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In this study we investigated the steric hindrance effect on the hydrogen bonding strength and self-
assembly supramolecular structures of the poly(styrene-b-vinylphenol) (PS-b-PVPh) diblock copolymer
when blended with the homopolymers poly(4-vinylpyridine) (P4VP) and poly(2-vinylpyridine) (P2VP). Each
of these PS-b-PVPh/P4VP and PS-b-PVPh/P2VP blends underwent a sequence of order—order morpho-
logical transitions with wet-brush behavior from lamellae to hexagonally packed cylindrical to spherical
structures. Interestingly, we observed a bicontinuous gyroid structure only in the more strongly hydrogen
bonding PS-b-PVPh/P4VP blend. Furthermore, the PS-b-PVPh/P4VP blend exhibited its order—order
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region at relatively high homopolymer concentrations. Thus, differences in the steric bulk of the homo-
polymers P4VP and P2VP affected their hydrogen bonding with the diblock copolymer PS-b-PVPh and,

www.rsc.org/polymers

Introduction

The self-assembly of supramolecular structures from diblock
copolymers has received much attention because such
materials have potential applications in, for example, drug
delivery, photovoltaic devices, and photonic crystals." >
Various self-assembled morphologies can be formed from
diblock copolymers in the bulk state, including lamellae,
bicontinuous gyroids, hexagonally packed cylinders, and
spherical structures; in solution they can form spherical,
worm-like, and vesicle micelle structures.’™® The types of self-
assembled structures that can form in the bulk state are
strongly dependent on the Flory-Huggins interaction para-
meters, the molecular weights (degrees of polymerization),
and the volume fractions of the block segments.”'" Although
different self-assembled nanostructures in the bulk state can
be synthesized by varying the volume fraction or the molecular
weights of each block segment, this approach can be time-con-
suming and expensive. Therefore, the blending of a diblock
copolymer (A-b-B) with a homopolymer (A, B, or C), as a way of
varying the volume fraction of each block segment, has drawn
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therefore, influenced the self-assembled structures formed from their blends.

much attention recently as a way of preparing unusual self-
assembled nanostructures.'>™"”

In the first case, proposed by Hashimoto et al., the blending
of a diblock copolymer (A-b-B) with the A or B homopolymer
can lead to structures undergoing order-order morphological
transitions or macrophase separation, processes strongly
affected by the molecular weight of the A or B homo-
polymer.">'? Three categories have been proposed based on the
molecular weight ratios of the A homopolymer and the A block
segment (@ = Mp.a/Myp.a): (i) complete macrophase separation
(@ > 1), (ii) a “dry brush” system (a ~ 1), and (iii) a “wet-
brush” system (@ < 1)."" Blending of an A homopolymer
would lead to homogeneous dissolving in the A block copoly-
mer segment, resulting in a domain size change or even an
order-order morphological transition in the wet-brush system.

In the second case, the blending of the diblock copolymer
(A-b-B) with the C homopolymer can lead to other interesting
self-assembled nanostructures.'®*>" Four different possibilities
exist, and have been examined either experimentally or theo-
retically, that C is miscible with the A or B block in A-b-B/C
blends."®*® The simplest and most investigated possibility is
that the A and B block segments are immiscible, whereas C is
miscible (via hydrogen bonding) with the B block but is
immiscible with the A block.'®*?® Kwei et al. proposed the
initial concept of blending the diblock copolymer PS-h-PVPh
with various hydrogen bond-accepting homopolymers such as
poly(4-vinyl pyridine) (P4VP), poly(ethylene oxide) (PEO), and
poly(methyl methacrylate) (PMMA).'® The OH groups of the
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PVPh block can hydrogen bond intermolecularly with these
hydrogen bond-accepting homopolymers, but these homopoly-
mers should be immiscible with the PS block segment;
although microphase separation was expected, it was not
reported in that study.'® Ikkala et al. reported the first self-
assembled lamellae structures formed upon blending the
diblock copolymer poly(isoprene)-b-poly(2-vinyl pyridine) (PI-b-
P2VP) with a phenolic homopolymer; the phenolic was misci-
ble with the P2VP block through the hydrogen bonding inter-
actions, but it was immiscible with the PI block.'® Matsushita
et al. systematically studied the blending of the diblock copoly-
mer PS-b-P2VP with the PVPh homopolymer of various mole-
cular weights; whereas PVPh is miscible with the P2VP block
through the hydrogen bonding interaction, it is immiscible
with PS, resulting in order-order morphological transitions
upon increasing the concentration of PVPh.”*>*

Previously, we examined the blending of the diblock copoly-
mer PS-b-PVPh with two well-known hydrogen bonded acceptor
homopolymers, P4VP and PMMA, which form hydrogen bonds
of different strengths in the B/C inter-polymer complexes.>* We
observed order-order morphological transitions or wet-brush
behavior from lamellae to bicontinuous gyroids to hexagonally
packed cylinders and finally to the spherical structure upon
increasing the concentration of the PAVP homopolymer, but no
morphological transition (dry-brush behavior) and macrophase
separation in the PS-b-PVPh/PMMA blends at relatively high
PMMA concentrations. This behavior was due to the different
strengths of hydrogen bonding interactions in PVPh/P4VP and
PVPh/PMMA blend systems; the inter-association equilibrium
constants of PVPh/PAVP blends (K, = 1200) and PVPh/PMMA
blends (K, = 37.4), and the self-association equilibrium constant
of pure PVPh (Kz = 66.8) have been determined from the
Painter-Coleman association model (PCAM).>> We proposed
that the ratio K,/Kg (where K, > 1 for PVPh/PAVP, but K,/Kp < 1
for PVPh/PMMA) be used as a parameter to determine the types
of self-assembled structures in A-b-B/C blends. We concluded
that blending with C tends to result in wet-brush-like structures
when K,/Kp is greater than unity (e.g., for PVPh/P4VP) and dry-
brush-like structures when K,/Kp is less than unity (e.g., for
PVPh/PMMA). Our experimental findings were consistent with
the theoretical model proposed by the Shi group.”® They used
an attractive-interaction model (AIM) to investigate the blending
of A-b-B block copolymers with C homopolymers; they observed
order-order transitions from lamellae to the hexagonally
packed cylinder and, finally, to spherical structures upon
increasing the homopolymer concentration when strong
hydrogen bonding was present. In contrast, they observed
immiscibility or macro-phase separation upon increasing the
homopolymer concentration in the case of a relatively weak
hydrogen bonding region, with the system proceeding from the
lamellar structure to the macro-phase separation region. Thus,
the strength of hydrogen bonding is a very important parameter
affecting the self-assembled structures in A-b-B/C blends.
Although PVPh/P4VP and PVPh/PMMA blends have clearly
different hydrogen bonding strengths, their solubility para-
meters from the physical force are also different, as determined

2396 | Polym. Chem., 2016, 7, 2395-2409

View Article Online

Polymer Chemistry

using the group contribution method [6 = 10.85 (cal mL™")"? for
P4VP; § = 9.1 (cal mL™")"? for PMMA].>

In the present study we examined the self-assembled struc-
tures in A-b-B/C blends with different strengths of hydrogen
bonding but the same solubility parameter for their hydrogen
bond acceptor homopolymers. In previous studies, we had
examined the effect of steric hindrance when blending P4VP
or P2VP with phenolic resin, stabilized through either hydro-
gen bonding or metal-ligand coordination with Zn(ClO,),.>*"*
P4VP and P2VP have the same solubility parameter (based on
the group contribution method) because they are merely iso-
meric structures. Although the solubility parameter is the
same, the self-assembled structures in PS-b-P4VP or PS-b-P2VP
in polar solvents are quite different. Inter-association hydrogen
bonding and metal-ligand coordination in P4VP blends are
stronger (based on IR analyses) than those in P2VP blends
because of the greater steric hindrance about the nitrogen
atoms in P2VP.>*** For example, the value of K, for PVPh/
P4VP is 1200 whereas for PVPh/P2VP blends it is 598. Although
P4VP and P2VP segments have been employed widely in the
diblock copolymer to form self-assembled structures with
homopolymers or nanoparticles (stabilized through hydrogen
bonding or metal-ligand coordination),*> ®* the effect of steric
hindrance on hydrogen bonding strength has not been
reported to the best of our knowledge.

As a result, the objective of this study was to examine the
interactions of a PS-b-PVPh diblock copolymer, synthesized
through anionic living polymerization, with P4VP and P2VP
homopolymers of similar molecular weights and thereby deter-
mine the influence of the steric hindrance of the homopoly-
mer on the hydrogen bonding strength. Notably, these PS-b-
PVPh/P4VP and PS-h-PVPh/P2VP blends can still be classified
as strong hydrogen bonding blend systems, because both
values of K, are significantly larger than the Ky value of PVPh,
even though the hydrogen bonding strengths are different. We
used differential scanning calorimetry (DSC), Fourier trans-
form infrared (FTIR) spectroscopy, small-angle X-ray scattering
(SAXS), and transmission electron microscopy (TEM) to charac-
terize the phase behavior, hydrogen bonding interaction, and
self-assembled structure in these two systems.

Experimental section

Materials

Styrene (99%, Aencore), 4-tert-butoxystyrene (tBuOS, 99%,
Aldrich), 4-vinyl pyridine (4VP, 95%, Acros), and 2-vinyl pyridine
(2VP, 97%, Acros) were distilled from CaH,. THF was distilled
from Na/benzophenone after heating under reflux for 3 h under
N,. LiCl was dried at 160 °C in a vacuum oven overnight. The
sec-Buli (1.3 M in CHEX, Chemetall) was used as received.

The PS-b-PVPh diblock copolymer and P4VP and P2VP
homopolymers through anionic living polymerization

Dry LiCl was charged with a THF solution and subsequently
cooled to —78 °C under an Ar atmosphere in a glass reactor.

This journal is © The Royal Society of Chemistry 2016
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The sec-BuLi was then added after 5 min until the solution
becomes yellow in color. The solution was warmed to room
temperature until it became colorless and then cooled again to
—78 °C and then sec-BuLi was added. After 5 min, a styrene
monomer was added, forming a yellow color again. After
50 min, tBuOS was then added through the cannula to the
glass reactor. The light yellow color disappeared to provide an
orange solution. After 2 h at —78 °C, an excess amount of
MeOH was then added to terminate the anionic living
polymerization. The block copolymer was precipitated with
MeOH and dried under vacuum overnight at 60 °C. The PS-b-
PtBuOS was converted to the PS-b-PVPh diblock copolymer
through hydrolysis as shown in Scheme 1. PS-b-PtBuOS dis-
solved in dioxane and HCI (37 wt%; 10 equiv.) was then added.
The solution was stirred overnight under N, at 80 °C. The
mixture was precipitated from H,O and then neutralized with
NaOH solution (5 wt%) to pH 6-7; the diblock copolymer was
filtered off and dried at room temperature in the vacuum oven.
The diblock copolymer was subjected to three dissolve/precipi-
tate cycles by using THF and MeOH/H,O solvent mixtures (v/v
=1:1), and then dried in the vacuum oven overnight at 60 °C.

/ CHLi

sec-Bi

sec-BuLi  +
THF -78°C

! ! MeOH
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The P4VP and P2VP homopolymers were also synthesized
through anionic living polymerizations in the THF solvent at
—78 °C by using the sec-BuLi as the initiator as shown in
Scheme 2. After 5 min, DPE was added to form a deep red
color. The 2VP or 4VP monomer was then added through the
cannula to the glass reactor. After 2 h at —78 °C, excess
amounts of MeOH were then added to terminate the anionic
living polymerization. The homopolymers were precipitated
with hexane and then dried in the vacuum oven overnight at
60 °C. The molecular weights and polydispersity indices (PDIs)
of the PS-h-PVPh diblock copolymer, P4VP, and P2VP homo-
polymers were determined by size exclusion chromatography
in DMF (Table 1).

Diblock copolymer/homopolymer blends

PS-b-PVPh/P4AVP and PS-b-PVPh/P2VP blends were prepared
through solution blending at various compositions. The 5 wt%
DMF solutions of the A-b-B/C blends were stirred overnight
and the solvents were then slowly evaporated at 90 °C for
3 days; a subsequent drying at 200 °C for 1 week was performed
to remove the possible residual DMF.

Conc HCI/ Dioxane

0.
© @
sec-B
sec-Bi
n

85°C 24hr

LiCl —_—

PS-b-PtBuOS PS-b-PVPh

Scheme 1 The synthesis scheme of the PS-b-PVPh diblock copolymer used in this study.
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THF -78°C
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CGH5 CeHs
H
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Scheme 2 The synthesis scheme of (a) P4VP and (b) P2VP homopolymers through anionic living polymerization.
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Table 1 Characterization data of the homopolymers P4VP and P2VP
and the diblock copolymer PS-b-PVPh synthesized through anionic
living polymerization in this study

Volume Volume
fraction fraction
Polymer M, My/M,  of PS(%)  of PVPh (%)
PS,00-b-PVPho; (HS) 31940  1.08 67.0 33.0
P4VP; o5 11000  1.04
P2VP, 10600  1.02
Characterization

'H or C NMR spectra were recorded at room temperature
using a Bruker AM 500 (500 MHz) spectrometer. Molecular
weights and PDIs were recorded via gel permeation chromato-
graphy (GPC) using a Waters 510 high-performance liquid
chromatograph with DMF as the eluent (flow rate: 0.6 mL
min~"). The narrow polydispersity of polystyrene was the stan-
dard. The DSC analyses were performed using a TA-Q20 instru-
ment over the temperature range from —90 to 240 °C at 20 °C
min~" heating rate under a N, atmosphere. FTIR samples were
prepared by the KBr disk method and were suitably thin to
obey the Beer-Lambert law; the spectra were recorded using
the Bruker Tensor 27 spectrophotometer (32 scans; spectral
resolution: 1 em™"). FTIR spectra were also recorded at various
temperatures using a temperature-controlled compartment

View Article Online
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holder. SAXS analyses were performed by using the BL17A1
wiggler beamline (wavelength: 1.12 A) at the National Synchro-
tron Radiation Research Center (NSRRC) in Taiwan. These
samples were also analyzed at several temperatures on the hot
stage under a N, atmosphere. The TEM analyses were per-
formed by using JEOL JEM-2100 apparatus operated at 200 kV
accelerating voltage. An ultrathin section of the TEM sample
(thickness: ca. 70-100 nm) was prepared using a Leica Ultracut
UCT Microtome equipped with a diamond knife. The TEM
samples were also stained selectively with I,; thus, the PVPh/
P4VP or PVPh/P2VP domains appeared dark, while the PS
block segments appeared white.

Results and discussion
Synthesis of the PS-b-PVPh diblock copolymer

We reported the synthesis of PS-b-PVPh in a previous
study;**®* we used sequential anionic living polymerization
and then a hydrolytic reaction to remove the protecting tert-
butyl ether group of the poly(tert-butoxystyrene) (PtBOS) block
segment (Scheme 1). We verified the generation of the OH
groups of PS-b-PVPh through complete removal of the tert-
butyl ether protective unit, using 'H and **C NMR and FTIR
spectroscopy [Fig. 1(A)-(C)]. The signals at 1.30 ppm in the 'H
NMR spectrum [Fig. 1(A)-(a)] and 78.0 ppm in the *C NMR

(A) (B)
(a) PS-b-PtBuOS abh (a) h
de
de
o h 3
oo, f g
W< \ Ll b
(b) PS-b-PVPh (b)
' § Dioxane| H,0
O O ) d.e \ / ab ¢ d e
ONi ’_\l\ } \ JLNMJ\_._ I _f.i j ?Ah M ‘l
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Fig. 1 (A) *H NMR, (B) **C NMR, and (C) FTIR spectra of (a) PS-b-PtBuOS and (b) PS-b-PVPh. (D) DSC analysis of the PS-b-PVPh.
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spectrum [Fig. 1(B)-(a)] of the PS-b-PtBOS diblock copolymer
represent the tert-butyl ether units. These signals disappeared
after hydrolysis, with a signal at 9.0 ppm in Fig. 1(A)-(b)
representing the OH groups of the PVPh block segment, while
the signal of the (C~OH) groups shifted from 153.6 ppm
[Fig. 1(B)-(a)] to 155.8 ppm [Fig. 1(B)-(b)], consistent with com-
plete hydrolysis. The same conclusion was drawn from the
FTIR spectra. The spectrum of the PS-b-PVPh featured a broad
signal at 3430 cm™", representing the OH group formed after
deprotection [Fig. 1(C)-(b)]. Fig. 1(D) reveals that the PS-b-PVPh
diblock copolymer has two glass transition temperatures (75s),
at 107 °C (PS segment) and 182 °C (PVPh segment), indicative
of chemical immiscibility and microphase separation in this
diblock copolymer. Based on 'H NMR spectroscopic and GPC
analyses, we calculated the volume fraction of PVPh in the
PS-b-PVPh copolymer to be 35 wt% (33 vol%). Table 1 summarizes
the molecular weight and PDI of our PS-b-PVPh diblock copoly-
mer and P4VP and P2VP homopolymers. Clearly, the mole-
cular weights of P4VP and P2VP homopolymers are similar
with low polydispersity and these two homopolymers are
slight larger than PVPh in the block copolymer where a = M,/
My, is close to 1.

Thermal analyses of PS-b-PVPh/P4VP and PS-b-PVPh/P2VP
blend systems

Fig. 2 displays the second DSC heating scans of PS-h-PVPh/
P4VP and PS-b-PVPh/P2VP blends. The pure P4VP (162 °C)
and P2VP (78 °C) homopolymers each exhibited only a single

(a) PS-b-PVPh/P4VP
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T, value. For PS-b-PVPh/PAVP blends, as displayed in Fig. 2(a), we
observed two values of Ty at all blend compositions, indicating
that microphase separation may occur in this blend system;
the lower value of T, (106-126 °C) corresponded to the PS
domain, while the higher value (194-208 °C) represented the
hydrogen-bonded PVPh/PAVP miscible domain. Interestingly,
the values of T, of the PVPh/PAVP miscible domain were
higher than those of the individual homopolymers at all blend
compositions, presumably because of strong hydrogen
bonding interactions, and also higher than those of the binary
PVPh/P4VP homopolymer blend obtained from DMF solutions
(the highest value of T, was 190 °C at the molar ratio of 1:1),%
presumably because of the nano-confinement of the block
copolymer segments from the microphase separation. There-
fore, the chain mobility of the PVPh/PAVP miscible phase in
the PS-b-PVPh/P4VP system was relatively restricted and
resulted in the formation of ordered nanostructures with more
compact packing and a relatively smaller free volume, corres-
ponding to higher values of T,. Fig. 2(b) displays DSC heating
scans of the PS-b-PVPh/P2VP blends. Again, we observed two
values of T, at P2VP compositions of less than 70 wt%; the
lower value (100-106 °C) corresponded to that of the PS
domain, while the higher value (121-190 °C) represented the
hydrogen-bonded PVPh/P2VP miscible domain. A single value
of T, existed for PS-b-PVPh/P2VP = 20/80, because the PVPh/
P2VP miscible phase was depressed to the same temperature
range of the PS domain coincidence. Further increasing the
P2VP content to PS-b-PVPh/P2VP = 10/90 led to the two values

(b) PS-6-PVPh/P2VP

Heat Flow (Edno, Down)

T 1T ©* T 7 T
30 60 90

120 150 180 210

T T 1T 7T
30 60 90

120 150 180 210

Temperature (°C)

Fig. 2 DSC thermal analyses of (a) PS-b-PVPh/P4VP and (b) PS-b-PVPh/P2VP blends at various P4VP and P2VP concentrations.
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of T, appearing again; the lower (87 °C) represented miscible
PVPh/P2VP, while the higher (100 °C) corresponded to the PS
domain. All of the DSC results confirmed that microphase sep-
aration was occurring in this blend. Nevertheless, the 7, value
of the PVPh/P2VP miscible domain was decreased upon
increasing the P2VP concentration—in contrast to the PVPh/
P4VP miscible domain behavior, where the values were higher
than those of the individual homopolymers at all blend
compositions.

Fig. 3 summarizes the T, behavior for PS-5-PVPh/P4VP and
PS-b-PVPh/P2VP blends. The values of T, of the PVPh/P4VP
and PVPh/P2VP domains both exhibited positive deviations
based on the linear rule (green line in Fig. 3). The Kwei
equation (red line in Fig. 3) was generally used to predict the
glass transition temperatures of hydrogen-bonded blend
systems:®°

~ WiTg + kW, Ty

W, W, 1
8 Wi + kW, EMEME (1)

where T, corresponds to the glass transition temperature of
each component; W; is each component’s weight fraction;
k and g are the fitting constants that describe the hydrogen
bonding strength. From the Kwei equation we can obtain
k and g values of 1 and 110, respectively, for the PS-b-PVPh/
P4VP blend, which is similar to those for most PAVP blend
systems featuring hydrogen bonding, and the values of 1 and
40, respectively, for the PS-b-PVPh/P2VP blend. These positive
g values indicate that inter-association hydrogen bonding
(OH:---pyridine) in PVPh/P4VP and PVPh/P2VP blends was
strong relative to self-association hydrogen bonding (OH---OH)
of the PVPh segment. In addition, the positive g value for the
PVPh/P4VP blend was higher than that for the PVPh/P2VP
blend because the greater steric hindrance of P2VP affected its
intermolecular interactions.>®>*®” The difference in hydrogen
bonding strength was consistent with the values of K, based
on PCAM, whereas that of PVPh/P4VP (K, = 1200) was higher

0 (a) PS-b-PVPh/P4VP 0 (b) PS-b-PVPh/P2VP

Q@ Experimental T, @ Experimental T,
= Kwei equation: k=1, g = 110 1| ===kwei equation: k=1, g = 110
220 —{|=—Linear line 220 - Linear line
I —
200 ° Q9 200 4
1 O
180 180 o
160 160 -]
] <4
o
S~ 1404 140
N~
120 120 -
100 | 100 °
80 80
60 —T 60 T — T T T

— T T T
00 02 04 06 08 10 00 02 04 06 08 10

PS-b-PVPh Weight Fraction

Fig. 3 Experimental and predicted (Kwei equation) values of T, of (a)
PVPh/P4VP and (b) PVPh/P2VP miscible domains.
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than that of PVPh/P2VP (K, = 598),>* which may affect the self-
assembly structure and is investigated in the following section.

Self-assembled structures in PS-b-PVPh/P4VP and PS-b-PVPh/
P2VP blend systems

Fig. 4(a) displays the SAXS profile of the pure PS-h-PVPh
diblock copolymer (fP° = 0.67) at room temperature, revealing
the long-range order of a lamellar structure with relative posi-
tions of 1:2:3:4. The first SAXS peak position at a g value of
0.209 nm™~" indicates a long period of 30.04 nm (2x/q) for this
lamellar structure. The TEM image in Fig. 4(i) of the pure PS-b-
PVPh reveals an alternative lamellar structure with the lamellar
period of ca. 30 nm, which is consistent with the SAXS analysis
in Fig. 4(a). This result is similar to a previous study where the
PS volume fraction is f?° = 0.63.>* We observed more higher-
order peaks at a 20 wt% content of P4VP, as revealed in Fig. 4(b),
compared with the pure PS-b-PVPh diblock copolymer; the
relative positions of 1:2:3:4:5 were indicative of a long-
range-ordered lamellae structure, as confirmed by the TEM
image in Fig. 4(j). Furthermore, the first-order peak had
shifted slightly to the higher-g region at a 20 wt% content of
P4VP (gmax = 0.211 nm™"; d-spacing = 29.76 nm), revealing
shrinkage of the inter-lamellar spacing D, consistent with the
theoretical prediction.>® Using the interpolymer complexation
model (ICM), Shi et al. proposed that the increase in the con-
centration of a strongly hydrogen bonding homopolymer in
the presence of a diblock copolymer would result in a decrease
in the lamellar spacing.”® The interpolymer complex formed
with the homopolymer P4VP would increase the effective
volume fraction and the interfacial area of the PVPh segment
in the block copolymer and, thus, the PS chain should occupy
the same volume as that prior to complexation; therefore, the
PS domain should shrink and drive this system into an order—
order morphological transition. Interestingly, an order-order
transition from the lamellar to bicontinuous gyroid structure
occurred upon increasing the PAVP concentration to 30 wt%.
The maximum peak appeared at a value of \/ 6g* of
0.231 nm™" (d = 27.18 nm) with the most ordered peaks at
V/8:4/14:1/16: 1/20: 1/46 [see the inset in Fig. 4(c)], indicat-
ing the long-range order of the bicontinuous gyroid structure,
as confirmed by the TEM image in Fig. 4(k) from the [111]
direction. This bicontinuous gyroid structure had also been
observed by Chen et al. in the study of a PS,4,-b-PVPhg3/P4VPs,
= 60/40 blend system, although the molecular weights of the
diblock copolymer and the homopolymer were different from
those in the present study. Further increases in the P4AVP con-
centration to 40 or 50 wt% resulted in the SAXS patterns
[Fig. 4(d) and (e)] displaying the long-range order of cylindrical
structures with peak ratios of 1:4/3:4/4:4/7:1/12, as con-
firmed in TEM images [Fig. 4(1) and (m)]. The maximum peaks
appeared at g* values of 0.175 nm ™" (d = 35.88 nm) for 40 wt%
P4VP and 0.197 nm™" (d = 31.87 nm) for 50 wt% P4VP. When
the PAVP concentrations were 60, 70, and 90 wt%, the SAXS
patterns [Fig. 4(g) and (h)] exhibited peak ratios of 1:1/3:4/7
and the TEM images [Fig. 4(n)-(p)] revealed that these
samples possessed spherical structures. Clearly, the addition

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 SAXS analyses and TEM images of (a, i) pure PS-b-PVPh and (b)-(h) PS-b-PVPh/P4VP blends at P4VP concentrations of (b, j) 20, (c, k) 30,

(d, 1) 40, (e, m) 50, (f, n) 60, (g, o) 70, and (h, p) 90 wt%.

of the homopolymer P4VP induced a sequence of order-order
transitions from lamellae to bicontinuous gyroids to hexagon-
ally packed cylinders and, finally, to sphere structures.

Next, we turned our attention to the self-assembled struc-
tures in the PS-b-PVPh/P2VP blend system (Fig. 5). Similar to
the P4VP blend system, the SAXS pattern recorded at 20 wt%
P2VP [Fig. 5(b)] also exhibited long-range order of the lamellae
structure with relative positions of 1:2:3:4, as confirmed
using TEM [Fig. 5(j)]. Furthermore, the first peak also shifted
to the higher-q region at 20 wt% P2VP (@max = 0.232 nm™’;
d-spacing = 27.06 nm), revealing shrinkage of the inter-lamellar
spacing D, similar to the phenomenon that occurred for the
P4VP blend system. Increasing the P2VP concentration to
30 wt% retained the long-range order of a lamellae structure

This journal is © The Royal Society of Chemistry 2016

with peaks at 1:3:5, confirmed by TEM imaging [Fig. 5(k)].
Here, the even-order peaks disappeared because the value of
fP° was 0.48 at this blend composition. The intensity of the
n-order peak for a lamellae structure is proportional to
sin®(xnd,)/n*, when @, (volume fraction of the A segment) is
close to 0.5, the even-order intensities (peaks 2 and 4) were
depressed to zero height.®® This result differs from that of the
PS-b-PVPh/P4VP = 70/30 blend which exhibited a bicontinuous
gyroid structure. Further increasing the P2VP concentration to
40-60 wt%, the SAXS patterns [Fig. 5(d)-(f)] also revealed the
long-range order of cylindrical structures with peak ratios
of 1:\/3: \/4: \/7:\/9\/12, consistent with TEM images
[Fig. 5(1)-(n)]. The maximum peaks appeared at g* values of
0.181 nm™" (d = 34.69 nm) for 40 wt% P2VP, 0.180 nm "

Polym. Chem., 2016, 7, 2395-2409 | 2401
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Fig. 5 SAXS analyses and TEM images of (a, i) pure PS-b-PVPh and (b)-(h) PS-b-PVPh/P2VP blends at P2VP concentrations of (b, j) 20, (c, k) 30,

(d, 1) 40, (e, m) 50, (f, n) 60, (g, 0) 70, and (h, p) 90 wt%.

(d = 34.88 nm) for 50 wt% P2VP, and 0.179 nm ™" (d = 35.08 nm)
for 60 wt% P2VP. Similar to the P4VP blend systems at 40-60 wt%,
the P2VP blend systems also showed the long-range order of
cylindrical structures. Further increasing the P2VP concen-
trations to 70 and 90 wt%, the SAXS patterns [Fig. 5(g) and (h)]
exhibited peak ratios of 1: /3 : /7 : 1/9; TEM imaging [Fig. 5(0)
and (p)] revealed a spherical structure at 70 wt% P2VP and
a disordered spherical micelle structure at 90 wt% P2VP. Thus,
once again, the addition of the homopolymer P2VP induced a
sequence of order-order transitions from lamellae to hexagon-
ally packed cylinders to, finally, sphere structures. The order—
order morphological transitions in these PS-b-PVPh/P4VP and
PS-b-PVPh/P2VP blends were driven by the effective interaction

2402 | Polym. Chem., 2016, 7, 2395-2409

parameters increasing through strong hydrogen bonding inter-
action in PVPh/P4VP and PVPh/P2VP domains, thereby chan-
ging the volume fractions in the microphase-separated block
segments. The only morphological difference in these two
blend systems was that a bicontinuous gyroid structure formed
in the PS-b-PVPh/P4VP blend, but not in the PS-b-PVPh/P2VP
blend system. Bicontinuous gyroid structures exist only in very
narrow regions between lamellae and cylindrical structures
with low values of yN, based on the diblock copolymer phase
diagram derived from mean field theory.®® Nevertheless, when
we attempted to expand the P2VP concentrations between 30
and 40 wt% (i.e., 32, 34, 36, and 38 wt%) we observed only the
lamellae and cylindrical structures in SAXS analyses (Fig. S17).

This journal is © The Royal Society of Chemistry 2016
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In other words, we did not observe any bicontinuous gyroid
structures for the PS-b-PVPh/P2VP blend system. Because we
used the same diblock copolymer in these two blend systems
and the molecular weights of PAVP and P2VP were similar, the
volume fractions and degrees of polymerization (N) were
almost identical for the same at 30 wt% P4VP and P2VP. In
addition, the solubility parameters of the homopolymers P4VP
and P2VP were also the same, as determined using the group
contribution method, due to these two homopolymers being
isomers.” The only difference between them was their
different strengths of hydrogen bonding, arising from steric
effects, thereby inducing different values of y and K,. In
addition, simulations suggest that a relatively low hydrogen
bonding strength (low values of y or K,) would require the
addition of more of the homopolymer to induce the order-
order transition and display macrophase separation. This be-
havior is consistent with our experimental finding that 30 wt%
P4VP already transformed the system into a bicontinuous
gyroid structure, whereas the system containing 30 wt% P2VP
retained its lamellae structure; 60 wt% P4VP transformed the
system to spheres, whereas the system containing 60 wt%
P2VP retained its cylindrical structure; and 90 wt% P4VP trans-
formed the system to spheres, whereas the system containing
90 wt% P2VP exhibited macrophase separation.

FTIR spectroscopic analysis of PS-b-PVPh/P4VP and PS-b-PVPh/
P2VP blend systems

FTIR spectroscopy analysis is a highly effective method for
characterizing the intermolecular hydrogen bonding strength.

(a) PS-b-PVPh/P4VP

View Article Online
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Fig. 6 displays the FTIR spectral region of the pyridine groups
for PS-b-PVPh/P4VP and PS-b-PVPh/P2VP blends. The P4VP
and P2VP homopolymers usually exhibit absorption for free
pyridyl groups near 993 cm™'; a new band representing hydro-
gen bonded pyridine units with the PVPh block segment
appeared near 1003 cm ™. In addition, pure PVPh provided the
absorption band near 1013 em™". We used digital subtraction
of the signal near 1013 cm™" by considering the molar fraction
of the PVPh segment in the blend system, as displayed in
Fig. S1,T where only two bands (free and hydrogen bonded pyr-
idine) were present that could be resolved well by the Gaussian
function.®® The hydrogen-bonded pyridyl unit fraction of both
P4VP and P2VP increased upon increasing the PS-h-PVPh
diblock copolymer concentration. Fig. 7 summarizes the frac-
tion of hydrogen-bonded pyridine groups obtained via curve-
fitting of the results in Fig. S2.f The fraction of hydrogen-
bonded pyridine groups of PAVP was always higher than that
of P2VP for all blend compositions, presumably because of
the steric effects of these two homopolymers, consistent with
the DSC and PCAM results. At relatively low PAVP and P2VP
concentrations, the higher fraction of hydrogen-bonded pyri-
dine wunits of P4VP induced long-range-ordered self-
assembled structures from lamellae to bicontinuous gyroids
to hexagonally packed cylinders and, finally, to sphere struc-
tures without macrophase separation. In contrast, disordered
spheres were observed at a high P2VP concentration (90 wt%)
because the lower fraction of hydrogen bonding interaction
(only 17.3%) induced macrophase separation, as would be
expected.

(b) PS-b-PVPh/P2VP
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Fig. 6 FTIR spectra (recorded at room temperature) of (a) PS-b-PVPh/P4VP and (b) PS-b-PVPh/P2VP blends.
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Fig. 7 Fractions of hydrogen-bonded pyridine groups of (a) PS-b-
PVPh/P4VP and (b) PS-b-PVPh/P2VP blends at various homopolymer
concentrations.

Self-assembled structures formed from PS-b-PVPh/P4VP and
PS-b-PVPh/P2VP blend systems at various temperatures

Because the strength of hydrogen bonding is sensitive to the
temperature,”® we examined the types of self-assembled struc-
tures formed from the PS-b-PVPh/P4VP and PS-b-PVPh/P2VP
blends at various temperatures. In general, the hydrogen
bonding strength or value of K, is weakened by an increase in
temperature (van’t Hoff equation); a blend system featuring
such weaker hydrogen bonds may, therefore, undergo an
order-order morphological transition upon increasing the
temperature. Fig. S3t1 presents SAXS profiles of PS-h-PVPh/
P4VP and PS-b-PVPh/P2VP = 30/70 blends recorded at various
temperatures. Both blend systems had spherical structures at
room temperature. The SAXS pattern of the PS-b-PVPh/P4VP =
30/70 blend [Fig. S3(a)f] did not change upon increasing the
temperature (i.e., it retained its spherical structure). In con-
trast, the SAXS patterns of the PS-b-PVPh/P2VP = 30/70 blend
[Fig. S3(b)T] underwent obvious changes upon increasing the
temperature, with the spherical structure transforming into a
cylindrical structure with peak ratios of 1: \/3 : \/4 : \/7 : \/9 at
temperatures higher than 120 °C. Fig. S47 also displays SAXS
profiles of PS-b-PVPh/P4AVP = 70/30 and PS-b-PVPh/P2VP = 60/
40 blends recorded at various temperatures. The SAXS profiles
of PS-b-PVPh/P4VP = 70/30 [Fig. S4(a)f] are similar to those of
the PS-b-PVPh/P4VP = 30/70 blend system; they did not change
upon increasing the temperature, suggesting that this blend
system also had a bicontinuous gyroid structure at each temp-
erature. In contrast, the SAXS patterns of the PS-b-PVPh/P2VP =
60/40 blend [Fig. S4(b)}] underwent an obvious change upon
increasing the temperature: the cylindrical structure trans-
formed into lamellae with peak ratios of 1:2:3:4:5. To prove
that the PS-b-PVPh/P2VP = 60/40 blend experienced a morpho-
logical order-order transition upon increasing the tempera-
ture, we maintained the TEM samples at the elevated
temperature for 1 day and then quickly quenched them to

2404 | Polym. Chem., 2016, 7, 2395-2409
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room temperature, using liquid N,, to maintain the high temp-
erature morphology. Fig. 8 reveals the clear morphological
order-order transition of the PS-b-PVPh/P2VP = 60/40 blend at
various temperatures, based on SAXS and TEM analyses.
Fig. 8(a) displays the long-range order of cylindrical structures
having a peak ratio of 1:4/3:4/4:4/7, consistent with the
TEM image in Fig. 8(d). Further increasing the temperature to
120 and 140 °C, the SAXS patterns change to the long-range
order of lamellae structures with a peak ratioof 1:2:3:4:5:6
[Fig. 8(b) and (c), respectively]. TEM imaging confirmed the
large area and long-range order of the lamellae structures
[Fig. 8(e) and (f)].

These results reveal that the self-assembled structures
formed from relatively weakly hydrogen bonding blend
systems can change upon increasing the temperature. For con-
firmation, we recorded FTIR spectra at various temperatures to
examine the strength of the hydrogen bonding in these two
blend systems (Fig. 9). In both blend systems, the fraction of
hydrogen-bonded pyridine units (signal at 1003 cm™") as men-
tioned above was decreased upon increasing the temperature.
Based on the van’t Hoff equation (K = —AA/RT + C), we plotted
the equilibrium constants with respect to temperature, using
the values of K, that were used for PVPh/P4VP and PVPh/P2VP
of 1200 and 598, respectively, at 25 °C and a value of Ky for
pure PVPh of 66.8. In addition, the enthalpy of hydrogen
bonding for PVPh/P4VP and PVPh/P2VP (h,) in this study was
—7.0 keal mol™", while the enthalpy of hydrogen bonding for
pure PVPh (h;) was —5.2 kcal mol™". Fig. 10(a) displays the
change in equilibrium constant with respect to temperature at
different rates; the difference in the values of K, and Ky
decreased at relatively high temperatures.”* This predicted
curve is close to that of the hydrogen-bonded pyridine frac-
tions, which decreased from 0.604 to 0.241 for the PS-b-PVPh/
P4VP = 30/70 and from 0.331 to 0.143 for the PS-b-PVPh/P2VP
= 30/70 blend compositions [Fig. 10(b)]. The difference in the
fraction of hydrogen-bonded pyridine units was 0.273 at 25 °C
and 0.098 at 200 °C. Furthermore, the fraction of hydrogen-
bonded pyridine units in the PS-b-PVPh/P4VP blend was
always higher than that in the PS-b-PVPh/P2VP blend at the
same homopolymer content. PS-b-PVPh/P4VP, with its stronger
hydrogen bonding, did not undergo a morphological change,
but PS-b-PVPh/P2VP, with its relatively weaker hydrogen
bonding, did upon increasing the temperature. Another possi-
bility is that the T, of the PS-b-PVPh/P4VP blend (ca. 200 °C) is
higher than that of the PS-b-PVPh/P2VP blend and there is a
possibility that the transition is prohibited by the vitrification
even though the cylinder structure is thermodynamically
stable at higher temperature in strong hydrogen bonding of
the PS-b-PVPh/P4VP blend.

Effect of hydrogen bonding strength on self-assembled
structures

In this section, we summarize the effects of the different
hydrogen bonding strengths on the self-assembled structures
formed in A-b-B/C blends, including PS-b-PVPh/P4VP (K, =
1200), PS-b-PVPh/P2VP (K, = 598), and PS-b-PVPh/PMMA (K, =

This journal is © The Royal Society of Chemistry 2016
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Fig. 8 SAXS analyses and TEM images of the PS-b-PVPh/P2VP = 60/40 blend recorded at temperatures of (a, d) 25, (b, e) 120, and (c, f) 140 °C.
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Fig. 9 FTIR spectra (recorded at various temperatures) of (a) PS-b-PVPh/P4VP = 70/30, (b) PS-b-PVPh/P2VP = 60/40, (c) PS-b-PVPh/P4VP =
30/70, and (d) PS-b-PVPh/P2VP = 30/70 blends.
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Fig. 10 (a) Equilibrium constants and (b) fractions of hydrogen-bonded
pyridine groups for PS-b-PVPh/P4VP and PS-b-PVPh/P2VP blends
plotted with respect to temperature.

37.4). Fig. 11 presents phase diagrams of the PS-b-PVPh/P4VP,
PS-b-PVPh/P2VP, and PS-b-PVPh/PMMA blends.** The system
with the weakest hydrogen bonds, PS-b-PVPh/PMMA, exhibited
only the lamellae structure at lower PMMA concentrations
(<40 wt% or f}s = 0.43-0.61), but it displayed undulated lamel-
lae or macrophase separation at higher PMMA concentrations
(>40 wt% or f},s = 0.06-0.43); thus, it exhibited dry-brush behav-
ior.”* In contrast, the PS-b-PVPh/P2VP blend, with its relatively
strong hydrogen bonds, underwent a sequence of order-order
transitions from lamellae to hexagonally packed cylinders to,
finally, BCC spheres; that is, it displayed wet-brush behavior.
This system possessed a lamellae structure at low P2VP con-
centrations (<34 wt% or f},; = 0.44-0.66), transformed to hexa-
gonally packed cylinders at moderate P2VP concentrations
(34-70 wt% or f = 0.21-0.44), transformed to spheres at high
P2VP concentrations (70-80 wt% or f},s = 0.14-0.21), and finally
transformed to a disordered structure at the highest P2VP con-
centration (90 wt% or f7,; = 0.07). Most interestingly, the PS-b-
PVPh/P4VP blend, which had the strongest hydrogen bonds,
exhibited a full sequence of order-order transitions from
lamellae, to bicontinuous gyroids, to hexagonally packed cylin-
ders, and, finally, to BCC spheres; it also displayed wet-brush
behavior. The lamellae structure of the pure PS-b-PVPh diblock
copolymer readily transformed into the bicontinuous gyroid
structure upon blending with P4VP at relatively low concen-

2406 | Polym. Chem., 2016, 7, 2395-2409
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trations (30-40 wt% or fjs = 0.41-0.48); such a bicontinuous
gyroid structure was not observed upon blending with P2VP,
PMMA, or PVPh homopolymers. In addition, PS-b-PVPh/P4VP,
with its strongest hydrogen bonds, required the lowest homo-
polymer concentration (30 wt% or f}s = 0.48) to induce the
order-order transition; a relatively high homopolymer concen-
tration was necessary to induce the order-order transition in
the more weakly hydrogen bonding P2VP blend system
(34 wt% or f}s = 0.44). In contrast, the PS-b-PVPh/PMMA blend
system, which had the weakest hydrogen bonds, already under-
went its disordered and macrophase separation at a low homo-
polymer concentration (30 wt% or f}s = 0.43). Increasing the
P4VP concentration to a moderate level (40-60 wt% or f},, =
0.28-0.41) transformed the PS-b-PVPh/PAVP system into hexa-
gonally packed cylinders; finally, it transformed into BCC
spheres upon further increasing the P4VP concentration
(60-90 Wt% or f}s = 0.06-0.28). Comparing the PS-b-PVPh/P4VP
and PS-h-PVPh/P2VP blend systems, the former already trans-
formed into BCC spheres at 60 wt% P4VP and did not display
macrophase separation at higher PA4VP concentrations (90 wt%);
in contrast, the latter transformed into BCC spheres at
70 wt% P2VP and displayed macrophase separation at 90 wt%
P2VP. These results were predicted well using the theoretical
approach described by the Shi group.>® The A-b-B/C system fea-
turing the strongest hydrogen bonds readily underwent the
order-order morphological transitions at lower homopolymer
concentrations and did not form a two-phase region at higher
homopolymer concentrations.

In addition, we investigated the homopolymer distributions
in these three blend systems. From the average distance of
the chemical junction for a diblock copolymer interface (),
the relative change (aja;) could be calculated after the
addition of a homopolymer, where a; represents the value
for the pure block copolymer in the absence of blending.
The following formulae were used based on a simple volu-
metric conversion: for a lamellar structure, D/Dy = (pslp; )/
Dploct; for a cylindrical structure, D/Dy, = (p/lp;)[(2/3"*)n(1 = £)/
Ppioer]’’?; and for a BCC spherical structure,
D/Dy = (o1, [(27V/3/8)1(1 — ) Brioa] /21212 Here, fis the
PS volume fraction, D, is the pure diblock copolymer inter-
distance, @ is the block copolymer volume fraction in the blend
system, and p; is the number of block chains per unit inter-
facial area (a°); in this case, we obtain the formula aja;, =
(p/lpy,)"*'>. Fig. 12 displays the values of aj/a;, obtained from
the equations above for PS-h-PVPh/PAVP, PS-h-PVPh/P2VP, and
PS-b-PVPh/PMMA blends at various homopolymer concen-
trations. The values of a; for all three blends increased upon
increasing the homopolymer concentration (a/a;, > 1); these
three blends all exhibited lamellae structures with lower a;/a;,
values at relatively low homopolymer concentrations. The PS-b-
PVPh/PMMA blend, with its weakest hydrogen bonds, dis-
played the lamellae structure only at PMMA concentrations of
less than 40 wt%; its value of a;/a; was the lowest among all
three systems. It transformed into a disordered undulated
lamellae structure at PMMA concentrations greater than 40 wt%.>*
The PS-b-PVPh/PAVP and PS-b-PVPh/P2VP blends, which

This journal is © The Royal Society of Chemistry 2016
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featured strong hydrogen bonds, exhibited wet-brush behavior
upon increasing the PAVP and P2VP concentrations. At rela-
tively low P2VP concentrations (ca. 10-30 wt%), these blends

° all exhibited the lamellae structure with lower values of a/a,
—Q— PS-b-PVPh/P4VP 1 h he P2 L d to 4 o ’

®— PS-b-PVPh/P2VP (<1.19). When the P2VP conc.entratlon.lr.lcrease tc.> 0-60 Wt%,

. —A— PS-b-PVPh/PMMA an order-order morphological transition behavior occurred
from lamellae to a hexagonally packed cylinder structure, with

Disorder Micelle higher values of a;/a;, (1.26-1.46), consistent with the volume

3 fraction of the block copolymer segment changing as a result

of the strong hydrogen bonding of the PVPh/P2VP miscible
domain. Further increasing the P2VP concentration to
70-90 wt% caused the self-assembled structure to transform

a J/a o

Sphere

? into BCC spheres (70-80 wt%) and disordered spheres (90 wt%),
Cylinder respectively, with values of aja;, of 2.30-3.27. In addition,
| p—Dtl——— L_a m_e”;e the blend also possessed a lamellae structure with lower values
. : . : . . . T . of aja;, (<1.11) at relatively low P4VP concentrations (ca.
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10-20 wt%); it transformed into a bicontinuous gyroid struc-

Homopolymer Concentration ture at 30 wt% P4VP; it then transformed into the hexagonally

Fig. 12 Values of ay/ay, for (a) PS-b-PVPh/P4VP, (b) PS-b-PVPh/P2VP,
and (c) PS-b-PVPh/PMMA blends.?*
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60-90 wt% P4VP with values of a;/a;, of 2.23-3.15. Because the
hydrogen bonding of PAVP was stronger than that of P2VP, the
former possessed higher values of aj/a;, suggesting that the
P4VP homopolymer dissolved into the PVPh segment, readily
swelling the inter-distance of the chemical junction for the
diblock copolymer interface. Similarly, the A-b-B/C system with
the strongest hydrogen bonding readily exhibited its order-
order morphological transition at a lower homopolymer con-
centration and did not exhibit a two-phase region at higher
homopolymer concentrations; this behavior can be understood
by considering that the value of aj/a; at 90 wt% P2VP was
higher than that at 90 wt% P4VP, because the macrophase had
already occurred in the P2VP blend system. In summary, the
different degrees of steric hindrance of P4VP and P2VP
resulted in different hydrogen bonding strengths in PS-b-PVPh
diblock copolymer blends and did, indeed, affect the resulting
self-assembled structures.

Conclusions

We have used DSC, SAXS, TEM, and FTIR spectroscopy to
study the thermal properties, hydrogen bonding interactions,
and self-assembled structures of PS-b-PVPh/PAVP and PS-b-
PVPh/P2VP blends. The self-assembled structures of these A-b-
B/C systems were strongly dependent on the strength of the
hydrogen bonding, influenced by steric effects, of the homo-
polymers P4VP and P2VP. The PS-h-PVPh/P2VP blend, which
had relatively weak hydrogen bonds, exhibited an incomplete
sequence of order-order morphological transitions from
lamellae, to hexagonally packed cylinders, to BCC spherical
structures upon increasing the P2VP concentration; it also
formed disordered spheres at a relatively high P2VP concen-
tration (90 wt%). In contrast, the PS-b-PVPh/P4VP blend, with
its stronger hydrogen bonds, underwent the full sequence of
order-order transitions from lamellae, to bicontinuous
gyroids, to hexagonally packed cylinders, and, finally, to BCC
spheres upon increasing the P4VP concentration; it did not
form disordered spheres at relatively high P4VP concen-
trations. Although the hydrogen bonding in the PS-b-PVPh/
P2VP blends was weaker than that in the PS-b-PVPh/PAVP
blend, the former did exhibit wet-brush behavior, because its
value of K, was significantly higher than the value of Ky of
PVPh; this situation is different from that of the PS-b-PVPh/
PMMA blends, which displayed dry-brush behavior because of
its even weaker hydrogen bonds. We conclude that the
strength of hydrogen bonding is a key feature influencing the
self-assembled structures formed in A-b-B/C systems.
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