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ABSTRACT: Controlling self-assembled nanostructures in thin ﬁlms allows the bottom-up fabrication of ordered nanoscale
patterns. Here we report the unique thickness-dependent phase behavior in thin ﬁlms 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-PS28-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 ﬁlm structures. Interestingly, ﬁlms 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 ﬁlms with thickness larger than 200 nm show an irreversible transition from HPL to DG at 200 °C. The thicknesscontrolled transition pathway suggests possibilities to obtain diverse patterns via thin ﬁlm self-assembly.

■

INTRODUCTION
Utilizing self-assembly of soft materials to fabricate thin ﬁlms or
coatings with ordered patterns provides a bottom-up approach
to overcome limitations in top-down approaches.1−3 Among a
variety of self-assembled ordered phases, e.g., lamellae (LAM),
double gyroid (DG), hexagonally packed cylinders (HEX), and
body-centered-cubic packed spheres (BCC), the three-dimensional (3D) DG phase attracts a great deal of scientiﬁc interest
because its bicontinuous structure within a cubic lattice holds
great potential in applications of self-supporting porous
materials and 3D photonics.4,5 Luzzati and Spegt6 were the
ﬁrst to observe the DG phase having Ia3̅d symmetry in an
anhydrous amphiphilic soap system. For block copolymers, the
ﬁrst experimental observation of the bicontinuous cubic phase
was by Thomas et al.,7 and the symmetry of Ia3̅d was
determined afterward by the works of Gruner and Thomas et
al.8 and Bates et al.9 Theoretical calculations have suggested
© 2017 American Chemical Society

that the DG phase is a thermodynamically equilibrium phase in
the weak-to-intermediate segregation limit.10,11 On the other
hand, the hexagonal perforated layer (HPL) phase has been
closely related to the DG phase, typically via an irreversible
phase transition, as widely observed in diblock copolymer and
diblock copolymer/homopolymer blend systems.12−22 The
HPL structure consists of alternative stacked layers of the
major and minor components with hexagonally arranged
perforations in the minor-component layers by the continuous
major-component phase. The HPL phase is theoretically
predicted to be a metastable phase22−24 and has been
experimentally observed as a long-live metastable structure,
which could be induced by large-amplitude mechanical shear to
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Figure 1. Molecular structure of BPOSS-PS28-DPOSS. The volume fraction of each component is ΦBPOSS = 0.19, ΦPS = 0.59, and ΦDPOSS = 0.22.

Figure 2. Structural characterizations of a bulk sample of BPOSS-PS28-DPOSS. (a) 1D SAXS pattern of BPOSS-PS28-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 OsO4 staining to the hydroxyl groups of DPOSS cages. The insets represent the corresponding FFT images with prominent
Bragg peaks labeled.

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 functionalized polyhedral oligomeric silsesquioxane (POSS) cages)
tethered at the ends of polymer chains, bear structural
similarities to both small-molecule surfactants and block
copolymers.37 In the bulk, a variety of ordered phases have
been observed in a POSS−polystyrene (POSS−PS) giant

create the edge dislocations and lower the energy barrier of
forming the HPL phase compared to that of the DG phase.20,22
Although the phase behavior and the physical characterization of the DG phase in the bulk state have been studied
extensively, studies on the DG phase in thin ﬁlms26−29 and the
corresponding thickness-dependent phase behavior are relatively limited.30 In the thin ﬁlm state, the stability of a particular
phase is inﬂuenced by additional factors including the
geometric conﬁnement and the interactions between ﬁlms
and surfaces, i.e., a surface ﬁeld,31−33 which are known to also
aﬀect the phase orientations.34−36 In some cases, the conﬁnement constraints present in thin ﬁlms may even stabilize a
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Figure 3. Structural characterizations of a 138 nm thick (15L0) ﬁlm of BPOSS-PS28-DPOSS. (a) GISAXS pattern at the incident angle of 0.20° of the
BPOSS-PS28-DPOSS thin ﬁlm 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 ﬁlm 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.

PSn-DPOSS by systematically increasing the molecular weight
of the central PS from 1.2K to 12K Da (which roughly
corresponds to n = 12 to 120). Similar molecular conjugates
with two diﬀerent nanoparticles telechelically linked to a
polymer chain have also been evaluated by molecular
simulations.42 Among this series of samples, BPOSS-PS28DPOSS (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 ﬁlm conﬁnement.
First, the DG structure of BPOSS-PS28-DPOSS in the bulk
was identiﬁed via synchrotron SAXS and bright ﬁeld (BF) TEM
images of the microtomed samples. The SAXS pattern (Figure
2a) clearly shows the characteristic diﬀraction peaks of a DG
lattice with a q-value ratio of √6, √8, √14, √16, √20, √22,
√24, √26, √30, and √38. The cubic lattice parameter was
determined to be a = 21.8 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 spotto-spot distance (d220,DG) 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) reﬂection in the

surfactant system, with an asymmetric phase diagram similar to
diblock copolymers.38 Interestingly, giant surfactants exhibit
unconventional spheroidal micelle phases, such as the
dodecagonal quasicrystal structure and the Frank-Kasper A15
and σ-phase, driven by their multitailed molecular geometry.39
Recently, we demonstrated tunable and complex phase
behaviors of giant surfactants in thin ﬁlms by balancing the
interaction parameter and the molecular topologies with the
surface ﬁeld and geometrical conﬁnement.40
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
ﬁlms. The study on phase formation, stability, and transitions,
especially the bicontinuous DG phase, in thin ﬁlms lays the
foundation toward developing bottom-up fabrication techniques and other potential applications.

■

RESULTS AND DISCUSSION
Double Gyroid Phase in the Bulk. The self-assembly
behavior of a series of BPOSS-PSn-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.41 A sequence of phase transitions
from LAM → DG → HEX → BCC was observed for BPOSS7284
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Figure 4. In situ GISAXS patterns at an incident angle of 0.20° of a 65 nm thick (7L0) ﬁlm 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
speciﬁc temperature more than 10 min.

(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 ﬁlms.
Thickness-Dependent Phase Transition in Thin Films.
The grazing-incidence SAXS (GISAXS) pattern of a 138 nm
thick ﬁlm of BPOSS-PS28-DPOSS after annealing at 120 °C for
4 days is shown in Figure 3a. The strong reﬂections along the qz
direction at qy = 0 Å−1 indicate a layered structure, and the
additional reﬂections along the qz direction at qy ≠ 0 Å−1 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, c = 27.4 nm, α = β = 90°, and γ
= 120° with space group R3̅m, No. 166 (Figure 3b). For the
pattern simulation, the motifs are arranged in the Wyckoﬀ
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
reﬂected (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
reﬂections in the GISAXS pattern, while the simulated
scattering signals for ABA and ACA hexagonal stacking are
diﬀerent from the experimental data (Figure S2).20
When the same thin ﬁlm sample was further annealed at 160
°C for 11 h, the corresponding GISAXS pattern is diﬀerent
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 ﬁlm normal. A closer
examination, however, reveals that the pattern cannot be simply
ﬁtted with a 2D hexagonal lattice. Notably, the cylinder layer
spacing along the ﬁlm normal direction is compressed by
14.2%, resulting in a compressed HEX structure (c-HEX) that

SAXS powder pattern. Using density measurements, the
volume fractions of DPOSS, BPOSS, and PS in BPOSS-PS28DPOSS are determined as 0.22, 0.19, and 0.59, respectively.41
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 ﬂat
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 conﬁrm 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.43 The
calculation shows that the case with major volume fraction
(Φ1) equal to 0.78 and the minor volume fraction (Φ2) equal
to 0.22 matches much better with the experimental data than
the case of Φ1 = 0.59 (pure PS) with Φ2 = 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-PS28-DPOSS forms alternating or core−shell DG
structures.44−46 Note that the identiﬁed relative volume
fractions of this DG structure signiﬁcantly 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 “eﬀective chain cross-section area”
at the interfaces and thus results in shifted phase boundaries
and a low volume fraction of DPOSS (ΦDPOSS = 0.22) for the
double network component.39 It is also worth noting that in
addition to the DG phase a minor amount of the HEX phase is
observed as faint additional reﬂections 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 ﬁlms.
According to our detailed analysis of scattered intensity
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Figure 5. A set of BF TEM images of a 65 nm thick (7L0) ﬁlm after diﬀerent thermal treatments. The plane-view images of the ﬁlm after annealing at
(a) 120, (b) 128, and (c) 150 °C for 2 days. The insets represent the corresponding FFT images. (d) Cross-sectional view of the ﬁlm after annealing
at 120 °C for 2 days. The black strip represents the Au layer deposited on the air/ﬁlm interface. (e) Schematic illustration of the comparison between
HPL and c-HEX structures in the cross-sectional view.

Figure 6. In situ GISAXS patterns at an incident angle of 0.20° of a 300 nm thick (33L0) ﬁlm upon heating and subsequent cooling to room
temperature. The patterns were collected at (a) 25, (b) 160, (c) 200, (d) 210, and (e) 25 °C. Each pattern was collected after maintaining the ﬁlm at
the speciﬁc temperature for more than 10 min.

65 nm thick ﬁlm recorded both upon heating and upon
subsequent cooling to room temperature (Figure 4), it is
observed that the pattern of a HPL structure transforms into
the pattern of a HEX phase between 120 and 140 °C,
suggesting a HPL → HEX phase transition upon heating. There
is no further transition observed up to 200 °C, and the
anisotropic thermal contraction of the HEX structure along the

can be described by a centered 2D orthorhombic lattice with a
= 10.2 nm, b = 15.1 nm, and plane group p2mm (Figure 3e). A
simpliﬁed 3D illustration is shown in Figure 3f.
To understand the phase transition in thin ﬁlms, GISAXS
experiments were conducted on ﬁlms with various thicknesses
as a function of temperature at Beamline 8-ID-E of the
Advanced Photon Source. From a set of GISAXS patterns of a
7286
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Figure 7. BF TEM images of a 300 nm thick (33L0) ﬁlm. (a) The cross-sectional view of the 300 nm thick ﬁlm after the in situ GISAXS experiments
at various temperatures. The black strip in (a) is the amorphous carbon layer deposited on the air/ﬁlm interface, and the bottom of the ﬁlm sample
represents the ﬁlm/substrate interface. (b) Corresponding FFT image of the upper part (c-HEX) and (c) the lower part (DG) of (a). (d) Magniﬁed
image of the outlined region in (a).

In contrast to the phase behavior in thin ﬁlms with thickness
less than 200 nm, ﬁlms thicker than 200 nm exhibit a diﬀerent
phase transition upon heating. Figure 6 shows a series of in situ
GISAXS patterns of a 300 nm thick (33L0) ﬁlm upon heating
and subsequent cooling. The HPL structure in this thick ﬁlm
does not transform to the c-HEX but reorganizes to the DG
phase at 200 °C (Figure 6c). Moreover, the subsequent cooling
process does not bring back the HPL phase (Figure 6e), thus
indicating an irreversible HPL → DG phase transition. By using
the GIXSGUI software to ﬁt the diﬀraction patterns, we can
determine that the DG phase orients with its ⟨121⟩ direction
perpendicular to the substrate, and that the lattice parameter of
the DG phase is a = 21.8 nm, which coincides with the unit cell
dimension of the bulk DG phase. The GISAXS pattern of the
DG phase with the calculated allowed Ia3d reﬂection positions
overlay is summarized in Figure S7a. The two diﬀerent phase
behaviors of HPL → c-HEX for thickness <200 nm and HPL
→ DG for thickness >200 nm demonstrate the unique
thickness dependence of this bolaform-like giant surfactant.
Surface-Induced HPL Phase. To further investigate the
thickness-dependent self-assembly phenomenon in thin ﬁlms,
the 300 nm thick (33L0) ﬁlm studied in the in situ GISAXS
experiment was also observed by TEM. The cross-sectional
view TEM image (Figure 7a) clearly shows the c-HEX structure
in the vicinity of air/ﬁlm interface with the DG structure
developed in the bulk interior of the ﬁlm. Because the TEM
sample preparation involves peeling thin ﬁlm samples from the
substrate (see Experimental Section for details), the nanostructure in the vicinity of the substrate appears as DG. However,
additional TEM images show the presence of c-HEX domain in
the substrate interface (Figure S8); moreover, the substrate
layer of c-HEX is usually thinner than at the air/ﬁlm interface,
indicating DPOSS prefers to contact air (lowest interfacial
tension) and it is only slightly favorable at the silicon substrate.
Figures 7b and 7c represent the corresponding FFT images of
the c-HEX and DG structures shown in Figure 7a, respectively.
The magniﬁed image of the DG structure (Figure 7d) conﬁrms
the observation in GISAXS patterns that the ⟨121⟩ direction is
perpendicular to the substrate and also reveals the expected
epitaxial relationship between {121}DG and {10}HEX,47 where
d121,DG = 8.9 nm and d10,HEX = 8.8 nm (observed at 200 and 210
°C). A careful analysis of the GISAXS pattern of Figure 6e
conﬁrms a coexistence of DG/HEX at high temperature

ﬁlm normal direction during cooling back to room temperature
creates the c-HEX structure. The assignments of the HEX at
200 °C and the c-HEX structures at 25 °C are conﬁrmed by the
pattern analysis (Figure S3). The change from the HEX lattice
to the c-HEX lattice is attributed to the small thickness
shrinkage (∼3 nm) during cooling, as revealed by the in situ
reﬂectivity data (Figure S4). Overall, we observed an
irreversible HPL → HEX phase transition from the 65 nm
thick BPOSS-PS28-DPOSS ﬁlm, and the same phase behavior
was also observed for a 138 nm thick ﬁlm (summarized in
Figure S5).
To conﬁrm the phase we observed during in situ GISAXS
measurements is a long-term stable phase, we examined a longterm-annealed (2 days) 65 nm thick ﬁlm by TEM. When
viewed along the ﬁlm normal direction, the ﬁlm after being
annealed at 120 °C for 2 days shows the HPL structure (Figure
5a), and the corresponding fast Fourier transform (FFT) image
in the inset clearly shows the 6-fold symmetry of the
morphology. The cross-sectional view (Figure 5d) of the ﬁlm
reveals the perforated layered structure with DPOSS in dark
and BPOSS/PS in gray after the selective OsO4 staining of the
hydroxyl groups on the DPOSS cages. The air/ﬁlm interface is
covered by a layer of hydrophilic DPOSS, which is also
observed for thicker ﬁlms (Figure S6b). The distance between
two neighboring perforated DPOSS layers is about 9 nm, which
coincides with the layer periodicity of the HPL structure
determined from the GISAXS pattern. In contrast, thin ﬁlms
annealed at 128 and 150 °C (Figures 5b and 5c) show the cHEX structure in the plane-view images. This set of TEM data
clearly conﬁrms the observed phase behavior in GISAXS
experiments. A schematic comparison of the cross sections
between the HPL and the c-HEX microdomain structures is
illustrated in Figure 5e. The periodicity of {003} planes of the
HPL structure is 9.1 nm, which is close to the {10} plane
periodicity (i.e., 8.8 nm) of the HEX with a = 10.2 nm,
indicating a likely epitaxial relationship with each other.
However, due to the compression of c-HEX along its b-axis,
the dimension between layers of cylinders (i.e., 7.5 nm) is
smaller than the layer periodicity of the HPL phase (i.e., 9.1
nm). Considering the {003}HPL = 9.1 nm is the domain spacing
(L0) in the system, the 300, 138, and 65 nm thick ﬁlms
represent ﬁlms having 33L0, 15L0, and 7L0 periods, respectively.
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solution (concentrated H2SO4/30% H2O2 = 3:1 (v/v)) at 80 °C for 30
min, followed by rinsing with deionized water and drying with
nitrogen ﬂow. The thickness of the ﬁlms was controlled by the solvent
concentration and the applied spin speed. Speciﬁcally, spin-coating of a
1.0 wt % solution at 2000 rpm, a 2.0 wt % solution at 1000 rpm, a 5.0
wt % solution at 2000 rpm, and a 5.0 wt % solution at 1000 rpm for 60
s generates ﬁlms with thicknesses of 65, 138, 193, and 300 nm,
respectively.
Small-Angle X-ray Scattering (SAXS). The bulk sample for
SAXS was prepared by mechanical extrusion (0.7 mm in diameter)
followed by annealing at 120 °C for 2 h. The 1D SAXS pattern was
collected in the beamline 12-ID-B at the Advanced Photon Source.
The experiment was conducted under vacuum at room temperature.
Beamline 12-ID-B operates at the energy of 14 keV, and the scattering
signals were collected by a Pilatus 2M area detector. The beam size is
200 (H) × 10 (V) μm2, and the sample−detector distance is 1157.5
mm.
Grazing Incidence Small-Angle X-ray Scattering (GISAXS).
The high-resolution grazing-incidence X-ray scattering experiments
was conducted in the beamline 8-ID-E at the Advanced Photon
Source.48 The GISAXS patterns were collected at the incident angle of
0.2° under vacuum to maximize the scattering signal for the entire ﬁlm.
Beamline 8-ID-E operates at the energy of 7.35 keV, and the scattering
signals were collected by a Pilatus 1M-F area detector. The GISAXS
patterns were analyzed by the GIXSGUI package.49 The red circles
and white open squares in the indexed GISAXS patterns represent the
transmitted and reﬂected signals, respectively. The beam size is 100
(H) × 50 (V) μm2, and the sample−detector distance is 1473.62 mm.
In situ heating and cooling GISAXS measurements were conducted
under vacuum on a thermal stage with a upper limit of 220 °C at 10
°C/min heating and cooling rates.
Reﬂectivity. Reﬂectivity measurements were conducted prior to
GISAXS measurements with the same setup. The reﬂectivity data were
collected in the range of 2θ = 0.2°−2.2°. The thicknesses of thin ﬁlm
samples reported in this work were determined by reﬂectivity.
Ellipsometry. The thickness of the ﬁlms was quantiﬁed using
spectroscopic ellipsometry (VASE, J.A. Woollam). The spectroscopic
data were collected in the wavelength region of 300−1000 nm at three
angles: 65°, 70°, and 75°. The model with a Cauchy ﬁlm on the silicon
substrate was applied to approximate the ﬁlm thickness via the
WVASE32 software. The thickness information obtained from
ellipsometry was used to screen the sample preparation before the
GISAXS and reﬂectivity experiments in the synchrotron beamline.
Transmission Electron Microscopy (TEM). BF TEM images
were collected using a JEOL-1230 microscope with an accelerating
voltage of 120 kV. For the plane-view images, a layer of amorphous
carbon layer (∼20 nm) was ﬁrst deposited on the thin ﬁlm sample. A
drop of poly(acrylic acid) (PAA) 25% aqueous solution was then
applied on the sample and dried. The sample (ﬁlm/carbon layer/PAA)
was then peeled oﬀ the silicon wafer with the aid of a razor blade. After
dissolving the PAA in water by placing the sample with the PAA face
down on the water surface, the ﬁlm sample with carbon layer was then
be picked up by a copper grid. For cross-sectional view images, a layer
of Au or amorphous carbon layer (∼30 nm) was deposited on the thin
ﬁlms. The thin ﬁlm samples were transferred from the silicon wafer to
the water surface by PAA and then picked up by a piece of cured epoxy
(Epoﬁx cold-setting embedding resin, #1232, EMS). Thin slices (80
nm thick) of the sample using a microtome (Leica EM UC7) at room
temperature were then transferred to copper grids. All the samples
were subjected to OsO4 staining for 16 h prior to the TEM
examination for preferential staining of the hydroxyl groups on the
DPOSS.

(Figure 6c,d) and DG/c-HEX after cooling down to room
temperature (Figure 6e). The local maximum intensities of the
reﬂections on the quadrant provides the dimensions of a = 10.2
nm and b = 16.5 nm for the c-HEX structure (Figure S7b).
According to these observations, the origin of the c-HEX
should be that the layered HPL structure close to an interface
prefers transforming to the c-HEX structure after thermal
treatment up to 210 °C. Although there are some variations for
the overall thickness of the c-HEX near-surface region from the
observation of TEM, the average thickness of c-HEX domain
from both the air and silicon interface is about 200 nm (Figure
7a and Figure S8). This suggests the surface eﬀect penetrates
into the ﬁlm up to around 200 nm, consistent with the
switchover point from the HPL → c-HEX transition to the
HPL → DG transition at around 200 nm thickness. In addition,
the degree of compression of the c-HEX phase is not uniform.
The compression along the b-axis of the c-HEX phase varies;
for example, the compression is 14.2%, 7.0%, and 6.2% in
Figure 3d (160 °C), Figure 4f (25 °C), and Figure S7b,
respectively. These results indicate that the c-HEX phase is a
kinetically trapped structure, which depends on the thermal
history and sample preparation, and that the noncompressed
HEX structure with p6mm symmetry is the equilibrium phase
for regions closed to ﬁlm surfaces.

■

CONCLUSION
The DG-forming BPOSS-PS28-DPOSS sample exhibits ﬁlm
thickness-dependent phase transitions upon heating. The
surface-induced HPL phase dominates the morphology for
thin ﬁlms for annealing at 120 °C. The irreversible HPL → cHEX phase transition takes place at around 130 °C for ﬁlms
with thickness less than 200 nm. In contrast, the ﬁlms with
thickness >200 nm exhibit the irreversible HPL → DG phase
transition at 200 °C. Because surface ﬁelds tend to suppress
density variations in the direction parallel to the surfaces and
therefore stabilize layered structures, these results indicate that
the metastable HPL phase is stabilized by the thin ﬁlm
geometry and the surface ﬁeld. The HPL phase in a relative thin
ﬁlm (thickness <20L 0) cannot transform to the bulk
equilibrium DG phase because the surface ﬁeld still dominates
the free energy upon heating. The energy barrier of HPL →
HEX is lowered by the surface ﬁeld so that it becomes a
kinetically favorable pathway, which follows the epitaxial
relationship between {003}HPL and {10}HEX. Once the ﬁlm is
many tens of unit cells thick (thickness >20L0), the bulk
equilibrium morphology dominates the interior of the ﬁlm
because the “surface ﬁeld” eﬀect does not extend to far into the
bulk, resulting a HPL → c-HEX phase transition in the vicinity
of interfaces and a HPL → DG phase transition in the
midportion of the ﬁlms with epitaxial relationship between
{003}HPL and {121}DG. These results demonstrate that the
transition pathway that a soft material adopts depends on the
ﬁlm thickness, which is essential to understand for many thin
ﬁlm applications, such as thin ﬁlm ceramic coatings and
nanoporous separation membranes.

■

■

EXPERIMENTAL SECTION

Material and Thin Film Preparation. The synthetic route of
BPOSS-PS28-DPOSS is brieﬂy described in the Supporting Information (Scheme S1). Thin ﬁlm samples of BPOSS-PS28-DPOSS were
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