section. The OOT between G
and cylindrical morphologies has been extensively studied,
and a new epitaxial pathway has been discovered. Finally,
recent key developments in TEM for in situ direct imaging
of BCP dynamic processes are also discussed.

Interfacial morphologies of phase-separated
structures in polymer blends

Direct 3D visualization of phase-separating
bicontinuous structures

This section describes real-space 3D observations asso-
ciated with the bicontinuous structure of a polymer blend
undergoing phase separation. It uses a binary mixture of
deuterated polybutadiene (DPB) and polybutadiene (PB).
Jinnai et al. [30] have provided extensive information
concerning the DPB/PB mixture such as its molecular
characteristics, phase diagram, and sample preparation.
Thermally annealing the mixture led to a bicontinuous
structure that evolved according to SD. After phase
separation, LS experiments were conducted [30]. As the
phase-separated structure grew, the scattering maximum
shifted toward small wavenumbers reflecting the structural
growth during the time range the LSCM experiments were
performed in which the amplitudes of changes in con-
centration reached equilibrium. Figure 1 displays the time
evolutions of the 3D phase-separated structures at three
annealing periods, matching those of the structures during
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Fig. 1 LSCM figures indicating the time development of bicontinuous
structures for the DPB/PB blend at a critical composition. The 100 x
100 x 50 pm3 images were obtained (a) 1675, (b) 2880, and (c)
4860 min after the onset of SD at 40 °C. The figures only show the
fluorescence-labeled PB-rich phase, as the DPB-rich one is

K, (<0)

Point of Interest, p

Fig. 2 Meaning of surface curvatures. The strong line at a point of
interest, p, is a planar-beaded path. The chief bends at p are char-
acterized as the maximum and minimum curvatures. Note that the
curvature is signed; that is, the curvature is positive when the center of
the curvature radius is placed on one side and negative when placed on
the other side. The mean curvature, H, and the Gaussian curvature, K,
are defined by Eq. (1). (Reprinted with permission from Y. Nishikawa
et al. Langmuir 14, 1242-1249. Copyright (1998) American Chemical
Society)

late-stage SD. It also shows the bicontinuous and inter-
penetrating nature of the phase-separated structure.

Curvature distribution measurements

Two principal curvatures, the mean and Gaussian curva-
tures, reflect the curvatures at an arbitrary point on a surface
[31]. Figure 2 schematically defines a planar-curved path
passing through a point of interest (POI) on the surface from
which the two principal curvatures, that is, x; and x, are
defined [30].

The mean curvature, H, and the Gaussian curvature, K,
are defined as,

kit K

H
) )

K:Klkz. (1)

transparent. Some portion of the structure in b was expelled to
demonstrate a cross-section of the 3D structure. (Adapted with per-
mission from H. Jinnai et al. Langmuir 16, 4380-4393. Copyright
(2000) American Chemical Society)

They are determined at point p. K refers to the surface
contour, which is elliptic, parabolic, or hyperbolic when
K>0, =0, or <0, respectively. Two computational methods
founded on differential geometry are used to determine the
local curvatures from 3D images [32, 33]. One entails
measuring surfaces areas parallel to the interface from which
the mean area, (H), and Gaussian, (K), curvatures may be
determined (not shown here) [32]. The other involves
measuring curvature distributions determined by calculating
curvatures at several points on the interface [33]. Although
the former, called the “parallel surface method,” is simple, it
only provides area-averaged curvatures. Although the latter,
called the “sectioning and fitting method” (SFM), demands
heavy computational power, it contrastingly offers abun-
dantly detailed information about interfacial shapes [33].

Curvature distribution measurements of phase-
separating bicontinuous structures

Since SFM renders local surface curvatures at specific
points on a surface, the joint probability density, P(H, K;f),
at any given time, ¢, may be determined. Figure 3 shows P
(H, K;f) of the DPB/PB mixture at t = 1675 min, which has
an attribute functional form: (i) The majority of the calcu-
lated points (more than 90%) lie in the K<O region,
meaning that the bicontinuous interface is anticlastic. (ii)
The probability of K> 0, corresponding to the elliptic sur-
face, is small. Finally, (iii) the observed probability density
fulfills the relation K < H”. From P(H, K;t), the marginal
probability densities of the mean curvature, Py(H;f), and the
Gaussian curvature, Pg(K;t), are calculated as follows:

Py(H;t) = /P(H,K; 1)dK, (2)

SPRINGER NATURE



1124

H. Jinnai

RMED

Fig. 3 Bird’s-eye view of the joint probability density of a DPB/PB
mixture at t= 1675 min. P(H, K;f) was obtained by sampling ca. 2 x
10° randomly chosen surface points. Normally, the whole surface is
comprised of approximately 2 x 10° surface foci. We guaranteed that
the quantity of foci utilized for deciding P(H, K;f) was satisfactory so
that the state of the appropriation was invariant with additional testing.
Py(H;t) and Py(K;f) are also shown. The discontinuous parabolic line
shows K=H”. (Reprinted with permission from H. Jinnai et al.
Langmuir 16, 4380-4393. Copyright (2000) American Chemical
Society)

and

Px(K;1) = / P(H,K;1)dH. (3)

Figure 4 demonstrates the time evolution of Py(H;f) and
Py(K;t). Py(H;t) appears symmetric about H =0, suggest-
ing that the system follows the most reasonable low-
free-energy evolution path during SD. The full-width at
half-maximum of Pgy(H:f) diminished; subsequently, the
portion of the distribution showing small |H| increased with
t. As mentioned above, Px(K;f) is distributed mostly in the
K <0 region, demonstrating again that the interface is
hyperbolic regardless of . The portion of small |K| likewise
increased as time elapsed [3]. The increments in the parts of
|H| and Pg(K;r) propose an expansion in the normal range
of curvature of the spinodal interface, that is, the interface
moved toward becoming smoother with ¢ .

Dynamic scaling analyses by the structural factor, S(g/
gms 1) (g 1s the g at the scattering maximum), have been
conducted many times. Several studies have highlighted the
self-similar growth of the global structure, captured through
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Fig. 4 Time evolution of a Py(H;t) and b Pg(K;t) for the DPB/PB
mixture during late-stage SD. (Reprinted with permission from H.
Jinnai et al. Langmuir 16, 4380-4393. Copyright (2000) American
Chemical Society)

the scattering maximum, A (f) =27/q,. Whereas curva-
tures, reflected in the local shape of the structure, and S(g, t)
show an inherent relationship, which is not at all clear on a
general level. Therefore, it is unclear whether the local
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shape of the interface actually conforms to the dynamic
scaling law.

To test the dynamic scaling law of the local structure, for
instance, the curvature probability densities were deter-
mined through the interfacial area per unit volume, X(f),
along the length of the bicontinuous structures. The scaled
probability densities of H, i’H(I:I; t), and K, PK(f(; t) are
obtained by,

Py(H;t) = X(1)Py(H;1), Px(K;t) = (1)’ Px(K;1).

(4)

Here, H=HY"and K = K2

The scaled probability densities are plotted against ¢ in
Fig. 5. They fell nicely onto individual master curves both
for H and K, demonstrating that the dynamic scaling law
holds for interfacial curvatures as well. Figure 2 is
remarkable because it shows the dynamic self-similarity of
both the global structure and the local shape of the spinodal
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Fig. 5 Scaled probability densities a Py (H;t) and b Py (KH; 1) for the
DPB/PB mixture in the late stage of SD. (Reprinted with permission
from H. Jinnai et al., Langmuir, 16, 4380-4393. Copyright (2000)
American Chemical Society)

interface. Furthermore, the probability densities derived
here should be universal to many condensed matter systems.

Dynamics of the spinodal interface

It is a fundamental question to investigate which aspects of
spinodal interfaces are less stable and hence will change
more rapidly during phase separation. Strictly speaking, the
time evolutions of spinodally decomposing structures of
exactly the same volume for a sufficiently small time
interval should be studied to answer such a question.
Although we did not follow the changes in morphology for
the same observation volume, it is remarkable to examine
the dynamics of spinodal interfaces vis-a-vis curvature-
associated time changes. In this case, the time interval, At
=2880 — 1675 = 1205 min.

Since probability densities often vary, one may examine
differences associated with such variations at two-phase
separation times (1675 and 2880 min), that is, AP(H, K;
Ar)=P(H,K;t=2880) — P(H, K;t=1675). If At becomes
infinitely small, AP(H, K;Ar) becomes JP(H, K;r)/ot.
Depending on the sign of AP(H, K;Af), one can determine
the stability of the interface. Namely, if AP(H, K;At) <0, it
means that the part of the interface at = 1675 min
decreases its frequency and will be changed (at
t = 2880 min).

Figure 6 reveals a portion of the spinodal interface at
t = 1675 min. The dots in Fig. 6 reveal unbalanced aspects
of the spinodal interface conforming to negative AP(H, K;
A¥). Part of the interface marked by circle “A” in Fig. 6 is an
elliptic surface, as reflected by the positive Gaussian cur-
vature. The mean curvature at this part of the interface was
negative, meaning that it was curved inward relative to the
DPB-rich domain and also that the pressure of the DPB
phase was higher than that of the PB phase (based on the
reasoning from the Laplace equation [34]). For the interface
to relax such local pressure differences, the interface must
be a planar surface so that |[H| decreases.

As marked by circles “B” and “C,” other interfaces show
negative K. Such interfaces show constricted shapes and a
huge negative K, especially at the constricted part, “B”
(“bridge”), where H was a relatively large positive number.
Thus, the hyperbolic interface showed a larger principal
radius of curvature, whose osculating circle center was
located in the PB domain, than did the other interface. Such
a cylindrical thread of fluid is unstable with regard to sur-
face waves whose lengths exceed the cylinder cir-
cumference. The fluctuations in capillary waves gather
capillary pressure gradients that move the thread, thereby
forming fluid from thinner thread portions and eventually
fragmenting into several spherical droplets arranged toward
the thread. The bridge would be pinched off (like the
interface marked by circle “C”) owing to the capillary

SPRINGER NATURE



1126

H. Jinnai

047 0.0 047 (um-)

Fig. 6 Segment of DPB/PB blend spinodal interface at 1= 1675 min
(box estimate: 18.3* um®). The phase-separated domains facing the
bright and dark sides of the interface are DPB and PB domains,
respectively. The spots relate to the segment of the interface having
AP(H, K;Ar) <0. Pseudocolors from red to blue indicate a the local
mean curvatures in units of um~' and b the local Gaussian curvatures
in units of um™> for the interface at #= 1675 min. The scale bar is

pressure gradients. Once the bridge breaks up, it will split
into a pair of elliptic surfaces, that is, corns, facing one
another. The Gaussian curvature would abruptly turn posi-
tive, and the elliptic surfaces would become flat interfaces
like the interface marked by “A.” The curvature distribution
should be a sensitive yardstick for assessing how phase
separation works [30].

Interfacial morphologies of BCPs

BCPs show intermittent nanostructures as a result of the
immiscibility between the different sequences [5, 6]. Some
classical BCP nanostructures include A(B) spheres on
body-centered cubic lattices in B(A) matrices, A(B) cylin-
ders on hexagonal lattices in B(A) matrices, and coalter-
nating lamellae. Of great interest is many complex
(bicontinuous) nanostructure morphologies including HPL,
DG, and DD [18, 35-39]. Figure 7 highlights a type of DG
morphology observed using TEM. Such nanostructures may
form amid cylindrical and lamellar morphologies when the
copolymer composition, f, develops in a narrow range.

As mentioned in the first section, complex nanostructures
like those in BCPs form in surfactants and lipids as a result of
surface development with the CMC, which reduces interac-
tions amid immiscible molecules [40]. The fact that BCP
nanostructures have similar features has led to the emergence
of the concept of CMC minimal surfaces [18] to explicate the
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-0.33 0.0 0.11 (um-2)

5 um. The interface labeled “A” shows a part demonstrating a concave/
convex surface becoming a flat surface with time. The circles marked
“B” and “C” indicate “bridges” associating two nearby domains. These
parts will break up during SD, thereby reducing the interface area.
(Reprinted with permission from H. Jinnai et al. Langmuir 16,
4380-4393. Copyright (2000) American Chemical Society)

stability of complex BCP nanostructures. On the basis of self-
consistent field theory (SCFT), Matsen and Bates [41, 42]
have averred that the area-averaged mean curvature, (H), and
oy are significant factors when discussing the stability.
Despite their apparent importance, neither (H) nor oy has
been experimentally evaluated. TEMT is one of the best
methods (and could be the only one) to measure surface
curvature. The classic study by Spontak et al. [43] has led to
the use of TEMT for the direct visualization and structural
determination of complex BCP morphologies [44-72].
Although TEMT is a very potent microscopy technique for
studying complex nanostructures, technical issues limiting
full object rotation makes it less quantitative. Kawase et al.
[73] have demonstrated that a rod-shaped polymer-
nanocomposite-derived specimen can be fully quantitatively
measured by completely rotating the specimen. They have
also noted that reasonably accurate quantitative measure-
ments, for example, a 10% error in the volume of one of the
BCP constituents, can be achieved using a conventional 150-
nm-thick plate-like specimen in the £70° tilt range.

Direct visualization of a bicontinuous interface
gyroid

This section describes the use of a poly(styrene-block-iso-
prene-block-styrene) (SIS) triblock copolymer. The experi-
mental details and TEMT measurements have been well
reported in the literature [44, 74, 75].
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copolymer. Attributable to recoloring, isoprene-rich areas are electron
opaque and appear dark. Highly periodic nanostructures are shown

Figure 8a shows a reconstructed 3D image of the
microphase-separated SIS triblock copolymer nanos-
tructure. The evident light and dark networks in Fig. 8a both
reflect the PS microphase. They are distinctly shaded to
show that the two PS channel networks never interconnect.
The PI microphase is transparent to ensure clarity. The
crystallographic analysis of the SIS triblock copolymer
reveals that the microphase-separated nanostructure shows
DG morphology.

Figure 8b shows a model bicontinuous morphology
generated from the Schoen G surface. The microphase-
separated SIS copolymer nanostructure may be
mirrored with the styrene volume fraction, f5=0.33,
by forming a new model interface through interpretation of
the Schoen G interface with its normals direction equidi-
stant to all points [33]. The resultant morphology is
an approximate model of the hypothetical CMC interface
and serves as the constant-thickness model [37]. The 3D
morphologies in Fig. 8 were subject to interfacial curvature
distributions.

Displayed in Fig. 9 is a surface contour representation of
the joint probability density, P(H, K), of the DG morphol-
ogy. The marginal probability densities of the mean and
Gaussian curvatures, Py(H) and Pg(K), respectively, are
included [33, 76]. Figure 9 shows that a large portion of the
interface (77%) has K <0, showing that the two main cur-
vatures (x; andx,) have opposite signs, akin to those
observed for the polymer blend shown in the second sec-
tion. From Fig. 9 it can be qualitatively inferred that
because H is not constant at all the interface points, the

periodic length

Fig. 8 a Transmission electron microtomograph of an SIS triblock
copolymer DG morphology. b The corresponding CT model based on
a Schoen gyroid surface. Nonintersecting light and dark channels
relate to the minority microphase (PS in the SIS copolymer), while the
majority part (PI) microphase is transparent. The edge of each cube is
twice the periodic length, and the top cross-section recognizes the
(001) plane. The lattice constants (a—c) of this nanostructure are a =
78 nm, b=71nm, c¢="74nm, respectively. (Reprinted with permis-
sion from H. Jinnai et al. Phys. Rev. Lett. 84, 518-521. Copyright 2000
by the American Physical Society)

CMC representation does not accurately represent the DG
morphology.

Figure 10a shows the interfacial curvature probability
densities of the SIS copolymer DG morphology, while
Fig. 10b shows those of the CT model surface. For com-
parison Py(H), Px(K), and P(H, K) are scaled with respect
to Z in a similar manner as for the polymer blend:

Py(H) = 2Py(H), Px(K) = 2*Px(K) (5)
and
P(H,K) = P(H,K)Z’. (6)

Here, H=HX ' and K = KX 2. The evaluation of the
scaled probability densities in Fig. 10a shows that a portion
of P(H,K) for the SIS DG morphology possesses H<0 and
K>0, hinting that the interface is elliptically curved inward
with respect to the isoprene microphase. This interfacial
concavity is not obvious from the CT model in Fig. 10b, in
which nearly all the measured points possess K<0. Thus,
the SIS copolymer DG morphology is significantly different
from the mathematical DG surface.

Because interfacial tension is the factor dominating the
structural formation in microphase-separated BCPs, Tho-
mas et al. [18] have advanced the idea that complex
microphase-separated nanostructures develop within BCPs
aligned with area-minimizing surfaces. In contrast, Matsen
and Bates [41, 42] have observed that a relevant but often
neglected factor in BCP nanostructure stability is packing
frustration [19]. In order for certain blocks to uniformly fill
space, self-adjustment occurs at interfaces, thereby pre-
venting blocks from overstretching. This makes interfaces
veer from the CMC. In this case, oy provides a measure of

SPRINGER NATURE
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Fig. 9 Surface contour representation of the joint probability density,
P(H, K), measured from the SIS triblock copolymer DG morphology.
The marginal probability densities, Py(H) and Pg(K), are also shown.
The dashed parabolic curve represents K = H>. The curvature was
arbitrarily chosen to be positive when the osculating circle center
resides within the PI microphase. (Reprinted with permission from H.
Jinnai et al. Phys. Rev. Lett. 84, 518-521. Copyright 2000 by the
American Physical Society)

the packing frustration and nanostructural stability.
Although (H) and oy are predicted and are only obtainable
for diblock copolymers [42], it is useful to relate the
experimental interfacial curvatures generated in this report
with the theoretical ones predicted by SCFT calculations.
The undisturbed statistical end-to-end distance of the SIS
triblock copolymer, Ry, was estimated as 22nm [76]. The
probability densities derived for the DG morphology in
the SIS copolymer yielded (H)=0.034nm™' and o=
0.042 nm ™', which likewise can be represented as (H) = 0.74
Ry! and 6 =0.91R;"!. Assuming that the undisturbed chain
length, Ry, does not vary, (H) and oy from the DG mor-
phology CT model are 0.92R;' and 0.55R;", respectively.
According to SCFT predictions [42], for an AB diblock
copolymer with fy = 0.34, (H) =0.70 and 6y =0.12 at yN =
20. Here, y represents the Flory—-Huggins interaction para-
meter and yN is a measure of the copolymer segregation
power. yN for the SIS triblock copolymer is approximately
64. Hence, (H) obtained from the probability densities in
Fig. 10a for the SIS triblock DG morphology agrees rea-
sonably with that predicted by the SCFT; however, the oy
derived in this report was higher than that predicted by SCFT.
This discrepancy is owing to noise or to an imperfect angular
tilt range embedded within the TEMT reconstruction or,
otherwise, to the huge difference in yN (Matsen and Bates
[42] have predicted that oy should increase with increasing
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xN). The BCP molecular architecture, that is, triblock (in this
work) vs. diblock (in theory), and BCP molecular and com-
positional distributions likewise could account for the dis-
crepancy. Further analysis of these experimental parameters,
which influence oy, is required to achieve a valid contrast
between the experimental and theoretical results.

In addition to the DG morphologies described above,
some complex BCP 3D structures have been studied using
TEMT. Such examples include morphological studies of
HPL [55] and DD [67] structures. In the case of HPL, the
differentiation of AB-type and ABC-type stacking has been
successfully carried out [55]. The stability and 3D mor-
phology of DD structures have also been discussed in the
literatures [67, 77-79]. Chu et al. [67] presented the first
real-space observation of a thermodynamically stable DD
structure in a syndiotactic poly(propylene-block-styrene).

Helical structures in ABC triblock terpolymer

A stimulating example of a complex morphology formed in
BCPs is the twofold helical structure of polystyrene-block-
polybutadiene-block-poly(methyl methacrylate) triblock
terpolymer (SBM) [62]. Following the elucidation of the
double-helical DNA structure [80], the helix has drawn
attention because of investigations into its molecular
structure [81-85]. In materials science, a significant volume
of studies has focused on the artificial formation and reg-
ulation of helical structures [81-83, 86].

Depicted in Fig. 11 are TEM micrographs of the SBM
triblock terpolymer. The parallel dark-gray regions are
Os0Oy-stained PB microdomains, while the white and light-
gray regions may be poly(methyl methacrylate) (PMMA) or
PS microdomains. As revealed by the TEM images, PS
cylinders and PB helical microdomains are hexagonally
packed within the PMMA matrix. It is important to point
out that the SBM terpolymer does not have a chiral entity in
the constituent blocks (i.e., they are achiral), while the other
systems exhibiting similar helical structures have chirality
of the chemical compounds that is considered to be the main
driving force of the formation of a helical structures.

Figure 11a unmistakably indicates left-handed and right-
handed twofold helical structures. In contrast to the research
summary regarding the same triblock copolymer by Krappe
et al. [81], the SBM triblock terpolymer has a “twofold”
helical structure instead of a four-stranded one. Surprisingly,
the number of left-handed and right-handed helical struc-
tures were similar. Although the structural sequence seems
arbitrary in regards to the helical sense, it is possible that
neighboring pairs take contrasting helical configurations.
TEMT alone offers detailed features of helical structures.

Helical “mesostructures” are increasingly gaining popu-
larity [85-88]. We note that various morphological controls
such as pitch [89], number of helical domains [89],
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Fig. 10 Contour map of the scaled joint probability density, P(H,K),
and its marginal probability densities, Py (H) and Px (K), for a the SIS
triblock copolymer DG morphology and b the G surface constant-
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thickness model. (Reprinted with permission from H. Jinnai et al.
Phys. Rev. Lett. 84, 518-521. Copyright 2000 by the American Phy-
sical Society)

Fig. 11 TEM micrographs of an SBM triblock terpolymer demon-
strating its two agent morphologies. OsOy-recolored PB microdomains
show up in black. a, b Two delegate shapes of the SBM terpolymer.
Schematically appearing in the inset of b, the PS chambers and PB
helical microdomains are hexagonally contained in the PMMA fra-
mework. 3D twofold helical structures appear at the highest point of
the TEM picture in a. Left-handed and right-handed twofold helical
structures appeared as blue-red and green-yellow helixes, respectively.
The spatial arrangement of the left-handed and right-handed helixes

orientation of helical structures on the substrates [63], and
the incorporation of gold nanoparticles [70] have been
demonstrated for the SBM terpolymer. Although control of
the helical property has since not been reported for the SBM
terpolymer, it has been demonstrated in other BCP poly-
mers [90, 91].

are shown by blue and yellow circles, respectively, in b. ¢ Structural
measurements, for example, helix pitch, d, and helix distance across,
D. TEM and TEMT 3D perceptions were completed utilizing a JEM-
2200FS (JEOL Co., Ltd., Japan) operated at 200 kV. A series of TEM
images were acquired at tilts in the range +75° at 1° intervals. The
experimental details can be found elsewhere in the literature [62].
(Reprinted with permission from H. Jinnai et al. Macromolecules 43,
1675-1688. Copyright (2010) American Chemical Society)

3D interfacial morphology of complex local
structure: grain boundaries

Although microphase-separated nanostructures are not as
complicated as the DG and helical morphologies described

in the previous sections, one can find complex BCP
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L

Fig. 12 TEM micrograph of an SI diblock copolymer. The contrasting
domains correspond to PI and PS nanodomains. The dashed line
represents an axis around which the region marked by the ellipsoid
was tilted. The little dots are 5-nm-diameter Au nanoparticles. The
scale bar designates 200 nm. (Reprinted with permission from H.
Jinnai et al. Macromolecules 39, 5815-5819. Copyright 2006 Amer-
ican Chemical Society)

morphologies. One such representative example is the
boundary region between two adjacent grains. The mor-
phology of boundary regions [92-94] amidst grains greatly
influences the mechanical, electrical, and diffusional prop-
erties [95, 96] of BCPs. This is an “old” but somewhat
“unsolved” problem in BCP morphological studies, where
TEMT plays a critical role.

Although important, the 3D continuity of each micro-
domain at the grain boundary is nontrivial. As a problem in
lamellar grain boundary morphology, the twist grain
boundary (TGB) at which two lamellar nanodomains
orthogonally converge remains unsolved. A 2D intermittent
negligible surface, the principal Scherk surface, was once
theorized as a model of such a grain limit morphology;
however, it has only been tentatively discovered. Figure 12
presents a TEM micrograph of a poly(styrene-block-iso-
prene) (SI) diblock copolymer. As set apart by an ellipsoid,
a crosshatched area normal to the TGB was observed.

Depicted clearly in Fig. 13a is the 3D surface-rendered
image of the TGB. The upper and lower lamellar nanodo-
mains intersect nearly perpendicularly. The lamellar nor-
mals are schematically shown by ¢; and ¢,. ¢, is aligned
with the X-axis. The twist angle, y, was 88°, within the TGB
category—at least experimentally. The tilt angle, S, was
25°. Note that the ideal TGB has = 0°.

Figure 14a, b show TEMT images of the TGB viewed
from two different angles, while Fig. 14c, d show TEMT
computer-generated first Scherk surfaces observed from

SPRINGER NATURE

Fig. 13 a Surface-rendered 3D image of a grain boundary in an SI
diblock copolymer. The interface is colored gray on one side and white
on the other. The nanodomain looking toward the gray side is the PI
nanodomain, while the PS nanodomain is toward the white side.
Lamellar normals of the upper and lower grains are displayed by
arrows. The tilt and twist angles between the two lamellar grains are
demonstrated in b, in which the normal of the lower lamella, ¢;, lies
along the X-axis. (Reprinted with permission from H. Jinnai et al.
Macromolecules 39, 5815-5819. Copyright 2006 American Chemical
Society)

(a) (b)

Fig. 14 Experimentally observed SI diblock copolymer grain bound-
ary viewed from the a side and b top. Corresponding first Scherk
surfaces are shown in ¢, d. In d, the bold boxed region shows the unit-
cell top view. (Reprinted with permission from H. Jinnai et al.,
Macromolecules, 39, 5815-5819. Copyright 2006 American Chemical
Society)

directions similar to those in Fig. 14a, b, respectively. The
first Scherk surface was generated using the following
equation and the Cartesian coordinates (x, y, 7) [92].

€XpZCOSX = COSY. (7)

The observed TGB appeared quite similar to the first
Scherk surface (especially as shown in Fig. 14b, d). The
area-averaged curvatures of the interface between the PI and
PS microdomains and the interfacial area per unit volume
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were determined experimentally. From these data, the
experimentally obtained grain boundary morphology
showed characteristics of a saddle-like hyperbolic surface
quite similar to the first Scherk surface [51].

Single-chain conformation inside microphase-
separated nanostructures

BCP subchains are packed into microdomains such that
their chemical junctions are oriented at the interface.
Although BCPs usually form highly periodic nanos-
tructures, because of these topological constraints, the
subchains are sometimes clumsily arranged in the nanodo-
mains (i.e., “packing frustration”) [41]. The morphology,
then, is ultimately determined by the balance between
subchain interaction (i.e., enthalpy) and subchain frustration
(i.e., entropy). In the section “Direct visualization of a
bicontinuous interface gyroid” and Fig. 10, the experi-
mentally obtained and theoretically simulated DG interfaces
are quantitatively compared based on the interfacial curva-
tures. Let us now consider this problem at the molecular
level.

As a result of packing frustration stemming from chains
deviating from their default conformations, attempts have
been made to visualize bulk chain conformations [97-102]
and chain conformations in restricted dimensions
[103-105]. Small-angle neutron (or X-ray) scattering has been
used to assess the gyration radii of subchains in lamellar-
framing BCPs [97-100]. The results show that subchains
laterally interpenetrate less than they interpenetrate normal to
the interface. The obtained R, is, however, an average, while
it is inherently local. Different simulation techniques have
been independently used to investigate the conformations of
specific chains in nanodomains [106-108]. Aoyagi et al.
[107], for instance, have evaluated the proportion of bridge to
loop conformations in the lamellar domains of an ABA-type
triblock copolymer using the SCFT [109-111] and coarse-
grained molecular dynamics [106, 112] simulations. The tri-
umph of their investigations shows that the degree of colla-
boration between experimental and simulation results may be
enhanced.

Figure 15a shows a TEM micrograph of BCP lamellar
morphology, and Fig. 15b, ¢ correspond to 3D images
obtained from the same BCP. The two cubes, A and B,
demonstrated in Fig. 15¢ designate the areas assessed using
3D SCF simulations. The flat (A) and bent (B) lamellae
correspond to the equilibrium lamellar morphology and the
grain boundary, respectively. The experimentally obtained
3D interfaces were further used as the “boundary condition”
for the SCF simulation, from which the subchain con-
formations were estimated [113]. The estimated R, was
consistent with the previous theoretical [109, 114] and
experimental [99] results.
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Fig. 15 Figures obtained by a TEM and b, ¢ TEMT. The scale bars in
each figure show 300 nm. The white broken lines in a, ¢ demonstrate
the boundary between two grains, while the squares in ¢ show the
areas contemplated utilizing SCF recreations. d Single-chain dimen-
sion in twisted lamellar spaces. The density of the PS fragments
anticipated on the plane appears as a graded shading, and the appro-
priation of individual chains, ¢ngl(r), appear as the yellow shape. A
JEM-1010 transmission electron microscope (JEOL, Co., Ltd., Japan)
was operated at a 100kV acceleration voltage. The pictures were
obtained at tilts in the range +60° in 2° increments. (Reprinted with
permission from H. Morita et al. Macromolecules 41, 4845-4849.
Copyright 2008 American Chemical Society)

Shown in Fig. 15d is the outcome of the complete seg-
ment density distribution, ¢giee(r), of the PS subchain at
the bent lamellar interface. The isodensity surface corre-
sponding to a Specific @ingle(T), in turn corresponding to the
“shape” of the PS subchain, is shown as a yellow surface.
Interestingly, the PS subchain of the right-hand side chain
appears more stretched than that of the left-hand side chain,
probably as a result of interfacial curvature. In this area, the
subchains are subjected to an extending or packing power
emerging from the additional SCF angle because of inter-
facial arching. Thus, by combining TEMT and computer
simulation, localized subchain conformations can be ana-
lyzed at particular points in the real domain. This method
should foster a better understanding of the self-assembled
nanostructures while enhancing materials science.

Dynamic processes in BCPs

As shown using some examples in the previous section,
TEMT does not require any conventional preconditions to
acquire 3D images. Indeed, the first two examples described
in the section “Interfacial morphologies of block
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copolymers” show that TEMT is a very potent tool for
investigating “static” polymer nanostructures. Nevertheless,
3D “snapshots” may be employed in some situations to
investigate dynamic processes of polymer nanostructures.

Order-order transition in BCPs

BCPs undergo OOTs, which are usually epitaxially associated
with two-phase morphologies [20, 21, 23, 36, 55, 115-117].
A profoundly investigated example is the OOT from or to the
DG structure, which is significantly more fascinating than
other OOTs owing to the structural complication of the DG
phase.

Figure 16 displays digitally cut TEMT and TEM images
of a DG/hexagonally packed cylinder (HEX) SI-copolymer

Fig. 16 a 3D reconstructed image of coexisting G and HEX structures.
The hexahedron is 400 x 200 x 80 nm (X, Y, Z). Here, Z is the direction
of the incident electron beam, and X—Z is the film plane (i.e., substrate
surface). Only the PS domain is represented. b A TEM image of the
sample region from which 3D image was reconstructed (boxed area).
c—f Illustrated cross-sectional hexahedron figures. The polyisoprene
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transition structure [60]. Figure 16b clearly shows the grain
boundary between coexisting DG and HEX phases. HEX
cylinders are placed laterally to the X-axis, while the {111}
pg plane is clear. To better comprehend the 3D nanos-
tructural morphology of the coexisting DG and HEX pha-
ses, many digitally cut images were derived from the
hexahedral cross-section. Figure 16e displays an image of
the HEX phase oriented perpendicular to the cylinder axis
and an image of the {220}pg plane oriented orthogonal to
both the {121}pg and {111}pg planes. The results show
that the HEX cylinder axis is perpendicular to the {220}pg
plane and parallel to both the {121} pg and {111} pg planes,
as evident in Fig. 16¢, d. Figure 16¢c shows the coexisting
{10}gex and {121}pg planes. Figure 16d is a magnified
version of the image in Fig. 16b; the former clearly

(PI) block was stained with OsO,4 and appears darker. TEM and TEMT
3D images were obtained using a JEM-2200FS (JEOL Co., Ltd.,
Japan) operated at 200 kV. The details can be found elsewhere in the
literature [60]. (Reprinted with permission from H.-W. Park et al.
J. Am. Chem. Soc. 131, 46—47. Copyright 2009 American Chemical
Society)



Interfacial morphologies and associated processes of multicomponent polymers 1133

Fig. 17 a Simulated projection along (111)ps. The two individual
gyroids are represented by various dark tones. The two different types
of cylinder axis loci are represented by solid and dotted circles.
b Simulated projection along (220)pg. The cylinder axis loci are

demonstrates the coexisting {11}ygx and {111}pg planes.
Thus, the evidence clearly shows that the {121}pg and
{111} pg planes had transitioned into the {10}ygx and {11}
HEx ones, respectively. This type of epitaxial transition path
has not been previously observed.

Matsen [20] has simulated the OOT between DG and
HEX phases and proposed a plausible mechanism for how it
occurs. The (111)pg axis is converted to the “side-on” HEX
cylinder axis. As depicted in Fig. 17a, the estimated OOT
along the (111)pg path shows a threefold symmetry, and
the loci corresponding to the emerging HEX cylinder axes
(shown by small circles) are not structurally even but are of
two distinct types (shown by solid and dotted circles in
Fig. 17a). Tripodal skeletons of two individual gyroids must
be joined to form a HEX cylinder at the loci shown by the
dotted circles.

Governed by the transitional mechanism described in this
section, HEX cylinders are laterally molded in the (220)pg
direction (i.e., “head-on”). As shown in Fig. 17b, the
symmetry of the {220}pg projection is marginally mis-
shapen from the hexagon on the right. In contrast to how the
cylinder axis develops along the (111)pg path [20, 23, 118],
the cylinder axis will instead develop through the joining of
two individual gyroid skeletons because all the loci are
topologically equivalent [60]. Although the emerging
hexagon is somewhat distorted, the {121}pg plane will
transition to the {10}ygx plane without any agitation.
Interestingly, the OOT path inversion, that is, from HEX to
DG, will lead to side-on epitaxy and head-on relationships
[119].

One of the marked properties of the aforementioned
OOTs is that they occur in thin films. The surface
interactions of BCPs tend to have a greater influence on
phase transitions in a thin films than they do in bulks.
How the OOT behaves in a thin films as opposed to in
bulks has already been studied. Park et al. [55] have
shown that in phase transitions of HPLs, DG and HPL

represented by circles. In the (220)pg-oriented cylinder axis devel-
opment mechanism, all the loci are identical. (Reprinted with per-
mission from H.-W. Park et al. J. Am. Chem. Soc. 131, 46-47.
Copyright 2009 American Chemical Society)

layers developed along the {121}pg plane in thin films;
while in the phase transitions of shear-oriented bulks, the
layers do not show any such methodical conversion
[115, 116]. Furthermore, HPL layers may connect to the
{111}pg plane in the DG/HPL bulk grain boundary
structure [120], which is not well suited to the epitaxially
associated HPL layers and the {121}pg plane in thin
films [55]. Hence, the BCP OOTs require additional
investigation. TEMT is therefore critical because it ren-
ders epitaxial relationships between preexisting and
newly formed microdomains as well as processes for
rearranging microdomains [60, 118, 121].

Recent developments in electron microscopy toward
in situ 3D observations of dynamic processes

As discussed in the previous section, altering the tempera-
ture or pressure or applying an external field structurally
changes BCP nanostructures. OOTs are analyzed by first
freezing specimens and then observing boundary structures
between extant and freshly formed nanostructures. In the
OOT between DG and HEX structures, two epitaxial phase
transition paths exist based on the OOT path. Under-
standing such complex processes requires the ability to
conceive structural changes in situ over time.

Developing time-dependent 3D nanoimaging is the epi-
center of several studies. In the field of lanthanides, for
example, ultralow-dose electron tomography showing a 3.5-
s temporal resolution has been demonstrated [122]. Because
dynamic processes in polymers are often slow, the required
resolution falls within the order of minutes. An inherent
obstacle to in situ analysis is that samples usually must be
first stained to enhance contrast under the electron beam,
whereas, although staining is usually operational in TEM
polymer structural observations [123], it may mar in situ
dynamic imaging. In addition, staining may slightly alter
morphologies [68].
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Fig. 18 a STEM picture of an unstained SI BCP acquired utilizing an
accelerating voltage of 200kV and a convergence angle of 6.8 mrad.
Electrons scattered up to 14.5 mrad were utilized to create the 2D
STEM picture. b Digitally cut pictures recreated in the locale encased
by the yellow square in a by b FBP and ¢ TVR-DART calculations.

Therefore, as a means of enhancing contrast, therefore,
STEM has been put forward [124]. It is possible to enhance
contrast owing to small variations in density among poly-
mers by using a relevant combination of electron beam
convergence and scattered electron detection angles in
STEM. Other approaches to enhancing contrast, such as
phase plates and differential phase contrast (S)TEM, are
appropriate for polymers [125].

Figure 18a shows a STEM image from the lamellar
microphase-separated nanostructure of an unstained SI,
where the higher density PS and lighter PI microdomains
appear as dark and light, respectively [126]. A 3D STEM
image was then captured for the unstained BCP. The area
marked by the yellow square in Fig. 18a was tilted around
the axis shown by the dotted line. A total of 25 STEM
projections were captured at tilts in the range +60° in 5°
increments. The projection volumes were markedly smaller
than those captured in traditional TEMT experiments as a
result of the marked increase in electron beam-induced
damage to the unstained specimen.

3D images were rebuilt through a conventional filtered
back projection [127] based on fewer STEM projections
from the unstained SI BCP sample. One such digitally cut
(or sliced) image is displayed in Fig. 18b. The lamellar
microdomains were barely identifiable. Although Zhuge
et al. [128, 129] have recently shown that only 21 projec-
tions captured over a 60° tilt range are required in order to
gain a fairly valid 3D reconstruction based on their total
variation regularized discrete algebraic reconstruction
(TVR-DART) technique, however, the technique requires
foreknowledge of the amounts of the materials in a speci-
men. Figure 18c shows the image reconstructed by TVR-
DART and digitally sliced at exactly the same position as
the reconstructed image shown in Fig. 18b. Clearly, the two
reconstructed images show some distinct variations; the
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The inset shows the 3D structures of PI phases visualized from the
yellow square in c. (Reprinted with permission from H. Jinnai et al.
Acc. Chem. Res. 50, 1293-1302. Copyright 2017 American Chemical
Society)

lamellar microdomains are readily identifiable in the TVR-
DART reconstructed image but not in the digitally cut
STEM image shown in Fig. 18b. Hence, a combination of
these two recent breakthroughs (i.e., the contrast enhance-
ment using STEM and the new image reconstruction algo-
rithm) should lead to novel vistas for 3D in situ real-time
polymer structural analysis.

Concluding remarks

This paper has reviewed the interfacial morphologies and
associated dynamic processes of multicomponent polymers,
emphasizing multiscale 3D microscopy observations and
analysis. For now, TEMT, LSCM, and high-resolution X-
ray CT (not shown here) are extant. Although LSCM and X-
ray CT are valuable for imaging microstructural morpholo-
gies, TEMT employs tomography using the TEM. As such,
it is useful in obtaining 3D images of phase-separated
nanostructures or even smaller structural morphologies.

From the 3D volume data array obtained by 3D micro-
scopes, some basic structural parameters, for example, the
constituent volume fractions, ¢, and interfacial volume per
unit volume, X, can be directly measured. Apart from the
information regarding these basic structural properties, the
3D digital data array is also rich in structural information,
extractable by quantitative and advanced image analyses.
The evaluation of new parameter sets including some
topological measures and interfacial curvatures, for exam-
ple, the connectivity of network domains and surface genus,
is also feasible. It is worth emphasizing that these structural
properties are hardly ever assessed using other experimental
protocols.

With the aid of these 3D microscopy techniques, the
essential aspects of the stability and dynamics of
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multicomponent polymers have been unveiled. In polymer
blends, the time evolutions of spinodally decomposing
interfaces were directly observed, and the two elementary
interface dynamics occurring during phase separation were
observed for the first time. The interfacial morphology
scalability was critically tested and found valid both locally
and globally. For the application of TEMT to BCP
morphologies, highly complex interfacial morphologies, for
example, the double-gyroid morphology of the ABA-type
BCP and the double-helical morphology of an ABC-type
triblock terpolymer were observed for the first time.
Molecular level information, including the packing frus-
tration of blocks in microphase-separated nanostructures,
was quantitatively discussed using 3D images and advanced
image analysis based on computer simulation.

Dynamic nanoprocesses such as the OOT in BCPs can be
very precisely studied using TEMT. Namely, TEMT is
valuable for directly rendering images and dynamic and
static nanostructural information. However, it would be
ideal if we could directly observe such dynamic nanopro-
cesses in situ, which is difficult to accomplish with polymer
samples because staining them for contrast enhancement
may fix and alter their morphology and because the electron
beam damages them. Thus, these represent the two major
challenges thwarting the advent of in situ electron tomo-
graphy for polymer materials. A new electronic optics
method effectively generated adequate contrast for TEM
even without staining, and a novel 3D image reconstruction
algorithm enabled high-contrast, quantitative 3D image
rendering using fewer projections than are needed in con-
ventional image-rendering processes, thereby minimizing
the electron dose to the polymer samples. A combination of
these novel approaches should give rise to new vistas for 3D
in situ real-time polymer structural analysis.
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