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ABSTRACT: Controlling self-assembled nanostructures in thin Ims allows the bottom-up fabrication of ordered nanoscale
patterns. Here we report the unique thickness-dependent phase behavior in thin Ims of a bolaform-like giant surfactant, which
consists of butyl- and hydroxyl-functionalized polyhedral oligomeric silsesquioxane (BPOSS and DPOSS) cages telechelically
located at the chain ends of a polystyrene (PS) chain with 28 repeating monomers on average. In the bulk, BPOSS-PS,s-DPOSS
forms a double gyroid (DG) phase. Both grazing incidence small-angle X-ray scattering and transmission electron microscopy
techniques are combined to elucidate the thin Im structures. Interestingly, Ims with thicknesses thinner than 200 nm exhibit an
irreversible phase transition from hexagonal perforated layer (HPL) to compressed hexagonally packed cylinders (c-HEX) at 130
°C, while Ims with thickness larger than 200 nm show an irreversible transition from HPL to DG at 200 °C. The thickness-
controlled transition pathway suggests possibilities to obtain diverse patterns via thin Im self-assembly.

INTRODUCTION that the DG phase is a thermodynamically equilibrium phase in

i : i firis 10,11
Utilizing self-assembly of soft materials to fabricate thin Ims or the weak-to-intermediate segregation limit.” " On the other

coatings with ordered patterns provides a bottom-up approach hand, the hexagonal perforated layer (HPL) phase has been
to overcome limitations in top-down approaches. °> Among a closely related to the DG phase, typically via an irreversible

variety of self-assembled ordered phases, e.g., lamellae (LAM), phase transition, as widely observed in diblock copolymer and

double gyroid (DG), hexagonally packed cylinders (HEX), and diblock copolymer/homopolymer blend systems. The

body-centered-cubic packed spheres (BCC), the three-dimen- HPL structure consists of alternative stacked layers of the

sional (3D) DG phase attracts a great deal of scienti ¢ interest major and minor components with hexagonally arranged

because its bicontinuous structure within a cubic lattice holds perforations in the minor-component layers by the continuous

great potential in applications of self-supporting porous major-component phase. The HPL %23523 is theoretically

materials and 3D photonics.*” Luzzati and Spegt® were the predicted to be a metastable phase and has been
rst to observe the DG phase having la3d symmetry in an expenmentally pbserved as a Iong-ll_ve metastablg structure,

anhydrous amphiphilic soap system. For block copolymers, the which could be induced by large-amplitude mechanical shear to
rst experimental observation of the bicontinuous cubic phase

was by Thomas et al.,” and the symmetry of la3d was Received: July 25, 2017

determined afterward by the works of Gruner and Thomas et Revised:  September 1, 2017

al® and Bates et al.’ Theoretical calculations have suggested Published: September 11, 2017
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Figure 1. Molecular structure of BPOSS-PS,5-DPOSS. The volume fraction of each component is
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Figure 2. Structural characterizations of a bulk sample of BPOSS-PS,-DPOSS. (a) 1D SAXS pattern of BPOSS-PS,g-DPOSS bulk sample after
annealing at 120 °C for 2 h. A set of BF TEM images of the microtomed bulk sample showing projections of the structure along the (b) 001 , (c)

111 ,and (d) 110 directions of the DG phase. In the BF TEM images, DPOSS domains are shown in dark and BPOSS/PS domains are shown in
gray after the selective OsO, staining to the hydroxyl groups of DPOSS cages. The insets represent the corresponding FFT images with prominent

Bragg peaks labeled.

create the edge dislocations and lower the energy barrier of
forming the HPL phase compared to that of the DG phase.?*%?

Although the phase behavior and the physical character-
ization of the DG phase in the bulk state have been studied
extensively, studies on the DG phase in thin Ims®® ?° and the
corresponding thickness-dependent phase behavior are rela-
tively limited.* In the thin Im state, the stability of a particular
phase is in uenced by additional factors including the
geometric con nement and the interactions between Ims
and surfaces, i.e., a surface eld,** * which are known to also
a ect the phase orientations.** * In some cases, the con ne-
ment constraints present in thin Ims may even stabilize a
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metastable structure. Despite extensive interest in the DG and
HPL phases, the thickness-dependent stability of these phases
remains largely unexplored.

To address this question, we selected a DG-forming,
bolaform-like giant surfactant and systematically investigated
its thickness-dependent phase behavior. Giant surfactants,
which consist of molecular nanoparticles (such as function-
alized polyhedral oligomeric silsesquioxane (POSS) cages)
tethered at the ends of polymer chains, bear structural
similarities to both small-molecule surfactants and block
copolymers.®” In the bulk, a variety of ordered phases have
been observed in a POSS polystyrene (POSS PS) giant
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Figure 3. Structural characterizations of a 138 nm thick (15L,) Im of BPOSS-PS,5-DPOSS. (a) GISAXS pattern at the incident angle of 0.20° of the
BPOSS-PS,¢-DPOSS thin Im after annealing at 120 °C for 4 days. The Miller indexes in the GISAXS pattern are based on (b) the hexagonal lattice
of a HPL structure, which is equivalent to a trigonal lattice with R3m symmetry. (c) Schematic illustration of the ABCBA stacking in a HPL model
with DPOSS domains shown in blue. (d) GISAXS pattern of the thin Im in (a) after further annealing at 160 °C for 11 h. The Miller indexes in the
GISAXS pattern are based on (e) the 2D orthorhombic lattice of the c-HEX structure. (f) Schematic illustration of cylindrical packing in the c-HEX

model with DPOSS domains shown in blue.

surfactant system, with an asymmetric phase diagram similar to
diblock copolymers.®® Interestingly, giant surfactants exhibit
unconventional spheroidal micelle phases, such as the
dodecagonal quasicrystal structure and the Frank-Kasper A15
and -phase, driven by their multitailed molecular geometry.*
Recently, we demonstrated tunable and complex phase
behaviors of giant surfactants in thin Ims by balancing the
interaction parameter and the molecular topologies with the
surface eld and geometrical con nement.*’

The rich self-assembly behavior and highly tunable structures
of giant surfactants make them ideal candidates for further
investigations on the thickness-dependent phase stability in thin

Ims. The study on phase formation, stability, and transitions,
especially the bicontinuous DG phase, in thin Ims lays the
foundation toward developing bottom-up fabrication techni-
ques and other potential applications.

RESULTS AND DISCUSSION

Double Gyroid Phase in the Bulk. The self-assembly
behavior of a series of BPOSS-PS,-DPOSS samples (BPOSS
and DPOSS stand for butyl- and hydroxyl-functionalized POSS
cages, respectively) with various molecular weights of PS has
been studied in the bulk state.** A sequence of phase transitions
from LAM DG HEX BCC was observed for BPOSS-
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PS,-DPOSS by systematically increasing the molecular weight
of the central PS from 12K to 12K Da (which roughly
corresponds to n = 12 to 120). Similar molecular conjugates
with two di erent nanoparticles telechelically linked to a
polymer chain have also been evaluated by molecular
simulations.”” Among this series of samples, BPOSS-PS,q-
DPOSS (Figure 1) was found to form a DG structure. In this
contribution, we select this giant surfactant sample and are
interested in the stability of the 3D bicontinuous structure
under thin Im con nement.

First, the DG structure of BPOSS-PS,5-DPOSS in the bulk
was identi ed via synchrotron SAXS and bright eld (BF) TEM
images of the microtomed samples. The SAXS pattern (Figure
2a) clearly shows the characteristic di raction peaks of a DG
lattice with a g-value ratio of 6, 8, 14, 16, 20, 22

24, 26, 30,and 38. The cubic lattice parameter was
determined to be a 218 nm, and the corresponding
crystallographic details are summarized in Table S1. The BF
TEM images shown in Figures 2b, 2c, and 2d represent the
bicontinuous structure along the 001, 111, and 110
projection directions of the cubic lattice, respectively. The spot-
to-spot distance (dyyps) in Figure 2b is measured as 7.7 nm,
indicating a DG cubic lattice with a = 21.8 nm, which matches
the observation of the location of the (211) re ection in the
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Figure 4. In situ GISAXS patterns at an incident angle of 0.20° of a 65 nm thick (7L,)

Im upon heating and subsequent cooling to room

temperature. The patterns were collected at (a) 25, (b) 120, (c) 140, (d) 160, (e) 200, and (f) 25 °C. Each pattern was collected after holding at the

speci ¢ temperature more than 10 min.

SAXS powder pattern. Using density measurements, the
volume fractions of DPQOSS, BPOSS, and PS in BPOSS-PS,-
DPOSS are determined as 0.22, 0.19, and 0.59, respectively.™
In our previous study of BPOSS-PS-DPOSS with PS midblocks
of various molecular weights, we found that BPOSS cages and
PS chains are miscible except in the LAM phase, where the at
geometry facilitates the crystallization of BPOSS cages.
Therefore, the matrix (majority domain) of this DG structure
is a mixed BPOSS and PS domain, while the two interwoven
minority networks, each having a volume fraction of 11%, are
solely composed of the hydrophilic DPOSS cages.

To con rm the assignment of the phase composition of the
DG phase, the structure factors with varied scattering factors of
the two domains were calculated based on the level surface
model of DG to compare with the experimental data.”* The
calculation shows that the case with major volume fraction
( 1) equal to 0.78 and the minor volume fraction ( ,) equal
to 0.22 matches much better with the experimental data than
the case of ; =0.59 (pure PS) with , = 0.41 (one network
of BPOSS, one network of DPOSS), further indicating that the
DPOSS cages comprises the two minority networks and that
the matrix consists of a mixture of PS chains and BPOSS cages
(Supporting Information). The combined TEM images and
SAXS structure factor calculations also exclude the possibility
that BPOSS-PS,g-DPOSS forms alternating or core shell DG
structures.** “® Note that the identi ed relative volume
fractions of this DG structure signi cantly deviates from the
typical volume fractions region where a normal DG phase
appears in linear diblock copolymers ( 64:36). This is
attributed to the conformational rigidity of DPOSS cages,
which tends to increase the “e ective chain cross-section area”
at the interfaces and thus results in shifted phase boundaries
and a low volume fraction of DPOSS ( ppogss = 0.22) for the
double network component.® It is also worth noting that in
addition to the DG phase a minor amount of the HEX phase is
observed as faint additional re ections in the 1D SAXS pattern
(Figure S1). Indeed, the HEX phase is expected to appear on
the bulk sample surface, which is observed for thick Ims.
According to our detailed analysis of scattered intensity
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(structure factor section in the Supporting Information) of
both the DG and HEX phases, the mechanically extruded bulk
sample after annealing at 120 °C has approximately 84% DG
and 16% HEX by volume. The coexistence of the DG and HEX
phases will be further discussed in the section on thick Ims.
Thickness-Dependent Phase Transition in Thin Films.
The grazing-incidence SAXS (GISAXS) pattern of a 138 nm
thick Im of BPOSS-PS,g-DPOSS after annealing at 120 °C for
4 days is shown in Figure 3a. The strong re ections along the g,
direction at g, = 0 A ! indicate a layered structure, and the
additional re ections along the g, direction atg, 0 A *imply
lateral structural correlations between and within the layers.
The pattern is consistent with a HPL structure with lattice
parameters of a = b = 12.4 nm, ¢ = 27.4 nm, =90° and
= 120° with space group R3m, No. 166 (Figure 3b). For the
pattern simulation, the motifs are arranged in the Wycko
position of 3a with coordinates of [0, 0, 0], [1/3, 2/3, 1/3], and
[2/3, 1/3, 2/3] in the hexagonal lattice (contoured in the black
solid lines). The calculated transmitted (red circles) and
re ected (white squares) signals are overlaid to the right-hand
side of the GISAXS pattern, which match well with the
experimental GISAXS pattern (Figure 3a). The HPL structure
is schematically illustrated in Figure 3c with DPOSS perforated
layers in blue and the BPOSS/PS matrix omitted for clarity.
The stacking scheme of the perforated layers in the HPL
structure is determined to be ABCBA trigonal stacking based
on the matching of the simulated and the experimental
re ections in the GISAXS pattern, while the simulated
scattering signals for ABA and ACA hexagonal stacking are
di erent from the experimental data (Figure $2).%°
When the same thin Im sample was further annealed at 160
°C for 11 h, the corresponding GISAXS pattern is di erent
from that of the HPL structure (Figure 3d). Qualitatively, this
pattern indicates a structure composed of cylinders with the
cylindrical axis perpendicular to the thin Im normal. A closer
examination, however, reveals that the pattern cannot be simply
tted with a 2D hexagonal lattice. Notably, the cylinder layer
spacing along the Im normal direction is compressed by
14.2%, resulting in a compressed HEX structure (c-HEX) that
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