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ABSTRACT: The dynamics of miscible blends of poly(p-(hexafluoro-2-hydroxyl-2-propyl)styrene)
(PolyHFS) with poly(vinyl methyl ether) (PVME) and poly(2-vinylpyridine) (P2VPy) were investigated via
broadband dielectric relaxation spectroscopy (DRS). The HFS moiety forms strong intermolecular associa-
tions with proton-accepting polymers, while the steric shielding provided by the two CF3 groups minimizes
the number of self-associations. The local, glassy state relaxations of PolyHFS and PVME (or P2VPy) are
suppressed in the mixtures due to the strong intermolecular hydrogen bonding. When the number of
PolyHFS segments is approximately equal to the number of PVME segments, the local relaxation of PVME is
undetectable by DRS. Reduced functional group accessability in P2VPy blends lessens the suppression of
local relaxations. A single, broadened dynamic glass transition (R relaxation) is observed for each blend. At
temperatures above the R process, an additional relaxation is observed, R*, which is assigned to the breaking
and re-forming of hydrogen bonds as the chain relaxes. The temperature dependence of this process is related
to the strength of the hydrogen bonding and the approximate fraction of intermolecularly associated
segments.

Introduction

Hydrogen bonds have long been known to improve polymer
miscibility.1 Miscible polymer blends which do not possess
specific interactions are relatively rare, miscibility being governed
by van der Waals forces or the so-called χ parameter. In systems
where intermolecular hydrogen bonds are formed, however, the
strength of these interactions (1-10 kcal/mol) often overrides the
usual driving force for phase separation, even when the non-
hydrogen-bonding solubility parameters of the components sug-
gest immiscibility. For example, copolymerizing polystyrenewith
just a fewmole percent of poly(4-vinylphenol) (P4VPh) improves
miscibility dramatically.1

Painter and Coleman have shown that controlled steric shield-
ing of the OH functionality reduces the ability of a homopolymer
to form self-associations.2,3 Specifically, the equilibrium con-
stants describing the formation of dimers (OH-OH bonds)
and multimers (OH “chainlike” structures) have been found to
be more than an order of magnitude lower for poly(p-(hexa-
fluoro-2-hydroxyl-2-propyl)styrene) (PolyHFS, see Figure 1)
than for P4VPh, while not reducing PolyHFS’s ability to form
intermolecular associations.2 In fact, as we will show, the FTIR
wavenumber difference between the free OH band and the
intermolecularly associated OH band(s), an indication of hydro-
gen bonding strength,2,4-6 is greater for PolyHFS than P4VPh,
although this is not strictly due to steric shielding.

Previous studies of the dynamics of miscible polymer blends
exhibiting intermolecular hydrogen bonds have found that both
local7,8 and segmental9-11 relaxations are strongly influenced by
the presence of these bonds. Strong intermolecular hydrogen
bonding between proton donor and acceptor groups couples the
dynamics of the component polymers, even when the dynamic
asymmetry (difference in Tg between the components) is as large

as 150 �C. In these systems, however, many relatively strong self
(intramolecular) hydrogen bonds exist in one of the component
polymers, P4VPh.7-12 At the composition extremes, this dearth
of intermolecular associations can result in two segmental relaxa-
tions, even though the blend is thermodynamically miscible.11

This is in contrast to polymer blends lacking specific interactions,
where large differences in component Tg’s (>50 �C) result in two
easily discernible dynamic Tg’s.

13,14

The aim of the present study is to investigate the dynamics of
miscible hydrogen-bonding polymer blends with minimized self-
associations due to steric shielding. The proton donating species,
PolyHFS, forms relatively strong intermolecular hydrogen bonds
to the second component, either poly(vinyl methyl ether)
(PVME) or poly(2-vinylpyridine) (P2VPy).

Experimental Section

Synthesis. The HFS copolymer was synthesized via free
radical solution polymerization. The monomer, [1,1,1,3,3,3-
hexafluoro-2-(4-vinylphenyl)propan-2-ol] (HFS), was purchased
fromSynQuest Laboratories. Prior to use, theHFSmonomerwas
distilled to remove the stabilizing agent. A 50 vol % solution of
25 g of HFS in toluene was added to an air-free flask, along with
140 mg of azobis(isobutyronitrile), a free radical initiator. The
mixture was freeze-dried four times to remove dissolved oxygen.
An argon purge was added, and the mixture was stirred at 60 �C
for 5 h, after which the reaction was terminated by the addition of
chilled methanol. The polymer was reprecipitated from tetrahy-
drofuran (THF) intohexanesmultiple times to remove impurities.
Proton NMR was used to confirm the structure of the resulting
polymer. Gel permeation chromatography, calibrated with poly-
styrene standards and using THF as the mobile phase, estimated
the weight-average molecular weight of this polymer as 145 kg/
mol with a polydispersity of 1.6.

PVME and P2VPy were purchased from Scientific Polymer
Products, both having an approximate molecular weight of
100 kg/mol, and were purified prior to use. Each was first
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reprecipitated from THF into hexanes for P2VPy and warm
water for PVME, then redissolved in THF, and passed through
a 0.2 μm Teflon syringe filter. The homopolymers were then
dried above Tg under vacuum for several days after the solvent
had been removed. The structures of the polymers used in this
study are shown in Figure 1.

Blend Preparation. All blends were prepared by mixing the
appropriate amounts of each component with THF to form
dilute solutions (2-5%). After filtering with a 0.2 μm Teflon
syringe filter, the blends were dried aboveTg under vacuumwith
a cold trap for several days to remove solvent and moisture.
Unlike P4VPh blends,8,15 PolyHFS does not readily form a
complex with P2VPy in THF.No precipitate was formed during
mixing or subsequent drying of the P2VPy blends.

Differential Scanning Calorimetry (DSC).Thermal character-
istics were measured using a Seiko DSC220CU DSC. Each
sample was run using the following procedure: heat at 10 deg/
min to Tgþ 50 �C, cool at 10 deg/min toTg- 50 �C, and heat to
Tgþ 50 �C at 10 deg/min. The temperature was held for 5 min at
each extreme (Tg ( 50 �C) for 5 min before continuing. Tg was
taken as the midpoint of the heat capacity step from the second
heating scan.

Fourier Transform Infrared Spectroscopy (FTIR). FTIR was
conducted on a Nicolet 6700 with an attached dry air purge. A
minimum of 100 scans were averaged with a wavenumber
resolution of 2. To verify the stability of the blends at elevated
temperatures, temperature-dependent FTIR was conducted
with an attached heating cell from room temperature to tem-
peratures above those used in dielectric measurements. Heating
and cooling scans were performed to ensure phase separation
and degradation did not occur.

Broadband Dielectric Relaxation Spectroscopy (DRS). Sam-
ples were prepared for DRS measurements by solution casting
thin films from THF; 50-200 μm ((3%) thick, and 30 mm in
diameter. Brass electrodes were placed onto the surfaces of the
film to ensure good electrical contact, usually 25 and 30 mm for
the upper and lower surfaces, respectively. Silica fibers, 50 μm in
diameter, were pressed into the film with the electrodes to
maintain the sample thickness. DRS measurements were per-
formed on a Concept 40 system fromNovocontrol GmbH, over
the frequency range of 10 mHz-10 MHz. Temperature was
controlled by a Quatro temperature control system which heats
evaporated liquid nitrogen with a precision of greater than
(0.1 �C. All blends were measured over the temperature range
of -140 �C to well above the calorimetric Tg. After DRS
measurements, films were redissolved in good solvent to ensure
cross-linking did not occur at elevated temperatures.

The imaginary part (loss) of the complex dielectric function
(ε*(ω) = ε0 (ω) - iε0 0 (ω)) was fit using one or more empirical
Havriliak-Negami equations:16

ε00ðωÞ ¼ -
Xn
r¼ 1

Im
Δεr

ð1þðiωτHNrÞRrÞγr þ
σ0

ðωε0Þs ð1Þ

Δε is the strength of the relaxation and is related to the number
of dipoles contributing to the dispersion.17-19ω and τHN are the
angular frequency and relaxation time, respectively. R and γ are
the broadening and high-frequency asymmetry parameters, res-
pectively. The second term of eq 1 describes the dc conductivity,

a result of motions of impurity ions. σ0 is the frequency-
independent (dc) conductivity, ε0 is the permittivity of free
space, and the parameter s relates to the type of conduction
present.19

At temperatures aboveTg, themotions of impurity ions begin
to dominate the dielectric loss, often obscuring dipolar relaxa-
tions. With the exception of the phenomenon of electrode
polarization, motions of ionic impurities do not manifest them-
selves in the dielectric constant (ε0).19 The fundamentalKramers-
Kronig relationship states the dielectric loss and the dielectric
constant contain the same information, so one can be calculated
from the other. Since a cumbersome numerical approximation is
necessary for the Kramers-Kronig relationship to be applied,20

the derivative of the dielectric constant was used. W€ubenhorst et
al. have shown that the derivative of the real part of the complex
permittivity, or the dielectric constant, is a good approximation of
the conductivity-free dielectric loss:21,22

ε00der ¼ -
π

2

D ε0ðωÞ
D ln ω

� ε00 ð2Þ

The usefulness of this formalism is its ability to not only remove dc
conductivity from the dielectric loss, but it has also been shown to
partially resolve overlapping peaks.23 As long as the appropriate
fitting function is used (see eq 7 of ref 23) in the analysis of the
data, the derivative formalism yields results identical to the raw
dielectric loss, with the added benefit of being able to deconvolute
dipolar response from ion motion.23,24

From the relaxation time (τHN) determined by fitting eq 1 to
the dielectric loss data, or the appropriate function for the
derivative loss, the frequency maxima can be calculated from
the following:

fmax ¼ 1

2πτHN

sin
Rπ

2þ 2γ

� �

sin
Rγπ
2þ 2γ

� �
2
6664

3
7775

1=R

ð3Þ

The parameters in eq 3 are the same as those in eq 1.

Results and Discussion

DSC.All blendswere found to exhibit a single calorimetric
glass transition (see Table 1).

At select compositions, the Tg of some P2VPy blends is
between 12 and 24 degrees higher than the high-Tg compo-
nent, a result of the strong intermolecular coupling. Figure 2
displays the Tg’s of the blends as a function of composition.

FTIR. FTIR spectroscopy has been shown to be sensitive
to the various states of theOH functionality (nonbonded and
various types of bonded), exhibiting a variety of absorption
bands in the spectral region from3000 to 3650 cm-1.1 For the
HFS functionality, bands at 3602 and 3520 cm-1 have been

Table 1. Thermal Characteristics of the Blends Studied (ΔTg Is the
Breadth of the Transition)

Blend
mol % HFS

((1%)
wt % HFS
((1%) Tg ((3 �C) ΔTg ((5 �C)

P2VPy 0 0 100 10
12 25 110 20
28 50 137 21
54 75 149 15
78 90 138 14

PVME 0 0 -26 5
7 25 -11 24
18 50 9 22
38 75 61 27
69 90 80 13
100 100 125 11

Figure 1. Repeat units of the polymers used in this study.
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assigned as nonbonded or “free” OH groups and dimers and
multimers, respectively.2 It has been shown that as a second
hydrogen-bonding species is blendedwith theHFS function-
ality, an additional band (or bands) appeared, indicating the
presence of intermolecular hydrogen bonds. More impor-
tantly, it was found that the wavenumber difference between
the free OH band and the intermolecular association band is
indicative of the strength of the hydrogen bond.2,4,5 If the
absorptivity coefficient of the band in question is unknown,
however, as is the case here, only a qualitative assessment of
the hydrogen bonding strength is possible.1,2

Shown in Figure 3a,b is the OH stretching region of
the blends. Both PVME and P2VPy blends exhibit strong
intermolecular associations, evidenced by the appearance of
new absorption bands at ∼3200 and ∼2900 cm-1 for the
PVME and P2VPy blends with PolyHFS, respectively. The
relative wavenumber shifts of both the PVME and P2VPy
blends suggests theHFS functionality forms slightly stronger
intermolecular associations in these systems compared
to poly(4-vinylphenol) (P4VPh).1 In blends of PVME with
P4VPh,6,25 bands associated with intermolecular associa-
tions were found to shift by nomore than 350 cm-1, whereas
the wavenumber shift in the PVME blends examined here
ranges from350 to 450 cm-1. For P2VPyblendswith P4VPh,
a complex was formed, and the wavenumber shift arising
from the resulting associationswas found to be∼600 cm-1.15

As shown in Figure 3b, the band associated with intermole-
cular associations in the P2VPy blends is centered at
∼700 cm-1 below the “free” OH band at 3602 cm-1,
100 cm-1 more than in analogous P4VPh blends. An exact
value of the wavenumber shift in these blends is difficult to
determine, however, due to the occurrence of the aliphatic

and aromatic C-H stretching vibrations in the region from
2800 to 3100 cm-1.15

Broadband Dielectric Relaxation Spectroscopy. Local
Relaxations. The well-known β relaxation of PVME has
been attributed to rotations of PVME’s pendant methoxy
group,13 and the temperature dependence of this and similar
glassy state processes can be modeled with an Arrhenius
equation.

fmaxðTÞ ¼ f0 exp -
Ea

RT

� �
ð4Þ

In eq 4, R is the universal gas constant, Ea is the activation
energy, and f0 is the frequency prefactor. It is expected that
formation of hydrogen bonds between the PVME methoxy
group and the HFS OH group should suppress this relaxa-
tion, assuming sufficient numbers of hydrogen bonds are
present, as seen in a previous study of intermolecularly
hydrogen-bonding blends.8 As shown in Figures 4a and 5a,
the temperature dependence of this relaxation is unaffected
in the blends, maintaining the same relaxation time as a
function of temperature and an activation energy of 25 (
2 kJ/mol. The dielectric strength, however, as shown in
Figure 5a is strongly reduced, beyond what is expected from
simply diluting the number of segments. This is shown more
clearly in Figure 5b, where the dielectric loss is scaled by
the mole fraction of PVME in the system. A reduction in the
number of dipoles contributing to the relaxation process is
expected, since a fraction of the remaining PVME methoxy
functional groups will be rotationally restricted due to
hydrogen bonds formed with the HFS OH groups. At the
highest concentration of theHFS homopolymer (69mol%),
the local relaxation of PVME is completely suppressed. This
reduction in strength is in contrast to a previous study of
blends of PVME and a strongly interassociating copoly-
mer.26 It was shown that the relaxation time and strength of
the PVME β process were unaffected by blending, beyond
the effects of simply diluting the number of PVME segments,
which was attributed to the relatively low number of HFS
segments (14 mol %) present in the copolymer.

In contrast to the local motions of PVME, the local
process of the HFS homopolymer does exhibit a change in
activation energy (from 54 to 37 ((2) kJ/mol) upon blending
with PVME. The lowering of the activation energy of the
PolyHFS local process in the 69 mol % blend is most likely
due to the change in local environment from the neat HFS
homopolymer, similar to what is observed in some plasti-
cized systems.27,28 It is unclear, however, why the PVME
local process does not exhibit a change in activation energy in

Figure 2. Glass transition temperatures of the blends examined here:
PVME (f) blend Tg’s are plotted on the left axis; P2VPy (9) blend Tg’s
on the right.

Figure 3. OH stretching region for blends of the HFS homopolymer with (a) PVME and (b) P2VPy.
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the blends, as seen in antiplasticized blends,29 or why the
temperature dependence of the PolyHFS β process is un-
affected in the P2VPy blends. The 69mol% blend is the only
PVMEblend exhibiting a strong, free OH peak at 3602 cm-1

(see Figure 3a). The 38mol% blend exhibits a small free OH
peak, but it is unlikely the sensitivity of DRS is sufficient to
adequately resolve a relaxation resulting from such a small
number of free functional groups. As shown in Figure 4a, the
local relaxation of PolyHFS is detectable only when it is the
majority component of the blend. In a similar study of blends
of PVME and anHFS-dimethylbutadiene copolymer,26 the
copolymer β process is only present in the neat copolymer
and has a temperature dependence similar to that of the
PolyHFS homopolymer, suggesting this relaxation is asso-
ciated with the motion of the HFS functional group.

Scaling the loss in the P2VPy blends (Figure 6) is not as
straightforward as the PVME blends (Figure 5b), since the
local process of P2VPy and PolyHFS overlap. It is, however,
clear that local motions are suppressed due to the strong
hydrogen bonds formed. Of interest are the 28 and 78mol%
PolyHFS blends (blue and brown squares, respectively, in
Figure 6). There is a molar excess of P2VPy in the 28 mol %
blend, yet the local relaxations are suppressed more strongly
than at any other blend composition. This can be attributed
to the fraction of segments which are hydrogen bonded to
each other and the fact that the volume fractions of P2VPy
and PolyHFS are approximately equal at this composition.
The P2VPy β process is present in the 78 mol % PolyHFS
blend with P2VPy, even though there is a large molar excess
of PolyHFS. It is clear from these results that the reduced
functional group accessability in these blends plays an
important role.

Various studies, including theoretical calculations and
measurements, have shown that at nearly any composition
some fraction of functional groups capable of participating
in a hydrogen bond will be free.1,2,30 Examination of
Figure 3b reveals that the 28 mol % blend is nearly devoid
of free OH groups, while the 54 mol % blend exhibits not
only free OH groups but also self-associations, evidenced by
a small band at 3520 cm-1. This underlines the effect of
functional group accessability on the ability of two polymers
to form associations. Since both PolyHFS and P2VPy have
“free” functional groups in the 54 mol % blend, the local
relaxation of both polymers should be present. Note that in
Figure 6 a very small peak in the 28 mol % blend related to
the local relaxation of P2VPy does appear to be present, but
its intensity is too low for its relaxation behavior to be
accurately modeled. As noted earlier, since the absorptivity
coefficients of the self-association bands at ∼3520 cm-1 are
unknown, quantitative values of the fraction of hydrogen-
bonded segments cannot be obtained.

Figure 4. Arrhenius representation of the β relaxations of the blends of PVME (a) and P2VPy (b). The relaxation times of the local process of PVME
and P2VPy (2) and of PolyHFS (f) are shown.

Figure 5. Dielectric loss for the PVME-PolyHFS blends at -140 �C (a) and scaled by the mol % PVME (b).

Figure 6. Dielectric loss at -30 �C for the P2VPy blends.
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Segmental Relaxations. The segmental (R) relaxation, or
dynamic Tg, is observable in the experimental window at
temperatures above the DSC-determined Tg and involves
micro-Brownian motion of several repeat units.19,31 The
temperature dependence of the R relaxation time can be
modeled with a Vogel-Fulcher-Tamman (VFT) equation.19

fmaxðTÞ ¼ f0 exp -
B

T -T0

� �
ð5Þ

f0 is the exponential prefactor or the relaxation frequency at
infinite temperature.B is related to the fragility of the system,32

which can also be written asDT0.
24,33T0 is the Vogel tempera-

ture or the temperature at which eq 5 diverges. The resulting
VFT fit parameters obtained from fitting the segmental
relaxation frequencies (see Figure 7a,b) are listed in Table 2.

All blends exhibited a single segmental relaxation, indica-
tive of dynamic homogeneity, or complete miscibility. In
blends containing relatively low concentrations of PVME,
the segmental relaxation was broadened, expected due to the
large dynamic asymmetry of the components. The 69 mol%
PolyHFSblendwith PVMEcould not be accuratelymodeled
with a VFT function. Although exhibiting a single R relaxa-
tion and an R* relaxation (vide infra), the blend is likely
undergoing phase separation, since the experimental tem-
peratures are near the degradation temperature of PVME.

The steepness (or fragility) index of a glass former is
defined as

m ¼ D log x
DðTg=TÞ

�����
T ¼Tg

¼ BTg

lnð10ÞðTg -T0Þ2
ð6Þ

x is a dynamic variable such as viscosity or relaxation time
(τ=1/2πf) as in the case of this study,B andT0 are the same
as eq 5.32 A “fragile” glass-former (higher value of m) is
one with a greater deviation fromArrhenius behavior or one
whose slope of the segmental relaxation time/frequency at
T= Tg is higher. Note that fragility was calculated with the
VFT-determined Tg (τmax=100 s), not the calorimetric Tg.

Although not explicitly stated by Adam and Gibbs, the
fragility can be related to the configurational entropy avail-
able to the system.34 It was shown that the height of the
potential energy barrier per monomer unit (Δμ) was higher
for hydrogen-bonding systems, owing to the increased inter-
molecular coupling. This increase in Δμ implies an increase
in the steepness index (see eqs 28 and 290 of ref 34) or fragility.

A correlation between the fragility and the size of a co-
operatively rearranging region (CRR) has been proposed.35

As the degree of intermolecular coupling is increased, the
configurational entropy available to the system decreases,
Δμ and the CRR increase, and the fragility of the system

increases. As temperature increases, the hydrogen-bonding
strength as well as the number of intermolecular associations
decreases,1 and the system’s entropy increases. Since hydro-
gen-bonding strength decreases with increasing temperature,
the higher the blendTg, theweaker the intermolecular associ-
ations of that blend at Tg. Assuming two blends have a
similar number of intermolecular hydrogen bonds, one
would expect the systemwith the higherTg to have a stronger
temperature dependence of the segmental relaxation; the
CRR size decreases rapidly, and the number of configura-
tions available to the system (entropy) increases rapidly with
temperature. Examination of the blend FTIR spectra
(Figure 3a,b) shows that the 28 mol % PolyHFS blend with
P2VPy and the 38 mol % PolyHFS blend with PVME
possess the highest fraction (qualitatively) of intermolecu-
larly associated segments. This is evidenced by a small free
OHpeak at 3602 cm-1 in both systems,meaning nearly every
HFS segment in both blends is intermolecularly associated
and supported by the behavior of the local processes of these
blends (orange and blue points in Figures 5a and 6, res-
pectively), being the most strongly suppressed. These blends
exhibit the highest fragilities, over 70 higher than the neat
components in the case of PVME blends and 46 in P2VPy
blends. It should be noted that due to the strong overlap of
the R* and R processes in the P2VPy blends, the relaxation
behavior of theR relaxation of the 54 and 78mol%PolyHFS
blends with P2VPy could not be modeled accurately nearTg.
The fragilities of these two blends should therefore be treated
with caution and may in fact be much larger in the 54 mol%
blend, but the observed trends in the calculated fragility
values agree well with the observed behavior of the local
relaxations and the FTIR results.

Interestingly, the 38 mol % PolyHFS blend with PVME
exhibits a fragility which is 25 higher than the most fragile

Figure 7. Frequency maxima of the segmental (9) and R* (0) relaxations for the PVME (a) and the P2VPy (b) blends.

Table 2. VFT Fitting Parameters for the Segmental Relaxationa

Blend

mol %
PolyHFS
((1%)

log[ f0
(Hz)] ((1)

B
((10 K)

To

((3 �C)
VFT-Tg

((3 �C)
Fragility
((10)

P2VPy 0 11 1660 44 95 102
12 11 1590 58 107 109
28 11 1370 103 146 135
54 11 1430 104 149 130
78 11 1860 74 133 94

PVME 0 12 1310 -68 -28 87
7 11 1380 -59 -17 87
18 11 1310 -28 12 101
38 11 880 28 56 160
69
100 11 1920 63 124 89

aVFT-Tg is defined as the temperature where the relaxation time
of the segmental process is 100 s. Fragility values calculated using the
VFT-Tg.
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P2VPy blend. This appears to be at odds with the strength of
the hydrogen bonding in both blend systems (P2VPy.
PVME) and the expected intermolecular coupling. Inspec-
tion of the blendFTIR (Figure 3a,b) and the local relaxations
(Figures 5a and 6) suggests that the fraction of hydrogen-
bonded segments (degree of intermolecular coupling) is greater
in the 38 mol % PolyHFS blend with PVME than in any
other blend (P2VPy or PVME). A small free OH band (see
Figure 3a) and an almost complete suppression of the PVME
local process (Figure 5a) support the assertion that the fraction
of hydrogen-bonded segments is highest in this blend and
should therefore have the highest fragility (see Figure 8) of the
systems studied. The fragilities of the blends reported here
suggest that, at least in the case of intermolecularly hydrogen-
bonded polymer blends, the fragility is dictated not by Tg,

36

but by the degree of intermolecular coupling.
The trends in fragilities exhibited by these systems are in

qualitative agreement with cross-linked systems, which ex-
hibit increased fragility as the degree of cross-linking is
increased,37-39 and with recent studies on the effects of plas-
ticization.40,41 In a previous study of PVME blends with
P4VPh, similar trends were observed in the calculated fragi-
lities; the fragility increased with the fraction of intermole-
cularly associated segments.11 The fragility values were
somewhat lower than those reported here due to the rela-
tively strong self-associations which exist in P4VPh, which
result in a lower degree of intermolecular coupling than in the
blends examined here, and the stronger hydrogen bonds
formed by PolyHFS versus P4VPh.

It is generally accepted that the dynamic asymmetry (Tg,A-
Tg,B) plays a major role in the resulting blend dynamics.11,13,42

A greater difference in the component Tg’s results in a broa-
dened blend Tg. In the systems examined here, however, the
calorimetric transition breadth and the segmental relaxation
breadthof thePVMEblends (Tg,PolyHFS-Tg,PVME=151) are
roughly the same as theP2VPyblends (Tg,PolyHFS-Tg,P2VPy=
25), which have a much smaller difference in component Tg’s.
This suggests that in the case of hydrogen-bonded polymer
blends the degree of intermolecular associations and the func-
tional group accessability are the important factors in deter-
mining the relaxation behavior, not the dynamic asymmetry.

High Temperature Relaxations. At temperatures above
and frequencies below the segmental relaxations of the
blends, each blend exhibited an additional relaxation
(Figure 10a,b)22,43-46 which was nearly Debye (from the
derivativeHNequation:R=0.8-0.9, γ=1). This process is
not related to the phenomenon of electrode polarization,

which is observed at still higher temperatures and whose
magnitude in the derivative dielectric loss is significantly
greater than this relaxation. In previous studies of functio-
nalized polybutadienes,44,45 a similar process was observed
with an activation energy (Ea from eq 4) of∼110 kJ/mol and
an Arrhenius prefactor (f0 from eq 4) of 1027 Hz were found
for this R* process, significantly higher than for a local
relaxation. Fitting eq 4 to the PVME R* data yields an
activation energy of 206 ( 20 kJ/mol, higher than that of
Muller et al., and an Arrhenius prefactor of 1027(1 Hz, in
agreement with the findings ofMuller et al.,44 suggesting this
process is of similar origin: the breaking and re-forming of
hydrogen bonds as segmental relaxation occurs. See Figure 9
for a representative fit to this high-temperature process. The
differences in activation energies between the findings of
Muller et al. and this study are likely due to the differences in
the numbers and types of hydrogen bonds present in the
systems. The increased scatter, and somewhat VFT-like
behavior of the R* process in the P2VPy blends is due
to the much stronger overlap of this process with the R
relaxation.

In addition to hydrogen-bonded systems, relaxations due
to the breaking and re-forming of associations at elevated
temperatures have been seen in ionomers, in both mecha-
nical47 and dielectric spectroscopy,48 suggesting this relaxa-
tion may be an inherent feature of systems possessing strong
associations.

Small and wide-angle X-ray scattering (not shown) do not
indicate the presence of a second phase, so it is unlikely this
relaxation is due to interfacial polarization, the buildup of
charge at the interface of inhomogeneous systems (Maxwell-
Wagner-Sillars interfacial polarization, see Chapter 13 of ref
19).At low temperatures (Tg,DSC- 5<T<Tg,DSCþ 10) in the
P2VPy blends, the R* relaxation occurs at higher frequencies
than the R relaxation. Since the interfacial polarization phe-
nomena requires mobile charges (T > Tg), the R* process
would not be present at these temperatures if this relaxation
were related to interfacial polarization. Note that interfacial
polarization requires mobile charges in only one phase.19 If
these systems were phase separated, the relative magnitudes of
theR andR* relaxations suggest theR* process would be from
the hydrogen-bonded segments and should have a higher Tg.
The R* process is Arrhenius and extrapolates to temperatures
below the R, strongly suggesting this process is not a result of
interfacial polarization.

The occurrence of the R* relaxation at frequencies above
(and temperatures below) the R relaxation near Tg suggests
that this relaxation, the breaking and re-forming of hydro-
gen bonds, must occur before segmental level relaxation can
occur in some of the blends. This observation is in line with
the observed trends in the blends’ Tg’s and the number and

Figure 8. Fragility parameter (m) as a function of Tg for the P2VPy
blends (2) and the PVME blends (9). The PolyHFS mol % of each
blend is listed beside the corresponding data point.

Figure 9. Representative fit of the relaxations above Tg.
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strengths of the hydrogen bonds. The 7 and 18 mol %
PolyHFS blends with PVME possess relatively few inter-
molecular associations, so segmental level motion can occur
without the breaking of these associations. As the fraction of
intermolecularly associated segments approaches 1, segmen-
tal level motion cannot occur without breaking intermole-
cular associations (the R* relaxation). In the case of the
P2VPy blends, the hydrogen bonds are far stronger than
the PVME blends (Figure 3a,b), so higher temperatures, in
some cases greater than the Tg of the blend components,
would be required to break enough hydrogen bonds for
segmental level relaxation to occur.

This also explains the presence of the R* relaxation in the
HFS homopolymer. Although possessing few self-associa-
tions,2 some self-associations are present. In Figure 7a,b, the
relaxation time of the PolyHFSR* extrapolates to time scales
shorter than that defined forTg (100 s), again suggesting that
hydrogen bonds dictate the Tg of this homopolymer.

Conclusions

The effects of strong intermolecular associations on the dy-
namics of miscible hydrogen-bonding polymer blends of
PolyHFS with PVME and P2VPy have been explored. Mini-
mized self-associations in PolyHFS result in blends with a greater
degree of intermolecular coupling compared to analogous P4VPh
blends.

Intermolecular coupling was found to strongly influence local
relaxations. Strong suppression of the local relaxation of each
component was observed and correlated well with the hydrogen-
bonding behavior observed in FTIR spectroscopy. In PVME
blends, the suppression of local motions scaled well with the
blend composition. In P2VPy blends, however, the suppression
of the local motions was governed not simply by the ratio of
functional groups, but by functional group accessability.

A single calorimetric and dynamic Tg was observed for each
blend. The temperature dependence of the segmental relaxation
times strongly dependson the numbers and strengths of hydrogen
bonds in the system. As the molar ratio of P2VPy to PolyHFS
approaches 1, the Tg (and the segmental relaxation) occurs at
temperatures above those of the component polymers. The
fragility of each system is strongly correlated to the intermole-
cular hydrogen bonding. The 38 mol % PolyHFS blend with
PVME exhibited the highest fragility because it possessed the
largest fraction of intermolecularly associated segments (for the
PVME blends).

The R* relaxation was present in the DRS spectra of all blends
and only observable in the conductivity free loss (ε00der), and its
temperature dependence follows the strength and number of
hydrogen bonds. Future studies will investigate these effects in
systems where the fraction of intermolecular associations can be
quantified.
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