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ABSTRACT: We report a remarkable sensitivity of self-assembled structures of giant surfactants on their chemical compositions
and molecular topology, which facilitate the engineering of various nanophase-separated structures with sub-10 nm feature sizes.
Two classes of giant surfactants composed of various functionalized polyhedral oligomeric silsesquioxane (POSS) heads tethered
with one or two polystyrene (PS) tails were efficiently prepared from common precursors of vinyl-substituted POSS—PS
conjugates via one-step “thiol—ene” postpolymerization functionalization. With identical molecular weights of the PS tails, the
resulting giant surfactants exhibited distinct highly ordered phases, as evidenced by small-angle X-ray scattering and transmission
electron microscopy observations. Moreover, comparison between the topological isomers revealed that the self-assembled
structures are also highly sensitive to molecular topology. Introduction of two PS tails with half-length not only shifted the
boundaries between different ordered phases but also altered the packing configurations of the functional POSS cages, leading to
further reduced feature sizes of the self-assembled nanodomains. Interestingly, a lower order—disorder transition temperature was
also observed in the fluorinated F;3;POSS tethered with two PS;; tails, compared to its topological isomer composed of F;;POSS
tethered with one PSj; tail, indicating that the topological effect also existed in phase transition behaviors. These results provide
insights to rationally design and precisely tailor self-assembled structures by controlling both primary chemical compositions and
molecular topology in POSS-based giant surfactants.

Bl INTRODUCTION spheres (BCC), and bicontinuous double gyroid (DG)
phases,'® has been successfully achieved based on block
copolymers via nanophase separation of the chemically
incompatible blocks. In diblock copolymers, the phase behavior
depends, inter alia, on the interaction parameter and degree of
polymerization (yN) as well as the volume fraction (f).'>'®
Although ordered structures with characteristic dimensions of
5—100 nm have been widely reported in many diblock
copolymer systems, creating self-assembled nanostructures at

In recent years, research on self assembhng materials"” and the
resulting ordered structures’™® has been one of the central
themes in the fields of polymers and materials science. In
particular, the formation of self-assembled structures at sub-100
nm scale” has been extensively explored to develop alternative
“bottom-up” nanopatterning and nanofabricating technologies
to complement the conventional “top-down” lithographical
methods.®™"* Block copolymers are among the popular classes
of self-assembling materials."*~"” Formation of various self-
assembled ordered structures, such as lamellae (Lam), Received: November 12, 2016
hexagonally packed cylinders (Hex), body-centered cubic Published: December 20, 2016
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Scheme 1. Syntheses of XPOSS-PS;; and XPOSS-2PS,, Giant Surfactants via the Thiol—Ene “Click” Reaction”
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“Reactants and conditions: (i) thiol ligand R—SH, Irgacure 2959, THF, hv, 15—30 min, 66—85%.

sub-20 nm scale requires development of block copolymers that
possess high y values.'” Recent examples of “high-y” block
copolymers include (1) a series of silicone-containing block
polymers, such as poly(styrene-b-dimethylsiloxane) (PS-b-
PDMS),”°"** poly(2-vinylpyridine-b-dimethylsiloxane)
(P2VP-b-PDMS),** poly(styrene-b-trimethylsilylstyrene-b-styr-
ene) (PS-b-PTMSS-b-PS),”®> and poly(dimethylsiloxane-b-
methyl methacrylate) (PDMS-b-PMMA),*® (2) polylactide
(PLA)-based block copolymers, such as poly(styrene-b-lactide)
(PS-b-PLA),”” poly(lactide-b-dimethylsiloxane-b-lactide) (PLA-
b-PDMS-b-PLA),”® poly(cyclohexylethylene-b-lactide)
(PCHE—-PLA),”” and poly(4-trimethylsilylstyrene-b-lactide)
(PTMSS-b-PLA),”*° (3) oligosaccharides-based block copoly-
mers,”' > (4) block copolymers grafted with polyhedral
oligomeric silsesquioxanes (POSS) as side chains,**~*" (5)
some other examples, such as poly(4-tert-butylstyrene-b-methyl
methacrylate) (PtBS-b-PMMA),* poly(cyclohexylethylene)-b-
poly(methyl methacrylate) (PCHE—PMMA),” and poly(4-
tert-butylstyrene-b-2-vinylpyridine) (PtBuSt-b-P2VP),*" among
others.™*¢

On the other hand, theoretical studies on the phase behaviors
of AB, miktoarm star copolymers®** predicted asymmetric
phase diagrams and emphasized the role of AB interfaces in
determining the phase-separated structures.”™>' So far,
researches on self-assembly of high-y copolymers with diverse
molecular topology are relatively limited.*">*~>* Recently,
Borsali, Satoh, and Kakuchi et al. reported the syntheses of
several oligosaccharide-containing block copolymers with
different molecular architectures and their self-assembly
behaviors.”>***> However, due to the rare availability of well-
defined oligosaccharides as the building blocks, the structural
variations of the oligosaccharide block are relatively restricted.

Our group has been devoted to the design and synthesis of a
library of new self-assembling materials termed as “giant
surfactants”, which are based on polymer-tethered molecular
nanoparticles (MNPs).>> > Examples are derivatives based on
POSS°™® and [60]fullerene.”*™®” Facilitated by the high
efficiency and modularity of the sequential “click” syn-
thesis,”* ™" chemical structures of these giant surfactants can
be systematically tuned by changing composition®”’* and
architecture® of the head and tail building blocks. Our POSS-
based giant surfactants are different from the POSS-containing
block copolymers reported by Hayakawa and Gopalan et
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al.**™*' because we use a single functionalized POSS cage as the
replacement of a polymeric block, instead of grafting multiple
POSS cages as the pedant groups. Our molecular design also
allows changing the periphery functional groups on the POSS
cage to tune interactions with the polymer tails.”® Giant
surfactants with various molecular architectures that resemble
small-molecule surfactants,” lipids,70 gemini surfactants,®””*
and multiple-headed and multiple-tailed surfactants®””® have
been successfully synthesized in high efficiency and structural
precision,” providing a rich library of samples for exploring the
structure—property relationships.

It has been observed that giant surfactants can self-assemble
into various ordered structures in the bulk and thin film
states.”>””” For example, giant surfactants composed of one
dihydroxyl-group-functionalized POSS cage and one PS tail
(DPOSS-PS,) can form a series of ordered phases, from Lam to
DG and Hex and finally to BCC phase, by increasing the length
of the PS tails. Because of the nanometer sizes of the POSS
heads as one individual block, giant surfactants offer the
opportunity to decrease the phase-separated domain size to
below 10 nm.”

Herein, we report two series of POSS-based giant surfactants
tethered with one or two PS tails as the model system to study
how the self-assembled structures are influenced by both the
chemical compositions and the molecular topology. Starting
from two precursors of vinyl-substituted POSS—PS conjugates
(VPOSS-PS;5 and VPOSS-2PS,,)**”° with statistically identical
molecular weights and a rational selection of variously
functionalized small molecule thiols, two series of giant
surfactants with different functionalized POSS (XPOSS)
heads can be prepared via a simple one-step thiol—ene
reaction.®” ™™ This platform ensures facile tuning of the volume
fractions of the heads/tails, the packing and interactions among
the heads, and the effective interaction parameter y, thus
allowing comparison between topological isomers of XPOSS-
PS;s and XPOSS-2PS;; molecules with the same POSS
functional groups. It is demonstrated that the resulting giant
surfactants show distinct phases (e.g., Lam, DG, Hex, etc.) with
feature sizes smaller than 10 nm, with a striking sensitivity to
both chemical compositions and molecular topology.
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Table 1. Summarized Characterization Data of XPOSS-PS;; and XPOSS-2PS,,; Samples

sample M, xposs” (kg/mol) M, xposs.ps” (kg/mol) pb s phase structure” qld (nm™") d,% (nm)

DPOSS-PS;4 1.5 52 1.04 0.78 DG 0.750 8.4
APOSS-PS5 1.4 5.1 1.05 0.79 Hex 0.831 7.6
F,POSS-PS;4 4.1 7.8 1.04 0.63 Lam 0.651 9.6
F,,POSS-PSs; 33 7.0 1.05 0.68 Lam 0735 8.5
HPPOSS-PS;¢ 1.4 S.1 1.05 0.79 disordered

DPOSS-2PS,, 1.5 52 1.03 0.78 Hex 0.912 6.9
APOSS-2PS,, 14 5.1 1.04 0.79 Hex 1.001 63
F,,POSS-2PS,, 41 7.8 1.03 0.63 Lam 0.787 8.0
F;POSS-2PS,, 33 7.0 1.03 0.68 Lam 0.829 7.6
HPPOSS-2DS,, 14 5.1 104 0.79 disordered

“These data are calculated based on NMR results. “These values are obtained from SEC data. “These values are calculated from M, xvr and density
values as elaborated in the Supporting Information. “These data are determined from SAXS patterns collected at room temperature.
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Figure 1. 1D SAXS patterns of (a) DPOSS-PSs;, (b) APOSS-PS;;, (c) Fi;POSS-PSs;, (d) F13;POSS-PSs;, and (e) HPPOSS-PS;;. By fixing the length
of the PS tails but changing the functional groups on the POSS cages, different phase structures are obtained.

B RESULTS AND DISCUSSION PS chains are statistically the same for these two samples.
Therefore, when functionalizing with the same thiols, the
resulting XPOSS-PS;; and XPOSS-2PS; giant surfactants can
be viewed as pairs of topological isomers, which facilitates the
isolation of the molecular architecture effect.

Syntheses of the two series of giant surfactants are outlined in

Design and Syntheses of Model Giant Surfactants.
Our group has recently explored the methodologies to prepare
POSS-based giant surfactants with diverse molecular architec-
tures via the “sequential click” strategy.”*"® Alkyne-function-
alized vinyl-substituted POSS precursors were first “clicked”

with azido-bearing polymers to afford VPOSS—polymer Scheme 1. Before the thiol—ene modification, vinyl-substituted
conjugates. In the following step, seven thiol ligands can be POSS cages cannot phase-separate with the PS tails (data not
quantitatively introduced to the seven corners of the POSS cage shown). As a result, to introduce chemical incompatibility
via the photoinitiated “thiol—ene” reaction.”® Seeking for a between the XPOSS cages and PS tails, the selected thiol
model system to study effects of POSS compositions and ligands have either polar groups such as carboxylic acid groups
molecular topology on self-assembled nanostructures, we select and hydroxyl groups® or perfluorinated alkyl chains.”* The
two reported conjugates, VPOSS-PS;5 and VPOSS-2PS,,, as resulting functionalized POSS cages are denoted as APOSS for
the precursors. Note that the overall molecular weights of the possessing seven carboxylic acid groups, DPOSS for having 14
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hydroxyl groups, HPPOSS for possessing seven hydroxypropyl
groups, F,POSS for tethering seven —CgF |, fluorinated alkyl
chains, and F3;POSS for having seven —CgF; alkyl chains
(Scheme 1).

According to our previous results, complete conversion of
the vinyl groups and the precise chemical structures of the final
products are confirmed by various molecular characterization
techniques, such as 'H NMR (Figures S1 and S2 in the
Supporting Information), Fourier transform infrared spectros-
copy (FT-IR) (Figures S3 and S4), and size exclusion
chromatography (SEC) (Figures S5 and $6).°*7"" Detailed
synthetic procedures can also be found in the Supporting
Information. Because seven thiol molecules are simultaneously
installed onto one POSS cage via the thiol—ene “click” reaction,
even the seemingly slight molecular weight differences among
the thiol ligands will result in non-negligible size differences of
the XPOSS heads. The immediate consequence is that the
volume fractions of the XPOSS heads and the PS tails depend
on the selection of the thiol ligands (see Table 1 and
Supporting Information for details). Furthermore, the effective
interaction parameter y between the XPOSS heads and the tails
are also determined by the functional groups of the thiol
ligands. These factors, together with the molecular topology,
synergistically determine the nanophase separation behaviors of
the XPOSS-PS35 and XPOSS-2PS,; giant surfactants.

After purifying the products, their thermal properties are
examined by thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) techniques. From the TGA
analysis, it is clear that these giant surfactants showed no
obvious mass loss up to at least 210 °C under nitrogen (Figures
S7 and S8). Their DSC data only showed one glass transition
temperature of the PS tails (Figures S9 and S10). The as-
synthesized samples were thermally annealed at 150 °C to
allow the development of nanophase-separated structures. The
kinetics of the structure formation is fast, largely due to the lack
of chain entanglement at this low PS molecular weight.84
Typically, it took less than 1 h to fully develop the ordered
nanostructures, and prolonged annealing does not significantly
improve the extent of nanophase separation. One-dimensional
(1D) SAXS patterns of the thermally treated samples were then
recorded at room temperature after the thermal treatment.
Microtomed thin sections of the samples used in SAXS
experiments were obtained for transmission electron micros-
copy (TEM) experiments.

Self-Assembly of the XPOSS-PS;; Samples. DPOSS-
PS;;, with a volume fraction of fppogs = 0.22, is known to
exhibit a DG phase,” as supported by the SAXS result in
reciprocal space (Figure 1a) and the TEM bright-field image in
real space (Figure 2a and Figure S11). The set of four scattering
peaks with a g ratio of \/ 6:\/ 8:\/ 20:\/ 22 is characteristic of
the DG phase with Ia3d symmetry.*> Real space TEM image of
the microtomed sample exhibits the typical pattern of the (211)
planes (Figure 2a) and the “wagon-wheel” like pattern along
the [111] direction (Figure S11) of the DG morphology.”>*
The d-spacing value corresponding to the first scattering peak
d, is calculated from the g, value of the peak by d; = 27/q,,
which equals 8.4 nm. The ability of DPOSS-PS giant surfactant
to generate nanophase separation at such a small length scale is
indicative that the interaction parameter y between the DPOSS
heads and PS tails is high enough to induce strong segregation,
as supported by the temperature-resolved SAXS experiments
(see below for details).
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Figure 2. Bright-field TEM images of the microtomed samples. (a)
The characteristic pattern of a DG phase along the [211] direction
from DPOSS-PS;;; (b) hexagonally packed cylinders along the [0001]
direction of the Hex phase; lamellae structures with a periodic spacing
of ~10 nm from F,,POSS-PS;; as in (c) and ~8.5 nm from F ;POSS-
PS;s as in (d). Images shown in (a) and (b) are obtained without
staining, and the darker domains are composed of DPOSS and APOSS
cages, respectively. Images shown in (c) and (d) are stained with
RuO,, and the darker lines are thus the PS domains. Scale bar: 50 nm.

When the periphery functional groups on the POSS heads
are changed to seven carboxylic acids, a Hex phase is observed
in the APOSS-PS;; sample, as revealed by the set of three peaks
with g ratio of 1:\/ 3:2 in the SAXS pattern (Figure 1b). The
interplanar spacing d; calculated from g, is 7.6 nm. TEM
bright-field image (Figure 2b) shows the hexagonally packed
cylinders along the [0001] direction, with a measured
interplanar d-spacing being also 7.6 + 0.2 nm. With fypogs =
0.21, the APOSS heads should constitute the minor domains,
which appeared darker in the TEM image (Figure 2b), while
the PS tails form the matrix. Compared to DPOSS-PS;; with
forposs = 0.22, the APOSS heads in APOSS-PS;; have a slightly
lower fiposs = 021, and the PS tail molecular weights are
identical. However, a SAXS pattern of another APOSS-PS;;
sample with fiposs = 0.22 also exhibits a Hex phase with a
smaller d; = 7.3 nm (Figure S12). This result indicates that
different thiol ligands on the POSS heads can result in different
interactions and packing requirements and play an important
role in determining the self-assembled nanostructures.'>*>%

Two thiol molecules with fluorinated alkyl chains of different
lengths are selected to obtain larger XPOSS heads with high y
values, which may lead to the formation of Lam phase at the
identical molecular weight of PS tails. Generally speaking,
fluorinated materials have low surface energy and are
immiscible with neither the aqueous phase nor the oil
phase.””*® Our group has previously reported the synthesis of
fluorinated POSS—polymer conjugates with one or two
different polymer tails’> and has recently reported the
develogment of a “clickable” fluorinated POSS building
block.”” Our recent results have confirmed that the fluorinated
POSS cages show strong segregation tendency with both
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Figure 3. Temperature-resolved 1D SAXS patterns of (a) DPOSS-PS;;, (b) APOSS-PS;;, (c) F;POSS-PS;;, and (d) F,;POSS-PS;;. The data are

offset by a factor of 2 for clarity.

hydrophobic PS chains and hydrophilic poly(ethylene glycol)
(PEO) chains.”

Both F;POSS-PS;s (fps = 0.63) and F;3;POSS-PS;s (fps =
0.68) indeed show Lam phases, as supported by the two sharp
scattering peaks with a g ratio of 1:2 in the small-angle region
(Figures 1c and 1d). The periodicity values of the lamellae
calculated based on the SAXS results are 9.6 nm for F;,POSS-
PS;5 and 8.5 nm for F ;POSS-PS;;. After staining with RuO,,
the alternating darker and lighter domains reveal by the real-
space, bright-field TEM images provided a direct proof of the
formation of Lam phase (Figures 2c and 2d). From the TEM
image, the lamellar spacing in the F,,POSS-PS;5 sample is ~10
nm, while the F;;,POSS domain is determined as ~3 nm, which
agree well with the value calculated from the volume fractions.
Interestingly, when a shorter fluorinated thiol ligand is used, the
F;POSS-PS;; lamellae possess a smaller d-spacing of 8.5 nm
(Figure 1d). Comparing with F;;,POSS-PS;;, the decrease in d-
spacing can be largely attributed to the shorter fluorinated alkyl
chains.

It is worth mentioning that the nanophase-separated
structures can only be achieved when a large enough driving
force (yN) exists. Clearly, this prerequisite is satisfied in the
cases of APOSS-PS;;, DPOSS-PS;;, F;POSS-PS;;, and
F;POSS-PS;;. The effort to tune the interaction parameter
by using 1-thiolpropanol as the ligand afforded HPPOSS-PS;;,
however, fails to produce ordered phase under similar
experimental conditions. The only scattering peak obtained
from 1D SAXS pattern shows a relatively broad scattering
intensity (Figure le). Comparing the structures of HPPOSS-
PS;; and APOSS-PS;;, it is evident that both POSS heads
possess very close molecular weights (Table 1) but differ only
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in several atoms in the functional groups. Nevertheless, the
apparent interaction parameter y turns out to be much smaller
in the case of HPPOSS-PS. It is thus concluded that seven
hydroxyl groups in the HPPOSS head generate smaller
chemical incompatibility than the APOSS head that has seven
carboxylic acid groups. On the other hand, DPOSS-PS;; has
seven more hydroxyl groups compared to HPPOSS-PS;; and
results in large enough interaction parameters to achieve
nanophase separation under the condition of identical PS tail
molecular weight. The fact that such small compositional
difference between HPPOSS-PS;; and APOSS-PS;s can
significantly change the interactions of the heads, and thus
their self-assembled structures, clearly illustrates the exception-
ally sensitive dependence of the self-assembly behaviors on the
chemical compositions, even in a macromolecular system.

To qualitatively study the interaction parameters between the
PS tails and the functionalized POSS heads, temperature-
resolved SAXS experiments were performed (Figure 3). While
the DPOSS-PS;s and APOSS-PS; samples show negligible
changes of the domain sizes (Figures 3a and 3b) upon heating,
the d-spacings of the Lam phases from F;POSS-PS;5 and
F;POSS-PS;; samples exhibit first thermal expansion and then
thermal shrinkage (Figures 3c and 3d). For F;,POSS-PS;;, the
inflection temperature from the thermal expansion to thermal
shrinkage takes place at ca. 80 °C (Figure S13, black curve),
while for F;;POSS-PS;, the inflection temperature is at ca. 70
°C (Figure S13, red curve). Below the inflection temperature,
the observed d; increases with increasing temperature in the
Lam structures for both F,POSS-PS;; and F ;POSS-PS;¢
samples. This behavior is significantly different from the
established behaviors of common neat diblock copolymers.”>”"
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Figure 4. 1D SAXS patterns of (a) DPOSS-2PS;,, (b) APOSS-2PS,,, (c) F;;,POSS-2PS,,, and (d) F;;POSS-2PS,,. Because of the topological
variations, different self-assembled structures are observed when compared to their XPOSS-PS;; topological isomers.

This unusual phenomenon might be attributed to the unique
configurational change of the FPOSS heads”® upon heating that
is strikingly different from the flexible polymer chains of
random-coil conformations.”

In addition, upon heating the F ;POSS-PS;5 and F;POSS-
PS;5 samples, the second-order peaks in SAXS gradually
decrease in intensity and become very weak at 170 °C in the
F;POSS-PS;5 sample. However, plots of the full width at half-
maximum (fwhm) and the intensity of the primary peak of the
SAXS patterns as a function of temperature display no sudden
changes in the tested temperature ranges (Figures S14 and
S15), indicating that no order—disorder transition takes place
up to 170 °C for all the four samples that form the nanophase-
separated structures.”””> Although quantitative calculations of
the interaction parameters are not available, these experimental
results directly indicate that properly functionalized POSS
heads show strong segregation tendency with the PS tails. This
conclusion is based on the fact that the degree of polymer-
ization of the PS tails is merely 35 repeating units, and the
overall molecular weights of the giant surfactants are smaller
than 8.0 kg/mol (see Table 1). Moreover, the temperature-
dependent changes in SAXS patterns are fully reversible.

Self-Assembly of the XPOSS-2PS;; Samples. XPOSS-
2PS,,; giant surfactants have almost identical chemical
compositions to the corresponding XPOSS-PS;s samples but
with different molecular architectures, which are referred as
pairs of topological isomers. Therefore, the differences in self-
assembly behaviors must be attributed to the topological effect.
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A SAXS pattern of DPOSS-2PS; suggested a Hex phase, as
revealed by the observation of three peaks with a g ratio of
1:4/3:1/7 (Figure 4a), while its topological isomer DPOSS-
PS;5 shows a DG phase. This comparison indicates that the
phase boundary between the DG and Hex phases in the
DPOSS-2PS, system shifts toward lower fpg, as a result of the
topological variation. Moreover, the calculated d; value from
the primary scattering peak is 6.9 nm. In combination with
Sfoross = 0.22, the calculated diameter of the DPOSS cylinders
is 4.0 nm, matching well with the estimated value from the
bright-field TEM image shown in Figure Sa.

Like APOSS-PS;;, APOSS-2PS;, also shows a Hex phase
after thermal annealing, as indicated by the scattering pattern
with g values of peaks being 1:\/ 3:2. The bright-field TEM
image in Figure 5b also confirmed the hexagonal packing of
APOSS cylinders in the PS matrix. Remarkably, the d-spacing
value corresponding to the primary scattering peak g, is
calculated to be 6.3 nm, representing a 17% decrease compared
to that from its topological isomer APOSS-PS;; (7.6 nm).
Decreased nanostructure feature size has also been reported in
AB, oligosaccharide-containing block copolymers with multiple
polymer tails compared with their linear AB counterparts with
the same overall molecular weight.”” The shape of a single giant
surfactant packed into the Hex phase can be considered as a
fan-shaped sector as a building block of the cylinder.
Apparently, breaking the PS tail of APOSS-PS;s into two
shorter PS tails with a half length for each in APOSS-2PS,
decreases the intercolumnar distances but increases the angle of
the fan-shaped sector for each molecule (see below for details).
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Figure S. Bright-field TEM images of the microtomed XPOSS-2PS,,
samples. Hexagonally packed cylinders along the [0001] direction of
the Hex phase from (a) DPOSS-2PS;, and (b) APOSS-2PS,.
Lamellae structures with a periodic spacing of ~8 nm from F,,POSS-
2PS;; as in (c) and ~7.5 nm from F;;POSS-2PS;; as in (d). Images
shown in (a) and (b) are obtained without staining, and the darker
domains are composed of DPOSS and APOSS cages, respectively.
Images shown in (c) and (d) are stained with RuO,, and the darker
lines are thus the PS domains. Scale bar: 50 nm.

Therefore, tuning the molecular architecture provides a
practical method to further decrease the feature sizes of
phase-separated microdomains.*'

Both F,POSS-2PS,, and F ;POSS-2PS;, samples show Lam
structures but with decreased lamellae periodicity. The SAXS
patterns of F;,POSS-2PS,; and F,;POSS-2PS,, (Figures 4c and
4d) show two strong and sharp scattering peaks with a 1:2 g
ratio, indicating the lamellar structures. After staining with
RuO,, bright-field TEM images of the microtomed samples
show alternating gray and black lines, corresponding to the
fluorinated POSS cages and the PS chains, respectively. The
periodicity values for F;POSS-2PS;, and F;;POSS-2PS,, are
calculated as 8.0 and 7.6 nm, respectively, which are further
reduced comparing to the values of 9.6 and 8.5 nm for
F,POSS-PS;5 and F;POSS-PS;;, respectively. The decreased
lamellar periodicity seems in agreement with the fact that
F,POSS-2PS,; and F ;POSS-2PS;, have two shorter PS chains
than their topological isomers. Similar to the situation in the
Hex region, the topological effect also results in reduced feature
sizes of self-assembled nanostructures in the Lam region.

After thermal annealing at 150 °C, HPPOSS-2PS;, with
seven hydroxyl groups on the POSS cages failed to exhibit
ordered nanostructures, as indicated by the observation of one
broad scattering peak in SAXS pattern (Figure S16). This is
again due to the weak chemical incompatibility between
HPPOSS cages and PS chains that is not enough to drive
nanophase separation.

Temperature-resolved SAXS experiments were also per-
formed to check the thermal stability of the self-assembled
nanostructures in these XPOSS-2PS,, samples. Similar to the
observations in APOSS-PS;;, scattering peaks from DPOSS-
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Figure 6. Temperature-resolved 1D SAXS patterns of (a) DPOSS-2PS,,, (b) APOSS-2PS,,, (c) F;,POSS-2PS,,, and (d) F;;POSS-2PS,. The data

are offset by a factor of 2 for clarity.
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2PS;,; and APOSS-2PS,; samples with Hex structures do not
show significant temperature dependence in structural integrity
and periodicity. Both of the Hex structures remain almost
unchanged up to 170 °C. For F;POSS-2PS,,; and F;POSS-
2PS,, samples showing Lam structures, the thermal expansion
to shrinkage transition is also observed. The inflection
temperatures for F,POSS-2PS;; and F;POSS-2PS;;, were
again ca. 80 and 70 °C, respectively, suggesting that the
phenomenon arises from the same origin of the fluorinated
POSS cages as described above (Figure S17). More
importantly, a sharp order—disorder transition (ODT) is
identified in F;;POSS-2PS,, as indicated by the disappearance
of both scattering peak intensity above 140 °C, as well as by the
sudden increase of fwhm of the primary peak in its SAXS
pattern at above 140 °C (Figure S18), and the sudden drop of
primary peak intensity in SAXS patterns at above 140 °C
(Figure S19). Compared to F;,POSS-2PS,,, the lower ODT
temperature of F ;POSS-2PS,, can be explained by the shorter
fluorinated alkyl chains and thus a smaller interaction
parameter. The fact that no ODT was observed in F;POSS-
PS;;, however, can only be attributed to the molecular
architecture difference between F;;POSS-PS;s and F;POSS-
2PS,,. It should be noted that the ODT is thermally reversible.
Upon cooling, the Lam structure with the same lamellae
periodicity was formed again with fast kinetics.

Topological Effects between XPOSS-PS and XPOSS-
2PS. By comparing the self-assembled nanostructures of the
two model series of giant surfactants, significant topological
effects on the self-assembly of POSS-based giant surfactants can
be revealed. First, the comparison between DPOSS-PS;; and
DPOSS-2PS,; suggested that phase boundaries between the
commonly observed phases could be shifted by the molecular
architectural change, which has been theoretically predicted in
the AB, miktoarm star copolymers.”” This effect can be
understood by analyzing the interfacial curvature between the
self-assembled nanodomains.*’ When two shorter PS tails are
tethered to a DPOSS cage instead of one longer PS tail, the
increased cross-sectional area of the PS tails help create higher
interfacial curvature inward toward the DPOSS domain, which
further facilitates the transition from the DG phase to the Hex
phase. In general, it indicates that by increasing the number of
PS tails, formation of ordered structures with higher interfacial
curvature becomes more favorable compared to the DPOSS-PS
samples at the same fpg. As a result, the Hex phase and BCC
phase might be obtained at lower fps and thus lower PS
molecular weights by designing giant surfactants with multiple
tails, given the fixed overall molecular weight of one POSS
head.

Second, the architectural change may also significantly
influence the molecular packing configurations within the
self-assembled nanostructures. For example, both of the
topological isomers of APOSS-PS;s and APOSS-2PS,, show
the Hex phase, although the latter has a smaller d; (Table 1).
The radius of the APOSS cylinders (D) in the Hex phase can
be calculated according to””

D= [(ZfDPossdlz)/(\/3”)]l/2 (1)
which gives 2.1 nm for APOSS-PS;5 and 1.7 nm for APOSS-
2PS,,. Considering a stratum of the cylinders with a unit height

h = 1.0 nm along the cylindrical long axis, the number of
molecules packed in the stratum g can be calculated by

310

2d,*h
ﬂ =
NEA
3 2d,’hN,
V3 (Myg/ Pps T Miposs/ Peposs T Mpross/ Poposs)

)
where V,, is the volume of each molecule and N, is the
Avogadro constant. The calculated p values for APOSS-PS;s
and APOSS-2PS;; are 9.0 and 6.2, respectively. It is thus
obvious that the planar angle of the fan-shaped sector occupied
by each APOSS-2PS,; molecule is larger than that of one
APOSS-PS;; molecule (58° versus 40°). Therefore, the
APOSS-2PS;; molecules packed in a looser manner, leading
to reduced diameter of the APOSS cylindrical domains in order
to keep the constant PS density.

Considering the relatively short PS tails, the molecular
packing models in the Lam phases can be described by the
double-layered packing of the giant surfactants with head-to-
head arrangement of the POSS cages. The cross-sectional area
Ay corresponding to one molecule at the flat microdomain
interfaces is thus calculated according to

_ 2My
PpsNadifpg (3)

Calculated A values for F;POSS-PS;; and F;;POSS-PS; are
19 and 2.0 nm? respectively. Interestingly, although the
F,POSS cages are larger than the F;POSS, a smaller A, is
observed for F;POSS-PS;;. As a result, the length of the PS
tail along the normal direction of the lamellae in F;;,POSS-PS;4
is 3.1 nm, which is larger than that in F;;POSS-PS;s (2.9 nm).
These results can be explained by the fact that F;,POSS cages
have a higher chemical incompatibility with the PS tails than
the F ;POSS cages do. Therefore, the PS tails in F;,POSS-PS;;
prefer to stretch to a larger extend to decrease the interfacial
tension between the two immiscible domains.”® The observed
equilibrium PS chain length is determined by the balance
between interfacial tension and PS stretching energy.

When it comes to F,;POSS-2PS;, and F,3POSS-2PS,,, the
calculated A, values according to eq 3 are 2.3 nm* for both
samples. Attachment of two PS tails in XPOSS-2PS,, samples
results in increased A, values compared to their XPOSS-PS;;
counterparts. The fact that both F;POSS and F ;POSS cages
show the same A, values suggests that this area might be
required to accommodate two PS chains at the interface. With
an increased A, and fixed volume, the length of the POSS
domains in the lamellae phase is further reduced, which also
contributes to the decrease in overall lamellae periodicity of
F,POSS-2PS,; and F;POSS-2PS;; compared to F,POSS-
PS5 and F;;POSS-PS;, in addition to the decreased PS tail
length.

Estimation of the Effective y Value. Another important
observation in the topology-induced difference is the ODT
recorded from F;POSS-2PS,; which is the only sample in
these two series that shows such a transition at elevated
temperature. The lower temperature for an ODT in F;;POSS-
2PS,; compared to F;;POSS-PS;s reminds us with the
predictions from the theoretical study of the AB, systems.”’
In contrast to symmetric AB diblock copolymers with a critical
XN = 10.5, the critical point for AB, copolymers is calculated as
13.5 using the mean-field approach. To further generalize, the
critical transition point evolves to higher yN or lower
temperatures as the asymmetry of AB, copolymers increases

0
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(as n increases).’® Our observations of F;POSS-PS;s and
F;POSS-2PS,, are qualitatively in agreement with this
prediction. Assuming that the yN = 13.5 criterion works for
F;POSS-2PS,, the estimated y value at the ODT temperature
(ca. 150 °C) is 0.18S, using a reference volume, v, of 118 A3
(N = 73 for F;POSS-2PS,; see Table 1). Qualitatively, this
value is larger than many known high-y diblock copolymer
systems,'”* which allows further downsizing the feature size of
the phase-separated domains. In fact, the periodicity d, values
for F;,POSS-2PS,; and F;POSS-2PS,; are 8.0 and 7.6 nm,
respectively, which are quite close to the smallest feature sizes
reported in a PS—PEO system doped with metal salts.”
Moreover, it is obvious that APOSS, DPOSS, and F,,POSS
cages should have even higher y values with PS tails than the
F;POSS cages, indicating that the XPOSS-PS system provides
an additional platform to design novel high-y value block
copolymer analogues for obtaining self-assembled nanostruc-
tures with sub-10 nm feature sizes.

B CONCLUSION

In summary, two series of XPOSS-PS;5 and XPOSS-2PS ; giant
surfactants are prepared via one-step thiol—ene reaction from
two common precursors VPOSS-PS;5 and VPOSS-2PS,,, which
have almost identical chemical compositions and molecular
weights. By introducing different functional groups onto the
POSS heads, we have demonstrated that the self-assembled
morphology from the resulting giant surfactants sensitively
depends on the molecular details of the periphery functional
groups of the POSS cages and the molecular topology.
Specifically, the different XPOSS heads tune the volume
fractions and interaction parameters, leading to various
nanophase separated structures with sub-10 nm feature sizes,
as proved by combined SAXS and TEM techniques. When
comparing XPOSS-PS;s and XPOSS-2PS;;, with the same
XPOSS heads, it is revealed that the topological change of
having two short tails will result in shifted phase boundaries
toward lower fpg, reduced feature sizes, and different molecular
packing configurations. Moreover, thermal stability of the self-
assembled structures is studied by temperature-resolved SAXS
experiments. Although most samples fail to show ODT up to
170 °C, a disordered phase is observed for F;;POSS-2PS;, at
above 140 °C. The reduced ODT temperature of F;POSS-
2PS;, can also be attributed to the topological variance. The
estimated y value for F;;POSS-2PS;,; at T = 150 °C and v, =
118 A% is 0.185, which may be the lower minimum of these two
series of giant surfactants, but is higher than many reported
diblock copolymers. These results demonstrated that our
POSS-based giant surfactants offer a practical and precisely
controllable approach to engineer self-assembled nanostruc-
tures at the sub-10 nm length scale.

The study also has general implications in tuning self-
assembled structures with molecular precision by combining
the following strategies: (i) introducing functional thiol ligands
other than those tested here; (ii) controlling the molecular
weight of the PS tail attached to the POSS cage;” (i) tuning
the molecular architecture of the giant surfactants (such as giant
1ipids,70 giant gemini surfactants,”””* multiheaded giant
surfactants,’””* and others”>®); and (iv) changing the
compositions of the polymer building blocks.”””* Systematic
variations of these structural and topological parameters would
afford self-assembled nanostructures with controlled symmetry
and domain sizes.
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