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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 ph@iblic
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 thattémperature 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 temperatligeds large as 19%C. This observation

is quite different from the experimental observations in the literature, reporting that TTS failed for miscible
polymer blendswithout specific interaction whem\Ty was greater than about 2% 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 Table 1. Bond Energy and Relative Strength of Different
Intermolecular Forces

In the literature there is confusion about the criteria for weak

attractive interaction and strong attractive interaction when bond energy

. . o type of interaction kJ/mol relative strength
dealing with miscible polymer blends. Often, the strength of — _yp - ( ) 9
miscibility of a polymer blend is judged using the Flery f;&f;ggg%%%ing 8559%%00 1588
Huggins interaction parametey)( For instance, some investiga- dipole—dipole interaction 28 10
tors consider that miscible polymer blends wjth —0.05 have van der Waals interaction ~ ~1 1

strong attractive interaction while miscible polymer blends with tjgated include (1) blends of polystyrene (PS) and poly(2,6-
x = —0.01 have weak attractive interaction. However, such a dimethylphenylene ether) (PPE) (2) blends of poly(ethylene
criterion is somewhat arbitrary in that there is no theoretical oxjge) (PEO) and poly(methyl methacrylate) (PMMA3)
guideline on a precise value gfthat can be used effectively  plends of PMMA and poly(styrenes-acrylonitrile) (PSANY 14

for determining whether a miscible polymer blend has weak or (4) plends of PMMA and poly(vinylidene fluoride) (PVDEF)1115
strong attractive interactions. In this regard, it is fair to say that (5) plends of PS and poly(vinyl methyl ether) (PVME)28

x may not be an appropriate parameter that can determine(g) plends of PS and polg¢methylstyrene) (BMS):22 (7)
whether a miscible polymer blend has weak or strong attractive pjends of polyisoprene (P1) and poly(vinylethylene) (PVE)2
Interactions. and (8) blends of 1,4-PI and 1,2-polybutadiene (F}.

It seems more appropriate to use intermolecular forces to |t has been observed that some polymer blend systems with-
determine whether a miscible polymer blend has weak or strongout specific interaction exhibit a very broad, single glass
attractive interactions. Intermolecular forces have been discussedransition!8.223%-33 A very broad, single glass transition has been
extensively in the literaturé? Table 1 gives a summary of bond  observed when the difference in glass transition temperature
energy and relative strength of different intermolecular forces. (To) between the constituent compone3y, is large. Interest-

On the basis of the intermolecular forces summarized in Table ingly, it has been observed that timemperature superposition
1, in this paper we consider that the miscible polymer blends (TTS) failed for miscible polymer blends without specific
with van der Waals interaction (i.e., without specific interaction) interaction when the polymer blends had large values of
have weak attractive interaction and the miscible polymer blends AT,,81617262329-31.33-35\y hjle an application of TTS to miscible
with specific interaction (e.g., dipotedipole interaction, hy-  polymer blends without specific interaction was warranted when
drogen bonding, or ionic interaction) have strong attractive they had small values ohTy.1338:37 Strictly on an empirical
interaction. It should be mentioned that specific interaction in basis,ATy ~ 25 °C has been found to be a reasonable value,
a miscible polymer blends cannot be described by the Flory  below which an application of TTS to miscible polymer blends
Huggins theory and thus not by the useyof without specific interaction is valié37

During the past three decades, numerous investigators Understandably, the origin of very broad, single glass
reported on the rheological behavior of miscible polymer blends transition in miscible polymer blends without specific interaction
without specific interaction. The polymer blend systems inves- has been the subject of an intensive investigation by many

research groups for the past two decades. Today, it is a general

*To whom correspondence should be addressed. E-mail: cdhan@ CONSeNsus among researchets?.333845 that very broad,
uakron.edu. single glass transition in miscible polymer blends without
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specific interaction is caused by the presence of concentration  Table 2. Molecular Characteristics of the Five Homopolymers

fluctuations that broaden the distribution of segmental relaxation Employed in This Study

times, which depend not only on blend composition but also sample code My Muw/Mp

on temperature. Although some polymer blends are thermody- PVPh 2.16x 104 1.62

namically miscible, the component dynamics may be hetero- PVAc 1.42x 10° 171

geneous; namely, in such dynamically heterogeneous polymer PVME 164x 10° 1.33
P2vP 4.11x 10 1.37

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 alP4VP_was not solgblein common solvent, and thus it was not possible
. - e . to determineM\/M, using solution GPC.

miscible polymer blends without specific interaction may also

be related to the presence of dynamic heterogeneity. Thus, muc Experimental Section

effort has been spent on a better understanding of segmentaf™ P

dynamics and dynamic heterogeneity in miscible polymer blends ~Materials and Sample Preparation. In the present study we

without specific interaction using different experimental methods Chose to prepare miscible blends of PVPh with PVME, poly(viny!

including dielectric relaxation spectroscofy? electron spin ~ acetate) (PVAc), P2VP, and PAVP, for which PVPh, PVAc, and

. . P4VP were purchased from Aldrich Chemical. Aqueous solution
resonance spectroscoff® solid-state nuclear magn'et|c reso- (50 wt %) gf PVME was purchased from ScieCIntific Polymer
nance .spe'ctroscoﬁ9v,31v4?50 and the thermally stimulated Products. After the water was removed completely, PVME was
depolarization current methGélit can then be concluded that  gissolved into toluene (5 wt % of solid) and precipitated using

concentration fluctuations, dynamic heterogeneity, failure of hexane. P2VP was synthesized by free radical polymerization. Table
TTS, and the broadness of glass transition in miscible polymer 2 give a summary of the molecular characteristics of the five
blends without specific interaction are interrelated, as shown homopolymers employed to prepare (1) PVPh/PVME blends, (2)
pictorially: lIjl\/Pg/PVAc blends, (3) PVPh/P2VP blends, and (4) PVPh/P4VP
ends.
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
Today, it is well-established that hydrogen bonding enhances temperature for 24 h to allow for the evaporation of most of the
miscibility of a polymer blend?2 During the past two decades, ~solvent. Subsequently, the mixture was freeze-dried at room
a number of research groups investigated the miscibility of temperature for 3 days under vacuum and dried further at a
polymer blends with specific interacti§f.’4 The polymer blend ~ {emperature near its glass tr?nsmon temperatlige f()r|2 days
systems investigated include (1) blends of poly(vinylphenol) under vacuum. A dried sample was compression-moldei at

- 50 °C followed by annealing afy + 20 °C in a vacuum oven. A
(PVPh) and PVME?®° (2) blends of PVPh and poly(ethyl  gimijar procedure was employed to prepare PVPh/PVAC blends

methacrylate) (PEMAJ?>7 (3) blends of PVPh and poly(vinyl  sing tetrahydrofuran (THF) as a solvent and PVPh/P2VP (or P4VP)
acetate) (PVAC)?¢2(4) blends of PVPh and poly(2-vinylpy-  blends using pyridine as a solvent.

ridine) (P2VP)° and (5) blends of PVPh and poly(4-vinylpy- Differential Scanning Calorimetry (DSC). The glass transition
ridine) (P4VP)7%71 However, to our surprise, to date only a temperatureTg) was determined by differential scanning calorim-
few research groupd’® reported on the rheological behavior etry (DSC) (TA Instruments). DSC thermograms were recorded
of miscible polymer blends with specific interaction. It is then USing a heating rate of 2@/min, andTy is taken as the midpoint
fair to state that at present our understanding of the rheological ©f the transition in the second scan.

behavior of miscible polymer blends with specific interaction .. Thermogravimetric Analysis (TGA). The thermal decomposi-
o . tion temperature was determined by thermogravimetric analysis
is in an infant stage.

(TGA) (TA Instruments) with a heating rate of 2@/min under a
Very recently, we investigated linear dynamic viscoelasticity nitrogen atmosphere.

of four PVPh-based miscible polymer blend systems with  Fourier Transform Infrared (FTIR) Spectroscopy. Infrared

specific interaction (intermolecular hydrogen bonding). The spectra were recorded on a Fourier transform infrared (FTIR)

investigation was motivated to answer the fundamental ques-SPectrometer (Perkin-Elmer 16 PC FTIR), and 16 scans were

tion: How would the linear dynamic viscoelasticity of miscible collected with a spectral resolution of 4 ct The solution (2%

polymer blends with intermolecular hydrogen bonding be w/v) containing the blend was cast onto potassium bromide (KBr)

. o . ... disk. The thickness of a film was adjusted, such that the maximum
different from that of miscible polymer blends without specific  _qqrhance of any band was less than 1.0, at which the-Beer

interaction? To answer the question posed above, we have| gmpert law is valid.

attempted to answer the following specific questions. (1) Will  Rheological MeasurementsAdvanced Rheometric Expansion
an application of TTS to miscible polymer blends with System (ARES) in the oscillatory mode with a parallel-plate fixture
intermolecular hydrogen bonding be warranted only when the (8 mm diameter) was employed to measure the dynamic storage
difference in the component glass transition temperatu&g, modulus G') and dynamic loss moduluss() as functions of

is smaller than a certain critical value, as has been found for angular frequencycf) ranging from 0.04 to 100 rad/s. For some
miscible polymer blends without specific interaction? (2) Will Samples, 0.005 rad/s was used as the lowest value Rheological
concentration fluctuations and dynamic heterogeneity play Measurements were taken at various temperatures rangingfrom

significant roles in determining the rheological behavior of + 30°C to Tg + 80 °C. All the measurements were conducted
9 9 9 under a nitrogen atmosphere in order to avoid oxidative degradation

miscible polymer blends with intermolecular hydrogen bonding, f the samples. A single specimen was used for the entire
as has been found for miscible polymer blends without specific rheological measurement, which took less than 3 h, at various
interaction? In this paper we will summarize the highlights of temperatures below 20GC, while a fresh specimen was used at
our findings. each temperature above 200.

P4VP 6.00x 10 NA?2

Concentration Fluctuations «<—> Broadness of Glass Transition

Dynamic Heterogeneity <—> Failure of TTS
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—OH OH-- obtained using a specimen that had been annealed atd00

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
ether made from this study for the reason that the rheological
(b) M AN responses of P2VP and P4VP were found to be quite different

carbonyl after removal of moisture from the specimens.

(a) Figure 3 gives plots of log' vs logw, log G" vs logw, and
1 . : log G' vs log G" at various temperatures for each of the four
4000 3000 2000 1000 homopolymers, PVAc, PVME, P2VP, and P4VP. Notice in
Wavenumber (cm™) Figure 3 that the slope of I0@' vs logG"’ plots in the terminal
Figure 1. FTIR spectra for five neat polymers: (a) PVAc, (b) PVME, region is very close to 2, and the plots are independent of
(c) P2VP, (d) P4VP, and (e) PVPh. temperature for all four homopolymers. Such an observation is
a very clear rheological manifestation that all four homopoly-
pyridine ring mers are homogeneous and free from self-association! It should
be mentioned that we observed the slope of ®g/s 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 log' vs logw, log G" vs logw, and
log G' vs log G" at various temperatures for PVPh after
annealing at 200C for 1 h. It is of great interest to observe in
Figure 4 that the slope of 10§’ vs logw plots in the terminal
region is much smaller than 2 at all four measurement
| | A temperatures, while the slope of I&j' vs log w plots in the
4000 3000 2000 1000 terminal region is very close to 1 at all four measurement
temperatures. As a result, the slope of @gvs logG'” plots in
_ the terminal region for PVPh is much smaller than 2, which is
Figure 2. FTIR spectra for neat PAVP at room temperature: (a) before ¢ jite different from the observation we have made above from
annealing; (b) held at 10TC for 20 min followed by cooling to room . . .
temperature under a nitrogen atmosphere. Figure 3 for PVAc, PVME, P2VP, and P4VP. _We wish tq point
out that the curvature of lo@' vs logG" plots in the terminal
3. Results and Discussion region for the PVPh has little to do with the sensitivity of
o . ) . transducer of ARES for the reason that the lowest valu@'of
3.1. Self-Association and_RheoIoglcaI Behavior of Five (100 Pa) for PVPh given in Figure 4 is the same as that for
Neat Homopolymers Investigated FTIR spectroscopy has PVAc, PVME, P2VP, and P4VP given in Figure 3, in which
been proven to be a very powerful technique to detect the y,o giope of logG' vs log G plots in the terminal region is
presence of self-association (intraassociation) within a given very close 2.
molecule (or polymer) or interassociation (intermolecular at- . ) ) o
tractive interactions) between two chemically dissimilar mol-  E@rlier, Still and Whitehedd noted that a cross-linking
ecules. For instance, the infrared (IR) hydroxyl stretching range f€action might occur for PVPh at elevated temperatures.
of phenolic—OH group is sensitive to the formation of hydrogen ~ Therefore, in obtaining the rheological data summarized in
bonds. Figure 1 gives FTIR spectra of the hydroxy! stretching Flgurg 4, we investigated the extent of possible cross-llnklpg
vibration region for the five neat homopolymers employed in '€action in PVPh at elevated temperatures by conducting
this study. In Figure 1 we observe two vibration bands in solubility test of annealed PVPh specimens that had been

Absorbance

moisture

Absorbance

Wavenumber (cm_l)

PVPh: one centered at 3530 chwhich is related to “free”  subjected to various temperatures and durations in a vacuum
hydroxyl group and another centered at 3380 &which is oven, the results of which are summarized in Table 3. It can be
related to intraassociated hydrogen bonding of pheneH seen in Table 3 that a PVPh specimen was soluble in THF after

group (i.e., self-associatiof).On the other hand, in Figure 1 ~ annealing at 206C for 3 h but partially insoluble after annealing
we do not observe evidence of the presence of self-associationat 200°C for 24 h, and a PVPh specimen was soluble in THF
in four other homopolymers, PVAc, PVME, P2VP, and P4VP. after annealing at 220, 230, and 24D for 40 min but partially
This observation is very important to interpret the rheological insoluble after annealing at 258C for 2 h. It should be
behavior of the four PVPh-based polymer blend systems mentioned that in all rheological measurements conducted in
investigated in this study, which is presented below. It should this study, including those summarized in Figures 3 and 4, all
be mentioned at this juncture that TGA measurements of all specimens had 0.1 wt % antioxidant (Irganox 1010, Ciba-Geigy
five homopolymers indicate that thermal degradation temper- Group). In the rheological measurements for PVPh, a single
ature is higher than 320C, which is above the highest specimen was used at and below 28D under a nitrogen
rheological measurements employed in this study. atmosphere. However, a fresh specimen was used at each
It is known that P2VP and P4VP absorbs moisture very easily temperature and each frequency sweep experiment that lasted
from air. Figure 2 gives FTIR spectra of P4VP before and after less than 25 min. Therefore, we believe that the precaution taken
removing the moisture in the specimens, showing that the in our rheological measurements precludes any possibility of
presence of an absorption band centered at 3300 {the cross-linking reaction in PVPh specimen. After each rheological
spectrum in Figure 2a) is due to the presence of moisture in themeasurement we confirmed that no cross-linking reaction took
specimen. The FTIR spectrum of P4VP given in Figure 2b was place in other homopolymers (PVAc, PVME, P2VP, and P4VP),
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Figure 3. Rheology for four neat homopolymer: (a) PVAc at various temperatif@s (O) 58, (») 68, @) 78, (v) 88, () 98, and ) 108;
(b) PVME at various temperature¥d): (O) 11, (») 21, @) 31, (v) 41, ©) 51, and ) 61; (c) P2VP at various temperaturé€): (O) 107, (1)
117, Q) 127, ) 137, ©) 147, and ©) 157; (d) P4VP at various temperaturé€): (O) 183, (x) 193, (O) 203, (7) 213, €) 223, and ©) 233.
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Figure 4. Rheology of neat PVPh at various temperaturé):( (O) 200, (») 210, @) 220, and ) 230.

whose linear dynamic viscoelastic properties are summarized Zhang et af3 suggested that hydrogen bonding is a dynamic
in Figure 3. process, and hydrogen bonds are in equilibrium between
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Table 3. Solubility of PVPh in THF after Annealing at Various The FTIR spectra of PVPh/P4VP blends (see Figure 5d) also
Temperatures for Different Periods exhibit the same trend as those of PVPh/P2VP blends. Since
annealing duration of Avy = 410 cmtin PVPh/P4VP blends, we can conclude that
temperature°C) annealing solubility in THF the strength of hydrogen bonds in PVPh/P4VP blends is slightly
100 10h soluble greater than that in PVPh/P2VP blerfds.
150 16 h soluble .
200 3h soluble From the above observations we conclude that the strength
200 24 h partially soluble of the hydrogen bonds (SH) in the four PVPh-based miscible
220 1h soluble blends can be ranked as follows: Siphpavp(Avy = 410 cnt?)
230 50 min soluble > SHevenp2ave(Avy = 395 cn') > SHevprpyme (Ave = 210
240 40 min soluble

cm™1) > SHevpnpvac (Avy = 72 cnm?).
(b) Quantitative Analysis of Experimental Results via the

breaking and reassociating. If the lifetime of a hydrogen bond Coleman—Graf—Painter (CGP) Association Model. The
is longer than the segmental relaxation time, it is reasonable to CGP association mod€lcan be used to describe the thermo-

speculate that PVPh might behave like a physically cross-linked dynamics of polymer blends with hydrogen bonding, which can

250 2h partially soluble

network. Therefore, we attribute the curvature of ®gvs log be written using the following scheme:
G" plots in the terminal region of PVPh, observed in Figure 4,
to the presence of self-association in PVPh. B +B~—— B;

Before leaving this section, we wish to point out that, earlier, Self-association
Han and co-workef87°have shown that the 10§’ vs log G" B4 B——= B

. . . . h 1 ht1

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 By + A)I— BuA, Inter-association

mesophase in liquid-crystalline polymers.

3.2. Strength of Specific Interaction, As Determined by where B represents phenolicOH group, A represents proton
FTIR Spectroscopy, in Four PVPh-Based Miscible Polymer acceptors, such as ether, carbonyl, and pyridine grodps B
Blend Systems. (a) Qualitative Analysis of Experimental the hydrogen-bonded dimer formed between two pherab¢d
Observations. Figure 5 gives FTIR spectra of the hydroxyl group, B, is the hydrogen-bonded multimer, ang/ is the
stretching vibration region for four PVPh-based blends. When intermolecular hydrogen bonding.
the FTIR spectra of PVPh/PVME blends (see Figure 5a) are  the cGPp association model for miscible polymer blends with
compared with the FTIR spectrum of neat PVPh, we observe hydrogen bonding can be summarized as folféws
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 d. = |[1- 2 & 1
3320 cnTl. Zhang et aP? pointed out that the difference in B B Ke/  Kg (1 - Ky@p)?
wavenumberAvy) 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, K, K, 1
the large value ofAvy (~210 cnT?) in PVPh/PVME blends DPp = Pp, T KaPp Py, (1 - K_) + K_Wq)]
indicates that hydrogen bonding between PVME and PVPh is B B BB 2)
stronger than the self-associatioh = 150 cnt!) among
PVPh repeat units. where ®g and @, are the volume fractions of components B

Referring to the FTIR spectra of PVPh/PVAc blends (see gng A, respectively, in the blen@g, and®a, are the volume
Figure 5b), the shoulder of the free hydroxyl group (35309mM  fractions of free B and A groups, respectively, ane Va/Vs
becomes undetectable, while the absorption band centered alyith Va4 and Vs respectively being the molar volumes of
3380 _chTl is shifted to a highe_r wavenumber (3_45861){.1 Thi_s ~ components A and B<,, Kg, andKa appearing in eqs 1 and 2
shift in wavenumber is attributable to the interassociation e equilibrium constants, the definitions of which in terms of

bgtween F.‘VPh and PVAc through hydrogen bqndjng. The the hydrogen-bonded h-mer are given in the Supporting
difference in wavenumber between the interassociation due t0,,tormation corresponding to association, which can be deter-
hydrogen bonding in PVPhl/PVAC. blends and the free hydroxyl mineq from FTIR spectroscopic measurements of a dilute
group is aboutkvy, = 72 cnT™ (a shift from 3530 to 345§crﬁ), solution of low-molecular-weight analogue compounds (model
Whl,clh is smaller than the Sh.'ft n V\(avenumbeng = 150 compounds). For examplK,; andKg for PVPh were determined
cm ) due to the self-association in PVPh. Therefore, the ¢ the equilibrium constants for dilute solutions of phenol in
hydrogen bonding in PVPh/PVAc blends is weaker than that cyclohexané! Equations 1 and 2 give relationships between
in neat PVPh. the composition@ and®g) of a blend and the distribution of

.Referring to the FTIR spectra qf PVPh/P2VP. blends (see species presentiis, and®a,). The fraction of free B molecule
Figure 5c), as the P2VP content in the blends increases, the(fFB) can be determined frof

intensity of the free hydroxyl band at a wavenumber of 3530
cm~1 decreases, indicating that more free hydroxyl groups in

Ka®@n,
r

1)

PVPh are hydrogen bonded with the pyridine groups in P2VP. 1-— & + ﬁ 1

Furthermore, the center of absorption band for the broad Kg| Kg|(1—Kg®Pg) | 1
hydrogen bonding is shifted from 3380 to 3135<¢when the feg = K K K ®
content of P2VP increases to 60 wt %, yieldingy = 395 g2\ 2 1 (1 LA Al)
cml. The large shift in wavenumber signifies a strong Kg Kg a- KBCDBl)Z r

intermolecular hydrogen bonding between PVPh and P2VP. 3)
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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 pP2vP P4VvP hydrogen-bonded dimer hydrogen-bonded multimer
Va (mL/mol) 70.0 55.3 84.9 84.9 Vg = 100.2 (mL/mol)
Ahga (cal/mol) —4000 —5400 —5900 —6000 Ahp; = —5600 (cal/mol) Ahg = —5200 (cal/mol)
KS 57.5 88.3 500 598 K5=21.0 Kg=68.0

and the fraction of hydrogen-bonded A grougga) can be
determined fror?

P A,
D,

The derivations of eqs-13 are given in the Supporting

fBAzl_fFA:(l_ 4)

Information. The temperature dependence of equilibrium con-

stantsK; can be expressed by

K. =K?°

®)

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

absolute temperaturgé® (usually taken as 298 K)R is the
universal gas constant, anxh; is the molar enthalpy of the

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/ PVACc blends
fes 0.062 0.089 0.116 0.143
fea 0.156 0.345 0.507 0.628
PVPh/PVME blends
frs 0.051 0.073 0.101 0.132
fea 0.126 0.293 0.462 0.599
PVPh/P2VP blends
fes 0.019 0.039 0.090 0.134
fsa 0.202 0.506 0.785 0.879
PVPh/P4VP blends
B 0.016 0.034 0.087 0.134
fea 0.207 0.517 0.803 0.893

formation of individual hydrogen bonds. Using eq 5, we can necessary for the calculations of various quantities described

calculate the equilibrium constant§,( Kg, andK,) at different

above are summarized in Table 4, which are taken from the

temperatures. For example, for 20/80 PVPh/P4VP blend at 100literature®18283The values of the equilibrium constants and the

°C, we haver = 0.849,d, = 0.8, anddg = 0.2. From eq 5
we obtainK, = 3.14,Kg = 11.65, andK, = 78.10.

For given blend compositionsbg and ®,) and values of
equilibrium constantsKj, Kg, andKa), we can calculat&g,

molar enthalpy of the formation of hydrogen bonds in PVPh/
P4VP blends reported in the literature are different depending
on the source% 87 In the present study we used the average
valuesAhga = —6000 cal/mol an&a = 598 for PVPh/P4VP

and ®@,, from egs 1 and 2. Then, substituting the calculated blends, and we uselda = 500 for PVPh/P2VP blend$.We

values ofdg, and ®,, into egs 3 and 4, the quantitiés; and

estimated the value of the molar enthalpy of the formation of

fsa can be calculated. The numerical values of the parametershydrogen bonds in PVPh/P2VP blends to Mesx = —5900
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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) Awr, (°C) Tgm (°C) Awr, (°C) Tgm (°C) Awr, (°C) Tgm (°C) Awr, (°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

cal/mol (because the specific interaction in PVPh/P2VP blends is 152 °C for PVPh/PVAc blends, 199C for PVPh/PVME
is slightly weaker than that in PVPh/P4VP blends). The blends, 83°C for PVPh/P2VP, and 27C for PVPh/P4VP
calculated values of the fraction of free B groups and hydrogen- blends. It should be mentioned at this juncture that earlier Kim
bonded A groups are summarized in Table 5. It can be seenet al?2 investigated the thermal transition behavior of miscible
from Table 5 that botHrg andfga increase as the amount of PS/PVME and PSKMS blend systems that have no specific
PVPh in the respective blend systems increases. A closeinteractions. They reported thAtvr, was as large as 4Z for
examination of the values dfa given in Table 5 reveals that  a certain blend composition of PS/PVME blends and as large
the stronger the specific interactions, the larger the values of as 58°C for a certain blend composition of P8&/MS blends,
fea, i.€., the more intermolecular hydrogen bonds have beenwhile ATy between the constituent components was about 120
formed. For example, at the same compositiigp, of PVPh/ °C for PS/PVME blends and about 76 for PS/RWMS blends.
P4VP blends are much larger thia of PVPh/PVAc blends. It is of great interest to note from the above observations
The procedures used to calculate the fraction of the hydrogenthat values ofAwy, for PVPh/PVAc and PVPh/PVME blends
bonds formed for the four PVPh-based miscible polymer blends are much smaller than those of PS/PVME and B$IB blends,
are described in the Supporting Information. in spite of the fact that values afTym for PVPh/PVAc and

3.3. Strength of Hydrogen Bonds, As Determined by DSC, PVPh/PPVME blends are much larger than those for PS/PVME
in Four PVPh-Based Miscible Polymer Blend SystemsThe and PS/BMS blends. In other words, the magnitude/ot gy
glass transition of all four PVPh-based blend systems has beerbetween the constituent components in the PVPh-based blend
studied using DSC. Figure 6 gives DSC thermograms of four systems with hydrogen bonding does not seem to be correlated
different blend compositions for each blend system investigated. to the magnitude oAwr,. The above observations lead us to
A broad, single glass transition for each blend composition is conclude that the PVPh-based blend systems with hydrogen
observed in Figure 6, in which the arrow upward denotes the bonding have smaller values ofwyr, than the PS/PVME and
onset point (i), the symboH- denotes the midpoinf{,), and PS/RAMS blend systems without specific interaction reported
the arrow downward denotes the end poifig) of the glass by Kim et al?? As summarized in the Introduction, the current
transition. A singleTg, though broad, indicates that each blend consensus, though strictly empirical, among researchers is that
is miscible within the size scale which DSC can detect and eachthe broadness of glass transition is related to the extent of
of the four blend systems investigated is miscible over the entire composition fluctuations and dynamic heterogeneity in miscible
blend composition. Table 6 gives a summary of the glass polymer blends without specific interaction, and a failure of
transition temperatureTg) in terms of Tgyn and the width of TTS in such blend systems is associated with the presence of
glass transition temperature denoted/wr, = Tgr — Tg; for concentration fluctuations and dynamic heterogeneity. What
each blend composition of all four PVPh-based blend systemsremains to be seen here is whether such a consensus would
investigated in this study. Itis seen in Table 6 thatAver, for also be applicable to the PVPh-based blend systems with
a certain blend composition is as large as@8while theAws,
for neat components is about 1G. Notice in Table 6 that the
difference inTygm between the constituent componenSym,

(a)
PVPH
-5

0/20

60/40

40/60

2o VML 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
<I>PVPh <I)l"Vl"h

I I | | 1 1 1
-50 10 70 130190250 -50 10 70 130 190 250

Endotherm —
Endotherm —

Temperature (°C) Temperature (°C)
| [o [
g |PVPh —"'/‘/‘__ £ PVIV‘/"_‘
E 80/20 E so/zo//'///l:
< |60 = [60/40
< 40M < 40/;‘;{_/’/(6"—_-——— 1
5 ﬁ?—j_:" 5 M 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

P2V

1 | | | ] ] | <I)PVl’h <I)PVPh
40 80 120 160 200 80 120 160 200 240 Figure 7. Composition-dependent glass transition temperaturgs (
for (a) PVPh/PVAc blends, (b) PVPh/PVME blends, (c) PVPh/P2VP
Temperature (°C) Temperature (°C)

blends, and (d) PVPh/P4VP blends, in which the dashed line represents
Figure 6. DSC thermograms for (a) PVPh/PVAc blends, (b) PVPh/ a linear behavior, the open symbol3)(denote experimental data, and
PVME blends, (c) PVPh/P2VP blends, and (d) PVPh/P4VP blends. the filled symbols @) denoted predicted values from eq 6.



Macromolecules, Vol. 41, No. 6, 2008

Table 7. Parameters Used To Predict the Composition Dependence o

Rheology of Miscible Polymer Blends2111

m 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 Mg = 120.2
Toa (CC) 28 -19 97 153 Tys = 180°C
ACpa (call(g K)P 0.108 0.142 0.156 0.156 ACys = 0.128 cal/(g K)

aExperimental datal Obtained by the heat capacity group contribution mefi§od.

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 determindd (accurately statedgm)
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 determine@y, 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 grotf§8°7 suggested expres-
sions for relationships betweedry and blend compositions in
miscible polymer blend systems; some expressions are for
miscible polymer blend systems without specific interactfof3
and others are for miscible polymer blend systems with specific
interaction$3.94-97 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 &l according to
which we have the following expression:

Xy Toa+ KXaTyg

T X KX )

+ XX

agm

in which Tym is the midpoint of glass transition temperature, as
determined from a DSC thermogram (see Figurex@)andXg

are the mole fractions of components A and B, respectively,
with the subscript B referring to the self-associating component
(PVPh in the present studyga andTyg are the glass transition
temperatures of components A and B, respectively, l&nis

the ratio of heat capacityKo = AC,e/ACpa) wWith ACys and
ACpa being the heat capacities of components A and B,
respectively, andj is defined by

Xe{ [Hg™" Tam [Hs™" T T AH,™
XaXg(Xa + KoXg)ACpn

q=—

XBnBAhB{[pr]Tgm - [pr]TgB} + ngAhg[pgg — pr]Tgm + Ny AhgA[Peal Tym

XaXg(Xa + KgXg)AC,

@)

The definitions and the physical meanings of the various
parametersHg™!, AHm™%, na, Ns, Ahg, Ahga, Pgs, Psa, and
pgg) appearing in eq 7 are given in the Supporting Informa-
tion. Equation 6 predicts both positive and negative deviations
from the linear mixing rule. Fog = 0, eq 6 reduces to the
well-known Gordon-Taylor equatior® For the derivation of

eq 7, the readers are referred to the original p&p&able 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

—XaneAhe{[PRalt,,— —NeAhg[Pes = —naAhga-
[P el PaalTen [PeAlTn
PVPh/PVACc
20/80 0.22 —6.35 5.31
40/60 0.74 —8.54 7.52
0/40 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

gives numerical values of the parametevik ( Tga, andACpa)

for PVAc, PVME, P2VP, P4VP, and PVPh that are needed to
predict the composition dependenceTgf, using eq 6 with the
aid of eq 7.

Earlier, Kwef4 proposed an expression that has the same form
as eq 6, buKy and g in the Kwei expression are adjustable
parameters. Kwei then suggested that the empirical parameter
g 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-dependetefined
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)(BnBAhB{[pr]Tgm -
[PaelT,et) describes the difference in self-association of PVPh
between two different temperatures, one at the midpoint of blend
glass transition temperaturgy, and another at the glass
transition temperature of neat PVPfg; i.e., this term represents
the effect of temperature on self-association. The second term
(—ngAhg[pss — pr]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
(—nAAhBA[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
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Table 9. Values ofq Calculated from Eq 7 for Four PVPh-Based Blend Systems Investigated in This Study

composition (wt %) PVPh/PVACc 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

is much smaller than that of the other terms, indicating that the Supporting Information.

effect of temperature on self-association makes rather small What is of great interest in Figure 7 is that, among the four
contributions to the overall values qfdefined by eq 7. (2) For ~ PVPh-based blend systems investigated, PVPh/P4VP and PVPh/
the PVPh/PVAc blend system, the magnitude of the second termpP2VP blend systems have positive deviation from linearity,
on the right-hand side of eq 7 is comparable with or slightly while PVPh/PVAc and PVPh/PVME blend systems have
larger than that of the third term, the two terms having opposite slightly negative deviation from linearity. Notice that the PVPh/
signs. This observation suggests that valueg (fe., the sum P4VP blend system has a larger deviation from linearity as
of the three terms in eq 7) can be even negative for the blendscompared with the PVPh/P2VP blend system.

having less than say about 50 wt % of PVPh in PVPh/PVAC 3 4. Linear Dynamic Viscoelasticity of Four PVPh-Based
blends, indicating that the self-association of phenel@H Miscible P0|ymer Blend Systems |nvestigateda) Construc-
group in the blends would be predominant over the intermo- tion of Reduced Plots of Dynamic Moduli, Composition
lecular attractive interactions between the constituent compo- Flyctuations, and Time—Temperature Superposition.Figure
nents. Under such circumstancesdefined by eq 7 does not g gives plots of loga' vs logw and logG" vs logw for 20/80
reflect the strength of intermolecular attractive interactions in pyph/PVME blend at various temperatures ranging from 29 to
miscible PVPh/PVAc blends. (3) For low concentrations of 79°C. Similar plots were obtained for other blend compositions,
PVPh in the PVPh/PVME blend system, the magnitude of the pyt they are not presented here owing to the limited space
third term, having a positive sign, on the right-hand side of eq available. It is seen in Figure 8 that baBi andG" decrease

7 are slightly larger than that of the second term having a with increasing temperature. To obtain temperature-independent
negative sign, and the magnitude of the third term becomes generalized (reduced) plots for the dynamic loss mod@ts

larger with increasing concentration of PVPh. This observation log G" vs logw plots given in Figure 8 were shifted along the
indicates that intermolecular attractive interactions between the ,, axis to overlap the log3" vs log w plots at a reference

constituent components in PVPh/PVME blends become pre- temperaturd;, = Tgm + 50 °C, with Ty being the midpoint of
dominant over self-association of PVPh in the blends. (4) For

the PVPh/P2VP and PVPh/P4VP blend systems, the magnitude 106

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, e

having a negative sign, over the entire blend composition. This £ o0

observation indicates that the intermolecular attractive interac- o

tions between the constituent components are predominant over 10°

the self-association of PVPh in the PVPh/P2VP and PVPh/P4VP 102 ‘ 10 '

blend systems. 102 10 10° 10" 102 102 107 10° 10" 102
Table 9 gives a summary of the valuesgodlefined by eq 7 o (rad/s) o (rad/s)

as a function of composition for all four PVPh-based miscible rigyre 8. (a) LogG' vs log plots and (b) log" vs log plots for
blend systems investigated. Note in Table 9 that the sigm of 20/80 PVPh/PVME blend at various different temperatuf&:( (O)
can be positive or negative, depending on the sign and the29, (1) 39, @) 49, (v) 59, (©) 69, and ©) 79.

magnitude of the three terms appearing on the right-hand side

3
of eq 7 (see Table 8). For low concentrations of PVPh (e.g., 20 :gz (@) :gz (b)
wt %), since PVPh is surrounded by large amounts of non-self-
> o 10! 10!
associating component, the effect of self-association of PVPh o o
. X . < 10° < 10°
on the values of would be small. In this situation, the value . 10
of g reflects the contribution of interassociation and then a large 102 102
positive value ofg indicates strong intermolecular attractive 100 100
interactions in a miscible polymer blend. It can be seen clearly 302010 0 10 20 30 40 -30-20-10 0 10 20 30 40
from Table 9 that 20/80 PVPh/ P4VP blend has a large positive T-T,(C) T-T, (°C)
value ofg, while 20/80 PVPh/PVAc has a negative valuegof
Therefore, we can rank the strength of attractive interactions 10° © 10° @
(SA) in the foIIowing order: SAvphpave > SApvphipave 102 107
> SApvphpvME > SApvphipvac This  observation is 10! ) 10!
consistent with that made from the FTIR spectra given in Figure & 100 = 10°
5. 10" 10"
We predicted, via eq 6, composition-dependiyj, and they 10° 10*
ized in Fi 1 i i 10° 103
are summarized |n_F|gure 7 (f_lIIed s_ymbols), in whlch_ the_ dashed 302010 0 10 20 30 40 302010 010 20 30 40
line represents a linear relationship and the solid line is drawn T-T.(C) T=T. (C)

through the predicted values to guide the eyes. It can be seen

from Figure 7 that the predicted composition dependence of Figure 9. Plots ofarvs T — T, with T, = Tgm + 50 °C as the reference
T for ?he four PVPh-bgsed miscible pol mer bI(fnd svstems temperature for (a) PVPh/PVAc blends, (b) PVPh/PVME blends, (c)
gm u IScibie poly Y PVPh/P2VP blends, and (d) PVPh/P4VP blends at various blend

is in good agreement with experimental results. The details of compositions: ©) 0/100, () 20/80, () 40/60, ) 60/40, €) 80/20,
the procedures employed to calculdiig, are given in the and Q) 100/0. The solid line represents a fit to the WLF expression.
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Table 10. WLF Constants for Four PVPh-Based Blend Systems difference in the temperature dependence of@bgs log arw
Investigated in This Study plots between the miscible PVPh/PVME blend system with
blends C1 C2 (°C) hydrogen bonding investigated in this study and the miscible
PVPh/PVAC blends 774 105.88 PS/PVME blend system without specific interaction reported
PVPh/PVME blends 8.81 140.23 by Ajii et al.’617 and Kapnistog! Yang et al*! observed that
PVPh/P2VP blends 6.76 101.59 the logar vs T plots were independent of blend composition
PVPh/PAVP blends 514 86.49 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 inTy, ATy, between the constituent components of
PMMA/PSAN blends is relatively smalk20 °C) while PVDF

in PMMA/PVDF blends is a semicrystalline polymer. According

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 alongdhexis, which
is temperature dependent, is commonly referred to as shift factor
ar.

Figure 9 gives plots of logr vs T — T, with T, = Tgm + 50
°C for the four PVPh-based miscible polymer blend systems,
in which symbols represent valuesafthat were obtained by
shifting log G" vs log w plots along thew axis with T, = Tym
+ 50 °C for each blend. The solid lines in Figure 9 are
theoretical predictions from the WLF expressidn

—C(T-T) ®)
C2 + (T — Tr) 10°10210'10°10' 10% 10° 10°10210110°10' 10% 103
apo (rad/s) ago (rad/s)

loga; =

In obtaining the solid lines in Figure 9, the consta@{sandC,

in eq 8 were determined by fitting the experimentally determined
ar 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 logr vs T — T, 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 logarw and logG" vs logarw plots are given in 10-10210-'10° 10" 102 10° 1031021011010 102 10°
Figure 10a for 20/80 PVPh/PVME blend and in Figure 10b for ago (rad/s) 2,0 (rad/s)
60/40 PVPh/PVME blend at various temperatures Witkr Ty
+ 50 °C, for which values o&r 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 I& vs log arw 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 I&) vs logarw 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 logarw and logG" vs logarw plots are given in Figure
10c for 20/80 PVPh/PVAc blend and in Figure 10d for 60/40
PVPh/PVACc blend at various temperatures with= Tym + 50
°C.

Log G' vs logarw and logG" vs logarw 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 Wit Tgm

10°10210'10°10' 10% 10° 10210 10° 10' 10* 10°
a1 (rad/s) a0 (rad/s)

102

+ 50°C. Log G' vs logarw and logG" vs log arw plots are 10210 10° 107 10° 10° 102107 10° 107 10° 10°

given in Figure 10g for 20/80 VPh/P4VP blend and Figure 10h g0 (rad’s) g0 (rad’s)

for 60/40 PVPh/P4VP blend at various temperatures Witk Figure 10. Plots of logG' vs logarw (open symbols) and log" vs
Tgm+ 50°C. Itis clearly seen in Figure 16 that the logG' log arw (filled symbols) with T, = Tgm + 50 °C as the reference

vs logarw plots for all four PVPh-based miscible blend systems tgg)pe(gtu.r()a E%r: (ia) AZ)O:/)’%O E‘Vi?/fg/ '\(/IVE El)egg azgva’n)o gg tzwg’ %ratures

show temperature independence, indicating that TTS works. @) 79; (b) 60/40 PVPh/PVME blend at various temperatuf&y:( (O,
After each rheological measurement we confirmed that no cross-e) 102, (1, 4) 122, 0, B) 132, (7, v) 142, ©, 4) 152, and ©, @)
linking reaction took place in all four PVPh-based miscible 162; (c) 20/80 PVPh/PVAc blend at various temperatuf€y:( (O,

: P : i @) 74, (A, A) 84, (O, W) 94, (v, ¥) 104, ©, #) 114, and O, @) 124;
polymer blends, whose linear dynamic viscoelastic properties (d) 60/40 PVPh/PVAC blend at various temperaturey{ (O, 8)131,

are summarized in Figure 10. (a, 4) 141, O, W) 151, (7, ¥) 161, and ©, #) 171 () 20/80 PVPh/
Earlier, Ajii et al1®17and Kapnisto# reported that the log ~ P2VP blend at various temperaturé€): (O, ®) 151, (A, a) 161, (0,
G' vs logarw plots in the terminal region of miscible PS/PVME W) 171, v, v) 181, (©, #) 191, and ©, ®) 201; (f) 60/40 PVPh

blends without specific interaction varied with temperature and P2VP blend at various temperaturég): (O, ®) 191, (», ) 201, (0,
had a curvature pn the terminal region. The a thoF;s concluded W) 211, (v, v) 221, and ¢, #) 231; (g) 20/80 PVPh/PAVP blend at
urvature | ! gion. u u various temperatures@): (O, @) 209, (», A) 219, 0, W) 229, and

that TTS failed for the PS/PVME blends because®gys log (v, w) 239; (h) 60/40 PVPh/P4VP blend at various temperatti@ (
arw plots varied with temperature. Notice that there is a clear (O, ®) 222, (, a) 232, O, W) 242, and ¢, ¥) 252.



2114 Yang and Han Macromolecules, Vol. 41, No. 6, 2008

to the observations made by Pathak et3and Friedrich et
al.3” TTS would work for miscible polymer blends without
specific interaction wheATy 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 becaus&Ty = 152 °C for PVPh/PVAc blendsATy =
199°C for PVPh/PVME blendsATy = 83 °C for PVPh/P2VP
blends, andATy = 27 °C for PVPh/P2VP blends. That is, in
spite of the large differences iNTy among the four PVPh-
based miscible blend systems, leg vs T — T, plots are
independent of blend composition (see Figure 9) anddogs

log arw 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; PSHMS blends; PI/PVE blends) 10 10° 105 108 00 100 105 10°
is associated with the presence of concentration fluctuations and G" (Pa) G" (Pa)

dynamic heterogeneity, we are then led to conclude that the Figure 11. Log G' vs logG" plots for: (a) 20/80 PVPh/PVAG blend

extent of concentration fluctuations and dynamic heterogeneity 4t gifferent temperature€@): (O) 74, (») 84, @) 94, (v) 104, ©)
in the four PVPh-based miscible blend systems with hydrogen 114 and, ©) 124; (b) 40/60 blend at different temperature8) (O)

bonding might be very small, if not negligible, because TTS 100, (+) 110, ) 120, () 130, (>) 140, and ©) 150; (c) 60/40 blend
works. at different temperatures@): (O) 131, () 141, ) 151, () 161,

and ) 171; (d) 80/20 blend at different temperatureg){ (O) 162,
Notice in Figure 10ah for the PVPh-based miscible blends (2) 172, O) 182, /) 192, and ©) 202.

that the logG' vs logarw 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&l?

and Kapnistog! who observed temperature dependence of log 100 10° 105  10° 100 10 105  10°
G' vs log atw 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 arw 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 atw 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 Figure 12. LogG' vslogG" plots for: (a) 20/80 PVPh/PVME blend
: ; at different temperatures@): (O) 29, (») 39, @) 49, (v) 59, ©) 69,
correlation obtained, we have prepared enlarged plots of log and ©) 79; (b) 40/60 PVPh/PVME blend at different temperatures

G' vs logarw and logG" vs log arw for 60/40 PVPh/PVME (°C): (O) 54, (r) 64, O) 74, (v) 84, (©) 94, and Q) 104; (c) 60/40
and 60/40 PVPh/P2VP blends at various temperatures. TheyFI’__\llPlhz/;’V(g/I)Elglzergg)alt‘ldziffz:%né ;elr?_)gr_ezgsusrgg% F()C\)/)P%I?F%\,/ﬁzzlbllghd
gre designated as Figures S4 and S5 and are given in thefat)differlent o rasa () Tt Ay 146, ) 186, &) 166
upporting Information. We have found little difference in the ;4 ©) 176.

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 veryblends' in Figure 12 for P_VPh_/PVME blends, in Figure 13 for
sensitive to shifting, we also prepared log s log arw PVPh/P2VP blends, and in Figure 14 for PVPh/P4VP blends.

plots, together with logs' vs log arw and logG" vs log arw In Figures 1314 there are three common features in all four
plots, for PVPh/PVAc, PVPh/ PVME, PVPh/P2VP, and PvPh/ PVPh-based miscible polymer blend systems: (1)0gs log
P4VP blends. They are designated as Figures S6, S7, S8, an§ Plots are independent of temperature over the entire range
S9 and are given in the Supporting Information. We have found of temperatures investigated, (2) the curvature of@®gs log

little difference in the sensitivity to shifting between log tan G plots in the terminal region becomes progressively pro-
vs log arw plot and logG' vs log arw plot, and between log ~ nounced as the amount of PVPh in each blend is increased from
tand vs logarw plot and logG" vs logarw plot, leading us to 20 to 80 wt %, and (3) the temperature independence olog
conclude that application of TTS is warranted for the four PVPh- vs log G" plots is very similar to the corresponding I&j vs
based miscible polymer blend systems investigated in this study.log arw plots, especially in the terminal region.

100 10 105 10° 100 10° 105 10
G" (Pa) G" (Pa)

100 10* 105 10 100 10* 105 106
G" (Pa) G" (Pa)

(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
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Figure 13. Plots of logG' vs logG" for: (a) 20/80 PVPh/P2VP blend
at different temperatures@): (O) 151, (») 161, @) 171, () 181,
(©) 191, and ©) 201; (b) 40/60 PVPh/P2VP blend at different
temperatures’C): (O) 176, (») 186, (O0) 196, () 206, ) 216, and
(©) 226; (c) 60/40 blend at different temperaturg8) (O) 191, )
201, @) 211, (v) 221, and ¢©) 231; (d) 80/20 blend at different
temperatures’C): (O) 201, (1) 211, ) 221, () 231, and ©) 241.
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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, (r) 219 @) 229, ad ¥) 239; (b) 40/60 PVPh/P4VP
blend at different temperature¥Q): (O) 216, (») 226, ) 236, and

(V) 246; (c) 60/40 PVPh/P4VP blend at different temperatuf€y: (
(0) 222, (n) 232, @) 242, and ¥) 252; (d) 80/20 PVPh/P4VP blend
at different temperatures@): (O) 216, ) 226, () 236, and v)
246.
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Let us consider the origin of curvature in the terminal region
of log G' vs logG" plots given in Figures 1114. The factors
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the terminal region of log' vs logG" plots. Then, the curvature

in the terminal region of logs' 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 I&g vs log G" plots
to the self-association of phenolieOH groups in PVPh (see
Figure 1 for FTIR spectrum of PVPh). According to Han and
co-workers’®79the temperature independence of [Bgvs log
G" plots signifies little or no morphological change occurring
in a polymer (or polymer blend) over the range of temperatures
investigated, while log>' 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 al1617 reported that logs' 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 10§’ 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 [Bgvs 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 logG' 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 Akiyam&® reported on the linear dynamic viscoelas-
ticity of PVPh/PVME and PS/PVME blend systems. They
observed that logr vs T — T; plots were virtually identical,
and the slope of log' vs logarw 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

that could have caused curvature in the terminal region of log between PVPh/PVME blends and PS/PVME blends. Figure 15

G’ vs log G" plots are (1) cross-linking, (2) dynamic hetero-

gives (a) logG' vs logarw plots and (b) logs' vs logG"' plots

geneity, and (3) intermolecular attractive interaction (hydrogen for 60/40 PVPh/PVME blend at various temperatures ranging

bonding). If there had any cross-linking in any of the four PVPh-
based miscible blends, temperature-independenGlogs log

from 102 to 162C (the open symbols) and for 60/40 PS/PVME
blend at various temperatures ranging from 58 to°@8(the

G" pots could not have obtained and thus TTS should have filled symbols). It should be mentioned that the binodal curve

failed. However, from Figures 114 we can conclude that TTS

for the PS/PVME blends, which exhibit lower critical temper-

works for all four PVPh-based blend systems. Therefore, cross-ature (LCST), lies far above F&. It is clearly seen in Figure
linking of PVPh cannot be a reason for the curvature in the 15 that the linear dynamic viscoelasticity between the two blends

terminal region of logG' vs log G" plots. It was reported that

are quite different while both blends show temperature inde-

the PVPh/P4VP blends, for instance, were miscible even on pendence. First, both 10G' vs log arw and logG' vs log G”

the scale of 23 nm/! suggesting that dynamic heterogeneity

plots of 60/40 PVPh/PVME blend do not overlap those of 60/

may not be a source that gives rise to the curvature observed ir40 PS/PVME blend, clearly at odds with the results reported
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Figure 15. (a) LogG' vs logarw plots with T, = Tgm + 50 °C as the
reference temperature for 60/40 PVPh/PVME blend at various tem-
peratures9C): (0) 102, (p) 122, () 132, (v) 142, £) 152, and ©)

162, and for 60/40 PS/PVME blend at various temperatf@}x ((®)

58, (a) 68, @) 78, (v) 88, and #) 98. (b) LogG' vs logG" plots for
60/40 PVPh/PVME blend at various temperatur&s){ (O) 102, (n)

122, O) 132, (v) 142, €) 152, and @) 162, and for 60/40 PS/PVME
blend at various temperatureXC|): (®) 58, (a) 68, @) 78, (v) 88,

and (@) 98.

by Akiba and Akiyama? Next, in the terminal region of both
log G' vs logatw and logG' vs log G" plots the 60/40 PS/
PVME blend has a slope very close to 2 (the filled symbols),
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Figure 16. Plots of logno vs weight fraction of PVPh (wen) 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.

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 viscosityof) vs blend
composition prepared af, = Ty + 15 °C went through a
maximum at a weight fraction of PEQvgego) of about 0.2 and
then a minimum atvpgo ~ 0.25.

Figure 16 gives plots of logo, vs weight fraction of PVPh
(Wpvpr) prepared all, = Ty + 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 ofyo, for the PVPh-based miscible blends, in contrast
to the results reported by Cai et’8\We are of the opinion that
the seemingly anomalous composition dependencgy gfof
the PVPh/PEO blends observed by Cai et al. might be
attributable to the choice g very close to th@j of the blends,
ie, T, =Ty + 15°C.

whereas the 60/40 PVPh/PVME blend shows curvature (the 4 Concluding Remarks

open symbols). The obvious differences between the present

study and the previous study of Akiba and Akiydfare the
molecular weights of the polymers employed; namely in the
study of Akiba and Akiyam& M,, = 5.0 x 1C® for PVPh,M,,

= 7.42 x 10* for PVME, andM,, = 5.0 x 10° for PS, while in
the present studil,, = 2.16 x 10* for PVPh,M,, = 1.64 x

1C° for PVME, andM,, = 1.32 x 10° for PS. Nonetheless, we
cannot reconcile the differences observed in bothGogs log
arw and logG' vs log G" plots between the two studies. It
should be pointed out that 108’ vs log G" plots are expected

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 phenolieeOH 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.

to be independent not only of temperature but also independent We have found that log' vs log arw and logG"” vs log

of molecular weight for entangled homopolymé?&.In the

arw plots and also logs' vs log G" plots for all four PVPh-

present study we have presented, via FTIR spectra (see Figurdased blend systems show temperature independence. Further,
5a), clear evidence of the formation of hydrogen bonds betweenwe have found that plots of logrw vs T — T, with T, being a

the constituent components in the PVPh/PVME blends em-

reference temperature show composition independence in all

ployed. Note that no specific interaction is expected between four PVPh-based blend system investigated, in spite of very

PS and PVME in PS/PVME blend.
Cai et al’® reported the linear dynamic viscoelasticity of

large differences in the component glass transition temperatures
of the constituent component&Ty), including the PVPh/PVME

PVPh/PEO blends. Note that PVPh and PEO are known to beblend system having the value d&Ty as large as 199C.

miscible for PEO content less than about 60 wt % and form
hydrogen bond&101Cai et al. observed that plots of I vs
log arw and logG" vs log arw with T, = Tgm + 15 °C was
independent of temperature and the slope of@gs log arw
plots in the terminal region was much smaller than 2. Such

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

experimental results are very similar to those (see Figure 10) miscible polymer blends investigated in this study, we can
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conclude that the effects of concentration fluctuations and On the other hand, we know from the FTIR spectra (see
dynamic heterogeneity on the rheological behavior of the Figure 5) and the composition dependencé@pfsee Figure 7)
miscible polymer blends might be very small, if not negligible. that P4VP forms stronger intermolecular hydrogen bonds with
This conclusion is a distinguishing rheological characteristic PVPh, for example, in 60/40 PVPh/P4VP blend than with
between the miscible polymer blends with specific interaction PVME in 60/40 PVPh/PVME blends. From the calculation of
(hydrogen bonding in the present study) and the miscible the fraction of hydrogen bonds formed in the 60/40 PVPh/P4VP
polymer blends without specific interaction. The apparent blend, we find that about 80% (see Table 5) of the pyridine
absence or negligibly small concentration fluctuations and groups in P4VP are associated with the phenel@H groups
dynamic heterogeneity in the four PVPh-based miscible polymer in PVPh. Further, the fraction of self-associated phenel@H
blend systems with hydrogen bonding can be attributed to the groups in 60/40 PVPh/P4VP blend is only about 38%, and about
presence of self-association (intramolecular interactions) and/3% of phenolic-OH groups in PVPh is hydrogen-bonded with
or interassociation (intermolecular attractive interactions) be- the pyridine groups in PAVP. As a resullt, the curvature in the
tween the constituent components. It seems very reasonable t¢€rminal region of logs’ vs log G" plots of 60/40 PVPh/P4VP
speculate that strong intermolecular attractive interactions would Pleénd is attributable primarily to the interassociation (intermo-
suppress concentration fluctuations in miscible polymer blends '€cular hydrogen bonding) between the pheneloH groups
forming hydrogen bonds. in PVI_Dh_ano_I the py_rldlne groups in P4VP, although some self-
. . . association is also involved. Similar arguments can be made to
However, we have observed curvature in the terminal region py,pp/pyac and PVPh/P2VP blend systems investigated in this
of log G’ vs logG" plots for all four PVPh-based blend systems study.
investigated, and the severﬁty of curvqture becomgs more n"summary, for the first time, we have presented experi-
pronounced as the concentration of PVPh in the respective blendyenta| results, demonstrating clearly a distinction in linear

systems is increased. Specifically, for blends with low concen- gynamic viscoelasticity between the miscible polymer blends
trations of PVPh (e.g., 20 wt %), since PVPh is surrounded by \yith specific interaction (hydrogen bonding in the present study)
large amounts of non-self-associating component, the fraction gng the miscible polymer blends without specific interaction.
of self-association of phenolie-OH groups would be very

small, and thus most of the phenolieOH groups form the Supporting Information Available: Summary of the Cole-
intermolecular hydrogen bonds and the blends are miscible. man—Graf—Painter association model for the analysis of hydrogen
However, because of the low concentration of PVPh, the numberbonding in miscible polymer blends with specific interactions;
of hydrogen bonds in such blends may not be sufficiently large. Summary of the thermodynamic theory of Painter and co-workers
We have shown (see Table 5) that the fraction of hydrogen- for predicting the composition dependence of glass transition

. . temperature of miscible polymer blends with specific interactions;
~ 0,
bonded phenolic groups—Q©H) is small (about 20%). As a enlarged plots of logs' vs log arw and logG" vs log ara plots

rgsult, the_ e_ffect of specific interactions on the linear dynamic ¢, 50/40 PVPh/PVME and 60/40 PVPh/P2VP blends at various
viscoelasticity would be small, and consequently the curvature temperatures; plots of loss angle vs reduced angular frequency (i.e.,
in the terminal region of lo@' vs logG" plots is not discernible. log tano vs log arw plots), together with logs' vs log arw and
However, as the concentration of PVPh is increased, there arelog G" vs logarw plots, for the four PVPh-based miscible polymer
not only intermolecular hydrogen bonding but also self- blend systems investigated in this study. The material is available
association of phenolie-OH groups. Hydrogen-bonding en-  free of charge via the Internet at http:/pubs.acs.org.

hances the friction between different segments. Thus, very strong
intermolecular interactions between the constituent components
in such miscible polymer blends may suppress concentration (1) Israelachvili, J. N.Intermolecular and Surface Forcegnd ed.;

; i ; Academic Press: New York, 1991.
fluctuations and dynamic heterogeneity. It can then be concluded (2) Huyskens, P. L. Luck W. A P.. Zeegers-Huyskens, T.. Eds.:

that the Cu.rvature in the terminal regiO.” of Iﬁj. vs log G”_ ) Intermolecular ForcesSpringer-Verlag: New York, 1991.
plots is attributable to both self-association and interassociation (3) Prest, W. M.; Porter, R. Sl. Polym. Sci., Part A2972 10, 1639.

in PVPh-based miscible polymer blends when concentration of (4) 15;2%"93% Rz'z;tsfje Araujo, M. AMakromol. Chem., Macromol. Symp.
PVPh exceeds a certain critical value. (5) Kim, J. K.; Han, C. D.; Lee, Y. JPolym. J.1992 24, 205.
It is worth mentioning that the balance between self- (6) Colby, R. H.Polymer1989 30, 1275.

association and interassociation in miscible polymer blends with (" ég??aaedorgensen’ J; Sondergaardpelym. Eng. Scil987 27,

hydrogen-bonding would vary depending on their relative (8) Wu, S.Polymer1987, 28, 1144.
strength of hydrogen bonding. Let us consider, for illustration, (9) Han, C. D.; Kim, J. KMacromoleculesi989 22, 1914.

. (10) Han, C. D.; Kim, J. KMacromoleculed 989 22, 4292.
the 60/40 PVPh/PVME blend. From the calculation of the (1) Yang, H. H.. Han, C. D.: Kim, J. KPolymer1994 35, 1503.

fraction of hydrogen bonds in this blend, we find that about (12) Kim, E.; Kramer, E. J.; Wu, W. C.; Garrett, P. Polymer1994 35,
46% of the ether groups in PVME are associated with the 5706.

i : e (13) Pathak, J. A.; Colby, R. H.; Klamath, S. Y.; Kumar, S.; Staler, R.
phenolic—OH group in PVPh (see Table 5). In addition, the Macromolecule<998 31 8988,

fraction of self-associated phenoli€OH groups is about 59%,  (14) Aoki, Y.; Tanaka, TMacromolecules1999 32, 8560.
which is much larger than the fraction (about 38%) of interas- (15) Wu, S.J. Polym. Sci., Polym. Phys. E#i987 25, 557.

sociated phenolic-OH groups. (These values are calculated (16) égi,gégg%pgg%; Prudhomme, R. EJ. Polym. Sci., Polym. Phys.

from Table 5 under the assumption that the mole fraction of (17 ajji, A.; Choplin, L.; Prud'Homme, R. EJ. Polym. Sci., Polym. Phys.
functional groups is equal to the weight fraction of the Ed. 1991 29, 1573.

i (18) Schneider, H. A.; Wirbser, New Polym. Mater199Q 2, 149.
constltu_ent components.) lt.can thgn be Conc_|Uded that the(19) Green, P. F.; Adolf, D. B.; Gilliom, L. RMacromoleculed991, 24,
predominant hydrogen bonding in this blend arises from self- 3377.
association. As a result, the curvature in the terminal region of (20) Roland, C. M.; Ngai, K. LMacromolecules1992 25, 363.

' " i (21) Kapnistos, M.; Hinrichs, A.; Vlassopoulos, D.; Anastasiadis, S. H.;
IOQ.G Vsl log .G F;IO'[S fr:)r thﬁ 60/40. P.VPhQDVMﬁ blind Ihs Stammer, A.; Wolf, B. AMacromoleculed 996 29, 7155.
attributable primarily to the self-association of PVPh rather than (22) Kim, J. K_; Lee, H. H.; Son, H. W.; Han, C. Dlacromoleculed998

interassociation in the blend. 31, 8566.
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