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We synthesized two miscible disordered diblock copolymers, poly(methyl methacrylate-b—vinylphenol) (PMMA-
b-PVPh) and poly(4-vinylpyridine-b—ethylene oxide) (P4VP-b-PEO), through anionic living and reversible ad-
dition fragmentation chain transfer polymerizations, respectively; together, these polymers contained one hy-
drogen bond donor (PVPh) and three hydrogen bond acceptors (P4VP, PEO, PMMA). The inter-association
equilibrium constants (K,) for the three different hydrogen bonded pairs followed the order PVPh/P4VP

(Ka = 1200) > PVPh/PEO (K5 = 280) > PVPh/PMMA (K, = 47.1), suggesting that the PVPh units prefer to
hydrogen bond with P4VP block, rather than PEO and PMMA blocks. Nevertheless, the excluded PMMA and PEO
segments experienced weak intermolecular dipole-dipole interactions, such that the PMMA-b-PVPh/P4VP-b-
PEO blends exhibited two-phase behavior, forming miscible PVPh/P4VP and PMMA/PEO phases, as evidenced
using transmission electron microscopy.

1. Introduction

Polymer blends often possess superior thermal, mechanical, and
optoelectronic properties when compared with those of their individual
polymers [1-5]. In general, two types of phase structures are observed:
immiscible blends that lack specific interactions [Scheme 1(A)-(a); two
single-phase systems that undergo macrophase separation] and mis-
cible blends that feature specific interactions [Scheme 1(A)-(b); two
single phases that form a miscible disordered structure]. Simple
homopolymer/homopolymer blend systems usually do not form self-
assembled nanostructures exhibiting microphase separation. A blend
system comprising linear homopolymers functionalized at their chain
ends with multiple hydrogen bonding motifs or metal-ligand interac-
tions could form the self-assembly nanostructure displayed in
Scheme 1(B), a so-called supramolecular diblock copolymer (the two
single phases transform to a two-phase structure with microphase se-
paration) [6-10].

Self-assembled structures are usually induced from immiscible di-
block copolymers (A-b-B), which typically form long-range-ordered la-
mellar, cylinder, spherical, and double-gyroid structures, with potential
applications in photonic crystals, drug delivery, and nanolithography
[11-17]. Blending with a homopolymer C or another diblock copolymer
C-b-D can be used, with specific interactions (e.g., hydrogen bonding),
to vary the volume fraction of each block segment and, thus, prepare
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well-defined nanostructures [18-39]. In general, two different types of
microphase separation occur for the diblock copolymers in A-b-B/C
blend, leading to two-phase system [Scheme 2(A)], depending on the
miscibility of the segments of the diblock copolymer. The first type of
microphase separation—which is depicted in Scheme 2(a) as a two-
phase and a single-phase forming a two-phase system—has been ob-
served from blends of immiscible PS-b-PVPh with P2VP, P4VP, and
PMMA homopolymers; from PS-b-P2VP/PVPh blends; and from blends
of P4VP-b-PCL or P2VP-b-PCL with phenoxy, PVPh and phenolic
homopolymers [20-32]. The second type of microphase separation—in
Scheme 2(b), two single-phase systems forming a two-phase sys-
tem—has been found from the unusual miscible diblock copolymers
PMMA-b-PVPh or PCL-b-PVPh blended with PVP homopolymers,
mediated by the strength of the hydrogen bonding [33-36].

For A-b-B/C-b-D mixtures, systems in which intermolecular hy-
drogen bonding exists between B and C block segments, while A and D
blocks are immiscible, can form the hierarchical self-assembled struc-
tures, including three-phase lamellae or core-shell cylinders
[Scheme 2(c): two two-phase systems form a three-phase system]
[40-49]. For example, Matsushita et al. reported that PS-b-PVPh
blending with P2VP-b-PI induced hierarchical self-assembled structures
such as cylinder-within-lamellar or simple lamellar-within-lamellar
structures [42]. We have also previously noted three-phase behavior,
both in solid state and solution, from PS-b-PVPh blended with P4VP-b-
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Scheme 1. Cartoon representations of pairs of single-phase systems (A) A + B becoming (a) a two-phase system (macrophase separation without specific interac-
tions) and (b) a single-phase system (miscible disordered structure with specific interactions), (B) A + B becoming a two-phase system (microphase separation with
strong chain-end-specific interactions), and (C) A-b-B + C-b-D becoming a two-phase system (microphase separation with side-chain-specific interactions).

PMMA or P4VP-b-PCL [45-48]. Recently, we observed that immiscible
A-b-B and miscible disordered C-b-D could also form the hierarchical
self-assembled structures [Scheme 2(d): a two-phase and a single-phase
forming a three-phase system], from PS-b-P4VP/PMMA-b-PVPh [50]
and PS-b-PVPh/P4VP-b-PEO [51] blends.

In this present study we firstly proposed that two miscible dis-
ordered diblock copolymers—namely PMMA-b-PVPh and P4VP-b-
PEO—could also form a self-assembled nanostructure, with the two
single-phase structures forming a two-phase structure when blended
[Scheme 1(C)]. This system is more complicated than the chain end-
functionalized multiple hydrogen bondings linear homopolymer blends
[Scheme 1(B)] and miscible diblock copolymer/homopolymer blends
[Scheme 2(b)] that also transform two single-phase systems into two-
phase systems, because this type of microphase separation involves four
block segments in a diblock copolymer mixture. Herein, we report the
competitive hydrogen bonding, miscibility, and self-assembled nanos-
tructures formed from the PMMA-b-PVPh/P4VP-b-PEO blend.

2. Experimental section
2.1. Materials

Methyl methacrylate (Aldrich, 99%), 4-vinylpyridine (4VP, 95%,
Acros), and 4-tert-butoxystyrene (tBOS, Aldrich, 99%) were distilled
from CaH,. Poly(ethylene glycol) 4-cyano-4-(phenylcarbonothioylthio)
pentanoate (M, = 10,000 g/mol) was purchased from Aldrich. The
PVPh;3,-b-PMMA; 35 diblock copolymer (PDI = 1.10) was synthesized
through anionic living polymerization of MMA and tBOS monomers,
with subsequent hydrolysis, as shown in Scheme 3(a) and described
previously [52]. The PEO,50-b-P4VPg, diblock copolymer (PDI = 1.11)
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was prepared through RAFT polymerization [Scheme 3(b)], using a
previously reported method [51]. Table 1 summarizes the molecular
weights and thermal properties of these two diblock copolymers.

2.2. PMMA-b-PVPh/P4VP-b-PEO diblock copolymer blends

Mixtures of the diblock copolymers PMMA-b-PVPh and P4VP-b-PEO
were prepared by using solution blending. Each diblock copolymer was
dissolved separately in DMF, the common solvent for these four block
segments. The individual solutions were mixed and then stirred for 48 h
at room temperature; they were then placed in Teflon dishes and the
DMF solvent was allowed to evaporate slowly at 80 °C for 48 h; finally,
the diblock copolymer mixtures were dried at 130 °C under vacuum for
1 week to remove any residual solvent.

2.3. Characterization

Glass transition and melting temperatures were measured by the TA
Q-20 instrument operated from -80 to + 280°C (heating rate:
20 °Cmin~1). Fourier transform infrared (FTIR) spectra of blend sam-
ples were determined using the Bruker Tensor 27 FTIR spectro-
photometer and the KBr disk method; 32 scans were recorded with a
resolution of 4cm™!. Small-angle X-ray scattering (SAXS) was mea-
sured by the BL23A1 beamline at the National Synchrotron Radiation
Research Center (NSRRC), Taiwan (A = 1.12 Io\); the diblock copolymer
mixtures were sealed between Kapton windows and measured at room
temperature. Transmission electron microscopy (TEM) was performed
using a JEOL 2100 microscope operated at 200 kV; the blend samples
were cut into the ultrathin section (Leica ultra-cut microtome, diamond
knife) and stained with I, to display the P4VP domains; accordingly, the
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Table 1
Molecular weights and thermal properties of the PMMA-b-PVPh and of P4VP-b-
PEO diblock copolymers synthesized in this study.

Block Copolymer M, (g/mol) My, /M, Te/Tn(°C)
PVPh;3,-b-PMMA; 35 30,000 1.10° 168/-
PEO50-b-P4VPg, 18,610° 1.11° 140/61

@ Obtained from GPC analysis by using PS as standard.
b Obtained by using 'H NMR spectrum.

Table 2
Thermodynamic properties of the various different block segments used in this
study.

Polymer Molar Molecular Solubility Equilibrium Constants
Volume Weight Parameter
(mL/mol)  (g/mol) [(cal/mL)?] K, Kg Ka
PVPh 82.3 120.1 11.0 21.0° 66.8"
PMMA  84.9 100.0 9.1 - - 47.1°
PEO 38.1 44.1 9.40 - - 280°
P4vp 84.9 105.1 10.8 - - 1200"

Self-association dimer (K,) and multimer (Kg), and inter-association (Kj,)
equilibrium constants.
2 Ref. [54].

b Ref. [52].

PVPh/P4VP domain appeared dark and the PMMA/PEO domain ap-
peared white in TEM images.

3. Results and discussion

3.1. DSC and FTIR spectroscopic analyses of PMMA-b-PVPh/P4VP-b-PEO
blends

We prepared the diblock copolymers PMMA-b-PVPh and P4VP-b-
PEO, together featuring one hydrogen bond donor block and three
hydrogen bond acceptor blocks, through anionic living and RAFT
polymerizations, respectively (Scheme 3). Table 2 and Scheme 4 sum-
marize the inter-association equilibrium constants for the PVPh block
interacting with the P4VP, PEO, and PMMA block segments, as well as
the molecular volume, solubility parameter, and molecular weight of

Ko = 1200 PVPh (B)
P4VP(C) £00< 0
Eac>0
> < 4—;‘1'-“ =47.1
Ecp <0 Esp<0
¥ Kp=280%
PEO (D) A PMMA (A)
+—>
Eap <0

Scheme 4. Values of K, and interaction parameters for PMMA-b-PVPh/P4VP-b-
PEO diblock copolymer mixtures.
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Fig. 1. DSC traces (second heating scans) of various PMMA-b-PVPh/P4VP-b-
PEO blends: (a) 0/100, (b) 30/70, (c) 50/50, (d) 70/30, and (e) 100/0.

each block segment. Six different interaction parameters would be ex-
pected for such PMMA-b-PVPh/P4VP-b-PEO blends (Scheme 4); five of
them were negative, indicating that the PVPh/PMMA, PVPh/P4VP,
PVPh/PEO, P4VP/PEO, and PEO/PMMA blend systems have disordered
structures; the other was positive: that for the immiscible or phase-se-
parated P4AVP/PMMA binary blend system. The value of K5 of PVPh/
P4VP blend (K = 1200) [53,54] was, however, much higher than the
PVPh/PEO blend (K, = 280) [54] or PVPh/PMMA in the diblock co-
polymer segment (K = 47.1) [52], suggesting that the PVPh segment
prefers to hydrogen bond with the P4VP block, rather than with PEO
and PMMA blocks. Therefore, although we might expect the PMMA and
PEO blocks to be excluded from the miscible phase of blended PMMA-b-
PVPh and P4VP-b-PEO diblock copolymers, the PMMA and PEO seg-
ments themselves feature a weak intermolecular dipole-dipole inter-
action and display miscible behavior [55-57]; accordingly, the PMMA-
b-PVPh/P4VP-b-PEO blends did, indeed, exhibit two-phase behavior,
forming miscible PVPh/P4VP and PMMA/PEO phases.

Fig. 1 displays second-run thermograms, from —60 to + 240 °C, of
PMMA-b-PVPh/P4VP-b-PEO blends of various compositions. The pure
P4VP-b-PEO diblock copolymer exhibited a glass transition temperature
(T) of 140 °C for the P4VP block and the melting temperature (Ty,) of
61 °C for PEO block [Fig. 1(a)]; we could not observe the value of T for
the PEO block due to the high crystallinity of the P4VP-b-PEO copo-
lymer. The thermogram for the PMMA-b-PVPh copolymer exhibited
only a single T, (at 168 °C), suggesting that the PVPh/PMMA pair was
miscible through hydrogen bonding. The enthalpy and temperature of
melting for the PEO block segment both decreased upon increasing the
concentration of PMMA-b-PVPh, owing to hydrogen bonding between
the PVPh/PEO blocks and dipole-dipole interactions in the PMMA/PEO
miscible phase. The thermogram of the PMMA-b-PVPh/P4VP-b-
PEO = 70/30 sample did not display the melting temperature for the
PEO segment; instead, it featured only two T values at 214 and 45 °C.
The higher value presumably corresponded to the miscible PVPh/P4VP
domain, featuring strong hydrogen bonding; this value of T is sig-
nificantly higher than those of all of the individual block segments used
in this study. The lower value of T, presumably represented the mis-
cible PMMA/PEO domain. As a result, we suspected that two micro-
phase-separated amorphous phases—namely miscible PVPh/P4VP and
PMMA/PEO binary domains—existed at this composition. Furthermore,
the higher of the two T, values, corresponding to the miscible PVPh/
P4VP phase, decreased upon increasing the content of P4VP-b-PEO, but
the resulting glass transition temperatures remained higher than those
of PVPh/P4VP = 50/50 homopolymer blends formed from DMF solu-
tion (Ty =190°C) [53]; thus, it appeared that the microphase
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Fig. 2. Values of Ty, of the PEO segment and T, of the miscible PVPh/P4VP
domain, as predicted using the Kwei equation, for various PMMA-b-PVPh/
P4VP-b-PEO blends.

separation in the diblock copolymer mixture could occur with a nano-
confinement effect that, subsequently, induce the higher observed va-
lues of T

Fig. 2 summarizes the values of T, of the PEO segment and the
values of T of the miscible PVPh/P4VP domains in the PMMA-b-PVPh/
P4VP-b-PEO blends. The value of T, of the PEO segment decreased
slightly with the increase of PMMA-b-PVPh content; the T, value of the
miscible PVPh/P4VP domain exhibited a positive deviation from that
expected from the linear rule. For strongly hydrogen bonding polymer
pairs, the values of T, can be predicted using the Kwei equation [58]

T - Wi Ty + kW2 Ty,

+ g W,
g W, + kW agwmiw,

@

where W; is the weight fraction of the PVPh or P4VP block segment, T;
is the glass transition temperature of the PVPh or P4VP block segment,
and the k and q are fitting constant. Using fitting procedures, we ob-
tained the values of k and q of 1 and 180, respectively, suggesting that
this system could be classified as one that is strongly hydrogen bonding.

Fig. 3 presents FTIR spectra of various PMMA-b-PVPh/P4VP-b-PEO
blends, measured at room temperature, highlighting the regions of C=
O absorption in the PMMA block [Fig. 3(A)], CH, wagging in the PEO
segment [Fig. 3(B)], and pyridine vibration in the P4VP segment
[Fig. 3(C)]. Two absorption peaks appeared at 1730 and 1705 cm ~* for
the pure PMMA-b-PVPh diblock copolymer, corresponding to free and
hydrogen-bonded C=O0 stretching vibrations, respectively [Fig. 3(A)-
(e)]. These two absorption peaks could be fitted well by the Gaussian
function, as displayed in Fig. 4(A); Table 3 summarizes the fitting re-
sults. The fraction of hydrogen-bonded C=O groups in the PMMA
segment decreased with the increase of P4VP-b-PEO content. As men-
tioned above, the values of K for the various domains in this study
followed the order PVPh/P4VP (K, = 1200) > PVPh/PEO
(Ka = 280) > PVPh/PMMA (K, = 47); thus, the fraction of hydrogen-
bonded C=0 groups in the PMMA segment decreased with the increase
of P4VP-b-PEO content [Fig. 3(A)] because the OH groups in the PVPh
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Fig. 3. FTIR spectra of PMMA-b-PVPh/P4VP-b-PEO blends, displaying the re-
gions of the (A) C=O0 stretching: (a) pure PMMA, (b) 30/70, (c¢) 50/50, (d) 70/
30, and (e) 100/0. (B) CH, wagging, and (C) pyridine vibrations, of various
compositions: (a) 0/100, (b) 30/70, (c) 50/50, and (d) 70/30.

segment, which previously interacted with the C=O groups in the
PMMA segment of the PMMA-b-PVPh diblock copolymer, now inter-
acted with the pyridine units in the P4VP segment, or perhaps the ether
units in the PEO segment, after blending with P4VP-b-PEO.

Fig. 3(B) displays the FTIR spectral region for CH, wagging of the
PEO segment. The absorptions at 1360 and 1343 cm ™! correspond to
the PEO crystalline phase [59]; these two signals were disappeared
upon increasing the content of PMMA-b-PVPh and, at 50 and 70 wt% of
PMMA-b-PVPh, was replaced by the broad absorption (near
1350 cm ™ ') representing the PEO amorphous phase. This result is
consistent with the DSC analysis, in which the melting enthalpy of the
PEO segment disappeared at 70 wt% of PMMA-b-PVPh. We obtained a
similar result from the WAXD analyses in Fig. 5(A). Two strong
(032)pgo and (1 20)pgo diffraction peaks appeared for pure P4VP-b-
PEO, but they disappeared when the sample contained 70 wt% of
PMMA-b-PVPh. These two peaks also disappeared for the PMMA-b-
PVPh/P4VP-b-PEO = 30/70 blend when the temperature was 80 or
150°C [Fig. 5(B)]; these temperatures are higher than the melting
temperature of the PEO segment (T,,, = 61 °C) [60]. Fig. 3(C) presents
the FTIR spectral region for the pyridine units for PAVP segment. For
pure P4VP-b-PEO, the signal for the free pyridyl ring appeared at
993 cm ™ !; a new band, corresponding to the hydrogen-bonded pyridine
units, appeared at 1005 cm ~ ! after blending with PMMA-b-PVPh. After
fitting these two absorption peaks to Gaussian functions, we observed
[Fig. 4(B), Table 3] that the fraction of hydrogen-bonded pyridine units
increased with the increase of PMMA-b-PVPh content, as expected.

3.2. Self-assembled nanostructures in PMMA-b-PVPh/P4VP-b-PEO blends

Fig. 6(a) reveals that the SAXS pattern of pure P4VP-b-PEO did not
feature any peaks, implying that a miscible disordered structure existed
at lower temperature [61]. Similarly, the SAXS pattern of pure PMMA-
b-PVPh also exhibited no peaks [Fig. 6(e)], also suggesting that a mis-
cible disordered structure formed, in this case because of the hydrogen
bonding interactions. In contrast, all of the SAXS patterns of the PMMA-
b-PVPh/P4VP-b-PEO blends featured scattering peaks, indicating that
self-assembled structures formed in this diblock copolymer mixture. We
used TEM to investigate these self-assembled structures (Fig. 7). For
PMMA-b-PVPh/P4VP-b-PEO = 30/70, the SAXS pattern provided evi-
dence for only short range order, with one broad peak [Fig. 7(a)l,
suggesting a wormlike micelle structure—as confirmed in the TEM
images in Fig. 7(b) and (c). The d-spacing of 21.8 nm, extracted from
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Fig. 4. Curve fitting of the FTIR spectral data for the (A) C=O stretching and (B) pyridine vibrations of PMMA-b-PVPh/P4VP-b-PEO blends of various compositions.

Table 3
FTIR spectroscopic data for PMMA-b-PVPh/P4VP-b-PEO diblock copolymer mixtures.
PVPh-b-PMMA/PEO-b-P4VP Fee H-bonded f° FreePyridine H-BondedPyridine fipyridine
C=0 Cc=0
v, em™! As (%) v, em ™! A¢ (%) v, em ™! As (%) v, em ™! Ag (%)
100/0 1731 66.7 1707 33.3 0.249 - - - - -
70/30 1735 79.7 1719 20.3 0.144 993 48.0 1005 51.9 0.519
50/50 1735 81.6 1719 18.4 0.130 992 56.4 1005 43.6 0.436
30/70 1735 100 - - 0 993 69.5 1007 30.5 0.305
0/100 - - - - 993 100 - - 0
(A) (B) 30/70
100/0
70/30
-
3
©
g 50/50
- (o]
= 80 °C
o
c 30/70
(o]
0/100 25°C
—T——T T T T T T —T——T T T T T T T
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40

20

Fig. 5. WAXD analyses of PMMA-b-PVPh/P4VP-b-PEO blends: (A) various compositions at room temperature; (B) various temperatures for the 30/70 composition.
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the first scattering peak at a value of ¢° of 0.288 nm ™!, was consistent
with the spherical size based on the TEM images. Upon increasing the
content of PMMA-b-PVPh to 50 or 70 wt%, the SAXS patterns also
displayed only a single peak [Fig. 7(d) and (g)], but the long-range
order of lamellar structures was evident in the corresponding TEM
images [Fig. 7(e) and (f) and Fig. 7(h) and (i), respectively]. The d-
spacings in these lamellar structures were 19.5nm (¢° = 0.322nm ™ !)
for PMMA-b-PVPh/P4VP-b-PEO = 50/50 and 22.2nm (¢ =
0.283nm ') for PMMA-b-PVPh/P4VP-b-PEO = 70/30. The d-spacings
of these lamellar structures were also consistent with the lamellar sizes
determined from the TEM images. The intensity of a signal in a SAXS
pattern should correlate with the electron density difference between
the two phases; our system, however, may have featured six different
electron density pairs—similar to the depiction in Scheme 4 with six
different interaction parameters. As a result, it is possible that the g
reflections were not easy to detect in our blends, because of the com-
plicated mixture of electron density differences, as we have also noted
in previous studies [50]. Scheme 1(C) presents a possible structure for
the self-assembly lamellae. Fig. 8 displays the effect of fraction of hy-
drogen bonded interaction of the functional groups on the morphology
based on FTIR and TEM results. Clearly, at relative lower P4VP-b-PEO
concentration (30 and 50 wt%), which both exhibit the much better
ordered lamellar structure, compared with 70 wt% of P4VP-b-PEO
concentration with the lowest fraction of hydrogen bonded C = O and
pyridine units, which exhibit the worm-like structure. In this PMMA-b-
PVPh/P4VP-b-PEO blend system, the fraction of hydrogen bonded
functional units actually strongly affect the self-assembly structures;
however, the composition effect may also play the important role in this
study.

4. Conclusions

We have prepared two miscible disorder diblock copolymers,

(2)

Fig. 7. SAXS patterns and TEM images (after staining with I,) of various PMMA-b-PVPh/P4VP-b-PEO blends, recorded at room temperature: (a—c) 30/70, (d-f) 50/

50, and (g-i) 70/30.
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Fig. 8. The effect of fraction of hydrogen bonded interaction of the functional groups on the morphology based on FTIR and TEM results.

PMMA-b-PVPh and P4VP-b-PEO, through anionic and RAFT poly-
merizations, respectively. Based on FTIR spectral analyses, the fraction
of hydrogen-bonded C=0 groups in the PMMA segment of PMMA-b-
PVPh decreased upon increasing the content of P4VP-b-PEO, as ex-
pected because the values of K, followed the order PVPh/P4VP
(Kp = 1200) > PVPh/PEO (K = 280) > PVPh/PMMA (K = 47.1),
suggesting that the PVPh block would prefer to hydrogen bond with
P4VP and PEO blocks, rather than with the PMMA block. Nevertheless,
the PMMA segment exhibited miscibility with the PEO segment. Thus,
mixtures of the PMMA-b-PVPh/P4VP-b-PEO diblock copolymer could
exhibit two-phase behavior: we observed the self-assembly of both
wormlike and lamellar structures. We believe that this paper is the first
to describe two miscible disordered diblock copolymers, when mixed
and taking advantage of the AK effect with different hydrogen bonding
interactions, forming a self-assembled nanostructure.
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