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ABSTRACT: Nanomaterials with a hierarchical organization of multiple scales are critical for reducing line width in semiconductor
manufacturing. We design nanohybrid materials with a hierarchical or homogeneous phase of polyhedral oligomeric silsesquioxane
(POSS) nanoparticles by controlling guest−host and guest−guest interactions. The guest POSS nanoparticle with the single-acid-
terminated (MA−POSS) or octa-acid-terminated (OMA−POSS) functionality is introduced into a host polystyrene-block-poly(2-
vinylpyridine) (PS-b-P2VP) block copolymer. As the MA−POSS concentration is low, the stronger self-association (guest−guest
interaction) between the MA−POSS nanoparticles and the weaker hydrogen bonding force (guest−host interaction) between the
P2VP and the MA−POSS result in the formation of dispersive fragments in the chain end of the P2VP block. With increasing MA−
POSS concentration, the fragment can grow into a single nanosheet parallel to the lamellar P2VP microdomain and then
continuously develop into the periodic tri-nanosheet and quadro-nanosheet. In contrast, introducing the octa-acid-terminated
OMA−POSS with enhanced guest−host interaction leads to the homogeneous dispersion of the OMA−POSS cluster in the P2VP
microdomain, independent of the OMA−POSS concentration. Moreover, owing to distinct etch contrast among the inorganic POSS
and the organic block copolymer, the well-defined line pattern of nanosheets of a few nanometers can be observed. Consequently,
the hierarchical structures with the propagatable nanosheet of ∼4 nm or homogeneous dispersion of the POSS nanoparticles within
the microphase-separated P2VP microdomain can be well controlled, providing a means of designing nanohybrid materials with
distinct distributions of the functional nanoparticles.

1. INTRODUCTION
Block copolymers (BCPs) possessing the chemical linkage to
polymers of different chemical and physical properties could
exhibit various self-assembled microstructures such as lamellar,
gyroid, hexagonally packed cylinder, and spherical phases,
dependent on Flory−Huggins interaction parameter (χ), the
degree of polymerization (N), and the composition or volume
fraction ( f).1,2 To elevate the performance of thermal,
optoelectronic, and magnetic properties,3−5 BCP-based supra-
molecules with tunable inherent properties by incorporation
with additives provide a feasible approach instead of the effort
of synthesis. BCP-based supramolecules are formed through
secondary interactions among organic or inorganic guests of

specific functionalities and a host block chain of BCPs,
revealing unique chemical and physical properties for different
applications. The competition between the attractive and
repulsive forces between the host polymer and the guest is
critical for affecting the dispersion of guests such as
homogeneous, localized, or structure-within-structure in the
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self-assembled morphologies.6−10 For instance, organic surfac-
tants or mesogens could strongly associate polar polymer block
chains through ionic or hydrogen bonding forces to form
organic nanohybrids, exhibiting light-responsive, conductive, or
sensing properties.11−15 To further extend the optoelectronic,
catalytical, or sensing properties, inorganic guests are
introduced into BCPs to form organic/inorganic nano-
hybrids.16−19 However, the precise location and the packing
geometry of the inorganic additives in the preferential
microdomain are hard to be controlled due to the complicated
competition between homogeneous and heterogeneous
intermolecular interactions, influencing the final performance
of the nanohybrid.20−23

Inorganic polyhedral oligomeric silsesquioxanes (POSSs)
possess a unique cage-like structure of 1−3 nm nanoscale and

are promising in elevating the thermal and mechanical
properties of polymers and reducing the line width for
nanopatterning. With the designed organic substituents on
the outer surface of POSS, the functionalized POSS can be
selectively compatible with various polymers to form organic/
inorganic nanohybrid materials, and it reveals the distinct
properties of etching contrast, catalysis, and photonic
crystal.24−30 Previous studies mainly investigated the octa-
functionalized phenol POSS (OP−POSS) nanoparticles on the
phase behavior of the hybrid self-assemblies of various diblock
copolymers, such as poly(styrene-block-4-vinylpyridine) (PS-b-
P4VP), poly(styrene-block-2-vinylpyridine) (PS-b-P2VP), and
poly(styrene-block-methylmethacrylate) (PS-b-PMMA). These
systems indicated the homogeneous dispersion of the OP-

Figure 1. Schematic hierarchical architectures of PS-b-P2VP(MA−POSS) nanohybrids with propagating fragments and nanosheets within
microphase-separated lamella with the increase in the composition of the MA−POSS nanoparticle.

Figure 2. TEM micrographs of the PS-b-P2VP(MA−POSS) nanohybrids with various weight fractions of MA−POSS cast from chloroform. (a) 3
wt % ( f PSv = 0.57), (b) 7 wt % ( f PSv = 0.54), (c) 10 wt % ( f PSv = 0.53), (d) 15 wt % ( f PSv = 0.50), (e) 20 wt % ( f PSv = 0.47), and (f) 30 wt % ( f PSv =
0.41). After I2 staining, P2VP(MA−POSS) microdomains are dark and PS microdomains are bright.
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POSS within the preferential P4VP, P2VP, and PMMA
microdomains due to hydrogen bonding interaction.31−33

Here, we systematically investigated BCP-based supra-
molecules consisting of acid-terminated POSS and PS-b-
P2VP. The PS-b-P2VP BCP associated with the POSS
molecules having different numbers of terminated acids,
including maleamic acid−isobutyl POSS (MA−POSS) and
octa-maleamic acid POSS (OMA−POSS), could result in
distinct final nanostructures due to the consequence of guest−
guest or guest−host hydrogen bonding interaction. The novel
hierarchical architecture with propagating fragments and
nanosheets was first developed by the self-alignment and
aggregation of the POSS nanoparticles. The followed
homogeneous dispersion was obtained, strongly dependent
on the composition of the POSS additive.

2. RESULTS AND DISCUSSION
The microphase-separated structures of the PS-b-P2VP bulk
sample cast from chloroform were investigated by small-angle
X-ray scattering (SAXS) and transmission electron microscopy
(TEM). In Figure S1a, the TEM micrograph of the as-cast PS-
b-P2VP revealed the long-range-order gyroid microstructure
along the [110] direction. After I2 staining, the P2VP
microdomains appear dark and the PS microdomains are
bright. The corresponding SAXS profile (Figure S1b) also
reveals the relative q ratio of √6:√8:√14 of the double
gyroid phase. Introducing an additive that is highly compatible
with one of the blocks can effectively manipulate the self-
assembled morphology. Here, the PS-b-P2VP BCP was first
blended with the MA−POSS that is expected to be hydrogen-
bonded with the P2VP block chains (Figure 1). By introducing
3 wt % MA−POSS into the PS-b-P2VP BCP, denoted as PS-b-

Figure 3. TEM micrographs of the unstained PS-b-P2VP(MA−POSS) nanohybrids with various weight fractions of MA−POSS cast from
chloroform. (a) 3 wt % ( f PSv = 0.57), (b) 7 wt % ( f PSv = 0.54), (c) 10 wt % ( f PSv = 0.53), (d) 15 wt % ( f PSv = 0.50), (e) 20 wt % ( f PSv = 0.47), and (f)
30 wt % ( f PSv = 0.41). Without staining, the MA−POSS nanoparticles are dark and the PS and the P2VP are bright. The corresponding propagating
schematic of MA−POSS nanoparticles in the P2VP microdomain. (g) Loosely dispersed short fragment, (h) densely dispersed long fragment, (i)
single nanosheet, (j) tri-nanosheet, (k) quadro-nanosheet, and (l) homogeneous dispersion. The blue chain, red chain, and yellow cube represent
the PS block chain, the P2VP block chain, and the MA−POSS nanoparticle, respectively.
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P2VP(MA−POSS)3 wt %, a phase transition from the double
gyroid to the lamellae is obtained (Figure 2a). After I2 staining,
the P2VP(MA−POSS) appears dark, and the PS is bright.
Besides, this lamellar microstructure of the PS-b-P2VP(MA−
POSS)3 wt % can be confirmed by the SAXS profile with a
relative q ratio of 1:2:3:4 (Figure S2). Instead of homogeneous
distribution as reported previously,31−33 the MA−POSS guests
could aggregate to form a hierarchical structure in the
preferential P2VP microdomain. As shown in the inset of
Figure 2a, the dispersive fragments of darker contrast can be
clearly observed in the P2VP(MA−POSS) microdomain. The
thickness of the fragment is 4 ± 0.5 nm, corresponding to the
cage structure of the MA−POSS nanoparticle (∼4.6 nm). The
unstained TEM images were further examined to investigate
the origin of the fragments. In Figure 3a, the unstained TEM
image of the PS-b-P2VP(MA−POSS)3 wt % also shows the
dispersive fragment of dark contrast. In the unstained TEM
image, the contrast is mainly dominated by the atomic number,
indicating the dark MA−POSS due to the heavier Si atom and
the bright PS-b-P2VP due to the light elements of the
organism. As a result, the dark fragments are due to the
aggregation of the additive MA−POSS nanoparticles in the
P2VP(MA−POSS) microdomain.
With increasing the weight fraction of the MA−POSS to 7

wt %, the previous short dispersive fragments could form long
dispersive fragments within the lamellar morphology of the PS-
b-P2VP(MA−POSS)7 wt % (Figure 2b). By further increasing
the quantity of MA−POSS to 10 wt %, we observed the
unchanged lamellar structure in the PS-b-P2VP(MA−
POSS)10 wt %, consistent with the corresponding lamellar
SAXS profiles in Figure S2. Interestingly, the long dispersive
fragments could transfer into a continuous single nanosheet
segregated in the center of the P2VP microdomain (Figure 2c).
The insets in Figure 2a−c show the development from the
short fragment to the long fragment and a single nanosheet by
the self-alignment and aggregation of the MA−POSS nano-
particles located in the center region of the P2VP microdomain
as the MA−POSS concentration is low (3−10 wt %). Also, the
corresponding unstained TEM image of high magnification
shows the consistent phase transition from the dispersive
fragment to the single nanosheet, in Figure 3b,c. Except for the
central fragment or nanosheet, we also found the gray contrast
in the P2VP microdomain. This suggests that some MA−
POSS nanoparticles may uniformly disperse in the P2VP block
chains.
With continuously increasing the MA−POSS to 15 wt %,

the lamellar microstructures can still be obtained in the PS-b-
P2VP(MA−POSS)15 wt % (Figure 2d), as proved by the SAXS
profile (Figure S2). Notably, instead of the single MA−POSS
nanosheet, the tri-nanosheet of alternating parallel arrange-
ment is obtained in the P2VP microdomain. Not only the
central nanosheet but also the two extra nanosheets in the
interfaces between the PS and P2VP(MA−POSS) micro-
domains appear in the inset of Figure 2d. As measured, the tri-
nanosheet has a regular periodicity of 12 ± 1 nm. The MA−
POSS nanosheets observed in the interfaces might sometimes
be artificial due to the edge effect of staining. Therefore, the
unstained TEM image was helpful for further confirmation. In
Figure 3d, the unstained TEM image of the PS-b-P2VP(MA−
POSS)15 wt % still shows the tri-nanosheet of the MA−POSS
nanoparticles self-aligned in the center and interfaces of the
P2VP microdomain. In comparison, the dispersive fragments
or the nanosheets are absent in the interfaces between the PS

and P2VP block chains in the unstained TEM images as the
MA−POSS concentration is low such as 3, 7, and 10 wt % in
Figure 3a−c. As a result, the unstained TEM results verify the
formation of this unique hierarchical tri-nanosheet within the
P2VP microdomain. As the MA−POSS concentration further
increased to 20%, the tri-nanosheet could further propagate
into the quadro-nanosheet in the preserved lamella-structured
PS-b-P2VP(MA−POSS)20 wt % (Figures 2e and 3e). Regarding
the morphological stability, we performed the thermal
annealing treatment at 150 °C for 12 h on PS-b-P2VP(MA−
POSS)20 wt %. In Figure S3, the same lamellar morphology is
still obtained after thermal annealing, suggesting the
equilibrium state. Unlike the regular periodicity in the tri-
nanosheet, the quadro-nanosheet texture presents two distinct
distances. As the weight fraction of the MA−POSS is 30 wt %,
the lamellar morphology remained in the PS-b-P2VP(MA−
POSS)30 wt % (Figure 2f). However, the inset in Figure 2f
presents homogeneous dark contrast in the P2VP(MA−POSS)
microdomains, consistent with the unstained TEM image in
Figure 3f. This suggests that a large amount of MA−POSS
nanoparticles are uniformly distributed in the P2VP micro-
domain (Figure 3l). As shown in Figure S4, low-magnification
images with a 3*3 μm2 area confirmed the long-range-order
nanosheet-featured lamellar microstructures because of the
strong segregation strength of the PS−b−P2VP BCP and the
casting process with a slow evaporation rate of the solvent.
When the weight fraction of the MA−POSS reaches 40 and 50
wt %, we observed the phase transition from the lamellar
morphology to the cylinder and the homogeneous distribution
of the MA−POSS particles in both PS-b-P2VP(MA−
POSS)40 wt % and PS-b-P2VP(MA−POSS)50 wt % nanohybrids
(Figure S5a,b).
We suggest that the segregation of the dispersive fragments

in the central region of the P2VP lamellae is the competitive
consequence between the attractive hydrogen bonding
interaction by the maleamic substitute and repulsive
incompatibility by the isobutyl substitute. Although the single
acid-terminated maleamic substitute could strongly associate
with the pyridine of the P2VP block chain, the seven isobutyl
substitutes on the surface of the MA−POSS may generate
strong incompatibility or self-aggregation to force the P2VP
chains to release out the MA−POSS nanoparticles. The
released MA−POSS nanoparticles are further localized in the
chain end of the P2VP, accompanying weak hydrogen bonding
due to steric hindrance of the ortho-position of the P2VP
(Figure 3g−i). As the end chain of the P2VP block is fully
loaded, the excessive MA−POSS nanoparticles may migrate to
the interfaces between the PS and the P2VP microdomains,
resulting in the appearance of the tri-nanosheet (Figure 3j).
This is attributed to the intensified hydrophobic interaction
between the PS and the MA−POSS as the quantity of the
MA−POSS is high. Once the loading of the interface is
saturated, the nanosheet in the central region may turn into
dual nanosheets of large capacity by stacking of dimer
structures among the MA−POSS nanoparticles to form the
quadro-nanosheet in Figure 3k. As measured, the length
between the second and the third nanosheets is 10 ± 1 nm,
similar to the dimer structure of the MA−POSS nanoparticles
(∼9.2 nm) (Figure 3k). However, as the MA−POSS
nanoparticles are overloaded, homogeneous dispersion of the
MA−POSS nanoparticles in the P2VP microdomain is
observed (Figure 3l).

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.2c01643
Macromolecules 2022, 55, 9048−9056

9051

https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c01643/suppl_file/ma2c01643_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c01643/suppl_file/ma2c01643_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c01643/suppl_file/ma2c01643_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c01643/suppl_file/ma2c01643_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c01643/suppl_file/ma2c01643_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c01643/suppl_file/ma2c01643_si_001.pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c01643?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


To further confirm the distribution of the MA−POSS
nanoparticles, we conducted nanobeam energy-dispersive X-
ray spectroscopy (NBEDS) on the representative case of the
quadro-nanosheet in the PS-b-P2VP(MA−POSS)20 wt % (Fig-
ure 4a). In Figure 4b, the NBEDS profile shows the strong
signal of the C atom at 0.28 keV, while the nanobeam of the
electron is precisely irradiated on the PS microdomain. No Si
and O signals are acquired in the PS microdomain. While the

nanobeam is focused on the gray region of the P2VP
microdomain, the NBEDS profile exhibits the strong C signal
due to the P2VP and the weak Si and O signals at 1.74 and
0.53 keV, respectively (Figure 4c). Similar to the gray contrast
of the unstained TEM image, the weak Si and O signals again
confirm that some MA−POSS nanoparticles are randomly
distributed in the P2VP block chains. In contrast, while the
nanobeam is focused on the first or the third dark nanosheet,

Figure 4. (a) Unstained TEM micrograph of the PS-b-P2VP(MA−POSS)20 wt % nanohybrid and the corresponding NBEDS profiles measured from
different regions including the (b) bright PS microdomain, (c) gray P2VP microdomain, (d) first dark nanosheet in the interfacial region, and (e)
third dark nanosheet. FTIR spectra of a series of PS-b-P2VP(MA−POSS) nanohybrids with various weight fractions of the MA−POSS
nanoparticle. (f) 980 to 1020 cm−1 and (g) 1680 to 1760 cm−1.
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the strong C signal and the significant Si and O signals can be
obtained (Figure 4d,e). As a result, the MA−POSS nano-
particles could selectively localize in the central and interfacial
regions, depending on the additive quantity of the MA−POSS.
We investigated the hydrogen bonding interaction in the PS-

b-P2VP(MA−POSS) system by Fourier transform infrared
spectrometry (FTIR). In Figure 4f, the FTIR spectra ranging
from 980 to 1020 cm−1 show the most influential band for the
stretching mode of the pyridine ring of the P2VP at 993 cm−1.
The neat PS-b-P2VP shows an absorption band at 993 cm−1,
representing the free pyridine unit. After introducing the MA−
POSS of 10 wt %, a new absorption band at 1002 cm−1

appears, representing the association between the P2VP unit
and the MA−POSS nanoparticle by hydrogen bonding.8

However, with the increase in the weight fraction of the
MA−POSS, the intensity of the free pyridine stretching at 993
cm−1 and hydrogen-bonded stretching at 1002 cm−1 almost
remains unchanged in all the PS-b-P2VP(MA−POSS) nano-
hybrids, indicating that the quantity of the MA−POSS
associated with the P2VP is unchanged. In contrast, the
high-wavenumber FTIR spectra ranging from 1680 to 1760
cm−1 (Figure 4g) reveal the significant C�O stretching signal
at around 1709 cm−1 due to the vibration of the hydrogen-
bonding interaction among the maleamic acid groups of the
MA−POSS themselves, namely, the dimer structure.7 As a
result, the self-association (guest−guest interaction) between
the MA−POSS is stronger than the hydrogen bonding force
(guest−host interaction) between the P2VP and the MA−
POSS in the PS-b-P2VP(MA−POSS) nanohybrids. This may
lead to the dimer structure of the MA−POSS nanoparticles
aggregating in the chain end of the P2VP block.
Taking advantage of the etching contrast between the PS-b-

P2VP and POSS nanoparticles, the layer pattern with different
width ratios can be carried out using nanosheets or
homogeneous dispersion of the MA−POSS in the PS-b-
P2VP(MA−POSS) nanohybrids. After etching by ion beam,
the organic part of the PS-b-P2VP is removed and the
inorganic part of the MA−POSS particles is preserved due to
the distinct etching contrast (Figure 5a,b). In Figure 5c, the
field emission scanning electron microscopy (FESEM) image
of the etched PS-b-P2VP(MA−POSS)10 wt % clearly shows
vertically oriented MA−POSS nanosheets of 6 nm and
channels of 70 nm in width. The thickness ratio between the
nanosheets and channels is about 1:12, revealing a high-width
ratio pattern. In contrast, the FESEM image reveals the thick
MA−POSS layers of 66 nm and channels of 20 nm in the
dispersive phase of the PS-b-P2VP(MA−POSS)30 wt % after
etching (Figure 5d).
To explore the effect of functional groups of the POSS

nanoparticle on the hierarchical architecture, we employed the
octa-acid-terminated POSS (OMA−POSS) with eight sub-
stituents of maleamic acids for comparison. Because of the
eight substituents of maleamic acids in OMA−POSS, the
hydrophilicity of the OMA−POSS is much stronger than that
of the MA−POSS, giving rise to poor solubility in chloroform.
We thus utilized dimethylformamide (DMF) to dissolve the
OMA−POSS and the PS-b-P2VP. The TEM micrograph
(Figure 6a) and the corresponding SAXS profile with the
relative q ratios of 1:2 (Figure S6) indicate the formation of the
long-range-order lamellar morphology in the as-cast PS-b-
P2VP from DMF. With introducing 10 wt % of the OMA−
POSS, the long-range-order lamellae become short-range-order
lamellae in the PS-b-P2VP(OMA−POSS)10 wt % (Figure 6b).

The corresponding SAXS profile shows the lamellar reflection
of a q ratio of 1:2 and the broad second peak (Figure S6).
Besides, the TEM image presents the uniform dark contrast in
the P2VP(OMA−POSS) microdomain, indicating the uniform
dispersion of the additive OMA−POSS nanoparticles. When
the weight fraction of the OMA−POSS reaches 20 wt %, we
observed PS micelles embedding in the P2VP(OMA−POSS)
matrix in the PS-b-P2VP(OMA−POSS)20 wt % (Figure 6c).
This is consistent with the broad reflective peaks (indicated by
arrows) in the SAXS profile due to the scattering of the form
factor (Figure S6). With further increasing the weight fraction
of the OMA−POSS to 30, 40, and 50 wt %, similar PS micelles
are obtained in the PS-b-P2VP(OMA−POSS)30 wt %, PS-b-
P2VP(OMA−POSS)40 wt % , and PS-b-P2VP(OMA−
POSS)50 wt % (Figure 6d−f), respectively.
In Figure 6g, the FTIR spectrum of the PS-b-P2VP(OMA−

POSS)10 wt % shows that a new absorption band at 1003 cm−1

is due to the association between the P2VP unit and the
OMA−POSS in contrast to the free pyridine absorption of 993
cm−1. With increasing the weight fraction of the OMA−POSS
(20−50 wt %), the relative intensity of the free pyridine
stretching at 993 cm−1 decreased, and the relative intensity of
the associated pyridine stretching at 1003 cm−1 increased in
the PS-b-P2VP(OMA−POSS) nanohybrids, being distinct
from that in the PS-b-P2VP(MA−POSS) nanohybrid system.
This expresses that the degree of the association between the
OMA−POSS nanoparticle and P2VP chain gradually increases
due to the large numbers of accessible bonding substitutes of
the maleamic acids on the OMA−POSS nanoparticles.
Moreover, the absorption band at around 1711 cm−1

represents the hydrogen-bonded C�O stretching of the
OMA−POSS cluster (Figure 6h). In contrast to the PS-b-
P2VP(MA−POSS) nanohybrids, the guest−host interaction
between the P2VP and the OMA−POSS intensifies with the
increase in the additive OMA−POSS concentration in the PS-

Figure 5. Schematic illustration for the fabrication of POSS
nanosheets by etching of ion beam in (a) PS-b-P2VP(MA−
POSS)10 wt % and (b) PS-b-P2VP(MA−POSS)30 wt %. FESEM micro-
graphs of (c) PS-b-P2VP(MA−POSS)10 wt % and (d) PS-b-P2VP-
(MA−POSS)30 wt % after etching of ion beam.
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b-P2VP(OMA−POSS) nanohybrids. Therefore, this gives rise
to a considerable enlargement in the effective volume fraction
of the P2VP(OMA−POSS), and the PS micelles thus formed.
However, a specified bonding site is absent for the OMA−
POSS nanoparticle, resulting in the homogeneous distribution
instead of forming hierarchical nanosheets (Figure 6i).

3. CONCLUSIONS

To the best of our knowledge, this is the first discovery that the
POSS nanoparticles form the periodic nanosheets in the
microphase-separated domain of BCPs. The number of
hydrophilic and hydrophobic substitutes in the POSS nano-

Figure 6. TEM micrographs of the PS-b-P2VP(OMA−POSS) nanohybrids with various weight fractions of OMA−POSS nanoparticles cast from
DMF. (a) Neat PS-b-P2VP ( f PSv = 0.58), (b) 10 wt % ( f PSv = 0.53), (c) 20 wt % ( f PSv = 0.47), (d) 30 wt % ( f PSv = 0.41), (e) 40 wt % ( f PSv = 0.36),
and (f) 50 wt % ( f PSv = 0.30). After I2 staining, P2VP(OMA−POSS) is dark, and PS is bright. FTIR spectra of a series of the PS-b-P2VP(OMA−
POSS) nanohybrids with various weight fractions of the OMA−POSS nanoparticle. (g) 980 to 1020 cm−1 and (h) 1680 to 1760 cm−1. (i)
Schematic representation of the PS-b-P2VP(OMA−POSS) nanohybrids revealing the PS micelles embedded within the P2VP(OMA−POSS)
matrix.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.2c01643
Macromolecules 2022, 55, 9048−9056

9054

https://pubs.acs.org/doi/10.1021/acs.macromol.2c01643?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01643?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01643?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01643?fig=fig6&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c01643?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


particle is critical for manipulating the guest−guest and guest−
host interactions, giving rise to a hierarchical architecture or
homogeneous distribution in the nanohybrid materials. The
MA−POSS nanoparticle of a single maleamic acid first
aggregates into the dispersive fragments with an extendable
length in the P2VP microdomain centrally as the MA−POSS
concentration is low due to the specified binding site and
stronger guest−guest interaction. As the MA−POSS concen-
tration increases, the long dispersive fragments are connected
to form the single nanosheet parallel to the lamellar interface.
Further increasing the quantity of the MA−POSS induces the
propagation into the tri- and quadro-nanosheet of periodic
arrangement. As the MA−POSS concentration is above 30 wt
%, the uniform dispersion of the MA−POSS is observed. In
comparison, the OMA−POSS nanoparticle with octa-function-
alized maleamic acids is always distributed uniformly in the
P2VP microdomain due to the unspecified binding sites and
stronger guest−host interaction. Owing to distinct etch
contrast among the inorganic POSS and the organic BCP,
the well-defined nanostructured pattern of nanosheets of a few
nanometers can be observed. As a result, this concept of the
propagatable periodic nanosheet of self-alignment could
provide a means of designing nanohybrid materials with the
precise distribution of the functional nanoparticle and reduce
line width for lithographic and nanopatterning applications.
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