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Abstract
Herein, we aim to examine the order-order transition (OOT) of self-assembled block
copolymer (BCP) under spatial confinement using double gyroid (DG) structured
polystyrene-block-polydimethylsiloxane (PS-PDMS) thin film as an exemplary
system for three-dimensional (3D) visualization of phase transitions. An interesting
OOT from DG to hexagonally perforated lamellae (HPL) can be found after thermal
annealing, and the morphological evolution and corresponding mechanism for the
OOT was systematically investigated by 3D transmission electron microscopy (3D
TEM). Our results revealed that the phase transition of DG nanostructure in thin film
was different from that in bulk, which is attributed into the surficial/interfacial effects
and the effect of confinement on BCP self-assembly. This work provides a feasible
method to prepare DG-nanostructured thin film and presents a model system for the
examination of morphological evolution from metastable to phase with higher
thermodynamic stability in the thin-film state through the OOT.
Keywords: block copolymer, self-assembly, phase transition, 3D TEM, order-order
transition
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1. Introduction
Block copolymers (BCPs) composed of two incompatible blocks can
self-assemble into a variety of ordered phases [1-4]. The thermodynamically stable
phase results from the balance between maximizing conformational entropy and
minimizing interaction energy of incompatible blocks. In practical applications, the
self-assembled phases of BCPs are usually achieved by solution casting. In this case,
the affinity between solvent and the constituent blocks would affect the self-assembly
of BCPs, and results in the formation of metastable phases [5-10]. The transition of
the metastable phase into thermodynamically stable phase could take place with the
inducement of temperature variation (thermal annealing) or external fields [11-14].
Such order-order transitions (OOTs) between different phases have been extensively
studied theoretically and experimentally [6, 15-24]. Among various OOTs of BCPs,
the transitions involving double gyroid phase (DG) with a space group of Ia 3 d, are of
importance. Note that DG is a three-dimensional (3D) network whereas lamellar
phase (L) and cylinder phase (C) are one-dimensional (2D1D) and two-dimensional
(1D2D) structure, respectively [25-29]. The structural and morphological evolution
takes place in OOT is usually examined by combining small-angle X-ray scattering
(SAXS) and transmission electron microscopy (TEM). However, the corresponding
results could only provide limited information with respect to the details of phase
transition mechanism. For one thing, the scattering measurement gives averaged
morphological information but is lack of the details of the textures. For another,
conventional TEM image might provide the structural details but it is difficult to
examine complicate 3D morphologies since it is a 2D projection for 3D object. To
address this problem, 3D TEM has been developed to directly visualize the
self-assembled phases of BCPs in real space [30, 31]. As most of the studies focused
on OOT took place in the bulk state, the reports of OOT arising in thin film have been
rarely studies. Compared with that of bulk samples, the phase behaviors of thin-film
BCPs are expected to be much more complex because the microphase separated
morphologies would be significantly influenced by the film thickness (i.e., spatial
confinement) and surface energetics [32]. Compared with that in bulk, the
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understanding of the OOT of DG phase in thin film is of importance due to its
potential in optical applications, such as antireflection coatings and photonic crystals
[33, 34]. However, it is still challenging to achieve well-defined DG thin film with a
thickness close to its long period (or lattice size) [35-38].
In our previous studies, DG phase of a lamella-forming polystyrene-blockpolydimethylsiloxane (PS-PDMS) BCP can be simply obtained by the selectivity of
solvent [39]. The strong segregation strength of the PS-PDMS leads to the formation
of clear-cut phase with extremely high structural ordering. In the present case, slices
of PS-PDMS were prepared by using cryo-ultramicrotome from solution-cast bulk,
giving highly ordered DG-structured thin film as an ideal model system for the
examination of morphological evolution of DG phase under spatial confinement. Note
that it is easier to acquire the one with the (211) in-plane orientation during
microsectioning, due to the maximal area fraction of (211) plane in DG nanostructures
[37]. Subsequently, the OOT of DG-structured PS-PDMS can be induced by thermal
annealing after the slices were transferred onto TEM grids. Also, in the case of thin
film, the interfacial effects play a vital role and strongly influence the OOT
mechanism, especially in PDMS-containing BCPs at which the low surface energy of
PDMS tends to wet the free surface [40]. With the use of carbon-coated substrate that
can drive the formation of PS thin layer, the structural transition of DG in the slice can
thus be confined to occur along the vertical direction and driven by the interfacial
effects as built thermodynamically. With the examination of 3D TEM, the
tomographic results for the OOT of the DG in thin film is expected to provide an
exemplary system as compared with that in bulk, giving new insights into the
understanding of the surface-induced motif shifts of complicate self-assembled
morphologies and corresponding transition mechanisms.
2. Materials and methods
2.1 Polymer synthesis
The synthesis of PS-PDMS was carried out through sequential anionic
polymerization of styrene and hexamethylcyclotrisiloxane using high vacuum
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techniques. The reaction was carried out by using benzene and THF as solvents,
sec-BuLi as an initiator, and trimethylchlorosilane (ClSi(CH3)3) as a termination
reagent. The molecular characterization was carried out by using gel permeation
chromatography (GPC) and 1H nuclear magnetic resonance (NMR) spectroscopy. The
number-average molecular weights of the PS and the PDMS in the PS-PDMS were
43.5 kg/mol and 29.0 kg/mol, respectively, as determined by the GPC analysis. The
PDI of the PS-PDMS was determined as 1.04. The volume fraction of the PDMS
block was calculated as 0.40 by assuming the densities of PS and PDMS are 1.02 and
0.97 g/cm3, respectively [39].
2.2 Sample preparation.
The bulk sample of PS-PDMS was prepared by casting from toluene solution.
The solvent evaporation for casting was carried out for approximately one week. The
obtained samples were further dried in vacuum oven at ambient temperature to
remove

the

residual

solvent.

The

as-cast

samples

were

sectioned

by

ultra-cryomicrotomy at -160 °C (thickness ∼150 nm) for electron tomography. The

microsections were collected onto copper grids (150 mesh) with carbon/poly(vinyl

formal) supporting film. To induce the transition of metastable phase, the slices of
PS-PDMS on the girds were thermally annealed at 180 °C for certain periods. The
annealed samples were directly quenched in liquid nitrogen for electron tomography
observation.
2.3 Tomography for reconstruction images
For the requirement of image alignment to reconstruct 3D imaging, fiducial gold
markers (diameter 10 nm, purchased from Polysciences, Inc.) were used and
homogeneously distributed onto the microsections with the right amount of markers
to observe transition zone. Subsequently, a series of TEM projection images were
collected from - 70 ° to + 70 ° tilt angles with an angular interval of 1 ° on a JEOL
(JEM-2100) TEM operated at 200 kV. Images were recorded by a Gatan CCD camera.
Alignment of the tilt series and 3D reconstruction were performed by using IMOD
software. The reconstructed volume was then filtered by a 5×5×5 median filter for
noise reduction. ImageJ-Fiji was then used to trim the filtered volume keeping only a
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volume of interest for further analysis. Finally, 3D analyses such as binarization,
segmentation, and visualization of the volume of interest were achieved by using 3D
Slicer.
3. Results and discussion
3.1 OOT of PS-PDMS slices
Figure 1a shows the TEM micrograph of as-microtomed PS-PDMS slice, in
which the dark and the bright regions represent PDMS and PS microdomains,
respectively. In Figure 1a, a bicontinuous PDMS network with triple periods can be
observed, which is a typical feature of DG nanostructure. However, it is challenging
to index the lattice plane from 2D micrograph, because it could result from a complex
projection, which is dependent both on the section thickness and the orientation of
domains (see below for details). As reported previously, the achieved DG phase of
as-cast PS-PDMS by solvent induction is a metastable phase, and thus, OOT of BCP,
i.e., DG → L, will take place in bulk under thermal annealing [39]. To examine such
phase-transition behavior of DG phase in a confined space, the microtomed slice on
TEM grids was thermally annealed at 180 °C for 60 min. As evidenced by in-situ
SAXS results, this is long enough for the BCP to reach a much more stable phase due
to the strong segregation strength between PS and PDMS [39]. Figure 1b shows the
TEM micrograph of annealed PS-PDMS slice. Instead of usual L phase in bulk, bright
spherical microdomains of PS in the PDMS matrix were found in the annealed slices.
The PS microdomains have homogeneous sizes of approximately 50 nm but the
arrangement of those microdomains could not be clearly identified in conventional
TEM imaging.
3.2 Morphologies of annealed thin films
To further examine the morphologies of annealed slices and truly examine the
phase transition mechanisms, 3D TEM was carried out to directly visualize the 3D
nanostructure of the annealed PS-PDMS. Figures 2a and 2b show the reconstructed
image and the digitally sliced images of PS-PDMS annealed at 180 °C for 60 min, at
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Figure 1. TEM micrographs of as-cast PS-PDMS from toluene solution without
staining (a) before thermal annealing; (b) after thermal annealing at 180 °C for 60
min.
which the PS microdomains with a hexagonal packing can be clearly observed. It
reveals that the channels extending through the minority component domain adopted a
hexagonal symmetry. It indicates that the morphology shown in Figure 1b is attributed
to the formation of double-layered hexagonally perforated lamellae (HPL), which is a
long-lived non-equilibrium state of self-assembled BCPs [41]. This observation
reveals that HPL structure of PS-PDMS can be achieved after long-time thermal
annealing in the thin film. On the basis of the reconstructed results, the geometric
parameters of HPL structure are allowed to be precisely measured. The average radius
of PS domains and the inter-domain distance are approximately 23.8 and 45.1 nm,
respectively. In addition, the reconstructed results indicate that there are two
perforated PDMS layers oriented parallel to the substrate in the annealed slice. Figure
2c shows the reconstructed images of the two perforated PDMS layers, i.e., top layer
(close to free surface, marked as blue) and bottom layer (close to substrate, marked as
green). Hexagonally packed perforations can be clearly observed in each layer,
indicating the homogeneity of phase structure after annealing. Yet, the relative
positions of perforations in these two respective layers were not identical, resulting in
the overlapped projection of the two layers with different packing orientation (i.e., a
non-distinguishable symmetry) (Figure 1b). We speculate that this is attributed to the
re-organization of up- and bottom-perforated layers during phase transition, and this
7

Figure 2. (a) 3D reconstruction image and (b) digitally sliced images of PS-PDMS
thin film after thermal annealing at 180 °C for 60 min. (c) Self-assembled
morphologies near the top PDMS and the bottom PS in the annealed thin film. (d)
Schematic illustration of HPL structure forming under spatial confinement after
long-time thermal annealing.
will be discussed later. Similar result was also observed in the self-assembled thin
film of polystyrene-block-polyisoprene (PS-PI), in which the perforations have
different structural types between the neighbor HPL layers [42].
3.3 Structural evolution of DG under confinement
As evidenced above, HPL phase was formed by PS-PDMS DG thin film after
long-time thermal annealing. To further investigate the mechanism of observed OOT
in thin film, the morphological evolution of PS-PDMS slices with different annealing
periods was studied at different transition stages. Figure 3 shows the reconstructed
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result of DG phase of as-microtomed PS-PDMS slice along the given directions, at
which two interpenetrating PDMS networks can be observed (Figure 3a). Figure 2b3b
shows the digitally sliced images of the orthogonal planes of the as-cast PS-PDMS.
The cross sectional view exhibits a characteristic “double-wave” pattern, indicating
that the microtomed slice cuts parallel to the (211) plane of the DG structure (Figure
3b) [43]. Also, the thickness of as-microtomed slice measured from the cross-view of
reconstructed image was approximately 155 nm, which is equal to the cubic size as
mentioned above. In the as-microtomed slice, two alternative PDMS networks results
in an overlapping projection in conventional TEM micrograph as shown in Figure 1a.
As previously reported, there is an epitaxial relation between the (211) plane of DG
and the (10) plane of HPL during the phase transition from DG to HPL in bulk sample
[17, 39, 44, 45]. As shown in Figure 2, the (10) plane of HPL phase in the annealed
slice is parallel to the substrate. That means the DG transformed into a HPL phase
with a flat-on orientation, which differs from the OOT occurs in bulk. To achieve the
detailed information of the transition process, the morphologies of slices annealed for
different periods were examined by 3D TEM.

Figure 3. (a) 3D reconstruction image and (b) digitally sliced images of PS-PDMS
thin film cast from toluene solution.
Figure 4a shows the TEM micrograph of PS-PDMS slice annealed at 180 °C for
2 min at which the morphology with tetragonally packed PS microdomains can be
observed (Figure 4a). It indicates that a rapid transition of DG nanostructure in thin
film was induced by thermal annealing. In fact, the transition in bulk sample is slower
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than that in thin film [39]. For thin film, the surficial/interfacial effect is a critical
constraint. To minimize the energy of system, one of the blocks possessing lower
surficial or interfacial energy will be preferentially wet the free surface and the
interface, i.e., selective wetting. Such selective wetting can lead to the quantization of
film thickness [32, 46, 47]. The average thickness of as-microtomed slices (L) after
annealing is approximately 155 nm, whereas the annealed slice is slightly thinner than
the as-microtomed one (approximately 150 nm), due to the creeping at annealing
temperature. The spacing of the intrinsic L phase of PS-PDMS (L0) in this study is
approximately 61 nm [39]. Namely, the thickness of as-microtomed slice is about 2.5
times the spacing of the intrinsic lamellar phase, L ≈ (n + 0.5) L0, where n is an
integer. The reconstructed image reveals that no surficial topography with
characteristic one L0 step heights formed during thermal annealing, which suggesting
the occurrence of asymmetric wetting in the PS-PDMS slice during thermal annealing
[32]. Namely, PDMS and PS would preferentially wet the air/polymer interface and
the polymer/substrate interface, respectively. This result is consistent with our
previous study [40]. Under annealing temperature, the generation of wetting layer and
phase transition takes place simultaneously. However, the formation of wetting layer
is expected to be faster than the OOT process. We speculate that the fast kinetics of
OOT in thin film is attributed to the formation of wetting layer, which provides
additional driving force to the OOT.
Figure 4c shows the corresponding 3D reconstruction image of annealed slice for
2 min, in which a deformed PDMS skeleton can be observed. It confirms that the
quasi-tetragonal projection in Figure 4a is attributed into such deformation of
bicontinuous PDMS networks. As the temperature above the glass transition
temperature (Tg) of PS matrix, DG nanostructures was compressed along the vertical
direction of slice. In the virginal nanostructure of the microtomed slice, the
bicontinuous network of DG is constructed by the connected tripods with a dihedral
angle of 70.5° [18, 48]. Under thermal annealing, the rotated tripods were compressed
along the normal direction, and gradually transferred into a planar structure with the
dihedral angle close to 0 ° (Figure 4e). Actually, an reversed transition of the dihedral
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Figure 4. TEM micrographs and 3D reconstruction images of PS-PDMS thin film
annealed at 180 °C for 2 min (a and c) and 10 min (b and d). Schematic illustration of
the rotated tripods in DG phase and the planar tripods after thermal annealing.
angle of tripods (from 0 ° to 70.5 °) can be found in the OOT of HPL to DG [49]. It
suggests that the structural transition between DG and HPL would consistently arise
along this topological pathway. As mentioned, however, the transition of the tripods
can be only allowed to take place along the <211> axis due to the fixed orientation of
the slice. As a result, the crossing angle of the final planar tripods is dependent on the
initial orientation of the slice. By contrast, the corresponding crossing angle of planar
tripods is 120 ° in bulk based on the theoretical prediction [49]. Although the
deformation of DG nanostrcutures nanostructures can be occurred after a short-time
annealing, two mutually interwoven PDMS domains were still separated from each
other. Figures 4b and 4d show the TEM micrograph and the corresponding
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Figure 5. 3D segmented PDMS networks viewed along the vertical direction of
PS-PDMS thin film thermally annealed for different time (a) 0 min; (b) 2 min; (c) 10
min.
reconstructed results of the PS-PDMS slice annealed at 180 ° for 10 min. With further
increasing of annealing time, the merging of the two networks gradually took place.
As shown in the TEM projection, the elongation of annealing time led to the transition
of the 3D skeleton of DG to a planar structure. The reconstructed image reveals that
the merging of two PDMS networks giving rise to the formation of planar
nanostructures, and the PS microdomains were gradually divided into separated
microdomains by the merged PDMS networks.
The 3D images of PS-PDMS slices at different transition stages viewing along
the normal direction are summarized in Figure 5, in which the evolution of structural
symmetry upon thermal annealing can be clearly observed. In the as-microtomed slice,
two interwoven networks exhibited a hexagonal symmetry. The softening of PS
matrix leads to a deformed and compressed PDMS network under thermal annealing,
and the merged network of PDMS give rise to a quasi-tetragonal symmetry of divided
PS domains, as indicated by the cycles circles in Figure 5c. This is an intermediate
structure determined by the initial orientation of rotated tripods in the as-microtomed
slice. However, hexagonally packed perforation is much more stable than that with a
tetragonal packing for perforated lamellar structures [50]. As a result, the
quasi-tetragonal packing of PS domains would eventually transfer into hexagonal
packed structures. In addition, it was found the perforations in the two layers are
different, and there is no simple correlation between upper and bottom layers. We
speculate that the quasi-tetragonal structures reorganized independently in each of the
12

Figure 6. Illustrations of DG phase in the PS-PDMS thin film before annealing which
are parallel to the (211) plane (a: side view; b: top view). The deformed and
compressed PDMS networks led to a quasi-tetragonal symmetry of PS domains (c and
d), which would finally transfer to HPL phase. For clarity, only top half of the slice,
marked by the box in (a), was shown.
layers. As a result, the final packing patterns of PS microdomains in HPL are distinct
in the two layers. Compared with bulk sample, the wetting effects and the special
confinement give rise to a distinct OOT of DG nanostructure in thin film. In bulk, the
(10) plane of L nucleates and epitaxially grows from the (211) plane of DG, and this
transition has to intermediate with a multiple-layer structure, due to the mismatching
in the lattices for the DG to L [39]. Our observation indicates that the structural
transition along the direction normal to the thin film (z-direction) is much faster than
that along in-plane directions (x- and y-direction).
Figure 6 shows a schematic representation of OOT in microtomed slice with DG
nanostructure. Note that the lattice spacing of the (211) plane of DG phase is
approximately 52.8 nm, which means three periods of (211) plane were involved in
the slice (Figure 6a) [39]. In the initial slice, the (211) plane of DG phase is parallel to
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the substrate. Owing to the surficial/interfacial effects and the thickness confinement,
the phase transition of DG primarily arose along the normal direction, i.e., <211> axis
(Figures 6b and 6c). In the early stage of thermal annealing, the deformation and
merging of rotated PDMS tripods gradually leads to the formation of intermediate
phase with a quasi-tetragonal packing, which is determined by the initial orientation
of DG nanostructure (Figure 6d). With further annealing, the rearrangement of the
metastable phase gave rise to a HPL phase with higher thermodynamic stability after
long-time annealing (Figure 6e).
4. Conclusions
In the present work, the OOT of PS-PDMS BCPs with an initial DG phase in
microtomed slices was studied. Compared with OOT occurs in bulk, the long-life
metastable (HPL phase) can be formed in microtomed slices by thermal annealing,
instead of the intrinsic stable phase (L phase). Owing to the surficial and interfacial
effects, as well as the thickness confinement, the phase transition in microtomed slice
was induced to proceed along the vertical direction, which is different from the OOT
in bulk where the epitaxial relation is always kept between two phases. Also, the
initial orientation of the ordered structure in thin film or microtomed slice could
impact the pathway of phase transition process. The present work develops a feasible
method to study the OOT behaviors of DG nanostructure in thin film, and the
corresponding results provide new insights into the phase transitions of BCPs.
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