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ABSTRACT: Linear dynamic viscoelasticity of miscible polymer blends with hydrogen bonding has been
investigated. The polymer blend systems investigated are (1) blends of poly(vinylphenol) (PVPh) and poly(vinyl
acetate) (PVAc), (2) blends of PVPh and poly(vinyl methyl ether) (PVME), (3) blends of PVPh and poly(2-
vinylpyridine) (P2VP), and (4) blends of PVPh and poly(4-vinylpyridine) (P4VP). Fourier transform infrared
(FTIR) spectroscopy was employed to find that both the intraassociation (self-association) of the phenolic-OH
groups in PVPh and interassociation (intermolecular interactions) between the constituent components in each
blend system have profound influence on the frequency dependence of dynamic moduli in the terminal region of
the PVPh-based miscible blend systems. It has been found further that time-temperature superposition (TTS) is
applicable to all four PVPh-based miscible blend systems forming hydrogen bonds, including the PVPh/PVME
blends having the difference in component glass transition temperature (∆Tg) as large as 199°C. This observation
is quite different from the experimental observations in the literature, reporting that TTS failed for miscible
polymer blendswithout specific interaction when∆Tg was greater than about 25°C and the presence of
concentration fluctuations and dynamic heterogeneity caused the failure of TTS. The experimental observations
made from the present study suggest that the presence of concentration fluctuations and dynamic heterogeneity
in the PVPh-based miscible blends forming hydrogen bonds (intermolecular interactions) between the constituent
components might be very small, if not negligible.

1. Introduction

In the literature there is confusion about the criteria for weak
attractive interaction and strong attractive interaction when
dealing with miscible polymer blends. Often, the strength of
miscibility of a polymer blend is judged using the Flory-
Huggins interaction parameter (ø). For instance, some investiga-
tors consider that miscible polymer blends withø ) -0.05 have
strong attractive interaction while miscible polymer blends with
ø ) -0.01 have weak attractive interaction. However, such a
criterion is somewhat arbitrary in that there is no theoretical
guideline on a precise value ofø that can be used effectively
for determining whether a miscible polymer blend has weak or
strong attractive interactions. In this regard, it is fair to say that
ø may not be an appropriate parameter that can determine
whether a miscible polymer blend has weak or strong attractive
interactions.

It seems more appropriate to use intermolecular forces to
determine whether a miscible polymer blend has weak or strong
attractive interactions. Intermolecular forces have been discussed
extensively in the literature.1,2 Table 1 gives a summary of bond
energy and relative strength of different intermolecular forces.
On the basis of the intermolecular forces summarized in Table
1, in this paper we consider that the miscible polymer blends
with van der Waals interaction (i.e., without specific interaction)
have weak attractive interaction and the miscible polymer blends
with specific interaction (e.g., dipole-dipole interaction, hy-
drogen bonding, or ionic interaction) have strong attractive
interaction. It should be mentioned that specific interaction in
a miscible polymer blends cannot be described by the Flory-
Huggins theory and thus not by the use ofø.

During the past three decades, numerous investigators
reported on the rheological behavior of miscible polymer blends
without specific interaction. The polymer blend systems inves-

tigated include (1) blends of polystyrene (PS) and poly(2,6-
dimethylphenylene ether) (PPE),3-5 (2) blends of poly(ethylene
oxide) (PEO) and poly(methyl methacrylate) (PMMA),6 (3)
blends of PMMA and poly(styrene-co-acrylonitrile) (PSAN),7-14

(4) blends of PMMA and poly(vinylidene fluoride) (PVDF),9-11,15

(5) blends of PS and poly(vinyl methyl ether) (PVME),16-28

(6) blends of PS and poly(R-methylstyrene) (PRMS),22 (7)
blends of polyisoprene (PI) and poly(vinylethylene) (PVE),29-32

and (8) blends of 1,4-PI and 1,2-polybutadiene (PB).33,34

It has been observed that some polymer blend systems with-
out specific interaction exhibit a very broad, single glass
transition.18,22,30-33 A very broad, single glass transition has been
observed when the difference in glass transition temperature
(Tg) between the constituent components,∆Tg, is large. Interest-
ingly, it has been observed that time-temperature superposition
(TTS) failed for miscible polymer blends without specific
interaction when the polymer blends had large values of
∆Tg,6,16,17,20-23,29-31,33-35 while an application of TTS to miscible
polymer blends without specific interaction was warranted when
they had small values of∆Tg.13,36,37 Strictly on an empirical
basis,∆Tg ≈ 25 °C has been found to be a reasonable value,
below which an application of TTS to miscible polymer blends
without specific interaction is valid.13,37

Understandably, the origin of very broad, single glass
transition in miscible polymer blends without specific interaction
has been the subject of an intensive investigation by many
research groups for the past two decades. Today, it is a general
consensus among researchers17,21,29,33,38-45 that very broad,
single glass transition in miscible polymer blends without
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Table 1. Bond Energy and Relative Strength of Different
Intermolecular Forces

type of interaction
bond energy

(kJ/mol) relative strength

ionic attraction 850-1700 1000
hydrogen bonding 50-170 100
dipolesdipole interaction 2-8 10
van der Waals interaction ∼1 1
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specific interaction is caused by the presence of concentration
fluctuations that broaden the distribution of segmental relaxation
times, which depend not only on blend composition but also
on temperature. Although some polymer blends are thermody-
namically miscible, the component dynamics may be hetero-
geneous; namely, in such dynamically heterogeneous polymer
blends, the components have measurably different segmental
mobilities and relaxation times within the same composition. It
then seems reasonable to speculate that a failure of TTS in
miscible polymer blends without specific interaction may also
be related to the presence of dynamic heterogeneity. Thus, much
effort has been spent on a better understanding of segmental
dynamics and dynamic heterogeneity in miscible polymer blends
without specific interaction using different experimental methods
including dielectric relaxation spectroscopy,20,23 electron spin
resonance spectroscopy,42,46 solid-state nuclear magnetic reso-
nance spectroscopy,30,31,47-50 and the thermally stimulated
depolarization current method.51 It can then be concluded that
concentration fluctuations, dynamic heterogeneity, failure of
TTS, and the broadness of glass transition in miscible polymer
blends without specific interaction are interrelated, as shown
pictorially:

Today, it is well-established that hydrogen bonding enhances
miscibility of a polymer blend.52 During the past two decades,
a number of research groups investigated the miscibility of
polymer blends with specific interaction.53-74 The polymer blend
systems investigated include (1) blends of poly(vinylphenol)
(PVPh) and PVME,53-55 (2) blends of PVPh and poly(ethyl
methacrylate) (PEMA),56,57 (3) blends of PVPh and poly(vinyl
acetate) (PVAc),59,62 (4) blends of PVPh and poly(2-vinylpy-
ridine) (P2VP),69 and (5) blends of PVPh and poly(4-vinylpy-
ridine) (P4VP).70,71 However, to our surprise, to date only a
few research groups75,76 reported on the rheological behavior
of miscible polymer blends with specific interaction. It is then
fair to state that at present our understanding of the rheological
behavior of miscible polymer blends with specific interaction
is in an infant stage.

Very recently, we investigated linear dynamic viscoelasticity
of four PVPh-based miscible polymer blend systems with
specific interaction (intermolecular hydrogen bonding). The
investigation was motivated to answer the fundamental ques-
tion: How would the linear dynamic viscoelasticity of miscible
polymer blends with intermolecular hydrogen bonding be
different from that of miscible polymer blends without specific
interaction? To answer the question posed above, we have
attempted to answer the following specific questions. (1) Will
an application of TTS to miscible polymer blends with
intermolecular hydrogen bonding be warranted only when the
difference in the component glass transition temperatures,∆Tg,
is smaller than a certain critical value, as has been found for
miscible polymer blends without specific interaction? (2) Will
concentration fluctuations and dynamic heterogeneity play
significant roles in determining the rheological behavior of
miscible polymer blends with intermolecular hydrogen bonding,
as has been found for miscible polymer blends without specific
interaction? In this paper we will summarize the highlights of
our findings.

2. Experimental Section

Materials and Sample Preparation. In the present study we
chose to prepare miscible blends of PVPh with PVME, poly(vinyl
acetate) (PVAc), P2VP, and P4VP, for which PVPh, PVAc, and
P4VP were purchased from Aldrich Chemical. Aqueous solution
(50 wt %) of PVME was purchased from Scientific Polymer
Products. After the water was removed completely, PVME was
dissolved into toluene (5 wt % of solid) and precipitated using
hexane. P2VP was synthesized by free radical polymerization. Table
2 give a summary of the molecular characteristics of the five
homopolymers employed to prepare (1) PVPh/PVME blends, (2)
PVPh/PVAc blends, (3) PVPh/P2VP blends, and (4) PVPh/P4VP
blends.

Samples for rheological measurements and differential scanning
calorimetry (DSC) experiments were prepared by solvent casting.
Specifically, PVPh/PVME blends of different compositions were
prepared by dissolving a predetermined amount of the constituent
components in methyl ethyl ketone (5% solids in solution) in the
presence of 0.1 wt % antioxidant (Irganox 1010, Ciba-Geigy
Group), and then the solution was kept in a fume hood at room
temperature for 24 h to allow for the evaporation of most of the
solvent. Subsequently, the mixture was freeze-dried at room
temperature for 3 days under vacuum and dried further at a
temperature near its glass transition temperature (Tg) for 2 days
under vacuum. A dried sample was compression-molded atTg +
50 °C followed by annealing atTg + 20 °C in a vacuum oven. A
similar procedure was employed to prepare PVPh/PVAc blends
using tetrahydrofuran (THF) as a solvent and PVPh/P2VP (or P4VP)
blends using pyridine as a solvent.

Differential Scanning Calorimetry (DSC). The glass transition
temperature (Tg) was determined by differential scanning calorim-
etry (DSC) (TA Instruments). DSC thermograms were recorded
using a heating rate of 20°C/min, andTg is taken as the midpoint
of the transition in the second scan.

Thermogravimetric Analysis (TGA). The thermal decomposi-
tion temperature was determined by thermogravimetric analysis
(TGA) (TA Instruments) with a heating rate of 20°C/min under a
nitrogen atmosphere.

Fourier Transform Infrared (FTIR) Spectroscopy. Infrared
spectra were recorded on a Fourier transform infrared (FTIR)
spectrometer (Perkin-Elmer 16 PC FTIR), and 16 scans were
collected with a spectral resolution of 4 cm-1. The solution (2%
w/v) containing the blend was cast onto potassium bromide (KBr)
disk. The thickness of a film was adjusted, such that the maximum
absorbance of any band was less than 1.0, at which the Beer-
Lambert law is valid.

Rheological Measurements.Advanced Rheometric Expansion
System (ARES) in the oscillatory mode with a parallel-plate fixture
(8 mm diameter) was employed to measure the dynamic storage
modulus (G′) and dynamic loss modulus (G′′) as functions of
angular frequency (ω) ranging from 0.04 to 100 rad/s. For some
samples, 0.005 rad/s was used as the lowest value ofω. Rheological
measurements were taken at various temperatures ranging fromTg

+ 30 °C to Tg + 80 °C. All the measurements were conducted
under a nitrogen atmosphere in order to avoid oxidative degradation
of the samples. A single specimen was used for the entire
rheological measurement, which took less than 3 h, at various
temperatures below 200°C, while a fresh specimen was used at
each temperature above 200°C.

Table 2. Molecular Characteristics of the Five Homopolymers
Employed in This Study

sample code Mw Mw/Mn

PVPh 2.16× 104 1.62
PVAc 1.42× 105 1.71
PVME 1.64× 105 1.33
P2VP 4.11× 104 1.37
P4VP 6.00× 104 NAa

a P4VP was not soluble in common solvent, and thus it was not possible
to determineMw/Mn using solution GPC.
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3. Results and Discussion

3.1. Self-Association and Rheological Behavior of Five
Neat Homopolymers Investigated. FTIR spectroscopy has
been proven to be a very powerful technique to detect the
presence of self-association (intraassociation) within a given
molecule (or polymer) or interassociation (intermolecular at-
tractive interactions) between two chemically dissimilar mol-
ecules. For instance, the infrared (IR) hydroxyl stretching range
of phenolic-OH group is sensitive to the formation of hydrogen
bonds. Figure 1 gives FTIR spectra of the hydroxyl stretching
vibration region for the five neat homopolymers employed in
this study. In Figure 1 we observe two vibration bands in
PVPh: one centered at 3530 cm-1 which is related to “free”
hydroxyl group and another centered at 3380 cm-1 which is
related to intraassociated hydrogen bonding of phenolic-OH
group (i.e., self-association).61 On the other hand, in Figure 1
we do not observe evidence of the presence of self-association
in four other homopolymers, PVAc, PVME, P2VP, and P4VP.
This observation is very important to interpret the rheological
behavior of the four PVPh-based polymer blend systems
investigated in this study, which is presented below. It should
be mentioned at this juncture that TGA measurements of all
five homopolymers indicate that thermal degradation temper-
ature is higher than 320°C, which is above the highest
rheological measurements employed in this study.

It is known that P2VP and P4VP absorbs moisture very easily
from air. Figure 2 gives FTIR spectra of P4VP before and after
removing the moisture in the specimens, showing that the
presence of an absorption band centered at 3300 cm-1 (the
spectrum in Figure 2a) is due to the presence of moisture in the
specimen. The FTIR spectrum of P4VP given in Figure 2b was

obtained using a specimen that had been annealed at 100°C
under a nitrogen atmosphere for 20 min and then cooling to
room temperature. As a result, the absorption band for moisture
has disappeared completely in Figure 2b. We took the same
precaution for all rheological experiments conducted in the
present study. We mention this rather important observation
made from this study for the reason that the rheological
responses of P2VP and P4VP were found to be quite different
after removal of moisture from the specimens.

Figure 3 gives plots of logG′ vs logω, log G′′ vs logω, and
log G′ vs log G′′ at various temperatures for each of the four
homopolymers, PVAc, PVME, P2VP, and P4VP. Notice in
Figure 3 that the slope of logG′ vs logG′′ plots in the terminal
region is very close to 2, and the plots are independent of
temperature for all four homopolymers. Such an observation is
a very clear rheological manifestation that all four homopoly-
mers are homogeneous and free from self-association! It should
be mentioned that we observed the slope of logG′ vs log G′′
plots in the terminal region for P2VP and P4VP to be smaller
than 2 before moisture was removed from the specimens.

Figure 4 gives plots of logG′ vs logω, log G′′ vs logω, and
log G′ vs log G′′ at various temperatures for PVPh after
annealing at 200°C for 1 h. It is of great interest to observe in
Figure 4 that the slope of logG′ vs logω plots in the terminal
region is much smaller than 2 at all four measurement
temperatures, while the slope of logG′′ vs log ω plots in the
terminal region is very close to 1 at all four measurement
temperatures. As a result, the slope of logG′ vs logG′′ plots in
the terminal region for PVPh is much smaller than 2, which is
quite different from the observation we have made above from
Figure 3 for PVAc, PVME, P2VP, and P4VP. We wish to point
out that the curvature of logG′ vs logG′′ plots in the terminal
region for the PVPh has little to do with the sensitivity of
transducer of ARES for the reason that the lowest value ofG′
(100 Pa) for PVPh given in Figure 4 is the same as that for
PVAc, PVME, P2VP, and P4VP given in Figure 3, in which
the slope of logG′ vs log G′′ plots in the terminal region is
very close 2.

Earlier, Still and Whitehead77 noted that a cross-linking
reaction might occur for PVPh at elevated temperatures.
Therefore, in obtaining the rheological data summarized in
Figure 4, we investigated the extent of possible cross-linking
reaction in PVPh at elevated temperatures by conducting
solubility test of annealed PVPh specimens that had been
subjected to various temperatures and durations in a vacuum
oven, the results of which are summarized in Table 3. It can be
seen in Table 3 that a PVPh specimen was soluble in THF after
annealing at 200°C for 3 h but partially insoluble after annealing
at 200°C for 24 h, and a PVPh specimen was soluble in THF
after annealing at 220, 230, and 240°C for 40 min but partially
insoluble after annealing at 250°C for 2 h. It should be
mentioned that in all rheological measurements conducted in
this study, including those summarized in Figures 3 and 4, all
specimens had 0.1 wt % antioxidant (Irganox 1010, Ciba-Geigy
Group). In the rheological measurements for PVPh, a single
specimen was used at and below 200°C under a nitrogen
atmosphere. However, a fresh specimen was used at each
temperature and each frequency sweep experiment that lasted
less than 25 min. Therefore, we believe that the precaution taken
in our rheological measurements precludes any possibility of
cross-linking reaction in PVPh specimen. After each rheological
measurement we confirmed that no cross-linking reaction took
place in other homopolymers (PVAc, PVME, P2VP, and P4VP),

Figure 1. FTIR spectra for five neat polymers: (a) PVAc, (b) PVME,
(c) P2VP, (d) P4VP, and (e) PVPh.

Figure 2. FTIR spectra for neat P4VP at room temperature: (a) before
annealing; (b) held at 100°C for 20 min followed by cooling to room
temperature under a nitrogen atmosphere.
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whose linear dynamic viscoelastic properties are summarized
in Figure 3.

Zhang et al.63 suggested that hydrogen bonding is a dynamic
process, and hydrogen bonds are in equilibrium between

Figure 3. Rheology for four neat homopolymer: (a) PVAc at various temperatures (°C): (O) 58, (4) 68, (0) 78, (3) 88, (]) 98, and (") 108;
(b) PVME at various temperatures (°C): (O) 11, (4) 21, (0) 31, (3) 41, (]) 51, and (") 61; (c) P2VP at various temperatures (°C): (O) 107, (4)
117, (0) 127, (3) 137, (]) 147, and (") 157; (d) P4VP at various temperatures (°C): (O) 183, (4) 193, (0) 203, (3) 213, (]) 223, and (") 233.

Figure 4. Rheology of neat PVPh at various temperatures (°C): (O) 200, (4) 210, (0) 220, and (3) 230.
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breaking and reassociating. If the lifetime of a hydrogen bond
is longer than the segmental relaxation time, it is reasonable to
speculate that PVPh might behave like a physically cross-linked
network. Therefore, we attribute the curvature of logG′ vs log
G′′ plots in the terminal region of PVPh, observed in Figure 4,
to the presence of self-association in PVPh.

Before leaving this section, we wish to point out that, earlier,
Han and co-workers78,79 have shown that the logG′ vs logG′′
plot is dependent upon temperature, and its slope in the terminal
region is smaller than 2 when a polymer has microdomains in
block copolymers or thermoplastic polyurethanes and has a
mesophase in liquid-crystalline polymers.

3.2. Strength of Specific Interaction, As Determined by
FTIR Spectroscopy, in Four PVPh-Based Miscible Polymer
Blend Systems. (a) Qualitative Analysis of Experimental
Observations. Figure 5 gives FTIR spectra of the hydroxyl
stretching vibration region for four PVPh-based blends. When
the FTIR spectra of PVPh/PVME blends (see Figure 5a) are
compared with the FTIR spectrum of neat PVPh, we observe
that the absorption band of the hydrogen bonds between the
phenolic-OH group in PVPh and the ether oxygen in PVME
is shifted to a lower wavenumber, which is centered at about
3320 cm-1. Zhang et al.53 pointed out that the difference in
wavenumber (∆νH) between the absorption bands of hydrogen-
bonded and free hydroxyl groups could be used as a measure
of the relative strength of hydrogen bonding. According to them,
the large value of∆νH (≈210 cm-1) in PVPh/PVME blends
indicates that hydrogen bonding between PVME and PVPh is
stronger than the self-association (∆νS ) 150 cm-1) among
PVPh repeat units.

Referring to the FTIR spectra of PVPh/PVAc blends (see
Figure 5b), the shoulder of the free hydroxyl group (3530 cm-1)
becomes undetectable, while the absorption band centered at
3380 cm-1 is shifted to a higher wavenumber (3458 cm-1). This
shift in wavenumber is attributable to the interassociation
between PVPh and PVAc through hydrogen bonding. The
difference in wavenumber between the interassociation due to
hydrogen bonding in PVPh/PVAc blends and the free hydroxyl
group is about∆νH ) 72 cm-1 (a shift from 3530 to 3458 cm-1),
which is smaller than the shift in wavenumber (∆νS ) 150
cm-1) due to the self-association in PVPh. Therefore, the
hydrogen bonding in PVPh/PVAc blends is weaker than that
in neat PVPh.

Referring to the FTIR spectra of PVPh/P2VP blends (see
Figure 5c), as the P2VP content in the blends increases, the
intensity of the free hydroxyl band at a wavenumber of 3530
cm-1 decreases, indicating that more free hydroxyl groups in
PVPh are hydrogen bonded with the pyridine groups in P2VP.
Furthermore, the center of absorption band for the broad
hydrogen bonding is shifted from 3380 to 3135 cm-1 when the
content of P2VP increases to 60 wt %, yielding∆νH ) 395
cm-1. The large shift in wavenumber signifies a strong
intermolecular hydrogen bonding between PVPh and P2VP.

The FTIR spectra of PVPh/P4VP blends (see Figure 5d) also
exhibit the same trend as those of PVPh/P2VP blends. Since
∆νH ) 410 cm-1 in PVPh/P4VP blends, we can conclude that
the strength of hydrogen bonds in PVPh/P4VP blends is slightly
greater than that in PVPh/P2VP blends.80

From the above observations we conclude that the strength
of the hydrogen bonds (SH) in the four PVPh-based miscible
blends can be ranked as follows: SHPVPh/P4VP(∆νH ) 410 cm-1)
> SHPVPh/P2VP(∆νH ) 395 cm-1) > SHPVPh/PVME(∆νH ) 210
cm-1) > SHPVPh/PVAc (∆νH ) 72 cm-1).

(b) Quantitative Analysis of Experimental Results via the
Coleman-Graf-Painter (CGP) Association Model. The
CGP association model52 can be used to describe the thermo-
dynamics of polymer blends with hydrogen bonding, which can
be written using the following scheme:

where B1 represents phenolic-OH group, A1 represents proton
acceptors, such as ether, carbonyl, and pyridine group, B2 is
the hydrogen-bonded dimer formed between two phenolic-OH
group, Bh is the hydrogen-bonded multimer, and BhA1 is the
intermolecular hydrogen bonding.

The CGP association model for miscible polymer blends with
hydrogen bonding can be summarized as follows52

whereΦB andΦA are the volume fractions of components B
and A, respectively, in the blend,ΦB1 andΦA1 are the volume
fractions of free B and A groups, respectively, andr ) VA/VB

with VA and VB respectively being the molar volumes of
components A and B.K2, KB, andKA appearing in eqs 1 and 2
are equilibrium constants, the definitions of which in terms of
the hydrogen-bonded h-mer are given in the Supporting
Information, corresponding to association, which can be deter-
mined from FTIR spectroscopic measurements of a dilute
solution of low-molecular-weight analogue compounds (model
compounds). For example,K2 andKB for PVPh were determined
from the equilibrium constants for dilute solutions of phenol in
cyclohexane.81 Equations 1 and 2 give relationships between
the composition (ΦA andΦB) of a blend and the distribution of
species present (ΦB1 andΦA1). The fraction of free B molecule
(fFB) can be determined from52

Table 3. Solubility of PVPh in THF after Annealing at Various
Temperatures for Different Periods

annealing
temperature (°C)

duration of
annealing solubility in THF

100 10 h soluble
150 16 h soluble
200 3 h soluble
200 24 h partially soluble
220 1 h soluble
230 50 min soluble
240 40 min soluble
250 2 h partially soluble

ΦB ) ΦB1[(1 -
K2

KB
) +

K2

KB

1

(1 - KBΦB1
)2][1 +

KAΦA1

r ]
(1)

ΦA ) ΦA1
+ KAΦA1

ΦB1[(1 -
K2

KB
) +

K2

KB

1
1 - KBΦB1

]
(2)

fFB )
(1 -

K2

KB) +
K2

KB( 1
(1 - KBΦB1

))
(1 -

K2

KB) +
K2

KB( 1

(1 - KBΦB1
)2)[

1

(1 +
KAΦA1

r )]
(3)
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and the fraction of hydrogen-bonded A groups (fBA) can be
determined from52

The derivations of eqs 1-3 are given in the Supporting
Information. The temperature dependence of equilibrium con-
stantsKi can be expressed by

whereK i
o (i ) 2, B, A) are the equilibrium constants at the

absolute temperatureT° (usually taken as 298 K),R is the
universal gas constant, and∆hi is the molar enthalpy of the
formation of individual hydrogen bonds. Using eq 5, we can
calculate the equilibrium constants (K2, KB, andKA) at different
temperatures. For example, for 20/80 PVPh/P4VP blend at 100
°C, we haver ) 0.849,ΦA ) 0.8, andΦB ) 0.2. From eq 5
we obtainK2 ) 3.14,KB ) 11.65, andKA ) 78.10.

For given blend compositions (ΦB and ΦA) and values of
equilibrium constants (K2, KB, andKA), we can calculateΦB1

and ΦA1 from eqs 1 and 2. Then, substituting the calculated
values ofΦB1 andΦA1 into eqs 3 and 4, the quantitiesfFB and
fBA can be calculated. The numerical values of the parameters

necessary for the calculations of various quantities described
above are summarized in Table 4, which are taken from the
literature.61,82,83The values of the equilibrium constants and the
molar enthalpy of the formation of hydrogen bonds in PVPh/
P4VP blends reported in the literature are different depending
on the sources.84-87 In the present study we used the average
values∆hBA ) -6000 cal/mol andKA ) 598 for PVPh/P4VP
blends, and we usedKA ) 500 for PVPh/P2VP blends.88 We
estimated the value of the molar enthalpy of the formation of
hydrogen bonds in PVPh/P2VP blends to be∆hBA ) -5900

Figure 5. FTIR spectra at room temperature for (a) PVPh/PVME blends, (b) PVPh/PVAc blends, (c) PVPh/P2VP blends, and (d) PVPh/P4VP
blends.

Table 4. Values of the Parameters Used for the Calculation of the Fraction of Hydrogen Bonding in Four PVPh-Based Blend Systems
Investigated in This Study

PVPh

polymer PVAc PVME P2VP P4VP hydrogen-bonded dimer hydrogen-bonded multimer

VA (mL/mol) 70.0 55.3 84.9 84.9 VB ) 100.2 (mL/mol)
∆hBA (cal/mol) -4000 -5400 -5900 -6000 ∆h2 ) -5600 (cal/mol) ∆hB ) -5200 (cal/mol)
K A

o 57.5 88.3 500 598 K 2
o ) 21.0 K B

o ) 68.0

fBA ) 1 - fFA ) (1 -
ΦA1

ΦA
) (4)

Ki ) K i
o exp{-

∆hi

R (1
T

- 1

To)} (5)

Table 5. Calculated Fractions of Free Hydrogen Group B and
Hydrogen-Bonded Group A for Four PVPh-Based Blend Systems

Investigated in This Study

composition
(wt %) 20/80 40/60 60/40 80/20

PVPh/ PVAc blends
fFB 0.062 0.089 0.116 0.143
fBA 0.156 0.345 0.507 0.628

PVPh/PVME blends
fFB 0.051 0.073 0.101 0.132
fBA 0.126 0.293 0.462 0.599

PVPh/P2VP blends
fFB 0.019 0.039 0.090 0.134
fBA 0.202 0.506 0.785 0.879

PVPh/P4VP blends
fFB 0.016 0.034 0.087 0.134
fBA 0.207 0.517 0.803 0.893
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cal/mol (because the specific interaction in PVPh/P2VP blends
is slightly weaker than that in PVPh/P4VP blends). The
calculated values of the fraction of free B groups and hydrogen-
bonded A groups are summarized in Table 5. It can be seen
from Table 5 that bothfFB and fBA increase as the amount of
PVPh in the respective blend systems increases. A close
examination of the values offBA given in Table 5 reveals that
the stronger the specific interactions, the larger the values of
fBA, i.e., the more intermolecular hydrogen bonds have been
formed. For example, at the same composition,fBA of PVPh/
P4VP blends are much larger thanfBA of PVPh/PVAc blends.
The procedures used to calculate the fraction of the hydrogen
bonds formed for the four PVPh-based miscible polymer blends
are described in the Supporting Information.

3.3. Strength of Hydrogen Bonds, As Determined by DSC,
in Four PVPh-Based Miscible Polymer Blend Systems. The
glass transition of all four PVPh-based blend systems has been
studied using DSC. Figure 6 gives DSC thermograms of four
different blend compositions for each blend system investigated.
A broad, single glass transition for each blend composition is
observed in Figure 6, in which the arrow upward denotes the
onset point (Tgi), the symbol+ denotes the midpoint (Tgm), and
the arrow downward denotes the end point (Tgf) of the glass
transition. A singleTg, though broad, indicates that each blend
is miscible within the size scale which DSC can detect and each
of the four blend systems investigated is miscible over the entire
blend composition. Table 6 gives a summary of the glass
transition temperature (Tg) in terms ofTgm and the width of
glass transition temperature denoted by∆wTg ) Tgf - Tgi for
each blend composition of all four PVPh-based blend systems
investigated in this study. It is seen in Table 6 that the∆wTg for
a certain blend composition is as large as 28°C, while the∆wTg

for neat components is about 10°C. Notice in Table 6 that the
difference inTgm between the constituent components,∆Tgm,

is 152 °C for PVPh/PVAc blends, 199°C for PVPh/PVME
blends, 83°C for PVPh/P2VP, and 27°C for PVPh/P4VP
blends. It should be mentioned at this juncture that earlier Kim
et al.22 investigated the thermal transition behavior of miscible
PS/PVME and PS/PRMS blend systems that have no specific
interactions. They reported that∆wTg was as large as 42°C for
a certain blend composition of PS/PVME blends and as large
as 58°C for a certain blend composition of PS/PRMS blends,
while ∆Tgm between the constituent components was about 120
°C for PS/PVME blends and about 75°C for PS/PRMS blends.

It is of great interest to note from the above observations
that values of∆wTg for PVPh/PVAc and PVPh/PVME blends
are much smaller than those of PS/PVME and PS/PRMS blends,
in spite of the fact that values of∆Tgm for PVPh/PVAc and
PVPh/PPVME blends are much larger than those for PS/PVME
and PS/PRMS blends. In other words, the magnitude of∆Tgm

between the constituent components in the PVPh-based blend
systems with hydrogen bonding does not seem to be correlated
to the magnitude of∆wTg. The above observations lead us to
conclude that the PVPh-based blend systems with hydrogen
bonding have smaller values of∆wTg than the PS/PVME and
PS/PRMS blend systems without specific interaction reported
by Kim et al.22 As summarized in the Introduction, the current
consensus, though strictly empirical, among researchers is that
the broadness of glass transition is related to the extent of
composition fluctuations and dynamic heterogeneity in miscible
polymer blends without specific interaction, and a failure of
TTS in such blend systems is associated with the presence of
concentration fluctuations and dynamic heterogeneity. What
remains to be seen here is whether such a consensus would
also be applicable to the PVPh-based blend systems with

Figure 6. DSC thermograms for (a) PVPh/PVAc blends, (b) PVPh/
PVME blends, (c) PVPh/P2VP blends, and (d) PVPh/P4VP blends.

Table 6. Summary of the Thermal Properties of Four PVPh-Based Blend Systems Investigated in This Study

PVPh/PVAc PVPh/PVME PVPh/P2VP PVPh/P4VP

PVPh content (wt %) Tgm (°C) ∆wTg (°C) Tgm (°C) ∆wTg (°C) Tgm (°C) ∆wTg (°C) Tgm (°C) ∆wTg (°C)

0 28 10 -19 9 97 11 153 11
20 44 19 -1 28 121 21 179 20
40 65 20 24 24 146 19 186 21
60 101 28 72 21 161 17 192 20
80 140 17 106 18 171 16 186 25

100 180 10 180 10 180 10 180 10

Figure 7. Composition-dependent glass transition temperatures (Tg)
for (a) PVPh/PVAc blends, (b) PVPh/PVME blends, (c) PVPh/P2VP
blends, and (d) PVPh/P4VP blends, in which the dashed line represents
a linear behavior, the open symbols (O) denote experimental data, and
the filled symbols (b) denoted predicted values from eq 6.
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hydrogen bonding. If it does, we will be able to conclude that
TTS would work for the PVPh-based blend systems owing to
a lesser degree of, if not negligible, concentration fluctuations
and dynamic heterogeneity.

Plots of experimentally determinedTg (accurately stated,Tgm)
vs blend composition (open symbols) for four PVPh-based blend
systems are given in Figure 7, in which the dashed lines
represent a linear relationship and the solid lines are drawn
through the filled symbols that were obtained from calculations
using the theory presented below. Numerical values of the
experimentally determinedTgm are given in Table 6. It is seen
in Figure 7 that both PVPh/PVAc and PVPh/PVME blend
systems show negative deviation from a linear relationship,
while both PVPh/P2VP and PVPh/P4VP blend systems show
positive deviation from a linear relationship.

In the past, several research groups83,89-97 suggested expres-
sions for relationships betweenTg and blend compositions in
miscible polymer blend systems; some expressions are for
miscible polymer blend systems without specific interaction,89-93

and others are for miscible polymer blend systems with specific
interactions.83,94-97 The majority of the suggested expressions
for miscible polymer blend systems with specific interactions,
with an exception for the thermodynamic theory of Painter et
at.,83 have at least one adjustable parameter. The most com-
prehensive theory predicting the composition dependence of
glass transition temperature of miscible polymer blends with
specific interactions is given by Painter et al.,83 according to
which we have the following expression:

in which Tgm is the midpoint of glass transition temperature, as
determined from a DSC thermogram (see Figure 6),XA andXB

are the mole fractions of components A and B, respectively,
with the subscript B referring to the self-associating component
(PVPh in the present study),TgA andTgB are the glass transition
temperatures of components A and B, respectively, andK0 is
the ratio of heat capacity (K0 ) ∆CpB/∆CpA) with ∆CpB and
∆CpA being the heat capacities of components A and B,
respectively, andq is defined by

The definitions and the physical meanings of the various
parameters (HB

H,1, ∆Hm
H,1, nA, nB, ∆hB, ∆hBA, pBB, pBA, and

pBB
o ) appearing in eq 7 are given in the Supporting Informa-

tion. Equation 6 predicts both positive and negative deviations
from the linear mixing rule. Forq ) 0, eq 6 reduces to the
well-known Gordon-Taylor equation.89 For the derivation of
eq 7, the readers are referred to the original paper.83 Table 7

gives numerical values of the parameters (MA, TgA, and∆CpA)
for PVAc, PVME, P2VP, P4VP, and PVPh that are needed to
predict the composition dependence ofTgm using eq 6 with the
aid of eq 7.

Earlier, Kwei94 proposed an expression that has the same form
as eq 6, butK0 and q in the Kwei expression are adjustable
parameters. Kwei then suggested that the empirical parameter
q in his expression describes the strength of specific interactions
with positive values representing strong specific interactions
between the constituent components and negative values
representing weak specific interactions between the constituent
components.

On the other hand, values of composition-dependentq defined
by eq 7 can be calculated accurately with the information on
the various quantities appearing in the expression; i.e., there
are no adjustable parameters in eqs 6 and 7. Let us consider
the four PVPh-based miscible blend systems investigated in this
study. Notice that the numerator on the right-hand side of eq 7
consists of three terms. The first term (-XBnB∆hB{[pBB

o ]Tgm -
[pBB

o ]TgB}) describes the difference in self-association of PVPh
between two different temperatures, one at the midpoint of blend
glass transition temperatureTgm and another at the glass
transition temperature of neat PVPhTgB; i.e., this term represents
the effect of temperature on self-association. The second term
(-nB∆hB[pBB - pBB

o ]Tgm) describes the difference in self-
association of PVPh between two situations, one after mixing
and another before mixing; i.e., this terms represents the ef-
fect of mixing on self-association of PVPh. The third term
(-nA∆hBA[pBA]Tgm) describes the interassociation (intermolecular
attractive interactions) between the constituent components at
Tgm. Using the numerical values of the parameters listed in
Tables 4 and 7, we calculated values of the three terms appearing
on the right-hand side of eq 7 for the four PVPh-based blend
systems, and they are given in Table 8.

The following observations are worth noting in Table 8. (1)
The magnitude of the first term on the right-hand side of eq 7

Table 7. Parameters Used To Predict the Composition Dependence ofTgm for Four PVPh-Based Blend Systems Investigated in This Study

polymer PVAc PVME P2VP P4VP PVPh

MA 86.1 58.1 105.2 105.2 MB ) 120.2
TgA (°C)a 28 -19 97 153 TgB ) 180°C
∆CpA (cal/(g K))b 0.108 0.142 0.156 0.156 ∆CpB ) 0.128 cal/(g K)

a Experimental data.b Obtained by the heat capacity group contribution method.98

Tgm )
XATgA + K0XBTgB

XA + K0XB
+ qXAXB (6)

q ) -
XB{[HB

H,1]Tgm
- [HB

H,1]TgB
} + ∆Hm

H,1

XAXB(XA + K0XB)∆CpA

) -
XBnB∆hB{[p BB

o ]Tgm - [p BB
o ]TgB} + nB∆hB[pBB - p BB

o ]Tgm + nA∆hBA[PBA]Tgm

XAXB(XA + K0XB)∆CpA

(7)

Table 8. Values of Three Terms on the Right-Hand Side of Eq 7 for
Four PVPh-Based Blend Systems Investigated in This Study

-XBnB∆hB{[p BB
o ]Tgm -

[p BB
o ]TgB}

-nB∆hB[pBB -
p BB

o ]Tgm

-nA∆hBA‚
[pBA]Tgm

PVPh/PVAc
20/80 0.22 -6.35 5.31
40/60 0.74 -8.54 7.52
60/40 1.13 -7.00 6.69
80/20 0.97 -3.79 3.92

PVPh/PVME
20/80 0.19 -7.28 7.98
40/60 0.73 -10.58 12.14
60/40 1.38 -8.50 10.78
80/20 1.53 -4.27 6.17

PVPh/P2VP
20/80 0.12 -6.73 9.08
40/60 0.25 -10.62 14.68
60/40 0.28 -8.60 12.11
80/20 0.18 -4.18 6.28

PVPh/P4VP
20/80 0.01 -6.14 8.97
40/60 -0.12 -9.95 14.52
60/40 -0.27 -8.68 12.42
80/20 -0.30 -4.25 6.43
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is much smaller than that of the other terms, indicating that the
effect of temperature on self-association makes rather small
contributions to the overall values ofq defined by eq 7. (2) For
the PVPh/PVAc blend system, the magnitude of the second term
on the right-hand side of eq 7 is comparable with or slightly
larger than that of the third term, the two terms having opposite
signs. This observation suggests that values ofq (i.e., the sum
of the three terms in eq 7) can be even negative for the blends
having less than say about 50 wt % of PVPh in PVPh/PVAc
blends, indicating that the self-association of phenolic-OH
group in the blends would be predominant over the intermo-
lecular attractive interactions between the constituent compo-
nents. Under such circumstances,q defined by eq 7 does not
reflect the strength of intermolecular attractive interactions in
miscible PVPh/PVAc blends. (3) For low concentrations of
PVPh in the PVPh/PVME blend system, the magnitude of the
third term, having a positive sign, on the right-hand side of eq
7 are slightly larger than that of the second term having a
negative sign, and the magnitude of the third term becomes
larger with increasing concentration of PVPh. This observation
indicates that intermolecular attractive interactions between the
constituent components in PVPh/PVME blends become pre-
dominant over self-association of PVPh in the blends. (4) For
the PVPh/P2VP and PVPh/P4VP blend systems, the magnitude
of the third term, having a positive sign, on the right-hand side
of eq 7 is conspicuously larger than that of the second term,
having a negative sign, over the entire blend composition. This
observation indicates that the intermolecular attractive interac-
tions between the constituent components are predominant over
the self-association of PVPh in the PVPh/P2VP and PVPh/P4VP
blend systems.

Table 9 gives a summary of the values ofq defined by eq 7
as a function of composition for all four PVPh-based miscible
blend systems investigated. Note in Table 9 that the sign ofq
can be positive or negative, depending on the sign and the
magnitude of the three terms appearing on the right-hand side
of eq 7 (see Table 8). For low concentrations of PVPh (e.g., 20
wt %), since PVPh is surrounded by large amounts of non-self-
associating component, the effect of self-association of PVPh
on the values ofq would be small. In this situation, the value
of q reflects the contribution of interassociation and then a large
positive value ofq indicates strong intermolecular attractive
interactions in a miscible polymer blend. It can be seen clearly
from Table 9 that 20/80 PVPh/ P4VP blend has a large positive
value ofq, while 20/80 PVPh/PVAc has a negative value ofq.
Therefore, we can rank the strength of attractive interactions
(SA) in the following order: SAPVPh/P4VP > SAPVPh/P2VP

> SAPVPh/PVME > SAPVPh/PVAc. This observation is
consistent with that made from the FTIR spectra given in Figure
5.

We predicted, via eq 6, composition-dependentTgm, and they
are summarized in Figure 7 (filled symbols), in which the dashed
line represents a linear relationship and the solid line is drawn
through the predicted values to guide the eyes. It can be seen
from Figure 7 that the predicted composition dependence of
Tgm for the four PVPh-based miscible polymer blend systems
is in good agreement with experimental results. The details of
the procedures employed to calculateTgm are given in the

Supporting Information.
What is of great interest in Figure 7 is that, among the four

PVPh-based blend systems investigated, PVPh/P4VP and PVPh/
P2VP blend systems have positive deviation from linearity,
while PVPh/PVAc and PVPh/PVME blend systems have
slightly negative deviation from linearity. Notice that the PVPh/
P4VP blend system has a larger deviation from linearity as
compared with the PVPh/P2VP blend system.

3.4. Linear Dynamic Viscoelasticity of Four PVPh-Based
Miscible Polymer Blend Systems Investigated. (a) Construc-
tion of Reduced Plots of Dynamic Moduli, Composition
Fluctuations, and Time-Temperature Superposition.Figure
8 gives plots of logG′ vs logω and logG′′ vs logω for 20/80
PVPh/PVME blend at various temperatures ranging from 29 to
79°C. Similar plots were obtained for other blend compositions,
but they are not presented here owing to the limited space
available. It is seen in Figure 8 that bothG′ andG′′ decrease
with increasing temperature. To obtain temperature-independent
generalized (reduced) plots for the dynamic loss modulusG′′,
log G′′ vs logω plots given in Figure 8 were shifted along the
ω axis to overlap the logG′′ vs log ω plots at a reference
temperatureTr ) Tgm + 50 °C, with Tgm being the midpoint of

Table 9. Values ofq Calculated from Eq 7 for Four PVPh-Based Blend Systems Investigated in This Study

composition (wt %) PVPh/PVAc blends PVPh/PVME blends PVPh/P2VP blends PVPh/P4VP blends

20/80 -57.43 65.63 111.35 127.78
40/60 -10.97 90.04 127.16 131.15
60/40 27.60 110.34 110.24 100.89
80/20 46.86 115.06 98.46 81.17

Figure 8. (a) LogG′ vs logω plots and (b) logG′′ vs logω plots for
20/80 PVPh/PVME blend at various different temperatures (°C): (O)
29, (4) 39, (0) 49, (3) 59, (]) 69, and (") 79.

Figure 9. Plots ofaT vsT - Tr with Tr ) Tgm + 50 °C as the reference
temperature for (a) PVPh/PVAc blends, (b) PVPh/PVME blends, (c)
PVPh/P2VP blends, and (d) PVPh/P4VP blends at various blend
compositions: (O) 0/100, (4) 20/80, (0) 40/60, (3) 60/40, (]) 80/20,
and (") 100/0. The solid line represents a fit to the WLF expression.
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glass transition temperature of 20/80 PVPh/PVME blend, in
which 20/80 refers to the weight percent of the constituent
components. The amount of shift made along theω axis, which
is temperature dependent, is commonly referred to as shift factor
aT.

Figure 9 gives plots of logaT vs T - Tr with Tr ) Tgm + 50
°C for the four PVPh-based miscible polymer blend systems,
in which symbols represent values ofaT that were obtained by
shifting log G′′ vs log ω plots along theω axis with Tr ) Tgm

+ 50 °C for each blend. The solid lines in Figure 9 are
theoretical predictions from the WLF expression99

In obtaining the solid lines in Figure 9, the constantsC1 andC2

in eq 8 were determined by fitting the experimentally determined
aT to eq 8, and the values of the WLF constants determined for
each blend system are summarized in Table 10. It is seen from
Figure 9 that plots of logaT vs T - Tr are independent of blend
composition for each blend system, indicating that an iso-free
volume state is warranted for each blend system.

Log G′ vs logaTω and logG′′ vs logaTω plots are given in
Figure 10a for 20/80 PVPh/PVME blend and in Figure 10b for
60/40 PVPh/PVME blend at various temperatures withTr ) Tg

+ 50 °C, for which values ofaT given in Figure 9 were used.
Similar plots for other blend ratios are not presented here for
the reason of limited space available. In Figure 10a,b we have
temperature-independent logG′ vs log aTω plots with a slope
less than 2 in the terminal region for both 20/80 and 60/40
PVPh/PVME blends. Before making a general statement, let
us observe further whether the logG′ vs logaTω plots for three
other PVPh-based miscible blend systems investigated would
also show the same trend as those for PVPh/PVME blends. Log
G′ vs logaTω and logG′′ vs logaTω plots are given in Figure
10c for 20/80 PVPh/PVAc blend and in Figure 10d for 60/40
PVPh/PVAc blend at various temperatures withTr ) Tgm + 50
°C.

Log G′ vs logaTω and logG′′ vs logaTω plots are given in
Figure 10e for 20/80 PVPh/P2VP blend and in Figure 10f for
60/40 PVPh/P2VP blend at various temperatures withTr ) Tgm

+ 50 °C. Log G′ vs log aTω and logG′′ vs log aTω plots are
given in Figure 10g for 20/80 VPh/P4VP blend and Figure 10h
for 60/40 PVPh/P4VP blend at various temperatures withTr )
Tgm + 50 °C. It is clearly seen in Figure 10a-h that the logG′
vs logaTω plots for all four PVPh-based miscible blend systems
show temperature independence, indicating that TTS works.
After each rheological measurement we confirmed that no cross-
linking reaction took place in all four PVPh-based miscible
polymer blends, whose linear dynamic viscoelastic properties
are summarized in Figure 10.

Earlier, Ajii et al.16,17 and Kapnistos21 reported that the log
G′ vs logaTω plots in the terminal region of miscible PS/PVME
blends without specific interaction varied with temperature and
had a curvature in the terminal region. The authors concluded
that TTS failed for the PS/PVME blends because logG′ vs log
aTω plots varied with temperature. Notice that there is a clear

difference in the temperature dependence of logG′ vs logaTω
plots between the miscible PVPh/PVME blend system with
hydrogen bonding investigated in this study and the miscible
PS/PVME blend system without specific interaction reported
by Ajii et al.16,17 and Kapnistos.21 Yang et al.11 observed that
the log aT vs T plots were independent of blend composition
for PMMA/PSAN blends but dependent upon blend composition
for PMMA/PVDF blends. They further observed that TTS
worked very well for PMMA/PSAN blends while TTS failed
for PMMA/PVDF blends. One of the differences between
PMMA/PSAN blends and PMMA/PVDF blends is that the
difference inTg, ∆Tg, between the constituent components of
PMMA/PSAN blends is relatively small (≈20 °C) while PVDF
in PMMA/PVDF blends is a semicrystalline polymer. According

Table 10. WLF Constants for Four PVPh-Based Blend Systems
Investigated in This Study

blends C1 C2 (°C)

PVPh/PVAc blends 7.74 105.88
PVPh/PVME blends 8.81 140.23
PVPh/P2VP blends 6.76 101.59
PVPh/P4VP blends 5.14 86.49

log aT )
-C1(T - Tr)

C2 + (T - Tr)
(8)

Figure 10. Plots of logG′ vs logaTω (open symbols) and logG′′ vs
log aTω (filled symbols) with Tr ) Tgm + 50 °C as the reference
temperature for: (a) 20/80 PVPh/PVME blend at various temperatures
(°C): (O, b) 29, (4, 2) 39, (0, 9) 49, (3, 1) 59, (], [) 69, and (",
`) 79; (b) 60/40 PVPh/PVME blend at various temperatures (°C): (O,
b) 102, (4, 2) 122, (0, 9) 132, (3, 1) 142, (], [) 152, and (", `)
162; (c) 20/80 PVPh/PVAc blend at various temperatures (°C): (O,
b) 74, (4, 2) 84, (0, 9) 94, (3, 1) 104, (], [) 114, and (", `) 124;
(d) 60/40 PVPh/PVAc blend at various temperatures (°C): (O, b)131,
(4, 2) 141, (0, 9) 151, (3, 1) 161, and (], [) 171; (e) 20/80 PVPh/
P2VP blend at various temperatures (°C): (O, b) 151, (4, 2) 161, (0,
9) 171, (3, 1) 181, (], [) 191, and (", `) 201; (f) 60/40 PVPh/
P2VP blend at various temperatures (°C): (O, b) 191, (4, 2) 201, (0,
9) 211, (3, 1) 221, and (], [) 231; (g) 20/80 PVPh/P4VP blend at
various temperatures (°C): (O, b) 209, (4, 2) 219, (0, 9) 229, and
(3, 1) 239; (h) 60/40 PVPh/P4VP blend at various temperatures (°C):
(O, b) 222, (4, 2) 232, (0, 9) 242, and (3, 1) 252.
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to the observations made by Pathak et al.13 and Friedrich et
al.,37 TTS would work for miscible polymer blends without
specific interaction when∆Tg is about 25°C or less. However,
the same empirical criterion does not seem applicable to the
four PVPh-based miscible blend systems investigated in this
study because∆Tg ) 152 °C for PVPh/PVAc blends,∆Tg )
199°C for PVPh/PVME blends,∆Tg ) 83 °C for PVPh/P2VP
blends, and∆Tg ) 27 °C for PVPh/P2VP blends. That is, in
spite of the large differences in∆Tg among the four PVPh-
based miscible blend systems, logaT vs T - Tr plots are
independent of blend composition (see Figure 9) and logG′ vs
log aTω plots in the terminal region are independent of
temperature for all four PVPh-based miscible blend systems (see
Figure 10). If we maintain the view that a failure of TTS in
miscible polymer blends without specific interaction (e.g., PEO/
PMMA blends; PS/PVME; PS/PRMS blends; PI/PVE blends)
is associated with the presence of concentration fluctuations and
dynamic heterogeneity, we are then led to conclude that the
extent of concentration fluctuations and dynamic heterogeneity
in the four PVPh-based miscible blend systems with hydrogen
bonding might be very small, if not negligible, because TTS
works.

Notice in Figure 10a-h for the PVPh-based miscible blends
that the logG′ vs logaTω plots are independent of temperature
over the entire range of temperatures investigated, and their
slopes in the terminal region are less than 2 while maintaining
temperature independence. We attribute this observation to the
presence of hydrogen bonding in each of the PVPh-based
miscible polymer blends investigated. The origin of this
observation is quite different from that reported by Ajii et al.16,17

and Kapnistos,21 who observed temperature dependence of log
G′ vs log aTω plots for miscible PS/PVME blends without
specific interaction, which then led them to conclude that TTS
failed for the PS/PVME blends. Further, in their studies the log
G′ vs log aTω plots in the terminal region had conspicuous
irregularity in the temperature dependence. Thus, there is no
similarity in the origin of the terminal region behavior of log
G′ vs log aTω plots observed between the two studies.

Owing to the limited space available, in Figure 10, we
combined eight plots in a single figure. In doing so, we had to
use small-size plots for each blend. In order to observe whether
the small-size plots might have obscured the quality of the
correlation obtained, we have prepared enlarged plots of log
G′ vs log aTω and logG′′ vs log aTω for 60/40 PVPh/PVME
and 60/40 PVPh/P2VP blends at various temperatures. They
are designated as Figures S4 and S5 and are given in the
Supporting Information. We have found little difference in the
quality of reduced plots between Figure 10 and the enlarged
plots (Figures S4 and S5) given in the Supporting Information,
leading us to conclude that application of TTS is warranted for
the four PVPh-based miscible polymer blend systems investi-
gated in this study. Further, in order to observe whether plots
of loss angle against reduced angular frequency might be very
sensitive to shifting, we also prepared log tanδ vs log aTω
plots, together with logG′ vs log aTω and logG′′ vs log aTω
plots, for PVPh/PVAc, PVPh/ PVME, PVPh/P2VP, and PVPh/
P4VP blends. They are designated as Figures S6, S7, S8, and
S9 and are given in the Supporting Information. We have found
little difference in the sensitivity to shifting between log tanδ
vs log aTω plot and logG′ vs log aTω plot, and between log
tanδ vs logaTω plot and logG′′ vs logaTω plot, leading us to
conclude that application of TTS is warranted for the four PVPh-
based miscible polymer blend systems investigated in this study.

(b) Log G′ vs logG′′ Plots, Composition Fluctuations, and
Time-Temperature Superposition.Log G′ vs log G′′ plots
at various temperatures are given in Figure 11 for PVPh/PVAc
blends, in Figure 12 for PVPh/PVME blends, in Figure 13 for
PVPh/P2VP blends, and in Figure 14 for PVPh/P4VP blends.
In Figures 11-14 there are three common features in all four
PVPh-based miscible polymer blend systems: (1) logG′ vs log
G′′ plots are independent of temperature over the entire range
of temperatures investigated, (2) the curvature of logG′ vs log
G′′ plots in the terminal region becomes progressively pro-
nounced as the amount of PVPh in each blend is increased from
20 to 80 wt %, and (3) the temperature independence of logG′
vs log G′′ plots is very similar to the corresponding logG′ vs
log aTω plots, especially in the terminal region.

Figure 11. Log G′ vs logG′′ plots for: (a) 20/80 PVPh/PVAc blend
at different temperatures (°C): (O) 74, (4) 84, (0) 94, (3) 104, (])
114 and, (") 124; (b) 40/60 blend at different temperatures (°C): (O)
100, (4) 110, (0) 120, (3) 130, (]) 140, and (") 150; (c) 60/40 blend
at different temperatures (°C): (O) 131, (4) 141, (0) 151, (3) 161,
and (]) 171; (d) 80/20 blend at different temperatures (°C): (O) 162,
(4) 172, (0) 182, (3) 192, and (]) 202.

Figure 12. Log G′ vs logG′′ plots for: (a) 20/80 PVPh/PVME blend
at different temperatures (°C): (O) 29, (4) 39, (0) 49, (3) 59, (]) 69,
and (") 79; (b) 40/60 PVPh/PVME blend at different temperatures
(°C): (O) 54, (4) 64, (0) 74, (3) 84, (]) 94, and (") 104; (c) 60/40
PVPh/PVME blend at different temperatures (°C): (O) 102, (4) 112,
(0) 122, (3) 132, (]) 142, and (") 152; (d) 80/20 PVPh/PVME blend
at different temperatures (°C): (O) 136, (4) 146, (0) 156, (3) 166,
and (]) 176.
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Let us consider the origin of curvature in the terminal region
of log G′ vs logG′′ plots given in Figures 11-14. The factors
that could have caused curvature in the terminal region of log
G′ vs log G′′ plots are (1) cross-linking, (2) dynamic hetero-
geneity, and (3) intermolecular attractive interaction (hydrogen
bonding). If there had any cross-linking in any of the four PVPh-
based miscible blends, temperature-independent logG′ vs log
G′′ pots could not have obtained and thus TTS should have
failed. However, from Figures 11-14 we can conclude that TTS
works for all four PVPh-based blend systems. Therefore, cross-
linking of PVPh cannot be a reason for the curvature in the
terminal region of logG′ vs log G′′ plots. It was reported that
the PVPh/P4VP blends, for instance, were miscible even on
the scale of 2-3 nm,71 suggesting that dynamic heterogeneity
may not be a source that gives rise to the curvature observed in

the terminal region of logG′ vs logG′′ plots. Then, the curvature
in the terminal region of logG′ vs log G′′ plots is attributable
to the presence of intermolecular attractive interactions (hydro-
gen bonding) in the PVPh-based miscible blend systems
investigated in this study.

Recall that referring to Figure 4 for neat PVPh, we attributed
the curvature in the terminal region of logG′ vs log G′′ plots
to the self-association of phenolic-OH groups in PVPh (see
Figure 1 for FTIR spectrum of PVPh). According to Han and
co-workers,78,79 the temperature independence of logG′ vs log
G′′ plots signifies little or no morphological change occurring
in a polymer (or polymer blend) over the range of temperatures
investigated, while logG′ vs logG′′ plots are expected not only
to be independent of temperature but also to have a slope of 2
in the terminal region for all homogeneous polymeric liquids
including the block copolymers in the disordered state and the
liquid-crystalline polymers in the isotropic state. Previously, Ajii
et al.16,17 reported that logG′ vs log G′′ plots in the terminal
region of PS/PVME blends, which exhibit lower critical
separation temperature (LCST) behavior, had little or no
temperature dependence at temperatures below LCST (i.e., in
the homogeneous state) but had a strong temperature dependence
at temperatures above LCST (i.e., in the immiscible state).
Nonetheless, the logG′ vs log G′′ plots in the terminal region
for the homogeneous state of PS/PVME blends had a slope
much less than 2, which was attributed to significant concentra-
tion fluctuations and dynamic heterogeneity. However, the
presence of curvature in the terminal region of logG′ vs log
G′′ plots for the four PVPh-based miscible blends investigated
in this study must have a different origin because TTS works
for those blends, and thus significant concentration fluctuations
and dynamic heterogeneity might have not occurred in those
blends. In other words, the origin of curvature in the terminal
region of log G′ vs log G′′ plots for the four PVPh-based
miscible blends is attributable to the presence of strong
intermolecular attractive interactions (hydrogen bonding).

It is appropriate to discuss at this juncture the previous
rheological studies on PVPh-based miscible polymer blends.
Akiba and Akiyama75 reported on the linear dynamic viscoelas-
ticity of PVPh/PVME and PS/PVME blend systems. They
observed that logaT vs T - Tr plots were virtually identical,
and the slope of logG′ vs logaTω plots in the terminal region
was 2 for both PVPh/PVME and PS/PVME blend systems, in
spite of the fact that PVPh/PVME blends are expected to form
hydrogen bonds (see, for instance, Figure 5a in this paper).
However, Akiba and Akiyama did not present FTIR spectra of
the PVPh/PVME blends employed. That is, the study of Akiba
and Akiyama did not reveal any difference in linear dynamic
viscoelasticity between PS/PVME blends without specific
interaction and PVPh/PVME blends with specific interactions.

In this study, we compared the linear dynamic viscoelasticity
between PVPh/PVME blends and PS/PVME blends. Figure 15
gives (a) logG′ vs logaTω plots and (b) logG′ vs logG′′ plots
for 60/40 PVPh/PVME blend at various temperatures ranging
from 102 to 162°C (the open symbols) and for 60/40 PS/PVME
blend at various temperatures ranging from 58 to 98°C (the
filled symbols). It should be mentioned that the binodal curve
for the PS/PVME blends, which exhibit lower critical temper-
ature (LCST), lies far above 98°C. It is clearly seen in Figure
15 that the linear dynamic viscoelasticity between the two blends
are quite different while both blends show temperature inde-
pendence. First, both logG′ vs log aTω and logG′ vs log G′′
plots of 60/40 PVPh/PVME blend do not overlap those of 60/
40 PS/PVME blend, clearly at odds with the results reported

Figure 13. Plots of logG′ vs logG′′ for: (a) 20/80 PVPh/P2VP blend
at different temperatures (°C): (O) 151, (4) 161, (0) 171, (3) 181,
(]) 191, and (") 201; (b) 40/60 PVPh/P2VP blend at different
temperatures (°C): (O) 176, (4) 186, (0) 196, (3) 206, (]) 216, and
(") 226; (c) 60/40 blend at different temperatures (°C): (O) 191, (4)
201, (0) 211, (3) 221, and (]) 231; (d) 80/20 blend at different
temperatures (°C): (O) 201, (4) 211, (0) 221, (3) 231, and (]) 241.

Figure 14. Plots of logG′ vs logG′′ for PVPh/P4VP blends annealed
at 200°C for 3 h: (a) 20/80 PVPh/P4VP blend at different temperatures
(°C): (O) 209, (4) 219 (0) 229, ad (3) 239; (b) 40/60 PVPh/P4VP
blend at different temperatures (°C): (O) 216, (4) 226, (0) 236, and
(3) 246; (c) 60/40 PVPh/P4VP blend at different temperatures (°C):
(O) 222, (4) 232, (0) 242, and (3) 252; (d) 80/20 PVPh/P4VP blend
at different temperatures (°C): (O) 216, (4) 226, (0) 236, and (3)
246.
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by Akiba and Akiyama.75 Next, in the terminal region of both
log G′ vs log aTω and logG′ vs log G′′ plots the 60/40 PS/
PVME blend has a slope very close to 2 (the filled symbols),
whereas the 60/40 PVPh/PVME blend shows curvature (the
open symbols). The obvious differences between the present
study and the previous study of Akiba and Akiyama75 are the
molecular weights of the polymers employed; namely in the
study of Akiba and Akiyama75 Mw ) 5.0× 103 for PVPh,Mw

) 7.42× 104 for PVME, andMw ) 5.0× 103 for PS, while in
the present studyMw ) 2.16 × 104 for PVPh,Mw ) 1.64 ×
105 for PVME, andMw ) 1.32× 105 for PS. Nonetheless, we
cannot reconcile the differences observed in both logG′ vs log
aTω and logG′ vs log G′′ plots between the two studies. It
should be pointed out that logG′ vs logG′′ plots are expected
to be independent not only of temperature but also independent
of molecular weight for entangled homopolymers.100 In the
present study we have presented, via FTIR spectra (see Figure
5a), clear evidence of the formation of hydrogen bonds between
the constituent components in the PVPh/PVME blends em-
ployed. Note that no specific interaction is expected between
PS and PVME in PS/PVME blend.

Cai et al.76 reported the linear dynamic viscoelasticity of
PVPh/PEO blends. Note that PVPh and PEO are known to be
miscible for PEO content less than about 60 wt % and form
hydrogen bonds.68,101Cai et al. observed that plots of logG′ vs
log aTω and logG′′ vs log aTω with Tr ) Tgm + 15 °C was
independent of temperature and the slope of logG′ vs logaTω
plots in the terminal region was much smaller than 2. Such
experimental results are very similar to those (see Figure 10)

obtained for the four PVPh-based miscible polymer blend
systems investigated in the present study. However, Cai et al.
reported that plots of zero-shear viscosity (η0,b) vs blend
composition prepared atTr ) Tg + 15 °C went through a
maximum at a weight fraction of PEO (wPEO) of about 0.2 and
then a minimum atwPEO ≈ 0.25.

Figure 16 gives plots of logη0,b vs weight fraction of PVPh
(wPVPh) prepared atTr ) Tg + 50 °C for all four PVPh-based
miscible blends investigated in the present study. In Figure 16
we do not observe any abnormality in the composition depen-
dence ofη0,b for the PVPh-based miscible blends, in contrast
to the results reported by Cai et al.76 We are of the opinion that
the seemingly anomalous composition dependence ofη0,b of
the PVPh/PEO blends observed by Cai et al. might be
attributable to the choice ofTr very close to theTg of the blends,
i.e., Tr ) Tg + 15 °C.

4. Concluding Remarks

In this paper we have presented experimental results for the
linear dynamic viscoelasticity of four PVPh-based miscible
polymer blend systems with hydrogen bonding. We have
confirmed that each of the blend systems investigated formed
hydrogen bonding between the constituent components as
determined by FTIR spectroscopy. We have found that the self-
association of the phenolic-OH groups in PVPh and the
interassociation (intermolecular attractive interactions) between
the constituent components have a profound influence on the
linear dynamic viscoelasticity of the respective blend systems.

We have found that logG′ vs log aTω and logG′′ vs log
aTω plots and also logG′ vs log G′′ plots for all four PVPh-
based blend systems show temperature independence. Further,
we have found that plots of logaTω vs T - Tr with Tr being a
reference temperature show composition independence in all
four PVPh-based blend system investigated, in spite of very
large differences in the component glass transition temperatures
of the constituent components (∆Tg), including the PVPh/PVME
blend system having the value of∆Tg as large as 199°C.
Therefore, we conclude that an application of TTS is warranted
for the four PVPh-based miscible blend systems with hydrogen
bonding. If we apply the same empirical criterion, which has
been applied to miscible polymer blends without specific
interaction (see the Introduction), to the four PVPh-based
miscible polymer blends investigated in this study, we can

Figure 15. (a) LogG′ vs logaTω plots withTr ) Tgm + 50 °C as the
reference temperature for 60/40 PVPh/PVME blend at various tem-
peratures (°C): (O) 102, (4) 122, (0) 132, (3) 142, (]) 152, and (")
162, and for 60/40 PS/PVME blend at various temperatures (°C): (b)
58, (2) 68, (9) 78, (1) 88, and ([) 98. (b) LogG′ vs logG′′ plots for
60/40 PVPh/PVME blend at various temperatures (°C): (O) 102, (4)
122, (0) 132, (3) 142, (]) 152, and (") 162, and for 60/40 PS/PVME
blend at various temperatures (°C): (b) 58, (2) 68, (9) 78, (1) 88,
and ([) 98.

Figure 16. Plots of logη0 vs weight fraction of PVPh (wPVPh) at T )
Tgm + 50 °C for (a) PVPh/PVAc blend system, (b) PVPh/PVME blend
system, (c) PVPh/P2VP blend system, and (d) VPh/P4VP blend system.
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conclude that the effects of concentration fluctuations and
dynamic heterogeneity on the rheological behavior of the
miscible polymer blends might be very small, if not negligible.
This conclusion is a distinguishing rheological characteristic
between the miscible polymer blends with specific interaction
(hydrogen bonding in the present study) and the miscible
polymer blends without specific interaction. The apparent
absence or negligibly small concentration fluctuations and
dynamic heterogeneity in the four PVPh-based miscible polymer
blend systems with hydrogen bonding can be attributed to the
presence of self-association (intramolecular interactions) and/
or interassociation (intermolecular attractive interactions) be-
tween the constituent components. It seems very reasonable to
speculate that strong intermolecular attractive interactions would
suppress concentration fluctuations in miscible polymer blends
forming hydrogen bonds.

However, we have observed curvature in the terminal region
of log G′ vs logG′′ plots for all four PVPh-based blend systems
investigated, and the severity of curvature becomes more
pronounced as the concentration of PVPh in the respective blend
systems is increased. Specifically, for blends with low concen-
trations of PVPh (e.g., 20 wt %), since PVPh is surrounded by
large amounts of non-self-associating component, the fraction
of self-association of phenolic-OH groups would be very
small, and thus most of the phenolic-OH groups form the
intermolecular hydrogen bonds and the blends are miscible.
However, because of the low concentration of PVPh, the number
of hydrogen bonds in such blends may not be sufficiently large.
We have shown (see Table 5) that the fraction of hydrogen-
bonded phenolic groups (-OH) is small (about 20%). As a
result, the effect of specific interactions on the linear dynamic
viscoelasticity would be small, and consequently the curvature
in the terminal region of logG′ vs logG′′ plots is not discernible.
However, as the concentration of PVPh is increased, there are
not only intermolecular hydrogen bonding but also self-
association of phenolic-OH groups. Hydrogen-bonding en-
hances the friction between different segments. Thus, very strong
intermolecular interactions between the constituent components
in such miscible polymer blends may suppress concentration
fluctuations and dynamic heterogeneity. It can then be concluded
that the curvature in the terminal region of logG′ vs log G′′
plots is attributable to both self-association and interassociation
in PVPh-based miscible polymer blends when concentration of
PVPh exceeds a certain critical value.

It is worth mentioning that the balance between self-
association and interassociation in miscible polymer blends with
hydrogen-bonding would vary depending on their relative
strength of hydrogen bonding. Let us consider, for illustration,
the 60/40 PVPh/PVME blend. From the calculation of the
fraction of hydrogen bonds in this blend, we find that about
46% of the ether groups in PVME are associated with the
phenolic-OH group in PVPh (see Table 5). In addition, the
fraction of self-associated phenolic-OH groups is about 59%,
which is much larger than the fraction (about 38%) of interas-
sociated phenolic-OH groups. (These values are calculated
from Table 5 under the assumption that the mole fraction of
functional groups is equal to the weight fraction of the
constituent components.) It can then be concluded that the
predominant hydrogen bonding in this blend arises from self-
association. As a result, the curvature in the terminal region of
log G′ vs log G′′ plots for the 60/40 PVPh/PVME blend is
attributable primarily to the self-association of PVPh rather than
interassociation in the blend.

On the other hand, we know from the FTIR spectra (see
Figure 5) and the composition dependence ofTg (see Figure 7)
that P4VP forms stronger intermolecular hydrogen bonds with
PVPh, for example, in 60/40 PVPh/P4VP blend than with
PVME in 60/40 PVPh/PVME blends. From the calculation of
the fraction of hydrogen bonds formed in the 60/40 PVPh/P4VP
blend, we find that about 80% (see Table 5) of the pyridine
groups in P4VP are associated with the phenolic-OH groups
in PVPh. Further, the fraction of self-associated phenolic-OH
groups in 60/40 PVPh/P4VP blend is only about 38%, and about
53% of phenolic-OH groups in PVPh is hydrogen-bonded with
the pyridine groups in P4VP. As a result, the curvature in the
terminal region of logG′ vs logG′′ plots of 60/40 PVPh/P4VP
blend is attributable primarily to the interassociation (intermo-
lecular hydrogen bonding) between the phenolic-OH groups
in PVPh and the pyridine groups in P4VP, although some self-
association is also involved. Similar arguments can be made to
PVPh/PVAc and PVPh/P2VP blend systems investigated in this
study.

In summary, for the first time, we have presented experi-
mental results, demonstrating clearly a distinction in linear
dynamic viscoelasticity between the miscible polymer blends
with specific interaction (hydrogen bonding in the present study)
and the miscible polymer blends without specific interaction.

Supporting Information Available: Summary of the Cole-
man-Graf-Painter association model for the analysis of hydrogen
bonding in miscible polymer blends with specific interactions;
summary of the thermodynamic theory of Painter and co-workers
for predicting the composition dependence of glass transition
temperature of miscible polymer blends with specific interactions;
enlarged plots of logG′ vs log aTω and logG′′ vs log aTω plots
for 60/40 PVPh/PVME and 60/40 PVPh/P2VP blends at various
temperatures; plots of loss angle vs reduced angular frequency (i.e.,
log tanδ vs log aTω plots), together with logG′ vs log aTω and
log G′′ vs logaTω plots, for the four PVPh-based miscible polymer
blend systems investigated in this study. The material is available
free of charge via the Internet at http://pubs.acs.org.
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