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In this study, the influence of functional groups by the diblock copolymers of poly(styrene-b-4-vinylpyridine) (PS-b-P4VP), 
poly(styrene-b-2-vinylpyridine) (PS-b-P2VP), and poly(styrene-b-methyl methacrylate) (PS-b-PMMA) on their blends with octa-
functionalized phenol polyhedral oligomeric silsesquioxane (OP-POSS) nanoparticles (NPs) were investigated. The relative hydrogen 
bonding strengths in these blends follow the order of PS-b-P4VP/OP-POSS > PS-b-P2VP/OP-POSS > PS-b-PMMA/OP-POSS based on 10 

Kwei equation from differential scanning calorimetry (DSC) and Fourier transform infrared spectroscopy analyses. Small-angle X-ray 
scattering and transmission electron microscopy analyses show the morphologies of the self-assembly structures strongly dependent on 
the hydrogen bonding strength at relatively higher OP-POSS content. The PS-b-P4VP/OP-POSS hybrid complex system with the 
strongest hydrogen bonds shows the order–order transition from lamellae to cylinders and finally to body-centered-cubic spheres upon 
increasing OP-POSS contents. However, PS-b-P2VP/OP-POSS and PS-b-PMMA/OP-POSS hybrid complex systems having relatively 15 

weaker hydrogen bonds, transformed from lamellae to cylinder structures at lower OP-POSS contents (<50 wt%), but formed disordered 
structures at relative high OP-POSS contents (> 50 wt%). 
 
Introduction 

Self-assembled structure from diblock copolymers (BCPs) 20 

including alternative lamellae, bicontinuous gyroids, hexagonally 
packed cylinders, and spheres and organic/inorganic hybrid 
materials constitute a new fascinating field in polymer science.1,2 
Many progresses have been widely in fundamental understanding 
of organic/inorganic hybrid systems formed from inorganic 25 

nanoparticles and block copolymers, the properties of which 
cannot be replicated in organic/organic block copolymers,3–5 such 
as poly(styrene-b-dimethylsiloxane),6,7 and poly(methyl 
methacrylate–b–methacryloyl polyhedral oligomeric 
silsesquioxane) diblock copolymers.8-10 Polyhedral oligomeric 30 

silsesquioxane (POSS) with unique cage-like structure with ca. 1-
3 nm nanoscale dimension as nanoparticles (NPs), often used for 
organic/inorganic hybrid materials.11–14 

In addition to the preparation of organic/inorganic block 
copolymers, blending of inorganic nanoparticles within 35 

organic/organic diblock copolymers to form BCP/NP composites 
is quite interesting because of their possible applications in 
sensors, photonics, and nanodevices.15–21 The self-assembled 
structure from diblock copolymers are strongly dependent on the 
degree of polymerizations (N), interaction parameters (χ), and the 40 

volume fractions (f) of the diblock copolymer segments.2 At low 
values of χN, the diblock copolymer is usually phase-mixed. The 
possible disorder-to-order transition (DOT) may occur when χN 
increases. Therefore, the dispersion of nanoparticles in diblock 
copolymer is relation with the increasing enthalpy change from 45 

the creation of polymer-NP interfaces and the decreasing in 
polymer conformational entropy.22–25 

Generally, using compatible or miscible ligands with one of 
the block segments can provide the preferential segregation of 
NPs within the compatible or miscible block segment. For 50 

instance, the use of polystyrene (PS) or poly(2-vinylpyridine)  
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(P2VP) homopolymer as ligand for the Au nanoparticle can 
mediate the distribution of Au nanoparticle in the self-assembled 
structure of PS-b-P2VP block copolymers26–30 Since the ligand of 60 

NPs is chemical identical or similar to one of block segments, the 
enthalpically neutral NPs lead the entropic penalty and thus 
provide the self-assembly structure to disorder morphology at 
relative higher NPs contents. To solve the disorder morphology 
problem, using strong hydrogen bonding has been widely studied 65 

for blending block copolymers with nanoparticles, significantly 
improving miscibility behavior or the swelling diblock copolymer 
segments without macro-phase separation and order–order 
morphological transition.15–21 For example, several nanoparticles 
such as CdS, Au, and POSS modified on their surfaces with 70 

hydroxyl or multiple hydrogen bonding functional groups are 
able to interact with the poly(ethylene oxide) (PEO), P4VP, and 
poly(vinylbenzyl thymine) (PVBT) domains of diblock 
copolymers. This strong intermolecular hydrogen bonds can 
significantly decrease the macrophase separation possibility of 75 

the nanoparticles and then in favor of microphase separation.33–40 
For example, we have investigated the ligand effects of POSS 
nanoparticle, where one is chemical similar to PS block segment 
and the other has the hydrogen bonding interaction with P4VP 
block segmentin our previous study.41 The relative weaker 80 

hydrophobic interaction between the aromatic group of the PS 
block segment and the octa-functionalized styrene silsesquioxane 
(OS-POSS) pushes the PS-b-P4VP block copolymer possessing 
to disorder morphology at higher OS-POSS content.41 On the 
contrary, the relative stronger hydrogen bonding in OP-POSS/PS-85 

b-P4VP induce order–order transition from alternative lamellae to 
cylinder and finally to body-centered cubic sphere.41 

As a result, we might expect strong hydrogen bonding 
interaction to enable relative higher loadings of nanoparticles 
within the diblock copolymer segments. Based our knowledge, 90 

however, the hydrogen bonding strength influence on the self-
assembly structures of diblock copolymers and nanoparticles 
have never been reported previously. In this study, we blended 
OP-POSS NPs with three well-established diblock copolymers— 

 95 
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Table 1: Molecular weights (Mn), compositions, and polydispersity indices (PDIs) of OP-POSS and the PS-b-P4VP, PS-b-P2VP, and PS-
b-PMMA BCPs 

BCP
a

  M
n 
(GPC)

b

 
 PS (wt%

c

) PDI
b

  Tg (°C)d 

PS
216

-b-P4VP
257

 49,450  48  1.12  106/152 
PS

216
-b-P2VP

268
 49,950  42  1.03  108/108 

PS
200

-b-PMMA
252

 55,300  40  1.06  110/135 
OP-POSS 1978 - 1.00 18 

a Numbers denote final compositions determined through gel permeation chromatography (GPC, calibrated against polystyrene linear 
standards) and integrated 1H NMR spectra. b Measured using GPC. c Determined from 1H NMR spectra. d Determined from DSC 
analyses. 5 
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Scheme 1: The preparation of (a) PS-b-P4VP, (b) PS-b-P2VP, (c) PS-b-PMMA through anionic polymerization and the chemical 
structure of (d) OP-POSS 
 
PS-b-PMMA, PS-b-P2VP, and PS-b-P4VP—formed through 10 

sequential anionic polymerization.42 These three systems allowed 
us to make general predictions about how hydrogen bonding 
strength influences the structures of nanoparticles in block 
copolymers, with the goal of realizing multifunctional 
organic/inorganic hybrid materials. The inter-association 15 

equilibrium constants of P4VP/ poly(vinyl phenol) (PVPh) (KA = 
1200), P2VP/PVPh (KA = 598), and PMMA/PVPh (KA = 37.4), 
as well as the self-association equilibrium constant (KB = 66.8) of 
PVPh were determined Based on the Painter–Coleman 
association model.43–45 Therefore, the strengths of the hydrogen 20 

bonding interaction of P4VP, P2VP, and PMMA with OP-POSS 
follow the order P4VP/OP-POSS > P2VP/OP-POSS > 
PMMA/OP-POSS, with KA/KB > 1 for P4VP/OP-POSS and 
P2VP/OP-POSS and KA/KC < 1 for PMMA/OP-POSS.42 In this 
present study, the miscibility behavior, intermolecular hydrogen 25 

bonding interaction and self-assembly structures of these three 
hybrid complex system were investigated by using differential 
scanning calorimetry (DSC), Fourier transform infrared 
spectroscopy (FTIR), small-angle X-ray scattering (SAXS), and 
transmission electron microscopy (TEM) analyses.   30 

 
Experimental Section 

Materials 

Styrene, 4-acetoxystyrene, 4-vinylpyridine, 2-vinypyridine, 
methyl methacrylate, and platinum(0)/1,3-divinyl-1,1,3,3-35 

tetramethyldisiloxane complex solution [Pt(dvs)] were all 
obtained from Aldrich Chemical (USA). The diblock copolymers  
of PS216-b-P4VP257, PS

366
-b-P2VP

220
 and PS

200
-b-PMMA

252
 were 

all synthesized through sequential anionic polymerization as 
shown in Scheme 1.42 OP-POSS (Mn = 1978 g/mol) was 40 
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Figure 1: DSC analyses of (a) PS-b-P4VP/OP-POSS, (b) PS-b-P2VP/OP-POSS, and (c) PS-b-PMMA/OP-POSS complexes. 
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Figure 2: Tg behavior of (a) PS-b-P4VP/OP-POSS, (b) PS-b-5 

P2VP/OP-POSS, and (c) PS-b-PMMA/OP-POSS complexes. 
 
synthesized according to our previous studies.46–49 Details of 
syntheses and characterizations of PS-b-P4VP, PS-b-P2VP, and 
PS-b-PMMA diblock copolymers are available elsewhere;42–49 10 

the characterization data for these materials are summarized in 
Table 1. 
 

BCP/NP Blend 
Blending OP-POSS NPs with various weight fractions of PS-b- 15 

P4VP, PS-b-P2VP, and PS-b-PMMA block copolymers were 
prepared through solution blending. 5 wt% of the BCP/NPs 
blends in THF solution were stirred for 24 h and then cast on the 
Teflon pan. The THF solvent was slowly evaporated at room 
temperature for 2 day and then dried under the vacuum oven at 20 

120 °C for 2 days. 
 

Characterization 

Thermal properties of the blend samples were determined by 
DSC analysis by using the TA Q-20 instrument; the instrument 25 

was operated at a 20 °C/min of heating rate from -90 °C to –200 
°C under N2; the weight of each blend samples was ca. 5~10 mg. 
FTIR spectra of blend samples were determined by using the 
conventional KBr disk method with the Bruker Tensor 27 FTIR 

spectrophotometer at room temperature. SAXS was performed 30 

using the NANOSTAR U small-angle X-ray scattering system 
(Bruker AXS, Karlsruhe, Germany) and Cu-Kα radiation (30 W, 
50 kV, 600 mA). TEM observations were conducted by the JEOL 
2100 microscope (Japan) operated at 200 kV. Ultrathin sample 
was prepared by using the Leica Ultracut S microtome equipped 35 

with the diamond knife. The BCP/NPs hybrid thin film without 
any staining was recorded for TEM images since the dark region 
was corresponding to POSS-rich domain due to the Si atom of 
POSS providing the relative higher mass contrast compared with 
the organic domains. The bright region is corresponding to the PS 40 

phase in the minor domain as would be expected. 
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Figure 3: FTIR spectra of hydroxyl stretching region of (a) PS-b-P4VP/OP-POSS, (b) PS-b-P2VP/OP-POSS, and (c) PS-b-PMMA/OP-
POSS complexes recorded at room temperature 

 
Results and Discussion 5 

Thermal Analyses 

Figure 1 presents DSC analyses of PS-b-P4VP/OP-POSS, PS-b-
P2VP/OP-POSS, and PS-b-PMMA/OP-POSS blends with 
various compositions. Clearly, the glass transition temperature of 
the pure OP-POSS NP is ca. 18 °C46 and the pure PS-b-P4VP 10 

block copolymer displayed two glass transition temperatures at 
106 °C and 152 °C, corresponding to PS and P4VP block 
segment, respectively.41 The pure PS-b-P2VP diblock copolymer 
displayed only one single glass transition temperature of 
approximately 108 °C, as might be expected because pure PS and 15 

pure P2VP both display similar glass transition temperatures near 
this value.50 In contrast, the pure PS-b-PMMA diblock copolymer 
also experienced two glass transition temperatures: a lower value 
of Tg near 116 °C (resulting from the PS segments) and a higher 
value near 135 °C (resulting from the PMMA segments), which is 20 

higher than pure PMMA homopolymer (ca. 100 °C), as has also 
been discussed in a previous study.51 Notably, the Tg value of PS 
blocks (106–116 °C) in these three BCPs are higher than PS 
homopolymer (~100 °C) of similar molecular weight since the 
nano-confinement effect. 25 

In Figure 1(a), we also observe two values of Tg at 
relatively lower OP-POSS contents (< 50 wt%). Here, the lower 
value (85–106 °C) was assigned corresponding to the PS domain 
and the higher value (103–152 °C) from the hydrogen-bonded 
P4VP/OP-POSS complex domain. The single but broad Tg 30 

observed at ca. 86 °C was due to the Tg behavior of PS domain 
and P4VP/OP-POSS complex domain by coincidence decreased 
to the similar temperature range. Two Tg behaviors reappear at 
80 wt% OP-POSS NPs was from P4VP/OP-POSS complex 
domain (63 °C) and the higher one (90 °C) was corresponding to 35 

PS domain.41 In Figure 1(b), although the pure PS-b-P2VP 
diblock copolymer and PS-b-P2VP/OP-POSS = 90/10 both 
displayed only the single glass transition temperature near 108 
°C. Increasing to 20 wt% or more OP-POSS contents show two 
glass transition temperatures; the lower one (50–90 °C) was from 40 

the hydrogen-bonded P2VP/OP-POSS domain and the higher one 
(100–108 °C) was corresponding to PS block segment. In Figure 
1(c), the pure PS-b-PMMA diblock copolymer also experienced 
two glass transition temperatures, but at 10 and 20 wt% of OP-
POSS, we observed only a single glass transition temperature in 45 

each case, near 109 and 103 °C, respectively. The reason for this 
behavior is similar to PS-b-P4VP/OP-POSS complexes: the Tg of 
PMMA/OP-POSS complex domain dropped to the similar glass 
transition temperature range of PS domain. As a result, further 
increase OP-POSS contents higher than 30 wt% also observe two 50 

Tg values to reappear again: the lower one (31–73 °C) was 
corresponding to the PMMA/OP-POSS complex domain through 
hydrogen bonding and the higher one (95-102 °C) was 
corresponding to the PS domain. In these three hybrid systems, 
we did not observe the single Tg for pure OP-POSS at 18 °C, 55 

indicating that no macrophase aggregation of OP-POSS NPs due  
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Figure 4: FTIR spectra of (a) PS-b-P4VP/OP-POSS (pyridine region), (b) PS-b-P2VP/OP-POSS (pyridine region), and (c) PS-b-
PMMA/OP-POSS (C=O region) hybrid complexes at room temperature 
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Figure 5: Fractions of hydrogen-bonded functional groups of (a) 
PS-b-P4VP/OP-POSS (pyridine region), (b) PS-b-P2VP/OP-
POSS (pyridine region), and (c) PS-b-PMMA/OP-POSS (C=O 
region) hybrid complexes. 
to the existing intermolecular hydrogen bonding between the 10 

phenolic hydroxyl (OH) groups of OP-POSS with the pyridine 
groups of P4VP/P2VP and with the carbonyl (C=O) groups of 
PMMA. 

Figure 2 summarizes the Tg behavior of P4VP/OP-POSS, 
P2VP/OP-POSS, and PMMA/OP-POSS complex systems. 15 

Interestingly, the Tg behavior of the P4VP/OP-POSS and  

P2VP/OP-POSS complex domains exhibit the positive deviation 
compared with the linear rule, whereas the OP-POSS/PMMA 
complex domain exhibit the negative deviation. We employed the 
Kwei equation52 to characterize specific interaction blending 20 

systems: 

21
21

2211
WqW

kWW

TkWTW
T

gg

g +
+

+
=

               (1) 

Where Wi and Tgi are the weight fractions and glass transition 
temperatures of each components, k and q are the fitting 
constants. The values of (k =1, q = 110) for P4VP/OP-POSS 25 

complex [Figure 2(a)], (k =1, q = 100) for P2VP/OP-POSS 
complex [Figure 2(b)], and (k =1, q = -50) for the PMMA/OP-
POSS complex [Figure 2(c)] are obtained based on the non-linear 
leas-squares best fitting. The positive q values suggest that 
P4VP/OP-POSS and P2VP/OP-POSS complex possessing with 30 

stronger inter-association hydrogen bonding than the self-
association hydrogen bonding of OP-POSS. On the contrary, the 
inter-association hydrogen bonding of PMMA/OP-POSS 
complex is weaker than the self-association hydrogen bonding of 
OP-POSS and then results in the negative q value. In addition, the 35 

q value of P4VP/OP-POSS complex is larger than P2VP/OP-
POSS hybrid complex, due to steric hindrance affecting the 
hydrogen bonding interaction strength.50,53 Therefore, the 
hydrogen bonding interactions strengths in these systems follow 
the order of P4VP/OP-POSS > P2VP/OP-POSS > PMMA/OP-40 

POSS, consistent with the values of KA based on the Painter–
Coleman association model: 1200 for P4VP/PVPh, 598 for 
P2VP/PVPh, and 37.4 for PMMA/PVPh.46 
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Figure 6: SAXS patterns of (a) PS-b-P4VP/OP-POSS, (b) PS-b-P2VP/OP-POSS, and (c) PS-b-PMMA/OP-POSS hybrids at room 
temperature 
 

In addition, the Tg value of PS block segment was decreased with 5 

the increase of OP-POSS NPs contents due to the lower Tg value 
of OP-POSS NPs.  
  
Infrared Spectroscopic Analyses 

Figure 3 shows the infrared spectra of PS-b-P4VP/OP-POSS, PS-10 

b-P2VP/OP-POSS, and PS-b-PMMA/OP-POSS complexes at 
room temperature. The OP-POSS possessing two major 
absorption peaks in the hydroxyl (OH) stretching region: one is 
corresponding to the free hydroxyl group at 3525 cm–1 and the 
other broader band is centered at ca. 3350 cm–1 due the self-15 

association hydrogen-bonded hydroxyl-hydroxyl (OH-OH) 
groups. Clearly, the intensity of free hydroxyl group of OP-POSS 
was decreased with the increase of PS-b-P4VP, PS-b-P2VP, and 
PS-b-PMMA contents. Meanwhile, the broad band peak was 
shifted to the relative lower wavenumber with the increase of PS-20 

b-P4VP and PS-b-P2VP contents, reflecting a redistribution of 
hydrogen bonds from self-association hydroxyl-hydroxyl 
interaction to inter-association hydroxyl-pyridine interaction and 
thus we can assign the peak at 3150 cm–1 in Figure 3(a) 
corresponding to the hydrogen bonding between phenolic OH 25 

group of OP-POSS and the pyridine group of P4VP block, and 
the band at 3190 cm–1 in Figure 3(b) corresponding to OH-
pyridine between OP-POSS and P2VP block. In contrast, the 
broad signal for the hydrogen-bonded hydroxyl groups of OP-
POSS was shifted to higher wavenumber (3430 cm–1) at the 30 

highest PS-b-PMMA content (80 wt%) [Figure 3(c)]. This 
phenomenon also suggests the new distribution of hydrogen 
bonds from competition between OH-OH of OP-POSS and OH-
O=C of OP-POSS/PMMA complex. We used the frequency 

difference (∆ν) between the free hydroxyl and intermolecular 35 

hydrogen bonded hydroxyl group signals to determine the 
average hydrogen bonding interaction strength.54We found the 
P4VP/OP-POSS (∆ν = 375 cm–1), P2VP/OP-POSS (∆ν = 335 
cm–1) were both stronger than that of self-association of OH-OH 
for OP-POSS (∆ν = 185 cm–1). As a result, the values of q are 40 

positive, based on the Kwei equation (Figure 2). In contrast, the 
PMMA/OP-POSS (∆ν = 95 cm–1) is weaker than self-association 
of OH-OH for OP-POSS and thus, the q value is negative, based 
on the Kwei equation (Figure 2). 

In addition to hydroxyl stretching, the pyridine groups of 45 

P4VP and P2VP and the carbonyl group of PMMA are also 
sensitive to the hydrogen bonding interaction.  In general, the 
band at 993 cm–1 is able to characterize the intermolecular 
hydrogen bonding of pyridine groups of P4VP and P2VP block 
segment. Figures 4(a) and 4(b) present infrared spectra at the 50 

range of 980–1020 cm–1 for PS-b-P4VP/OP-POSS and PS-b-
P2VP/OP-POSS, respectively. Clearly, pure P4VP and P2VP 
blocks show the characteristic band at 993 cm–1, due to the free 
pyridine group. A new band was found at 1007 and 1005 cm–1 
due the hydrogen-bonded pyridine groups for the P4VP and 55 

P2VP block segments, respectively, when blending with OP-
POSS NPs. We also found that the intermolecular hydrogen 
bonding strength in the P4VP/OP-POSS complex is stronger than 
in the P2VP/OP-POSS complex, due to steric hindrance affecting 
the specific interactions between these two polymers, as 60 

evidenced through different shifts in these wavenumbers (for 
P4VP, 14 cm–1; for P2VP, 12 cm–1).50 In addition, the carbonyl 
group of PMMA block segment was split into two bands in 
Figure 4(c): one at 1731 cm–1 due the free carbonyl groups in PS- 
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Figure 7: TEM images of PS-b-P4VP/OP-POSS complex of (a) pure PS-b-P4VP, (b) 10, (c) 20, (d) 30, (e) 40, (f) 50, (g) 60, and (h) 80 
wt% OP-POSS contents  
 
b-PMMA and the other at 1710 cm–1 due to the hydrogen-bonded 5 

ones. All pyridine and carbonyl group signals are able to split into 
two Gaussian bands that could be fitted well. Figure 5 
summarizes the curve fitting results and we observed the fraction 
of hydrogen-bonded pyridine groups of P4VP and P2VP and 
carbonyl groups of PMMA was increased up increasing OP-10 

POSS content in these three hybrid complexes, which is similar 
with P4VP, P2VP, and PMA blending with phenolic resins.50,55,56 
In addition, Figure 5 also shows that the fraction of hydrogen-
bonded functional units also followed the order of P4VP/OP-
POSS > P2VP/OP-POSS > PMMA/OP-POSS, consistent with 15 

the DSC analyses. The hydrogen-bonded fraction in P4VP/OP-
POSS was slightly higher than that in P2VP/OP-POSS, due to the 
effect of steric hindrance in these two hybrid systems. 
 
SAXS and TEM Analyses 20 

Figure 6 shows SAXS profiles of PS-b-P4VP/OP-POSS, PS-b-
P2VP/OP-POSS, and PS-b-PMMA/OP-POSS blends with 
various compositions at room-temperature. The long-range order 
of alternative lamellar structure was found for pure PS-b-P4VP 
[Figure 6(a)] based on the scattering ratios with1:2:3:4. The long 25 

period of this lamellar phase was ca. 45.1 nm based on the first 
SAXS at a position of q = 0.139 nm–1, extracted from 2π/q 
equation. The TEM image in Figure 7(a) also shows the long-
range order of alternating lamellar morphology for the pure PS-b-
P4VP block possessing the alternative lamellar period ca. 40 nm, 30 

similar with SAXS analysis as shown in Figure 6(a). Adding 10 
or 20 wt% OP-POSS contents, more long ranger order of 
scattering peaks was observed compared with pure PS-b-P4VP, 
with peak ratios of 1:2:3:4:5:6:7:8, corresponding to the lamellar 
structures, as confirmed by TEM images in Figures 7(b) and 7(c). 35 

Furthermore, the first scattering peak was shifted to the lower-q 
value slightly at 10 wt% OP-POSS content (qmax = 0.127 nm–1; d 
= 49.4 nm), indicating the increase of the inter-lamellar spacing 
D. This peak shift to higher q value at 20 wt% OP-POSS content 
(qmax = 0.151 nm–1; d = 41.5) was observed. At 20 wt% 40 

composition, it will transfer to hexagonal packed cylindrical 

structure and further increasing to 30 wt% OP-POSS content, the 
morphology change from alternative lamellar to hexagonal 
packed cylindrical structures was occurred with d = 41.5 nm. This 
order–order transition was due to the overall volume fraction 45 

change between these two diblock copolymer segments. The peak 
ratios did not change with the 1:√3:√4:√7:√9:√12 ratio 
corresponding to long range order of hexagonal packed cylinder 
structures at 30, 40, and 50 wt% OP-POSS contents, this behavior 
was confirmed by TEM images as shown in Figures 7(d)–(f). The 50 

BCC symmetry spherical structure was observed as the OP-POSS 
content was at 60 and 80 wt% based on SAXS peaks with ratio of 
1:√2:√3:√4, consistent with the TEM image as shown in Figures 
7(g)-(h). The order-order transition from alternative lamellae to 
hexagonally packed cylinder and finally to BCC sphere upon 55 

increasing OP-POSS contents was observed based on SAXS and 
TEM analyses in PS-b-P4VP/OP-POSS complex.  

Similarly, SAXS analysis also shows the lamellar structure 
for pure diblock copolymer of PS-b-P2VP [Figure 6(b)], also 
judging from the scattering peak ratio of 1:2:3:4. The SAXS peak 60 

located at first q value of 0.131 nm–1 with d = 47.9 nm for 
lamellae structure. The PS volume fraction is 42 % for this PS-b-
P2VP diblock copolymer with the lamellar structure. TEM image 
in Figure 8(a) shows pure PS-b-P2VP diblock copolymer indeed 
exhibiting the short-range-ordered lamellar morphology. At 10 65 

wt% OP-POSS content, SAXS pattern retained this lamellar 
structure with a relative peak ratio of 1:2:3, as confirmed by TEM 
image as shown in Figure 8(b). The first scattering peak was 
shifted to the lower-q region slightly at 10 wt% OP-POSS (qmax = 
0.129 nm–1; d = 48.6 nm), also implying the increase d-spacing of 70 

inter-lamellae. Further increasing to 20–50 wt% OP-POSS 
contents, the lamellar was transformed into cylinder structures 
with d-spacings of 49.4, 53.2, 55.1, and 59.2 nm, respectively, 
which showed the 1:√3:√4:√7 ratio for cylinder structures; as 
confirmed by TEM images in Figures 8(c)–(f). Further increasing 75 

to 60 and 80 wt% OP-POSS contents, the SAXS patterns showed 
a ratio of 1:√3:√7 and the d-spacings decreased to 37.4 nm (60 
wt%) and 35.7 nm (80 wt%), implying the short-range-ordered  
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(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 8: TEM images of PS-b-P2VP/OP-POSS complex of (a) pure PS-b-P2VP, (b) 10, (c) 20, (d) 30, (e) 40, (f) 50, (g) 60, and (h) 80 
wt% OP-POSS contents  
 
spherical micelle structure, as confirmed by TEM images in 5 

Figures 8(g) and 8(h), respectively. Similarly, the morphological 
transition also occurred with the increase of OP-POSS contents in 
PS-b-P2VP diblock copolymer. In contrast, because the hydrogen 
bonding in the P2VP/OP-POSS complexes was weak relative to 
the P4VP/OP-POSS complexes, the former system formed 10 

disordered structures at relatively higher OP-POSS contents (>60 
wt%). 

SAXS analysis showed a disordered and phase-mixed 
structure for pure PS-b-PMMA in Figure 6(c); TEM imaging 
supported the presence of a phase-mixed structure [Figure 9(a)]. 15 

It is well established that PS-b-PMMA diblock copolymers show 
an upper disorder–order transition (UDOT) and that the the 
interaction parameter (χ) is quite weak.57-58 In addition, the degree 
of polymerization (N = 452) of the PS-b-PMMA dblock 
copolymer used in this study was not particularly high; thus, at 20 

low values of χN, the PS-b-PMMA was phase-mixed.57,58 
Nevertheless, after adding 10 wt% OP-POSS content into the PS-
b-PMMA (7% of C=O groups interacted with OP-POSS), sharp 
scattering patterns appeared with relative peak ratio of 
1:2:3:4:5:6, having the long period of lamellar structure of 35.2 25 

nm; the TEM image in Figure 9(b) confirmed the such structure. 
Further increasing to 20 wt% OP-POSS content (11.2% of C=O 
groups interacted with OP-POSS), the scattering pattern remained 
sharp with relative peak ratio of 1:2:3:4:5, also suggesting the 
long-range-ordered lamellar structures, as confirmed by the TEM 30 

image in Figure 9(c). The first scattering peak was also shifted to 
the lower-q region slightly (qmax = 0.165 nm–1; d = 38.0 nm), 
again implying the increase d-spacing of inter-lamellae. Russell 
et al. have reported that the increase of segmental interaction 
parameter (χ) between PS and PMMA by the formation of 35 

PMMA-lithium ionic complexes; they also found that the PS-b-
PMMA diblock copolymer shows the morphology from the 
phase-mixed to the microphase-separation structure after the 
formation of PMMA-lithium ionic complexes.59,60 

In this study, intermolecular hydrogen bonding existed 40 

between the phenolic hydroxyl groups of OP-POSS and the 
carbonyl groups of PMMA, also increasing the segmental 
interaction parameter between PS and PMMA and by an effective 
increase in molecular weight by physical cross-linking through 
hydrogen bonding and, therefore, increasing the value of χN. As a 45 

result, we found that the change in morphology from a phase-
mixed to a long-range-ordered lamellar structure occurred when 
adding only 10 or 20 wt% OP-POSS. Further increasing to 30 and 
40 wt% OP-POSS contents, the transition occurred from the 
alternative lamellar to the cylinder structure with the d-spacing of 50 

39.0 and 43.3 nm, respectively, as revealed from the 1:√3:√4:√7 
ratio expected for cylindrical structures; the TEM images in 
Figures 9(d)–(e) confirmed this behavior. Further increase the 
OP-POSS NP content at 50 and 60 wt%, the SAXS patterns 
showed a ratio of 1:√7 and the d-spacings decreased to 36.3 nm 55 

(50 wt%) and 34.5 nm (60 wt%), respectively, indicating that the 
morphologies of these samples featured short-range-ordered 
wormlike structure, as confirmed by the TEM images in Figures 
9(f) and 9(g), respectively. When the OP-POSS content at 80 
wt%, it resulted in the broad peak, with the d-spacing decreasing 60 

further to 31.5 nm, corresponding to a disordered micelle or 
macrophase-separated structure, as confirmed by the TEM image 
as shown in Figure 9(h). 

The distributions of OP-POSS NPs in these three complexes 
were investigated in this study. The average distance of aJ for the 65 

chemical junction of the block copolymer interface and the 
relative changes of aJ/aJ0 are able to derive for the complexes 
where aJ0 is corresponding to the pure diblock copolymer. The 
values of D/D0 of (ρJ/ρJ0)Φblock

–1 are simple volumetric 
conversion for the lamellar strucutre, (ρJ/ρJ0)[(2/31/2)π(1–f)Φblock

-
70 

1]1/2 for the cylindrical structure, and 
2/112

0 ])1()8/327)[(/( −
Φ− blockJJ fπρρ for body center cubic 

spherical structure. D0 is the inter-distance of pure diblock 
copolymer, f is the PS block volume fraction, and ρJ is 
corresponding to block chain number per unit interfacial area  75 
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(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 9: TEM images of PS-b-PMMA/OP-POSS complex of (a) pure PS-b-PMMA, (b) 10, (c) 20, (d) 30, (e) 40, (f) 50, (g) 60, and (h) 
80 wt% OP-POSS contents  
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Figure 10: Average distances of the chemical junctions along the 
interface, aJ/aJ0, for (a) PS-b-P4VP/OP-POSS, (b) PS-b-
P2VP/OP-POSS, and (c) PS-b-PMMA/OP-POSS complexes 
 
(aJ

2); thus, aJ/aJ0 is equal to (ρJ/ρJ0)
–1/2 and Φ is the volume 10 

fraction of BCPs in complexes.31,32 Figure 10 summarizes the 
aJ/aJ0 values in these three hybrid system with various OP-POSS 
contents based on above three relations. We observed the 
expansion in the aJ values of (aJ/aJ0 >1) for all three hybrid 
systems—presumably the result of the additive OP-POSS 15 

intervening and wetting the P4VP, P2VP, and PMMA chains of 
the BCPs at the interfaces through hydrogen bonding. We 
consider no change in BCP/NPs density since the PS block 
covalently linked to the hydrogen bonded acceptor blocks of 
P4VP, P2VP, and PMMA segment, which have to contract to 20 

accommodate in the expanded interfacial zone.   
The values of aJ/aJ0 for the P4VP/P4VP complexes increased 

from 1.02 (at 10 wt% OP-POSS) to 2.35 (at 80 wt% OP-POSS). 
Scheme 2(a) summarizes the morphological transformation of 

PS-b-P4VP that occurred upon increasing the OP-POSS contents. 25 

Pure PS-b-P4VP shows the long-range order of alternative 
lamellar structure by increasing the OP-POSS contents to 10 and 
20 wt% remains the lamellar structure. Further increasing to 30–
50 wt% OP-POSS contents changed to cylindrical structures and 
corresponding the d-spacing increase, with values of aJ/aJ0 of 30 

1.35, 1.42, and 1.52 for the blends having OP-POSS contents of 
30, 40, and 50 wt%, respectively. At 60 wt% and 80 wt% OP-
POSS content, BCC spheres formed and the d-spacing decreased 
significantly, providing a value of aJ/aJ0 is 2.06 and 2.35, 
respectively. This order–order transition from lamellae to 35 

cylinder and finally to BCC sphere was come from the relative 
stronger hydrogen bonding interaction between the phenolic 
hydroxyl groups of OP-POSS and pyridine groups of P4VP and 
then changed the overall volume fractions of block copolymer 
segments. 40 

    Scheme 2(b) summarizes the morphological transformation of 
PS-b-P2VP diblock copolymer upon increasing the OP-POSS 
contents. Pure PS-b-P2VP shows a lamellar structure; at 10 wt% 
OP-POSS NP content, the lamellar structure was maintained, 
with a value of aJ/aJ0 of 1.04. When the OP-POSS contents at 20-45 

50 wt%, these composition changed to cylindrical structures and 
corresponding increases in the d-spacing, with values of aJ/aJ0 of 
1.57, 1.58, 1.62, and 1.65 at OP-POSS contents of 20, 30, 40, and 
50 wt%, respectively. Further increasing OP-POSS NP contents 
to 60 and 80 wt%, the d-spacings decreased, with the values of 50 

aJ/aJ0 increasing significantly to 5.03 and 7.45, respectively, when 
using the sphere model. This phenomenon could be explained as 
the result of a short-range-ordered spherical micelle structure 
forming at these compositions; the curvature changed 
significantly and then increased the value of aJ/aJ0. Because the 55 

hydrogen bonding in PS-b-P2VP/OP-POSS complexes was 
weaker than that of P4VP/OP-POSS complexes, because of steric 
hindrance effect, the former system formed close-to-disordered 
structures at relative higher OP-POSS contents (> 60 wt%). 
      Scheme 2(c) also summarizes the morphological 60 

transformation of PS-b-PMMA upon increasing the OP-POSS  
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Scheme 2: Morphological transition of (a) PS-b-P4VP/OP-POSS, (b) PS-b-P2VP/OP-POSS, and (c) PS-b-PMMA/OP-POSS complexes 
with the increase of OP-POSS contents 
 
contents. Pure PS-b-PMMA shows a phase-mixed structure 5 

because of the lower value of χN. When the OP-POSS NP 
contents were at 10 and 20 wt%, the phase-mixed structure was 
changed to long-range order of alternative lamellar structures 
because of hydrogen bonding interaction between the phenolic 
hydroxyl groups of OP-POSS and the carbonyl groups of PMMA 10 

and thus increased the interaction parameter between PS and 
PMMA block segment and then increased the value of χN. 
Because the pure PS-b-PMMA diblock copolymer possessed a 
phase-mixed structure, we could not determine a value of D0. For 
comparison, we chose a value of D0 of 35.2 nm for the system of 15 

10 wt% OP-POSS content in PS-b-PMMA; thus, the value of 
aJ/aJ0 was 1.07 for the system containing 20 wt% OP-POSS. 
Further increasing to 30-40 wt% OP-POSS contents were 
changed to cylindrical structures and corresponding increases in 
d-spacings, with values of aJ/aJ0 of 1.59 and 1.60 at OP-POSS 20 

contents of 30 and 40 wt%, respectively. When the OP-POSS NP 
contents were 50, 60, and 80 wt%, the d-spacings decreased and 
the values of aJ/aJ0 increased significantly to 3.52, 4.14, and 6.42, 
respectively, when using the sphere model. This phenomenon can 
be explained as arising from short-range-ordered spherical 25 

micelles or macrophase-separated structures at these 
compositions. Because the PS-b-PMMA/OP-POSS complexes 
experienced the weakest hydrogen bonding among these three 
systems, they formed close-to-disordered structures at only 50 
wt% OP-POSS content.  30 

     In summary, at relatively low OP-POSS contents (ca. 10–20 
wt%), these hybrid systems almost all formed lamellae structures 
with lower values of aJ/aJ0 (<1.07), with the OP-POSS NPs 

displaying wet-brush behavior for each of these three diblock 
copolymers. When the OP-POSS contents were approximately 35 

30–40 wt%, order-order transition behavior occurred, from 
lamellae to hexagonally packed cylinder structures, with values 
of aJ/aJ0 between 1.35 and 1.65, since the overall volume 
fractions were changed of block copolymer segments by 
hydrogen bonding interactions. Further increasing the OP-POSS 40 

contents to approximately 50–80 wt% (higher OP-POSS 
contents), the self-assembled structures that formed were strongly 
dependent on the hydrogen bonding strength. For example, the 
system featuring the strongest hydrogen bonds, the PS-b-
P4VP/OP-POSS complexes, underwent an additional order-order 45 

transition to form BCC spheres at an 80 wt% OP-POSS content, 
with a relatively low value of aJ/aJ0 (2.35). The PS-b-PMMA/OP-
POSS complexes, featuring the weakest hydrogen bonds, had 
already formed a disordered structure at only 50 wt% OP-POSS 
content. Consistent with this behavior, the PS-b-P2VP/OP-POSS 50 

hybrid complexes displayed their disordered structure at 60 wt% 
OP-POSS content. 
 
Conclusions 

In this study, the phase behavior, hydrogen bonding interaction, 55 

and self-assembly structures of PS-b-P4VP/OP-POSS, PS-b-
P2VP/OP-POSS, and PS-b-PMMA/OP-POSS complexes were 
detail investigated by DSC, TEM, SAXS, and FTIR 
spectroscopy. The self-assembly structure of block copolymer 
copolymers composites with OP-POSS was strongly dependent 60 

on the functional groups polarity of block segments. The 
relatively weaker intermolecular hydrogen bonding in the PS-b-
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P2VP/OP-POSS and PS-b-PMMA/OP-POSS complexes in block 
copolymer was formed close-to-disordered structures at relative 
higher OP-POSS contents. In contrast, the strongest hydrogen 
bonding interaction in the PS-b-P4VP/OP-POSS complexes 
induced the order–order transition from alternative lamellae to 5 

cylinders and finally to BCC spheres. We conclude that the 
hydrogen bonding strength, and not the BCP composition, was 
the key feature affecting the types of self-assembled structures 
that formed in this study. 
 10 
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