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ABSTRACT: We have investigated a new type A-b-B/C blend system, poly(vinylphenol-b-methyl methacrylate)/
poly(vinylpyrrolidone) (PVPh-b-PMMA)/PVP, where PVPh-b-PMMA block (A-b-B) copolymer, PVPh/PVP
(A/C), and PMMA/PVP (B/C) blends are all miscible through hydrogen bond interaction or dipole-dipole
interaction. Because of the significantly stronger hydrogen bond interaction between PVPh and PVP than that
between PVPh and PMMA, this miscible PVPh-b-PMMA copolymer becomes immiscible up on blending with
20-60 wt % PVP (27-56 wt % PMMA in the blend system) and can self-assemble to form ordered morphologies.
Results from small-angle X-ray scattering (SAXS) and TEM consistently indicate that different compositions of
PVPh-b-PMMA/PVP blends induce different microphase separation structures such as hexagonal and lamellar
phases. However, sharp and multiple orders of diffraction are absent from the SAXS profiles, indicating relatively
limited sizes of the ordered domains. Large polydispersity in the molecular weight of PVP and small differences
in the interaction parameters of the three components of PVPh, PMMA, and PVP are attributed to be the main
reasons that limit the microphase separation in this blend system.

Introduction

Blending diblock (A-b-B) copolymers with homopolymers
have attracted great interest in polymer science during recent
decades because of their unusual phase behaviors.1-28 Most
studies have concentrated on an immiscible A-b-B diblock
copolymer with a homopolymer A.1-4 Other systems have also
been investigated involving blends of homopolymer C with im-
miscible A-b-B diblock copolymer, where C is immiscible with
block A but interacts favorably with block B.7-13 In addition,
blend systems comprising an immiscible A-b-B diblock copoly-
mer and a homopolymer C, where homopolymer C is miscible
with both A and B, have also been investigated by Kwei et
al.,10 as in the blends of poly(styrene-b-hydroxystyrene)/poly-
(vinyl methyl ether) (PS-b-PHOST/PVME), where PVME is
miscible with both PS and PHOS blocks and can serve as a
common solvent in the single phase of a PVME content higher
than 50 wt %.

However, A-b-B/C systems with all negative but different
interaction parameter values oføAB, øBC, andøAC (all binary
blends are miscible) have never been reported based on our
knowledge. The strong interaction of miscible polymer blends
provides great interest in polymer science due to economic
incentives arising from their potential applications in thermal,
mechanical, and barrier properties.29-31 Because of the inherent
flexible and long-chain nature of most synthetic polymers, spe-
cific interactions in polymer blends usually occur in an uncon-
trollable way and consequently lead to irregular structures.32

Therefore, it has been a great challenge to construct regular self-
assembly structures through specific interactions from polymeric

building blocks in bulk state. When all three binary pairs (B/A,
B/C, and A/C) are individually miscible in a ternary polymer
blend system, a closed immiscibility loop phase separation
diagram has been observed.33 This phenomenon is caused by
the difference in the interaction energies among these binary
systems, “∆ø” and “∆K” effects in ternary polymer blends such
as PVPh/PVAc/PEO,34 SAA/PMMA/PEO,35 and phenolic/PEO/
PCL36 systems. Nonetheless, these ternary blend systems only
show irregular macroscopic phase separation; a regular self-
assembly structure has rarely been observed. A miscible diblock
copolymer adopted in this study blending with a third homopoly-
mer tends to confine the phase separation at nanometer scale.

Our previous study showed that PVPh-b-PMMA copolymers
are fully miscible induced by hydrogen-bonding interactions
between the carbonyl groups of PMMA and the hydroxyl groups
of PVPh.37 In addition, both PVP/PMMA and PVPh/PVP blends
are all miscible through dipole-dipole and hydrogen-bonding
interactions, respectively.29,44In this paper, we investigate blends
of PVPh-b-PMMA diblock copolymer with poly(vinylpyrroli-
done) (PVP) homopolymer where the hydrogen-bonding strength
is different between PVPh/PVP and PVPh/PMMA blends. On
the basis of the Painter-Coleman association model,38 the
interassociation equilibrium constant of the PVPh/PVP blend
(KA ) 6000)39 is significantly greater than that of the PVPh-
b-PMMA block copolymer (KA ) 47.1),37 implying that the
hydrogen-bonding interaction between PVPh and PVP is
significantly stronger than that between PVPh and PMMA. The
homopolymer C is able to form significantly stronger hydrogen-
bonding interactions with A block than B block (êAC . êAB).
In other words, the hydrogen-bonding interactions between
PVPh and PVP dominate over that between PVPh and PMMA
in PVPh-b-PMMA/PVP blends. As a result, the PMMA block
tends to be excluded and forms regular self-assembly structures
from the PVPh/PVP mixing rich phase.
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Experimental Section

Materials. N,N′-Dimethylformamide (DMF) (purchased from
TEDIA, 99%) was used without further purification. The poly-

(vinylpyrrolidone) (PVP) used in this study was purchased from
Aldrich Chemical Co. with aMw ) 10 000. Various PVPh-b-
PMMA copolymers studied in this work were prepared by living
anionic polymerization of 4-tert-butoxystyrene and methyl meth-
acrylate, and then thetert-butoxy protective group was selectively
removed through subsequent hydrolysis reaction as described
elsewhere.37

Blend Preparation. Blends of various PVPh-b-PMMA/PVP
compositions were prepared through solution casting. DMF solution
containing a 5 wt %polymer mixture was stirred for 6-8 h and
then cast on a Teflon dish. The solution was left to evaporate slowly
at 80°C for 1 day and then dried under a vacuum oven at 120°C
for 5 or 14 days for different annealing effect.

Characterizations. The FT-IR spectrum of the KBr disk was
measured using a Nicolet Avatar 320 FT-IR spectrometer; 32 scans
were collected at a resolution of 1 cm-1. The DMF solution
containing the sample was cast onto a KBr disk and dried under
conditions similar to those used in the bulk preparation. The sample
chamber was purged with nitrogen, and the KBr disk was heated
to 120°C to maintain film dryness. Thermal analysis was carried
out using a DSC instrument (DuPont TA 2010). The sample (ca.
5-10 mg) was weighed and sealed in an aluminum pan, quickly
cooled to room temperature from the first scan, and then scanned
between 30 and 300°C at a scan rate of 20°C/min. The glass
transition temperature (Tg) was taken as the midpoint of the heat
capacity transition between the upper and lower points of deviation
from the extrapolated glass and liquid lines. TEM analysis was
performed using a Hitachi H-7500 electron microscope operated
at 100 kV. Ultrathin sections of the samples were prepared using
a Leica Ultracut UCT microtome equipped with a diamond knife.
Slices of ca. 700 Å thickness was cut at room temperature. Some
of the sliced samples were stained with the vapor from an aqueous
solution of RuO4. The contrast between PMMA and the two other
polymers is increased in these samples because PMMA is selec-
tively unstained. Small-angle X-ray scattering (SAXS) experiments
were carried out using the SWAXS instrument at the BL17B3
beamline of the National Synchrotron Radiation Research Center
(NSRRC), Taiwan.40 The X-ray beam of 0.5 mm diameter and a
wavelength (λ) of 1.24 Å were employed for the SAXS measure-

Figure 1. GPC traces of (A) poly(tert-butoxystyrene) (Mw/Mn ) 1.08;
Mn ) 8000 g/mol) and (B) the PVPh-b-PMMA block copolymer (Mw/
Mn ) 1.11;Mn ) 16 000 g/mol) in THF and (C) poly(vinylpyrrolidone)
(Mw/Mn ) 1.92;Mn ) 10 000 g/mol) in DMF.

Figure 2. FTIR spectra recorded at 120°C displaying the hydroxyl
stretching vibration region (2700-4000 cm-1) for (A) PVPh30-b-
PMMA70/PVP and (B) PVPh75-b-PMMA25/PVP blends with various
compositions.

Table 1. Characterization of PVPh-b-PMMA Prepared by Anionic
Polymerization and PVP

copolymer Mn

composition of
PVPh (wt %) Mw/Mn

PVPh30-b-PMMA70 16 000 30 1.11
PVPh40-b-PMMA60 16 000 40 1.15
PVPh55-b-PMMA45 30 000 55 1.10
PVPh75-b-PMMA25 22 000 75 1.13
PVP 10 000 0 1.92

Figure 3. FTIR spectra recorded at 120°C displaying the carbonyl
stretching vibration region (1650-1780 cm-1) for (A) pure PVP and
PVPh75-b-PMMA25/PVP blends of various compositions: (B) 20/80,
(C) 40/60, (D) 50/50, (E) 60/40, (F) 80/20, (G) 95/5, (H) 100/0 wt %.
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ment. The blending samples of 1 mm thickness in general were
sealed between two thin Kapton windows (80µm in thickness)
and measured at room temperature.

Results and Discussion

PVPh-b-PMMA copolymers used in this work were prepared
by living anionic polymerization as described elsewhere.37 The
GPC traces of a typical PVPh-b-PMMA block copolymer
obtained after polymerization and hydrolysis are shown in Figure
1, displaying a narrow molecular weight distribution of these
diblock copolymers. However, the pure PVP shows relatively
higher polydisperstiy (PDI: 1.92) because it was prepared from
conventional free radical polymerization. Table 1 summarizes

molecular weights of the PVP and several PVPh-b-PMMA
copolymers employed in this study.

FT-IR Analyses. Infrared spectroscopy has proven to be a
powerful tool for investigating specific interactions and the
mechanism of interpolymer miscibility through the formation
of hydrogen bonds both qualitatively and quantitatively. Several
regions within the infrared spectra of PVPh-b-PMMA/PVP
blends are influenced by the hydrogen-bonding interaction.
Figure 2A,B displays the FTIR spectra recorded at 120°C (to
eliminate the moisture absorption influence) in the region of
2700-4000 cm-1 (OH stretching) on pure PVPh and various
PVPh30-b-PMMA70/PVP and PVPh75-b-PMMA25/PVP blends.

Table 2. Curve Fitting of the Fraction of Hydrogen-Bonded Carbonyl Groups of PVPh30-b-PMMA 70/PVP Blendsa

carbonyl group of PMMA carbonyl group of PVP

PVPh30-b-
PMMA70/PVP

νf

(cm-1)
W1/2

(cm-1)
Af

(%)
νb

(cm-1)
W1/2

(cm-1)
Ab

(%) fb CdO
νf

(cm-1)
W1/2

(cm-1)
Af

(%)
νb

(cm-1)
W1/2

(cm-1)
Ab

(%) fb CdO

100/0 1732 20 67.2 1705 27 32.8 24.6
95/5 1732 23 80.6 1704 28 19.4 13.9 1662 30 100 100

80/20 1731 23 98.5 1704 28 0.15 1.0 1684 25 23.6 1660 32 76.4 71.4
60/40 1732 21 100 0 1682 25 62.3 1659 31 37.7 31.8
50/50 1732 21 100 0 1682 25 72.3 1658 30 27.7 22.8
40/60 1732 21 100 0 1684 25 79.7 1658 32 20.3 16.4
20/80 1732 21 100 0 1685 26 86.7 1658 32 13.3 10.5

a νf ) wavenumber of free CdO (cm-1); νb ) wavenumber of hydrogen-bonded CdO (cm-1); Af ) area fraction of free CdO; Ab ) area fraction of
hydrogen-bonded CdO; fb ) fraction of hydrogen-bonded CdO.

Figure 4. DSC thermograms of PVPh-b-PMMA/PVP blends, having different compositions for (A) PVPh75-b-PMMA25/PVP, (B) PVPh55-b-
PMMA45/PVP, (C) PVPh40-b-PMMA60/PVP, and (D) PVPh30-b-PMMA70/PVP.
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Under this condition, the pure PVPh shown in Figure 2 is
characterized by a very broad band centered at 3350 cm-1,
corresponding to the hydrogen-bonded hydroxyl with other
hydroxyl as dimer and chainlike multimer. A second narrow
band observed at 3525 cm-1 as a shoulder is assigned as the
free hydroxyl.29 In addition, for the pure PVPh30-b-PMMA70

copolymer shown in Figure 2A, the broad band representing
the self-associated hydroxyl-hydroxyl interaction shifts to
higher wavenumber when the PMMA is the rich content in the

copolymer. Therefore, it is reasonable to assign the band at 3440
cm-1 to the hydrogen-bonded hydroxyl with carbonyl because
relatively smaller number of the hydroxyl groups tends to
interact completely with carbonyl groups of the PMMA block
to form hydrogen bonds. Parts A and B of Figure 2 both display
that the hydroxyl shifts into lower wavenumber with the increase
of PVP content, implying that PVPh hydroxyl preferably
interacts with PVP carbonyl. We assign the band at 3250 cm-1

to the hydroxyl interacting with the carbonyl of PVP at higher
PVP content. Moskala et al.41 used the frequency difference
(∆ν) between the hydrogen-bonded hydroxyl absorption and
free hydroxyl absorption to estimate the average strength of the
intermolecular interaction. Accordingly, on the basis of the
reference of the free hydroxyl stretching at 3525 cm-1, the
hydroxyl-carbonyl (PMMA) interassociation (∆ν ) 85 cm-1)
is weaker than the hydroxyl-carbonyl (PVP) interassociation
(∆ν ) 275 cm-1).

Figure 3 presents FTIR spectra of the carbonyl stretching
region, ranging from 1630 to 1780 cm-1, of pure PVP, PVPh-
b-PMMA, and their blends at 120°C. For brevity, we only
display the PVPh75-b-PMMA25/PVP blends. Two types of
signals for carbonyl stretching appear for the PVPh-b-PMMA/
PVP blend system: the free and hydrogen-bonded carbonyl
stretching bands of PVP (1680 and 1660 cm-1) and PMMA
(1730 and 1705 cm-1). The hydrogen-bonded carbonyl stretch-
ing band of PMMA at 1705 cm-1 vanishes in these blends
containing PVP content above 20 wt %, indicating that the PVPh
hydroxyl tends to interact with the PVP carbonyl. When the
PVPh-b-PMMA content is at 20 wt %, the peak at 1660 cm-1

corresponding to the hydrogen-bonded carbonyl group of PVP
starts to appear as shown in Figure 3F. Here we emphasize that
the pure PVP (Figure 3A) shows a relatively broad band of the
free carbonyl at 1680 cm-1 since the pyrrolidone is able to self-
associate strongly through transitional dipole coupling.39 The
Gaussian function has been used to curve fitting the carbonyl
stretching frequencies of PVP at 1680 and 1660 cm-1 and the
PMMA bands at 1730 and 1705 cm-1, corresponding to their
respective free and hydrogen-bonded carbonyls. To obtain true
fraction of the hydrogen-bonded carbonyl group, a known
absorptivity ratio for hydrogen-bonded and free carbonyl is
required. Values ofaHB/aF ) 1.5 for PMMA and 1.3 for PVP
are employed,39 and Table 2 summarizes all of these curve-
fitting results of various PVPh30-b-PMMA70/PVP blends in
terms of the fraction of hydrogen-bonded carbonyl of PVP and

Figure 5. Plots ofTg vs composition curve based on Kwei equation
(k ) 1, q ) 140) for (9) PVPh75-b-PMMA25/PVP, (b) PVPh55-b-
PMMA45/PVP, (2) PVPh40-b-PMMA60/PVP, and (1) PVPh30-b-
PMMA70/PVP.

Figure 6. Plots ofTg vs PVPh/PVP ratios.

Figure 7. Ternary phase diagram of PVPh-b-PMMA/PVP blends.

Table 3.Tg Behaviors of Various PMMA Weight Percent in
PVPh-b-PMMA/PVP Blends

PMMA
(wt %)

PVPh/PVP
(wt %/wt %) Tg (°C)

5 15/80 177
9 11/80 173

10 30/60 195
12 8/80 177
12.5 37.5/50 203
14 6/80 169
15 45/40 218
18 22/60 189
20 60/20 223
22.5 27.5/50 201
24 16/60 188
27 33/40 208 128
28 12/60 179 126
30 20/50 197 128
36 24/40 223 141
42 18/40 201 128
48 32/20 223 132
56 24/20 218 133
57 38/5 177
66.5 28.5/5 167
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PMMA. It is clear that the PVPh hydroxyl is able to form
hydrogen bonds with both PMMA and PVP when the PVP
content is below 20 wt %. In other words, a fraction of these
remaining free hydroxyl of PVPh is able to interact with the
PMMA carbonyl. However, the PVPh hydroxyl only selectively
interacts with PVP when the PVP content is above 20 wt %.
These FTIR results are consistent with the prediction from the
Painter-Coleman association model (PCAM). According to the
PCAM,38 the interassociation equilibrium constant of the PVPh/
PVP blend (KA ) 6000) is significantly greater than that of the
PVPh-b-PMMA copolymer (KA ) 47.1), implying that the
hydrogen bond formation between PVP and PVPh predominates
over that between PMMA and PVPh in these PVPh-b-PMMA/
PVP blends.

Thermal Analyses. In general, differential scanning calo-
rimetry (DSC) is one of the convenient methods to determine
the miscibility in polymer blends. Figure 4 shows the conven-
tional second run DSC thermograms of PVPh-b-PMMA/PVP

blends in various compositions. The glass transition temperature
(Tg) of the pure PVP is at 150°C (0/100) while all PVPh-b-
PMMA block copolymers have only one glass transition
temperature because of the hydrogen bonds existed be-
tween PVPh and PMMA. PVPh75-b-PMMA25 is miscible with
PVP over the whole composition range because the PVPh,
as a rich content, can interact with both PVP and PMMA.
On the other hand, systems of PVPh55-b-PMMA45/PVP, PVPh40-
b-PMMA60/PVP, and PVPh30-b-PMMA70/PVP blends demon-
strate twoTgs when the PVP contents are in the range of
20-60 wt % whereas oneTg with other PVP contents. The
lower Tg in the range of 126-141°C observed can be assigned
as a signature of the PMMA domains, which are, presumably,
phase separated from the mixed phase of miscible PVPh
and PVP. In other words, the higherTg can be considered
as theTg of hydrogen-bonded PVPh and PVP miscible phase.
Figure 5 presents theTg-composition curves for the PVPh-b-
PMMA/PVP blends. For miscible blends and diblock copoly-

Figure 8. Transmission electron micrographs of the solution-cast films of (A) PVPh55-b-PMMA45/PVP ) 60/40 wt %, (B) PVPh30-b-PMMA70/
PVP ) 60/40 wt %, (C) PVPh40-b-PMMA60/PVP ) 80/20 wt %, and (D) PVPh30-b-PMMA70/PVP ) 80/20 wt % blends stained with RuO4. The
dark region (matrix) corresponds to a mixed phase of-PVPh and PVP; the white region corresponds to-PMMA.

Macromolecules, Vol. 41, No. 4, 2008 PVPh-b-PMMA/PVP Blend 1405

http://pubs.acs.org/action/showImage?doi=10.1021/ma7021925&iName=master.img-007.jpg&w=376&h=459


mers,Tg can be described by several empirical equations,42-44

and the Kwei equation44 is usually employed for systems with
specific interactions

wherew1 andw2 are weight fractions of the compositions,Tg1

andTg2 represent the corresponding glass transition temperatures,
andk andq are fitting constants. Furthermore,k ) 1 andq )
140 for PVPh/PVP blend have been obtained from the nonlinear
least-squares fitting in our previous study.29 Therefore, the same
values ofk ) 1 andq ) 140 are also adopted in this PVPh-
b-PMMA/PVP system. As indicated in Figure 5, it fits well for
those blends within the miscible ranges with relatively lower
and higher PVP contents (<20 and>60 wt %). Within the
immiscible range, 20-60 wt % PVP, phase separation occurs,
and the Kwei equation is inapplicable as would be expected.
At lower PVP contents (<20 wt %), the remnant PVPh not only
interacts with PVP but also forms hydrogen bonds with the
PMMA block of the PVPh-b-PMMA copolymers, as shown in
Table 2. Therefore, blends of PVPh-b-PMMA/PVP at these
compositions (<20 wt % PVP) are microscopically miscible.
Upon further increasing of the PVP content (20-60 wt %),
phase segregation to form the PMMA dominant domains occurs
and induces two glass transition temperatures. Total miscibility
on the macro- and microscales is expected at relatively higher
PVP contents (e.g., 80 wt %), i.e., a mixed phase of miscible
PVPh, PMMA, and PVP, because PVP is both miscible with
PVPh29 and PMMA.45-47 Now, we consider that theTg behavior
is dictated by the PMMA content in these PVPh-b-PMMA/PVP
blends. Table 3 summarizes theTg behavior of these PVPh-b-

PMMA/PVP blends; twoTgs phenomenon occurs only on those
blends containing PMMA between 27 and 56 wt %. The PMMA
contents within the range between 27 and 56 wt % give two
Tgs. However, suchTg behavior is not linearly dependent on
the PMMA content since the PVPh/PVP ratio also affects the
Tg behavior of the miscible phase. Figure 6 displays theTg

behavior by changing the PVPh/PVP ratios, showing that the
Tg behavior of PVPh/PVP mixed phase is increased rapidly at
PVPh/PVP ratio<1, and the highestTg is ca. 220°C at around
PVPh/PVP) 1/1. Further increase of the PVPh/PVP ratio above
1/1 does not result in further increase inTg since the PVPh/
PVP miscible phase is almost the same. Interestingly,Tgs of
pure PVPh and pure PVP are 180 and 150°C, while theTg of
resultant PVPh/PVP mixed phase is significantly higher than
the average of corresponding homopolymers (ca. 40-70 °C)
due to the strong hydrogen-bonding interaction existing between
the hydroxyl group of PVPh and the carbonyl group of PVP.
TheTg of the PVPh/PVP mixed phase in PVPh-b-PMMA/PVP
blend (220°C) is also higher than the corresponding PVPh/
PVP homopolymer blend (Tg ) 170-200 °C)29,48 since the
PVPh in block copolymer has less chain ends (one chain end
connects PMMA) than PVPh homopolymer and thus results in
smaller free volume and higherTg. In addition, the observedTg

(135°C) of the PMMA dominant phase is substantially higher
than theTg of the pure PMMA (105°C) since this PMMA
dominant phase probably contains miscible minor PVPh and
PVP components which possess higherTg and are able to form
strong interactions (including hydrogen bonding) with PMMA.

The phase diagram of this PVPh-b-PMMA/PVP blending
system is shown in Figure 7 based on DSC results listed in
Table 3. As can been seen, there exists a closed-loop phase-
separated region although PVPh-b-PMMA copolymers and

Figure 9. SAXS intensity profiles as a function of wave vectorQ for (A) PVPh55-b-PMMA45/PVP ) 60/40 wt %, (B) PVPh30-b-PMMA70/PVP
) 60/40 wt %, (C) PVPh40-b-PMMA60/PVP ) 80/20 wt %, and (D) PVPh30-b-PMMA70/PVP ) 80/20 wt % blends at room temperature.

Tg )
W1Tg1 + kW2Tg2

W1 + kW2
+ qW1W2 (1)
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PVPh/PVP and PVP/PMMA blends are all miscible. When the
PVP content is greater than the PVPh content, blends become
miscible since the remnant PVP is able to interact with the
PMMA phase through dipole-dipole interactions. On the other
hand, the blends are also miscible when the PVP content is
significantly lower than the PVPh content since the redundant
PVPh is miscible with the PMMA phase through hydrogen-
bonding interactions. As a result, the miscibility of these blends
depends on the intriguing balance of the contents of PVP and
PVPh.

TEM Analyses. TEM is used to investigate morphologies
of these microphase-separated blends. Figure 8 illustrates the
different types of morphologies observed by TEM. Thin films
of different PVPh-b-PMMA/PVP blends with different com-
positions are stained with RuO4 for 15-25 min. The PVPh chain
is deeply stained, the PVP is lightly stained, and the PMMA is
selectively unstained. At a lower PMMA fraction (27 wt %) in
blend system, small PMMA microdomains are finely dispersed
and confined within the matrix of miscible PVPh/PVP phase
as shown in Figure 8A for PVPh55-b-PMMA45/PVP ) 60/40.
Most of these PMMA rich microdomains are nearly spherical,
though some elongated ones are also present; hexagonal order
is limited to local regions without a long-range ordering. The
average microdomain radius measured by TEM micrographs is
ca. 25 nm, and the distance between spheres is ca. 40 nm.
Increasing the PMMA content to ca. 42-48 wt %, short PMMA

cylinders dispersed within miscible phase of PVPh and PVP
are obtained for PVPh30-b-PMMA70/PVP) 60/40 and PVPh40-
b-PMMA60/PVP ) 80/20 as shown in Figure 8B,C. Again,
grains are small, and hexagonal order is localized. Further
increasing the PMMA content to 56 wt %, the blend adopts a
lamellar morphology as illustrated in Figure 8D for PVPh30-b-
PMMA70/PVP ) 80/20. Clearly, this lamellar structure shows
highly long-range order pattern with lamellar period of ca. 30
nm. For a model AB diblock copolymer with strong degree of
segregationøN, where ø is the Flory-Huggins segmental
interaction parameter andN is the total number of segments in
the copolymer chain, a lamellar phase is expected when both
blocks occupy equal volume fractions. Grains of these mor-
phologies shown in Figure 8 are not large, and the limited long-
range ordering may be related to the disproportionate polydis-
persity between PVPh-b-PMMA and PVP as listed in Table 1.
These block copolymers of PVPh-b-PMMA employed in this
study are synthesized by anionic polymerization followed by
sequential selective hydrolysis reaction. Therefore, the poly-
dispersity index of PVPh-b-PMMA is significantly lower than
that of PVP (1.92). The higher polydispersity of polymer matrix
would influence the microphase separation and result in lower
long-range order nanopattern.49 The degree of phase segregation
depends on the interaction parameter difference (∆ø or “∆K in
hydrogen-bonded system”) between two polymer segments. As
a result, the incorporation of PVP (solubility parameter: 11.0

Figure 10. Phase diagram with various PMMA contents in PVPh-b-PMMA/PVP blends.
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(cal/mL)0.5) into PVPh-b-PMMA matrix (solubility parameter
for PVPh: 10.6, PMMA: 9.1 (cal/mL)0.5) would increase the
interaction parameter difference between PVPh/PVP with
PMMA phases. Therefore, the driving forces for this self-
assembly structure come from not only the physical interaction
difference but also different interassociation equilibrium con-
stants from PVPh/PVP (KA ) 6000) and PVPh/PMMA (KA )
47.1) phases. Although these two driving forces for self-
assembly structures coexist in this copolymer/homopolymer, it
is still insufficient to induce highly ordered structure except for
PMMA content at ca. 50 wt %. When PMMA content is ca. 50
wt %, the nearly completed microphase separation results in a
more ordered lamellar pattern as shown in Figure 8D. As a
result, the DSC traces shown in Figure 4 display the highestTg

behavior for PVPh/PVP and PMMA phases, whereas that for
the hydrogen-bonded carbonyl group of PMMA in the PVPh30-
b-PMMA70/PVP) 80/20 blending has the lowestTg as shown
in Table 2. This result indicates that most hydroxyl groups of
PVPh interact with the PVP for a mixed PVPh-PVP domain,
which form an ordered lamellar morphology together with the
phase-separated PMMA domains. However, with further in-
crease of PVP content, the PVP is able to form dipole-dipole
interaction with PMMA, thus reducing the degree of phase
segregation even to a single phase.

SAXS Analyses.The microdomain structures of PVPh-b-
PMMA/PVP system with different compositions are character-
ized by SAXS as displayed in Figure 9. The general features of
the SXAS patterns observed are consistent with the correspond-
ing TEM images in Figure 8; the TEM images are used as a
basis in the SAXS data analysis. In Figure 9A, we analyze the
SAXS data of the composition PVPh55-b-PMMA45/PVP) 60/
40 using the rodlike form factor50 as suggested by the TEM

image (Figure 8A). The mean diameter of the cylindersD )
8.1 nm is extracted from the Kratky-Porod approximation
shown in the inset of Figure 9A (dashed line), whereas the mean
distance of the rodsL ) 34.2 nm is obtained from the scattering
peak locatedQc ) 0.0183 Å-1 using the Bragg diffraction (L
) 2π/Qc) approximation. For the composition PVPh30-b-
PMMA70/PVP) 50/50, the scattering peaks in Figure 9B, with
the ratio of peak positions of 1:x3:2, reveal an ordered phase
of hexagonally packed cylinders (see Figure 8B). The first peak
at Qc ) 0.0225 Å-1 corresponds to an intercylinder distanceL
of 32.2 nm, as determined fromL ) x4/32π/Qc.51 Cor-
respondingly, the inset of Figure 9B shows the Kratky-Porod
approximation (dotted line) with a cylinder diameter ofD )
9.0 nm. As the PMMA content increased further to PVPh40-b-
PMMA60/PVP) 80/20, the PMMA form slablike domains, with
the slab thicknesst ) 8.6 nm deduced from the Kratky-Porod
approximation (dashed line in the inset of Figure 9C). The
slablike domains form a short-range ordering, as suggested by
the weak ordering peak atQc ) 0.0281 Å-1, which corresponds
to a mean domain spacing of 22.3 nm () 2π/Qc). In the
composition PVPh30-b-PMMA70/PVP ) 50/50, a couple of
SAXS peaks located at the positions of multipleQc ) 0.028 09
Å-1 indicates a lamellar phase with a long period of 21.7 nm
extracted from the first peak position (2π/Qc). Furthermore, the
inset of Figure 9D shows the Kratky-Porod approximation
(dotted line) with a lamellar plate thickness of 10.8 nm, which
agrees well with the TEM image observed (Figure 8D).

In the PVPh-b-PMMA/PVP system, all three components
possess very close mass densities (1.19, 1.16, and 1.20 g/cm3);
therefore, small differences in the electron densities are expected
among these three components (domains) since no crystalline

Scheme 1. Schematic Illustration of the Phase Behavior of the PVPh-b-PMMA/PVP Blends
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effect is involved in the phase separation. Therefore, we attribute
the intensity differences of the four cases discussed in Figure 9
to the different degrees of phase separation. In Figure 9, we
use the SAXS profiles at the absolute intensity scale for
comparison in intensity. The larger scattering intensities for these
compositions PVPh40-b-PMMA60/PVP(80:20 wt %) and PVPh30-
b-PMMA70/PVP(80:20 wt %) shown in Figure 9C,D relative
to those in Figure 9A,B are due to higher degrees of phase
separation between PMMA and (PVPh+ PVP), which is also
supported by TEM images shown in Figure 8.

In the system studied, both the TEM and SAXS analyses
clearly indicate the microphage separation under the intriguing
balance of the hydrogen interactions among the three compo-
nents of PVPh, PMMA, and PVP. As the increase of the PMMA
content, PMMA can form ordered domains of hexagonally
packed cylinders and a lamellar phase, in a limited region. As
we have discussed earlier, polydisperse PVP in this blend system
does not lead to perfect microphase separation, which is
consistent with a low molecular weight polymer, when PVP
interacts with PVPh through hydrogen bonding. A prolonged
annealing at high-temperature (14 days at 150°C) can signifi-
cantly improve the long-range ordering in the system as shown
in Figure 9; nevertheless, a highly long-range ordering with
sharper and more multiple scattering peaks are increasingly
difficult to obtain. In an earlier study, Sides and Fredrickson
pointed out the effect of polydispersity on the introduction of
trapped lattice disordering and defects in block copolymers,52

which may be responsible for the long annealing time needed
for a better ordering of the microdomains of the PVPh-b-
PMMA/PVP blending system, having a substantial distribution
of molecular weight of PVP.

In summary, Figure 10 shows the phase diagram with various
PMMA contents in this PVPh-b-PMMA/PVP blend system. At
PMMA contents<27 and>56 wt %, one singleTg is observed,
and with PMMA contents between 27 and 56 wt %, twoTgs
are observed, indicating phase separation in this region. Scheme
1 shows a schematic illustration of the possible inclusion and
exclusion of the PMMA blocks in these immiscible PVPh-b-
PMMA/PVP blends. The microphase-separated PMMA forms
ordered phases with short rods (27 wt %), hexagonally packed
cylinders (42-48 wt %), to lamella (56 wt % PMMA).
However, we do not find the inverse phase morphologies by
increasing PMMA contents as shown in typical diblock phase
diagram.53 These miscible diblock copolymers unusually formed
typical self-assembly structures through the mediation of the
subtle balance between the hydrogen-bonding interactions of
PVPh/PVP and PVPh/PMMA blends. The positive result shown
in this study shed lights on a promising direction in using
monodisperse homopolymer to induce well-ordered micro-
domain structure from blending with a miscible diblock
copolymer system through similar hydrogen-bonding interac-
tions.

Conclusions

DSC, FTIR, TEM, and SAXS techniques have been employed
to investigate in detail the miscibility, phase behavior, and
hydrogen-bonding interaction mechanism of novel A-B/C type
polymer blends composed of miscible PVPh-b-PMMA and PVP.
FTIR spectra provide evidence that the PVP carbonyl groups
are significantly stronger hydrogen bond acceptors than are the
PMMA carbonyl groups. Moreover, DSC results demonstrate
that phase transition occurred in this A-B/C blend system which
A-B diblock copolymer is original miscible; however, the
microphase separation would occur with the increase of PVP

content at ca. 20-60 wt %. TEM imaging and SAXS indicate
that different compositions of the PVPh-b-PMMA/PVP blends
induce different microphase separation structures through the
mediation of hydrogen-bonding interactions. The blends become
homogeneous (miscible) again at a higher PVP content (>80
wt %) through the dipole-dipole interaction between PMMA
and PVP. In conclusion, the phase behavior and miscibility the
of this A-B/C blend system are influenced by two main
factors: first, the difference in the hydrogen-bonding strengths
between the PVPh/PVP and PVPh/PMMA, which appears to
be the major factor; second, the content and polydispersity of
PVP.
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