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Figures and Captions
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Fig. 1 (a) Chemical structure of the PDMS-b-PBPCS block copolymers and (b) the

nanophase-separated structures in bulk with varying compositions in different temperature ranges.

(b) (c) (d)
[100] [110] [111]
a a2 “2a

Fig. 2 (a) The model of the BCC structure and (b—d) the models of the patterns which can be

observed perpendicular to the corresponding planes of the BCC structure including [100], [110], and

[111] zones.



Fig. 3 (a—c) TEM micrographs with different magnifications of [110]-oriented BCC-spheres in the
thin film of DsgBio4 (inset of ¢ is the model of the orientation of the BCC structure), and (d) the

model of the pattern observed by TEM along the [110] direction of the BCC structure. And the
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Fig. 4 XPS spectra of the thin films of DsgB1g4, D35sBs, and DsgB4y BCPs.
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Fig. 5 The schematic representation of chain arrangements of the DB block copolymer in a single

[100] (a), [110] (b), and [111] plane (c) of the BCC structure, respectively.

Fig. 6 TEM micrographs of thin films with several [110]-oriented BCC domains of (a) DsgBj¢4 and

(b) DssBs,. The boundaries of adjacent domains are indicated with dashed lines.
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Fig. 7 (a) TEM micrograph of symmetrically oriented [110] domains in the thin film of DssB4y and
(b) the corresponding model of the arrangement of PDMS dots. (c) TEM micrograph of the thin film
of DssB4y with asymmetrically oriented [110] domains and (d) the corresponding model of the

arrangement of PDMS dots.

1100 nm

Fig. 8 TEM micrographs of DsgB4g for the structural determination at tilting angles of (a—f) 0°, 5°,
10°, 15°, 25°, and 30°. The joint of three domains used as a reference marker is circled in each

micrograph.
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Table 1. Molecular Weights, Polydispersity Indexes, fppms Values of the DB Samples, and 7, Values
of PBPCS Blocks, as Well as Nano-structure Characteristics of the Diblock Copolymers after
Thermal Annealing in Vacuum at 180 °C for 48 h

M a b T c
n PDI a fi’DMS g(PBPCS)

xd 1

Sample (@/mol) %) °C) g “(nm™) d(nm) Nanostructure
DssBio4 30,200  1.09 10 110 0.302 20.8 BCC
DssBsg» 24,300  1.09 13 108 0.333 18.9 BCC
DsgBao 11,300 1.08 23 102 0.433 14.5 BCC

“ Determined from gel permeation chromatography results using linear polystyrene standards. " Determined from 'H
NMR results of the block copolymers. Correspondingly, the values of polymerization degree of the PBPCS block
labeled in the subscripts of the sample names were calculated from the molecular weights determined from'H NMR
results. “ Determined from differential scanning calorimetry experiment results. ? Determined from small angle
X-ray scattering experiment results.
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Introduction

Block copolymers (BCPs) have great potential applications in
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Extraordinary Boundary Morphologies of Large-Scale Ordered
Domains of Spheres in Thin Films of a Narrowly Dispersed Diblock
Copolymer via Thermodynamic Control

Ling-Ying Shi,** Hang Li,> Wei-Wei Lei,* Wei Ni,” Rong Ran,” Yu Pan,” Xing-He Fan® and Zhihao
Shen®

Long-range ordering of body centered cubic (BCC) spheres and various extraordinary morphorlogies at boundaries of
adjacent orderly oriented domains are observed in thermally annealed thin films of a series of specific narrowly dispersed
diblock copolymers, poly(dimethylsiloxane)-b-poly{2,5-bis[(4-butoxyphenyl)oxycarbonylstyrene} (PDMS-b-PBPCS, DB). The
series of asymmetrical DB block copolymers (BCPs) with volume fractions of PDMS (feoms’s) from 10% to 23% self-assemble
into thermodynamically stable body centered cubic (BCC) nanostructures in bulk at ambient temperature after thermal
annealing. The thin films of these BCPs with relatively large film thickness on carbon-film coated substrate are annealed in
vacuum at 180 °C for 3 days and are characterized by transmission electron microscopy (TEM) and X-ray photoelectron
spectroscopy (XPS). For all thin films of these BCPs, micrometer-scale domains with a rectangular unit cell similar to the
projection of the BCC lattice along the [110] direction to the substrate are observed. And the XPS results indicate that the
surface layers of the thin films are composed of both PDMS and PBPCS blocks. For the thin films of the BCPs with fepms
values of 10% and 13%, the neighboring [110]-oriented BCC domains match well with each other, and the boundaries are
defect-free. For the thin film of the BCP with a fypus value of 23%, the PDMS spheres in the [110]-oriented BCC domains in
the TEM micrograph are overlapped with each other, and interesting morphologies including defect-free interfaces,
interfaces with line defects, and domains with defects and local ordering are observed at the boundaries of the
neighboring [110]-oriented domains.

the self-assembling behavior and the final structures in thin
films of BCPs have some differences from those in bulk as a
consequence of both geometric frustration and surface
interactions.* 1"

nano-technology owing to their capability of providing various
periodic nanostructures.” In particular, BCP thin films with
long-range ordered nanostructures can be applied in many
fields such as nanolithography, separation membranes, and
nano-scale templates.“"8 The physics of the self-assembling
behavior and the microphase-separated nanostructures of
diblock copolymers in bulk have been well understood, where
including lamellae (LAM),
hexagonally packed cylinders (HEX), bicontinuous gyroids, and
body centered cubic arrays of spheres (BCC) are determined
by the volume fraction f of the individual block and the yN
value (where y is the Flory-Huggins interaction parameter and
N is the total polymerization degree of the BCP).Z' 69 However,

the equilibrium nanostructures
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For BCPs with the lamellar and cylindrical bulk
morphologies, how to control the long-range order and the
orientation of the nanostructures in thin films has attracted
4,12,13

In order to generate laterally long-range

ordered thin films with vertically orientated lamellae and
12,14

much attention.

cylinders, many methods have been attempted, including
. . 15 . 16 . .
surface neutralization, solvent annealing, directional
11, 17, 18

solidification, and so on. Compared with the lamellar
and cylindrical nanostructures, the spheres of the BCC
structure do not have anisotropy, and thus the orientation of
the BCC structure in thin films is in general less complicated
than that of the HEX or LAM structures. For block copolymers
with bulk BCC structures, many theoretical and experimental
studies have been focused on the order-order and order-
disorder transitions induced by the substrate and confinement
14,1924 Moreover, ordering of the spheres along
the direction normal to the substrate in thin films of
asymmetric diblock copolymers with relatively larger layer
thicknesses was reported,25 while the spheres were almost
short-range ordered in the plane parallel to the substrate.”®
However, the lateral order and ordering range of the BCC

in thin films.

J. Name., 2013, 00, 1-3 | 1

Page 6 of 11



Page 7 of 11

Nanoscale

spheres as well as the morphologies at the boundaries of the
adjacent ordered domains in thin films of asymmetrical BCP
with a thickness within a certain range are rarely investigated.

The diblock copolymer, poly(dimethylsiloxane)-b-poly{2,5-
bis[(4-butoxyphenyl)oxycarbonyl]styrene} (PDMS-b-PBPCS,DB)
shown in Fig. 1a is an unusual liquid crystalline (LC) BCP in
which the PBPCS is a mesogen-jacketed liquid crystalline
polymer (MJLCP) exhibiting an unusual LC phase behavior.?”?°
The DB samples synthesized through atom transfer radical
polymerization (ATRP) have well-defined chemical structures
and narrow molecular weight distributions indicated by the
low polydispersity index (PDI) of less than 1.09.” The self-
assembling behavior of DB block copolymers with various
volume fractions of PDMS (fppms’s) ranging from 10% to 23% in
bulk has been reported in our previous work,29 and the stable
BCC structure and the clearly thermoreversible BCC-HEX
transition (as shown in Fig. 1b) have been observed by
variable-temperature small-angle X-ray scattering (SAXS)
experiments. Surprisingly, for this series of block copolymers
with a relatively wide range of fppms values, the BCC structure
is their thermodynamic stable structure in bulk at ambient
temperature after the samples are annealed in a temperature
range of 130 to 190 °C in which the BCC structure is formed, or
after they are annealed at even higher temperatures at which
some BCPs transform to the HEX structure.”

In this work, we present the micrometer-scale ordered
domains of [110]-oriented BCC spheres parallel to the
substrate and interesting morphologies at the boundaries of
the adjacent [110]-oriented domains in the thin film of the
narrowly dispersed DB BCPs with BCC structures in bulk. The
thin films of these BCPs with relatively large thicknesses were
prepared by solution-casting using carbon-film coated
substrates. After the thin films were annealed at appropriate
condition, the morphologies were characterized by
transmission electron  microscopy (TEM) and X-ray
photoelectron spectroscopy (XPS).

Experimental Section
Materials.

The DB block copolymers were synthesized through the atom
transfer radical polymerization (ATRP) method as reported in
our previous work.” Tetrahydrofuran (THF, Beijing Chemical
Reagents Co., A.R.) was used after distillation. The carbon
membranes coated on Cu grids (T10044, Beijing XinXing Braim
Technology Co., Ltd.) were used as received.

In a typical synthesis of DB block copolymer, the monomer
{2,5-bis[(4-butoxyphenyl)oxycarbonyl]styrene} (BPCS) (0.835 g,
1.38 mmol), PDMS-Br (0.06 g, 13.8 umol), CuBr (1.99 mg, 13.8
pumol), PMDETA (2.40 mg, 13.8 umol), and chlorobenzene
(3.66 mL) were charged into a polymerization tube. The tube
was sealed under vacuum after being stirred and degassed by
three freeze-pump-thaw cycles, and subsequently immerged
into an oil bath maintained at 110 °C for 8 h. It was then
quenched in liquid nitrogen and taken out to ambient
condition. The solution was passed through a neutral alumina

2| J. Name., 2012, 00, 1-3

column in order to remove the copper salt. Finally, the as-
synthesized copolymer was precipitated in a large volume of
methanol and dried in vacuum overnight.

Thin-Film Preparation and Characterization.

The DB BCPs were dissolved in dry THF (with concentrations of
2.5-3 mg/mL) with stirring at ambient temperature for 12 h.
Then the homogeneous solutions were cast onto carbon
membranes coated Cu grids (T10044) in dry air. The thin films
were maintained at ambient temperature for 3 days for the
solvent to evaporate completely, followed by annealing in
vacuum at 180 °C for 3 days h. The film thicknesses of the
result thin films were ca. 80—100 nm. Then the morphologies
of the thin films were characterized by TEM and XPS. The TEM
bright-field images were obtained with a Tecnai G2 F20
instrument using an accelerating voltage of 120 kV. The XPS
experiments were carried out on an XSAMS800 (Kratos
Company, UK) with Al Ko radiation (hv = 1486.6 eV).

Results and Discussion

The Compositions of the Asymmetrical DB BCPs and Their BCC
Structures in Bulk after Annealing at 180 °C.

The DB block copolymers used in this work (DsgB1p4, DsgBg, and
DsgBag) were synthesized through ATRP as reported in our
previous work,29 and their number-averaged molecular weight
(M,), polymerization degree, PDI, fppms Vvalues, and glass
transition temperatures of PBPCS blocks (Tgpgpcs)) are listed in
Table 1. These BCPs have well-defined chemical structures and
narrow molecular weight distributions with PDI values less
than 1.10.” When the DB BCPs are annealed at relatively low
temperatures, all of them self-assemble into
thermodynamically stable BCC nanostructures in bulk.?® This
work is focused on the microphase-separated morphologies in
thin films of these BCPs after annealing at 180 °C at which the
BCC structures are stable for these BCPs. The d-spacing values
of the BCC nanostructures of DsgBips, DsgBg, and DsgByg in bulk
at ambient temperature after annealing at 180 °C are 20.8,
18.9, and 14.5 nm, respectively.29 In addition, the d-spacing
values of these BCC nanostructures obtained from the SAXS
experiments are di1p values which are equivalent to the a/N2
(where a is digo) values. Thus, the a values of DsgB1gs, DsgBso,
and DsgByg are 29.4, 26.7 and 20.5 nm, respectively. For the
BCC structure shown by the model in Fig. 2a, the morphologies
that can be observed in TEM experiments along the [100], [110]
and [111] directions are shown in Fig. 2b—d, respectively. The
red and dark red spheres are the real spheres in a single lattice
plane, and the grey spheres are the orthographic projection of
the spheres in the corresponding neighboring plane. For the
[100] zone, the morphology should be square pattern with the
nearest sphere-to-sphere distance equivalent to a/N2. For the
[110] zone, the rectangular pattern should have the length
equivalent to a/V2 and the width equivalent to a/2. The [111]
zone should have the triangular pattern with the nearest
sphere-to-sphere distance equal to (\/2/\/3)0. Therefore, we
can distinguish the orientation of the BCC structure in the thin

This journal is © The Royal Society of Chemistry 20xx
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films from the morphologies of TEM experiments in the
following section.

Micrometer-Scale Ordered Domain of [110]-Oriented BCC Spheres
in Thin Films of D5gBg4 , DsgBgy, and DsgBso BCPs.

The thicknesses of the BCP thin films can be controlled by the
concentration and the volume of the solution used for casting
a piece of thin film as described in our previous work.>® In
order to avoid the influence of the thin-film thickness on the
morphology, we controlled the average thickness of the thin
films of the BCPs to be 80~100 nm which were about 5~6
multiples of the periodicities of [110] plane of the BCC
structure. The electron density of PDMS (0°ppms) is larger than
that of PBPCS (0°pgpcs), because PDMS contains Si element in
addition to C, H, and O elements.® Thus, the microphase-
separated morphologies of the thin films can be directly
distinguished in the TEM micrographs. Moreover, the
compositions of the surface layers of the thin films can be
determined by XPS experiments.

First, we studied the microphase-separated nanostructures
of the thin films of DsgB1o, after annealing at 180 °C for 3 days.
As shown in Fig. 3a, the micrometer-scale domain with a
uniform morphology is observed in the TEM experiment. In the
TEM micrographs with higher magnifications (Fig. 3b—c), the
rectangular arrangement of the dark dots is clearly observed.
Because of the higher electron density of PDMS that contains
Si element, the darker part in the TEM micrograph is the PDMS
domain.*! In addition, the length and the width of the lattice of
the rectangular are equivalent to 20.6 and 14.8 nm,
respectively, which are quite consistent with the calculated
values (a/\/2 =20.8 nm, and a/2 = 14.7 nm) from the model of
the [110] zone of the BCC nanostructure as shown in Fig. 3d.
The radius of the PDMS sphere of the BCP is calculated to be
6.7 nm from the fppms value and a value of the BCC unit cell
(Fooms = 8nr’/3a’, thus r = a(3froms/87)"%). The width of the
rectangular lattice (a/2) is 14.7 nm which is larger than the 2r
value (13.4 nm), and thus the PDMS dots are separated from
each other in the TEM micrograph. Therefore, the morphology
of the thin film of DsgB1g4 as shown in Fig. 3 is projection of the
BCC structure along the [110] direction.

For the thin film of DsgBg,, the micrometer-scale ordered
domain with the oriented nanostructure is also observed, as
Fig. 3e. The TEM micrographs with higher
magnifications in Fig. 3f—g clearly display rectangular
arrangement of the spheres, which indicate the [110]-
orientated BCC spheres of DsgBg, on the substrate. In addition,
the length and the width of the rectangular lattice are
equivalent to 18.6 and 13.6 nm, respectively, which are
consistent with the calculated values (a/\/z =18.9 nm and a/2
=13.5 nm) from the model of the [110] projection as shown in
Fig. 3h. The 2r value of the PDMS sphere of DsgBg, is calculated
to be 13.2 nm, which is a little smaller than the value of the
width of the rectangular lattice (a/2 = 13.5 nm), and thus the
PDMS dots are still separated from each other in the width
direction of the rectangular lattice but are much closer than
those of DsgBigs in the thin film as shown in the TEM

show in
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micrographs. Therefore, the morphology of the thin film of
DsgBg, shown in Fig. 3 is also the [110] projection of the BCC
spheres.

Then, the morphologies of thin film of the DsgB4o BCP after
annealing at 180 °C for 3 days were characterized. As shown in
Fig. 3i—j, the uniformly oriented micrometer-scale domain is
observed. The dark PDMS phase even occupies more area than
the light PBPCS phase in the TEM image. From the TEM
micrograph with a higher magnification (Fig. 3k), it is clearly
observed that the dark phase are composed of overlapped
PDMS spheres. Thus, the morphology of the thin film of DsgByg
is also the BCC structure of the [110]-oriented close packed
spheres. In addition, the distance between the neighboring
dark phases is measured to be 14.6 nm, which is consistent
with the calculated length of the rectangular lattice (a/\/z =
14.5 nm) from the model of the [110] projection as shown in
Fig. 3l. The radius of the PDMS sphere of the DsgB,o BCP is
calculated to be 6.2 nm from the fppus value and the BCC unit
cell. Thus, the a/2 value (10.3 nm) is much smaller than the 2r
value (12.4 nm) due to the relatively higher fypyms value (23%)
of DsgBsy BCP. Therefore, the PDMS spheres observed along
the [110] direction are overlapped with each other, consistent
with the TEM result.

The solubility parameters of PBPCS and PDMS are 21.8 and
15.0 Jllzcm’m, respectively,29' 32 indicating that DB is a kind of
strong microphase-separated BCP and the surface energy of
PDMS is lower than that of PBPCS. The substrate surface, low-
surface-energy carbon thin film,33 has no distinct preferential
interaction with PDMS or PBPCS, and thus is a relatively
neutral surface for these BCPs. In order to determine the
composition of the surface layer of these thin films, XPS
experiments were carried out. The XPS profiles of DsgBigas,
DsgBgy, and DsgB,o are shown in Fig. 4. In each curve, three
groups of characteristic signals from carbon, oxygen, and
silicon are clearly observed. First, the O 1s peak at a binding
energy of 532 eV, and the Cls peak at a binding energy of
284-289 eV are observed, originating from both PDMS and
PBPCS. And the Si 2s and Si 2p binding peaks appear at 152
and 102 eV, respectively. Comparing the relative intensities of
the Si 2s and Si 2p binding peaks of the three BCPs with
different fppms values, the content of PDMS increases as fppus
increases. In addition, the mole ratios of PDMS to PBPCS in the
surface layers can be calculated from the C:O ratio from the
XPS results, and the calculated compositions of the surface
layers of the thin films are almost consistent with the
composition of the corresponding block copolymers. Therefore,
the surface layer is also composed of both PDMS and PBPCS
blocks, without significant accumulation of PDMS, which may
be ascribed to the low fppus values and the stability of BCC
nanostructures of these BCPs.

All thin films of these DB BCPs with fypyms values of 10%,
13%, and 23% present micrometer-scale domains of [110]-
oriented BCC spheres. First of all, PDMS is the minor phase and
the BCC structures are the thermodynamically stable
nanostructures for these DB BCPs.”® And these thin films were
annealed at an appropriate temperature (180 °C) for a
relatively long time (3 days) which enabled the BCPs to self-

J. Name., 2013, 00, 1-3 | 3
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assemble into the thermodynamically stable nanostructure.>
Thus, the microphase-separated nanostructures of these BCPs
thin films with relatively large thicknesses are still BCC
structures. Secondly, the orientation of the BCC structure with
the close-packed [110] planes parallel to substrates can
minimize the amount of chain stretching required to fill the
interstitial space at the substrate and free interfaces. Fig. 5a-c
illustrate the chain arrangements of the DB block copolymer in
a single [100], [110], and [111] plane of the BCC structure,
respectively. In order to fill the interstitial space, the PBPCS
chains in the [100] and [111] planes stretch more compared
with those in the [110] plane. Moreover such a [110]
orientation is consistent with the results reported in
literature.”® > % Thirdly, PDMS has a relatively low-surface
energy,32 and the [110] orientation can maximize the
occupation of the PDMS chains at the substrate and free
interfaces (the occupation ratios of PDMS in the [100], [110],
and [111] plane are nrz/az, \IZTCFZ/CIZ and nrz/\/3az, respectively,
where r is the radius of the PDMS sphere and the a is dq0).
Moreover, these DB BCPs are narrowly dispersed with
PDI<1.10, thus relatively long-range ordering of the domains
can be achieved. Therefore, all thin films of these DB BCPs
have the BCC nanostructures with the preferential [110]-
orientation parallel to the substrate, and extraordinarily, the
size of the [110]-oriented domain in this work is on the
micrometer scale. Moreover, multiple [110]-oriented domains
can join together to form even larger ordered domains. And
the morphology at the boundaries of two or more adjacent
[110]-oriented BCC domains will be of great interest.

Interesting Morphologies at the Boundaries of Adjacent [110]-
Oriented BCC Domains in Thin Films of DsgB;g4, DsgBgs, and DsgByg
BCPs.

After the morphologies of the single, large-scale [110]-oriented
BCC domains of the thin films of these BCPs were studied, the
morphologies at the boundaries of adjacent [110]-oriented
BCC domains were investigated. For the thin films of DsgBiga
and DsgBg, BCPs, the adjacent [110]-oriented domains match
each other quite well, as shown in Fig. 6 illustrating several
domains of the [110]-oriented BCC structures in the TEM
micrographs of thin films of DsgB1g4 and DsgBg,. The boundaries
of the adjacent [110]-oriented domains of these two BCPs are
indicated with dashed lines, and clearly there are no obvious
defects observed at the boundaries in the TEM micrograph. In
addition, magnified TEM images of the DsgB1ps and DsgBg, thin
films with two well matched [110]-oriented domains are
shown in Fig. S1, and the arrangement of the PDMS dots of the
neighboring domains near the interface is illustrated by the
model shown in the inset of each micrograph. The neighboring
[110] domains share a twin plane and do not influence the
ordering and arrangement of the spheres of each other. The
morphology of each boundary observed in the TEM
micrographs is almost a line with no defects. Thus, the
boundaries of the adjacent [110]-oriented domains in thin
films of the DsgBigs and DsgBg, BCPs are almost ‘defect-free
interfaces’.

4| J. Name., 2012, 00, 1-3

For the thin films of DsgB,, the morphologies at the
boundaries of the adjacent [110]-oriented domains are more
complicated but interesting. As shown in Fig. 7a, the
boundaries of the two neighboring [110] domains is also
defect-free interface which is similar to the case of the DsgB1ps
and DsgBg, BCPs. The two neighboring [110]-oriented BCC
domains are symmetrically oriented, and the morphological
pattern of the TEM micrograph in Fig. 7a is illustrated by the
model shown in Fig. 7b in which 6, = 6,. A second case is the
asymmetrical arrangement of two neighboring [110]-oriented
BCC domains as shown in Fig. 7c, the twin BCC spherical
domains do not match each other at the twin plane, and the
line defects at the interface marked by the dashed lines are
observed. Because PDMS contains the Si element with a higher
electron density compared with C and H atoms,zg'31 the darker
dots both in the [110]-orientated domains and at the interface
in the TEM micrograph are the PDMS microdomains. The
arrangement of the PDMS dots in the TEM micrograph (Fig. 7c)
is illustrated by the model shown in Fig. 7d. Because 6; = 26,
which leads to OB ~ 20A, the PDMS dots are redundant at
those B and O sites of the interface as indicated by the circles
in the model. Thus, the enrichment of PDMS at the interface
leads to the rearrangement of the PDMS phase at the interface
which results in the line defects.

Moreover, there are some new morphologies with more
interesting boundaries observed in thin films of DsgB,o. As
shown in Fig. 8a, the twin BCC-sphere A and B domains with
matching lattices at the twin plane along with the domain C
which is a boundary of several [110]-oriented BCC domains are
observed. In addition, many domains with the same
morphological characteristics as those of domain C are
observed in the thin film of DsgB4o as shown in Fig. S2% in ESI.
In order to investigate the morphological characteristics of
domain C, the TEM experiments for structural determination
at tilting angles of 0—30° were performed,35 and the results are
shown in Fig. 8b—f. The red circle indicating the joint of the
domains A, B and C was used as the marker in the TEM tilting
experiments. With the increase in the tilting angle, there are
some changes in the morphology. When the tilting angle is
increased to 25° and 30°, the area in the white box shows the
characteristics of the [110]-oriented BCC morphology, but the
other areas in domain C are still disordered. Therefore, the
domain C is dominated with defects but has local ordering of
the BCC structure. By the way, the orientation of the BCC
structure and the pattern of the PDMS dots on the TEM
micrographs in the [110]-orientated domain A and B are
illustrated by the model in Fig. S3a-b. After tilting 30°, the
morphologies of domain A and B are consistent with
theoretical patterns for the corresponding [110]-oriented
domain with ordered BCC structures after the same tilting (Fig.
S3a’-b’), which further indicates the ordering of the BCC
structure in the [110]-oriented domains.

Thus, the morphologies at the boundaries of the
neighboring [110]-oriented BCC domains in thin films of DsgByg
BCP include interfaces without defects, interfaces with line
defects, and domains with defects and local ordering. The
formation of these different morphological boundaries with

This journal is © The Royal Society of Chemistry 20xx
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more defects in thin films of DsgBso can be attributed to the
relatively high volume fraction occupied by PDMS spheres. For
DsgByo with a higher fppus value of 23%, the homogeneous
nucleation of the PDMS blocks to form the BCC structure will
be much easier than that of DsgB,9s and DsgBg,. When two
[110]-orientated domains in thin films of DsgB,4 are developed
and encounter with each other, the mismatching, overlapping,
and rearrangement of the PDMS spheres are much easier to
occur at the interfaces. Thus, only when the two neighboring
domains symmetrically re-arrange, will the boundary be the
defect-free interface; otherwise the boundary of the interface
with defects will appear. Once the mismatching or overlapping
develops at the end of the interface of the two neighboring
[110]-orientated domains, a new domain with defects and
local ordering of the BCC structure will generate until stopped
by other [110]-orientated domains already developed. But for
the DsgBios and DsgBg, with relatively lower fopms Values, the
encountered [110] domains can be much easier to
accommodate to each other, and the boundaries are simply
interfaces. Therefore, there are more defects at the
boundaries in thin films of DsgBso than those in thin films of
DsgBios and DsgBs,.

Moreover, the above study on the boundary morphologies
of the adjacent [110]-oriented BCC domains of DB thin films
indicates that once a BCC structure forms, the micrometer-
scale [110]-oriented BCC domain develops under thermal
annealing control. In order to attain more long-ranged
structure, "zone-annealing”36 method might be effectively
used to remove the interfaces and the thin film with a single
large [110]-oriented BCC domain especially for DsgBips and
DsgBg, might be developed in our future work.

Conclusions

In summary, the microphase separation and structure
orientation in thin films of a series of asymmetrical DB BCPs
with thermodynamically stable bulk BCC structures are
investigated utilizing TEM and XPS. The thin films with
relatively large thickness were prepared on carbon film-coated
substrates and were annealed in vacuum at 180 °C for 3 days.
All thin films of these DB BCPs with fppus values ranging from
10% to 23%

structures prefer to orient with the [110] plane parallel to the

have a common characteristic that the BCC

substrate because this orientation can minimize the extent of
chain stretching required to fill the interstitial space at the
substrate and free interfaces, and can maximize the
occupation of PDMS at the substrate and free interfaces. The
uniform domain with the [110]-oriented BCC structure in all
thin films is on the micrometer scale. For the thin films of the
BCPs with relatively low fppms values (DsgBigs and DsgBg,), the
adjacent [110]-oriented BCC domains match each other well,
and the boundaries are almost defect-free interfaces. For the
thin film of DsgBso which has a relatively high fepms value,
various morphologies at the boundaries are observed including
interfaces, line defects, and
domains with defects and local ordering. The long-range
ordering of the [110]-oriented BCC structure and the well

defect-free interfaces with

This journal is © The Royal Society of Chemistry 20xx

matching of the neighboring [110] domains can be ascribed to
the well-defined chemical structure and narrow polydispersity
of these BCPs. The increase in the number of the defects at the
boundaries of adjacent [110] domains in the thin film of DsgByg
is attributed to the accumulation of PDMS spheres at the
interfaces because of the increase in the volume fraction
occupied by the PDMS spheres. Moreover, the DsgBips and
DsgBg, BCPs have thermoreversible BCC-HEX order-order
transitions at higher temperatures in bulk, and the further
researches on the phase transition behaviors of the thin films
as well as the “zone-annealing” method used to generate
better long-range ordered thin films of these BCPs will be
conducted in our future work. Furthermore, the thin films of
these BCPs with long-range ordering are possible candidates
for nano-templates.
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