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ABSTRACT: Here, we aim to comprehend the mechanism of
the order−order transition (OOT) from nonequilibrium,
metastable phase to equilibrium phase. Polystyrene-block-
polydimethylsiloxane (PS-PDMS) block copolymer (BCP)
bulks with metastable cylinder (C) and double gyroid (G)
phases can be obtained from lamellae (L) forming PS-PDMS
by simply tuning the selectivity of casting solvent. The
recovery of the intrinsic L phase can be achieved by thermal
annealing through OOT. Time-resolved small-angle X-ray
scattering (SAXS) experiments are carried out to reveal the
variation of the structural evolution in reciprocal space during
annealing. The structural evolution in real space is directly
visualized by using electron tomography (i.e., 3D transmission electron microscopy (TEM)). As a result, combining the time-
resolved scattering experiments and the morphological observations from electron tomography offers new insights into the phase
behaviors of the OOT of BCPs.

Block copolymers (BCPs) can self-assemble into a variety of
ordered nanostructures including spheres (S), hexagonal

cylinders (C), gyroid (G), perforated layers (PL), and lamellae
(L) through microphase separation for different composi-
tions.1−3 The phase behavior of self-assembled block
copolymers has drawn intensive attention in the past few
decades. For practical applications, the self-assembly of BCPs is
usually carried out by casting to give the nanostructured phases
as bulks or thin films. The self-assembled phases of solution-
cast or spin-coated BCP samples depend strongly on the
affinity of the solvent between constituent blocks.4−14

However, the BCP samples casting from solution will usually
give nonequilibrium, metastable phases.15,16 It is noted that the
recovery of various metastable phases to thermodynamically
stable phases might be reached by thermal annealing at a
temperature above the glass transitions of constituted
blocks.15,17−20 Phase transition in self-assembled BCPs between
ordered nanostructures is referred to order−order transition
(OOT) and has been extensively studied theoretically21−25 and
experimentally.26−36

For the exploitation of the nanostructured materials from
BCP self-assembly, it is critical to comprehend the mechanism
of the OOT from nonequilibrium, metastable phase to
equilibrium phase. In most of the experimental studies for
the OOT, the structural and morphological evolutions are
usually examined by combining small-angle X-ray scattering
(SAXS) and transmission electron microscopy (TEM).

However, there is a limitation in the detailed analyses of the
transition mechanism because the results acquired from the
scattering measurements only provide averaged structural
information and it is difficult to give the details of
corresponding transition paths. Although TEM has been used
as a complementary tool, it is often difficult to elucidate the
details of the 3D grains nucleated in the OOT process from 2D
projection. To address this problem, electron tomography (i.e.,
3D transmission electron microscopy (TEM)) has been
developed to directly visualize the self-assembled phases of
BCPs in real space.36−39

In this study, we aim to examine the phase transition
mechanisms of polystyrene-block-polydimethylsiloxane (PS-
PDMS; 72.5 kg mol−1, PDI ∼ 1.04, f PDMS

v ∼ 0.4) BCP from
cylinder to lamellae (C → L) and from gyroid to lamellae (G
→ L). Owing to the strong segregation of the PS-PDMS, the
selectivity of solvent can be exploited for controlling final self-
assembled phase after solution casting. Subsequently, meta-
stable C and G phases can be acquired from casting of L-
forming PS-PDMS using solvents selectively good for PS.
Accordingly, the recovery of metastable phases to thermody-
namically stable L phase can be reached by thermal annealing.
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Time-resolved small-angle X-ray scattering (SAXS) experi-
ments were carried out to reveal the variation of the structural
evolution in reciprocal space during transition. Subsequently,
electron tomography was used to directly observe the transition
zones of the C → L and the G → L in real space.
As shown in Figure 1a, dark PDMS Cs hexagonally packed in

the bright PS matrix can be observed in the as-cast sample from

chlorobenzene solution. The formation of the metastable C
phase is as expected from the selectively good solvent of
chlorobenzene for PS at which δchlorobenzene = 9.5 (cal1/2 cm−3/2),
δPS = 9.1 (cal1/2 cm−3/2), and δPDMS = 7.4 (cal1/2 cm−3/2). After
thermal annealing at 160 °C for 1 min, an interesting dashed-
line-like projection image can be found (Figure 1b). With
further annealing, as expected from BCP thermodynamics, a
typical L morphology is identified (Figure 1c). Also, a series of
TEM images at different transition stages of C → L phase
transition were acquired (Figure S1).
To further examine the phase-transition behavior, time-

resolved SAXS experiments were carried out to reveal the
variation of interdomain spacing during transformation. The as-
cast samples were thermal annealed at 140 °C to reveal the
transition process, and the corresponding SAXS profiles were
taken every 2 min. Consistently, the characteristic peaks
gradually transform from the reflections of C phase at the
relative q values of √3:√4:√7:√9:(13)1/2 into the reflections
of L phase at the relative q values of 1:2:3 (Figure 1d). There is
a consensus that the C → L adopts an epitaxial relationship.
Generally, the epitaxial relationship can be justified if the
interdomain spacings of d(10)L and d(100)C match. By
enlarging the profile as shown in Figure 1e, we found that
the peak position of (100)C gradually shifts to the position of
(10)L during transformation. From the SAXS results, the C →

L adopts a well matching of the interdomain spacings of the
(100)C and the (10)L, reflecting a typical type of conventional
epitaxial growth.
To truly examine the phase-transition mechanisms of the C

→ L, electron tomography was carried out to directly visualize
the 3D phase morphologies at the transition stages. For the C
→ L, on the basis of the 2D TEM results, a dashed-line-like
projection was found. The curvature change driven by the
OOT from C to L may flatten C into a sheet-like shape
extended along the [10]C direction which eventually merges
together with neighboring flattened Cs into a short L sheet
along the [10]C direction. On the basis of the reconstructed
results (Figure 2), the dashed-line-like image from 2D

projection is indeed attributed to the cross-section of a 3D
ribbon-like L sheet cut with a plane containing its normal
vector. Namely, the ribbon-like lamellar sheet is formed by
merging the C microdomain along the [10]C direction of the
hexagonal lattice. Eventually, the ribbon-like L sheet will further
merge together into L phase with long-range order.
Consequently, an epitaxial process by merging the C
microdomain directly without any intermediate state is
suggested for the C → L.
While the sample was cast from toluene solution, dark

tripod-like PDMS microdomains in the bright PS matrix can be
observed (Figure 3a). This image corresponds well to the [111]
projection of a G phase, attributed to the PS selectivity of
toluene (δtoluene = 8.9 (cal1/2 cm−3/2)) being much lower than
that of chlorobenzene in the PS-PDMS. After thermal
annealing at 180 °C for 1 min, the images of tripod-like and
stripe-like textures can both be found, suggesting the
coexistence of G and L phases (Figure 3b). With further
annealing, a complete transformation from G to L can be
achieved (Figure 3c). Also, a series of TEM images at different
transition stages of G → L phase transition were acquired
(Figure S2). For time-resolved SAXS experiments, the as-cast
samples were thermal annealed at 150 °C, and the
corresponding SAXS profiles were taken every 2 min.
Consistently, the characteristic peaks indeed gradually trans-
form from the reflections of G phase at the relative q values of
√6:√8:(14)1/2:(22)1/2:(40)1/2:(50)1/2 into the reflections of L
phase at the relative q values of 1:2:3 (Figure 3d). By enlarging
the profile, as shown in Figure 3e, interesting results were
found at which the primary peak of the G phase (i.e., (211)G)
does not gradually shift to the position of the primary peak of
the L phase (i.e., (10)L) during transformation. Instead, the
peak intensity of (211)G gradually decreases while the intensity
of (10)L steadily increases. To further examine the shifting of
the lattice parameter, the time dependence of the domain

Figure 1. TEM micrographs of as-cast PS-PDMS from chlorobenzene
solution without staining (the scale bar is 100 nm): (a) before thermal
annealing; (b) after thermal annealing at 160 °C for 1 min; (c) after
thermal annealing at 160 °C for 5 min; (d) corresponding time-
resolved 1D SAXS profiles were acquired during thermal annealing at
140 °C; and (e) enlarged plot near the primary peak position of (10)L.

Figure 2. (a) Visualization of the grain boundary between cylinder and
lamellae (dashed-line-like texture); (b) tilting of the reconstructed box
area of 3D image in (a).
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spacings for the C → L and the G → L calculated from time-
resolved SAXS results was plotted as shown in Figure S3.
Unlike the C → L, a step increasing of domain spacing
(approximately 16%) for the G → L can be clearly identified.
As a result, we speculate that the phase transition process of the
G → L might not be a typical type of conventional epitaxial
growth, which suggests that the primary peak of the G phase
should gradually shift to the primary peak of the L phase during
the epitaxial G → L OOT process.
To further examine the phase transition mechanisms of the

G → L, the morphologies at the transition stages were
examined by electron tomography to directly visualize the 3D
phase images. Note that an interesting mesh-like texture (the
inset of Figure 3b) can always be observed in the transition
zone of the G→ L from 2D TEM projection. We speculate that
this unique projection is the specific characteristic of the G →
L, reflecting itself the mismatching of interdomain spacings
between the G and L phases. Figure 4 displays the
reconstructed 3D images of the transition grain viewed along
the particular directions, as specified by the Cartesian
coordinate attached to each image after binarization and
segmentation. On the basis of reconstructed images, it is
interesting to recognize that the mesh-like texture is truly a 3D
network structure composed of a multiple-layer, lattice-like
texture. As shown in Figure 4b,c, a double-layer texture can be
clearly identified and the normal directions of these two lattices
adopt a specific angle, resulting in the mesh-like projection
from 2D TEM. To further examine this interesting mesh-like
texture, the digital slices of the x-y section with different z
positions were acquired from the reconstructed 3D images. As
shown in Figure 4d, the blue one is a left-hand side of the
double layer of the image while the red one is the other half of

the image. The two x-y sections of the sliced images can be
divided into two regions across the white dashed line shown in
Figure 4d: the left side (G phase) and the right side (lattice-like
phase). On the basis of the x-y sliced images, the tripod
orientation of the G phase (on the left side) is different for each
layer and the [10]L direction of the lattice-like phase (on the
right side) will follow the direction of one of the arms of the
tripod (as marked by the white arrow). As mentioned above,
the time-resolved SAXS results suggest that the G→ L may not
follow the conventional epitaxial growth. However, from the
3D images, the mechanism of the G → L seems to adopt an
epitaxial process at which the (10)L plane will nucleate and
grow epitaxially from the (211)G plane. Most interestingly, the
growth directions of these two-layer, lattice-like textures are
interdependent from each other. With the decrease of including
angle, these two-layer lamellar structures will eventually merge
into a unidirectional L phase (Figure S4). Obviously, this mesh-
like phase structure may be a consequence of the mismatching
of interdomain spacing between the G and L phases as found in
the SAXS results.
On the basis of the observations from time-resolved SAXS

experiments and electron tomography, the transition mecha-
nisms between the C → L and the G → L were thus proposed.
The results indicate interesting geometric rearrangements for
the C→ L and the G→ L. As illustrated in Figure 5a, for the C
→ L phase transition, the C phase will directly merge along the
[10]C direction to epitaxially transform into a L phase without
forming any intermediate transition zone. Those morphological

Figure 3. TEM micrographs of as-cast PS-PDMS from toluene
solution without staining (the scale bar is 100 nm): (a) before thermal
annealing; (b) after thermal annealing at 180 °C for 1 min and the
inset shows the enlarged area; (c) after thermal annealing at 180 °C
for 5 min; (d) corresponding time-resolved 1D SAXS profiles were
acquired during thermal annealing at 150 °C; and (e) enlarged plot
near the primary peak position of (10)L.

Figure 4. (a) Visualization of the transitional phase boundary between
G and L; (b) enlarged image from the red dashed line box area of 3D
image in (a); (c) side view of the reconstructed image of the mesh-like
texture; (d) the orthogonal digital slices of reconstructed 3D images
(10 nm for the x-y section).
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observations are consistent to the 1D SAXS results exhibiting
the matching of interdomain spacing between the C and L
phases (i.e., d(10)C ∼ d(10)L). By contrast, for the G → L, the
L phase epitaxially grows from the (211)G plane, through the
intermediate mesh-like phase (i.e., lattice-like phase) denoted as
I in Figure 5b, where the lattices colored by orange and blue
lines grow along the tripod-arm directions and eventually
merge into unidirectional lamellae colored by green line in
order to reduce the interfacial area, to form the equilibrium L
phase. The transition from the I phase to the L phase may
involves a decrease of the angle between the lattices within a
short distance, hence, the I phase extends over only a short
length scale as observed in TEM. Moreover, the large difference
between d(211)G (∼52.8 nm) and d(10)L (∼61.0 nm)
calculated from the time-resolved SAXS results indicate a
significant mismatching (∼16%) in the lattices for the G → L,
but the mismatching might be quickly accommodated to give
the phase transition. From the geometry calculation, d(10)L
corresponding to the length of one of the diagonal lines of the
rhombus made out of the orange and blue lines, as indicated in
Figure 5b, is equal to 2d(211)G/√3 ∼ 61.0 nm, which is well
matched with the spacing of the intrinsic lamellar phase
(d(10)L ∼ 61.0 nm) calculated from the time-resolved SAXS
results. Although the lamellar phase is epitaxially grown from
the gyroid phase, the rearrangement of the two-layered
structure (indicated by the orange line and the blue line)
into the lamellar structure (indicated by green color) in one of
the diagonal directions of the rhombus will provide a much
more favorable route to adjust the geometric variation in
dimension between the G and L phases. Accordingly, the
observation of intermediate transition zone between the G and
L phases explain the mismatching of interdomain spacing
between the G and L phases (i.e., d(211)G ≠ d(10)L). We
speculate that the difference between the C → L and the G →

L might be attributed to the difference in structural
dimensionality. The L phase is a 1D structure whereas the C
phase and the G phases are 2D and 3D structures, respectively.
Consequently, for the C → L from 2D to 1D, the variation in
the interface curvature can be easily adjusted by merging the
cylinders along the [10]C direction to form the lamellar sheets
because the Gaussian curvature is kept zero throughout the
OOT from C to L. By contrast, for the G → L from 3D to 1D,
an intermediate state to reduce the variation in BCP interface
curvature during transition might be required. More specifically,
the transition from G to L involves a change of Gaussian
curvature from a negative value to zero.
In conclusion, the OOT of the BCP from those metastable

phases (C and G phase) to the intrinsic stable phase (L phase)
are studied. For the C → L phase transition, the formation of
the L phase from the C phase will start from the (10)C plane
and eventually those cylinder will directly merge into a (10)L
plane without passing through any intermediate transition zone.
By contrast, for the G → L phase transition, the formation of L
from the G phase is nucleated from (211)G plane, and then the
transformation proceeds through an intermediate multiple-layer
structure and finally those multiple layer structures will merge
to form the (10)L plane. Accordingly, the transition zone of the
multiple-layer structure texture will provide a more favorable
route to adjust the geometric variation in dimension between
the G and L phases. As a result, combining the morphological
observations from time-resolved SAXS and electron tomog-
raphy offers new insights into BCP phase transitions, and a
methodology for systematic studies of the OOT of BCPs is
developed.
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