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ABSTRACT
The dynamics of miscible polymer blends with large differences in the components’
Tgs and with strong intermolecular hydrogen bonding were studied using, principally,
broadband dielectric relaxation spectroscopy. The role of intermolecular hydrogen bonding
on segmental dynamics was identified by comparing the present results with those from
blends with similar chemical structures but without strong intermolecular interactions. It was
found that hydrogen bonding is able to damp concentration fluctuations, which is
demonstrated by the composition-insensitive segmental relaxation time distribution observed
in blends with appropriate compositions.
Intermolecular hydrogen bonding is also capable of coupling components’ segmental
relaxations in blends with very large Tg difference, that would otherwise exhibit two
segmental relaxation processes in the absence of strong intermolecular interactions. However,
the coupling behavior is composition dependent and maximal coupling, resulting in a single
segmental process, can only be achieved in blends dominated by inter-component
interactions. Dynamic heterogeneity still exists in blends controlled by intramolecular
interactions or with insufficient intermolecular hydrogen bonding. By comparing the
dynamics of blends with various Tg differences, hydrogen bonding strengths and fractions, it
was found that smaller dynamic asymmetry and stronger intermolecular interactions promote
finer dynamic homogeneity. Whereas the above efforts are focused on the enthalpic
contribution, increasing combinatorial entropy can also lead to dynamic homogeneity, as
observed in polymer solutions with low molecular weight model compounds.
The local relaxation of the hydrogen-bonded side groups, on the other hand, can either
remain unchanged, be retarded, or suppressed, depending on the interaction strength and the
mechanism of the relaxation itself.
Finally, the influence of hydrostatic pressure on segmental dynamics was also studied
on a selected blend, and it was found that elevated pressure lead to reduced dynamic
heterogeneity due to the additional mobility gained by the hydrogen-bonded segments
compared with the unassociated ones.
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Chapter 1
Background
Polymeric materials are capable of undergoing various relaxation processes, ranging
from the size scale of a functional group to the entire polymer chain. Their rates depend on
chemical structure, morphology, and temperature. These relaxations influence many
material properties and knowledge of their mechanisms can help in establishing structureproperty relationships, providing guidance for improved materials design.
There are a variety of techniques available for studying relaxation behavior,
including dielectric relaxation spectroscopy (DRS), nuclear magnetic resonance (NMR), and
quasi-elastic neutron scattering (QENS). Among these, DRS is very powerful due to its
broad accessible frequency window (10-6 ~ 1010 Hz, by combining both time and frequency
domain instruments), high sensitivity, simple instrument configuration and relatively
straightforward spectral interpretation [1].

1.1 Principle of Dielectric Relaxation Spectroscopy
→

In a DRS experiment, an alternating electric field, E (ω), is applied to a sample
→

(frequently in the form of a film for solids), leading to polarization P (ω) of the medium:
→

→

P (ω ) = (ε * (ω ) − 1)ε Vac E (ω )

1.1

ε * (ω ) = ε '(ω ) − iε " (ω )

1.2

with:

and
tan(δ d ) =

ε " (ω )
ε '(ω )

1.3

2
in which εVac refers to the vacuum permittivity, ω is the angular frequency of the electric
field, and the frequency f = ω/2π. ε*(ω) is the complex dielectric function and it can be
expressed by a real part ε′ and an imaginary part ε″. The quantity tan(δd) is the dielectric loss
tangent. It should be noted that the above linear relationship between the electric field and
the polarization holds only for low electric-field strengths.
ε* is related to the correlation function Φ(t) of the polarization fluctuations by Eq. 1.4
∞ − d Φ (t )
ε * (ω ) − ε U
=∫ [
]exp(−iωt )dt
0
ε R − εU
dt

1.4

with:
Φ (t ) =

< ∆P(t )∆P (0) >
< ∆P(0) 2 >

1.5

where εU and εR are the unrelaxed and relaxed dielectric constants [ε′] at very high and low
frequency, respectively, and ∆P denotes the fluctuation of the polarization around its
equilibrium value [1-7].
ε′(ω) and ε″(ω) can be calculated from the correlation function following Eq. 1.6 and
Eq. 1.7:
∞
ε ' (ω ) − ε U
= 1 − ω ∫ Φ (t ) sin(ωt )dt
0
ε R − εU

1.6

∞
ε "(ω )
= ω ∫ Φ (t ) cos(ωt )dt
0
ε R − εU

1.7

For a Debye relaxation process with a characterization time τ, Φ(t) follows a single
exponential function:

t
Φ (t ) = exp(− )

τ

1.8

This leads to:

ε *(ω ) = εU +
and:

ε R − εU
1 + iτω

1.9

3

ε R − εU
1 + (τω ) 2

1.10

(ε R − ε U )ωτ
1 + (τω ) 2

1.11

ε '(ω ) = ε U +
ε "(ω ) =

The Debye process has a relaxation time distribution which is symmetrical around
fmax = ωmax/2π= 1/(2πτ) and with a full-width at half-maximum of ~1.14 decades in
frequency for the dielectric loss [2].
However, the relaxation time distribution in polymers is generally much broader than
a single Debye process and can be described by various models. Among these, the
Havriliak-Negami function (HN) is most commonly used in the frequency domain [3]:

ε *(ω ) = ε '(ω ) − iε "(ω ) = ε U − i

σ0
∆ε
+
s
(εVacω ) [1 + (iτ HN ω ) m ]n

1.12

in which ∆ε is the dielectric strength εU - εR. σ0, s, τHN, ∆ε, m, and n are fitting parameters.

σ0 is the dc conductivity constant with units of S/cm; the exponent s [0 < s ≤ 1] characterizes
the conduction process: s = 1 if the conduction is dominated by ion drift and s = 0.5 suggests
strong diffusion control and tortuous pathways [8]. The exponents m and n [0 < m, mn ≤1]
are shape constants and relate to the limiting low and high-frequency slopes of a
log[ε″]~log[ω] plot [9,10]:
∂ log ε "(ω )
1
)
= m (ω 
∂ log ω
τ HN

1.13

1
∂ log ε "(ω )
)
= −mn (ω 
∂ log ω
τ HN

1.14

τHN is related to the peak location τmax by Eq. 1.15 [13]:
τ max = τ HN [sin

πmn
2(n + 1)

/ sin

πm
2(n + 1)

]1 / m

1.15

The non-exponential [stretched] relaxation behavior can also be characterized by the
Kohlrausch-Williams-Watts (KWW) function in the time domain [6]:

4

Φ(t ) = Φ (0) exp[−(

t

τ KWW

)β ]

1.16

The quantities Φ(t) and Φ(0) are the dynamic response at time t and 0, respectively,
after a perturbation, while τKWW is a characteristic time (usually not equal to τHN). β is the
width parameter and is generally in the range of 0 to 1. For simple Debye relaxation
behavior, the response is an exponential function with β = 1. Since all DRS experiments in
this thesis are performed in the frequency domain, further details of KWW model will not be
presented.

ε′ and ε″ can both be used to characterize the dielectric relaxation: they are
equivalent and each includes the same information. Their interrelationship is described by
the Kramers-Kronig transformation [6,11]:

ε ' (ω0 ) = ε ∞ +
ε "(ω0 ) =

2

π∫

∞

0

ε " (ω )

ω
ω − ω02
2

dω

σ0
ω
2 ∞
+ ∫ ε '(ω ) 2 0 2 dω
0
εVacω0 π
ω − ω0

1.17
1.18

However, ε″ is usually used to study relaxation processes in polymers because it
reveals more details than ε′. Different relaxation processes give rise to different peaks in the
loss spectra and peak location can be defined more reliably than the transition in the
dielectric constant, particularly when two processes are very close to each other. The
dielectric loss tangent tan(δd) also displays a peak corresponding to a relaxation process, and
can also be used to characterize relaxation behavior, although it does not provide
information on the absolute dielectric relaxation strength.
The dielectric relaxation strength, ∆ε, can be determined from either the real part ε′
(by εR-εµ) or from the area under the ε″ ~ ln(ω) plot:
∆ε =

2

π∫

∞

−∞

d (ln ω )ε " (ω )

1.19

It is related to the specific material density and dipole moment by the KirkwoodOnsager-Fröhlich equation [11,12]:

5
∆ε = (

ε + 2 2 4π N
3ε R
gµ 2
)( U
)
2ε R + ε U
3
3kT

1.20

where µ is the dipole moment, k the Boltzmann constant, and N the number density of
movable dipoles. The correlation factor, g, is a measure of the extent to which restricted
internal rotation and interaction of neighboring dipoles influence dipole alignment.
However, because g is very difficult, if not impossible, to measure, Eq. 1.20 cannot be used
to calculate theoretical ∆ε and, in stead, it is usually used to calculate the correlation factor g
from measured ∆ε. If changes in g and N with temperature are negligible, eq 1.20 predicts
that ∆ε will decrease with increasing temperature. This is true for a segmental relaxation
process, but not is necessarily correct for secondary relaxations.
In summary, from DRS one can gather the following information on a relaxation
process: (i) the relaxation time τ at a specific temperature; (ii) the relaxation time
distribution, which reflects the environmental heterogeneity of the relaxing unit; (iii) the
relaxation strength, which is proportional to the concentration of the relaxing dipoles and
their dipole moment.

1.2 Dielectric Relaxations in Amorphous Polymers

DRS has been extensively used to study the relaxation processes in polymers,
particularly in the middle of the last century. Early studies have been reviewed by McCrum
et al in 1967 [1] and later by Runt and Fitzgerald in 1997 [13]. Advances in instrumentation
and subsequent commercialization catalyzed a revival of interest by polymer scientists in the
study of dielectric relaxations [14], often focusing on polymer blends.
Based on chain architecture, polymers can be classified into three categories for
dielectric study [15]: type-A with dipoles oriented parallel to the backbone, type-B also with
dipoles in the backbone but in the perpendicular direction, and the dipoles of type-C
polymers locate in the flexible side chain (see Figure 1-1). Type-A polymers include
poly(ethylene oxide) [PEO] and poly(propylene oxide) [PPO], while an example of Type-B
is poly(vinyl chloride). Type-C polymers are of particular interest in this thesis, and include
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the poly(n-alkyl methacrylate) family, poly(vinylacetate) [PVAc], poly(vinyl methyl ether)
[PVME], poly(vinyl ethyl ether) [PVEE], and poly(p-vinylphenol) [PVPh], all of which will
be discussed in future chapters. There are also many polymers that have dipoles both parallel
and perpendicular to their backbone, such as polycarbonate, and poly(ethylene
terephthalate), etc.

Figure. 1-1: Schematic illustration classifies the architecture of the dipoles of polymer chains. The circles
indicate atoms in the chain backbone. Type-A and type-B dipoles (solid and dashed arrows), both
attached to the chain backbone, are parallel and perpendicular to the backbone. The type-C
dipoles (dotted arrow) are attached to the side group. Figure is taken from [15].

There are primarily three relaxation processes in amorphous polymers occurring at
different length scales [1,13]: these are usually referred to as the normal (α′), segmental (α),
and local secondary (β, γ, δ, etc.) processes, from high to low temperatures (or equivalently
from low to high frequencies). The normal mode is the relaxation of the entire chain and
reflects the fluctuation of chain end-to-end vector, involving a size scale of ~10-100 nm. It
can only be observed dielectrically in type-A polymers. It determines melt properties such as
viscosity, and is very important for polymer processing.
Secondary processes (β) originate from localized fluctuations of dipole vectors and
are usually associated with the relaxation of a portion of a repeat unit (< 1 nm), e.g., side
group rotation around the bond linking it to a backbone, and it is much faster than the other

7
two relaxations due to its smaller size scale. Depending on chemical structure, a polymer
can exhibit one or more secondary relaxation processes. For the β relaxation, ∆ε usually
increases with increasing temperature as a result of an increase of the fluctuation amplitude
of the dipole vector and/or an increase of the number of movable dipoles. Most recent
experimental results support the dominating role of the latter mechanism [16].
The relaxation time distributions of the secondary processes are generally very broad,
with a FWHM ~ 4-6 decades, due to environmental heterogeneity below Tg. This can be a
result of density fluctuations in neat homopolymers, which lead to a distribution of polymer
chain packing density. The distribution becomes broader with decreasing temperature.
The relaxation time of a secondary process generally follows an Arrhenius form:

τ = τ 0 exp(

Ea
)
kT

1.21

where τ0 is a prefactor that reflects environmental constraints and Ea is the activation energy.
The constant Ea suggests that the relaxing unit size and amplitude do not change with
temperature.
One important practical reason for investigating local relaxations is so-called ‘antiplasticization’ behavior [17-21]. When a polymer is mixed with a plasticizer, its Tg is
reduced. However, in some plasticized systems, the modulus of the polymer increases
unexpectedly below Tg, that is, ‘anti-plastization’. At the molecular level, this has been
attributed to the suppression of the local relaxation due to strong interactions between the
plasticizer and the corresponding functional groups in the polymer. These local relaxations
are important also because they influence the diffusion of some small molecules (e.g. O2,
CO2, moisture) through glassy polymers [18]. At low temperatures the unoccupied
microcavities do not form a network (percolation) due to the low fractional free volume,
therefore, the penetrant cannot diffuse from one cavity to another. However, although the
segmental relaxation is frozen below Tg, the β relaxation still occurs and it can create
temporary channels between microcavities to facilitate the diffusion process [18]. The
lifetime of preserved biopharmaceuticals have been found to be significantly improved after
‘anti-plasticizing’ the packaging polymers [17].
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Furthermore, the local relaxation is important because of its role in the decaying of
functional group orientation, which is indispensable in some electrical/optical applications.
How to retard the relaxation is a critical issue for successful application.
The segmental relaxation originates from micro-Brownian motions and is generally
correlated with glass transition process [1]. When approaching the glass transition
temperature (Tg) during cooling, due to the unavailability of both fractional free volume and
thermal energy, relaxation of one repeat unit cannot occur without the cooperative motion of
surrounding units. The size scale of the cooperativity rapidly becomes larger with decreasing
temperature, and its relaxation rate also increases dramatically and can be deemed as
‘frozen’ at 20-30 K below Tg. The size of the cooperatively rearranging region (CRR) is
around 1-3 nm (including several to several tens of repeat units) at or slightly above Tg, and
it decreases rapidly with increasing temperature [23,24]. Direct correlation between the
segmental relaxation and glass transition has been established in various polymers by
finding that the temperature at which τmax(α) ≈ 100 s coincides with the onset temperature of
glass transition measured by differential scanning calorimetry [DSC] with a heating rate of
10 K/min [25].
The segmental relaxation influences many material properties, just as Tg is an
important temperature in applications. At time scales shorter than τα, polymer segments are
frozen and the material is rigid and in glassy state; at time scales longer than τα, the polymer
is in its rubbery state and very compliant. However, even below Tg, although the segmental
relaxation rapidly slows down, it does not completely stop, enabling structural relaxation of
polymers below Tg. The segmental relaxation also affects the diffusion of guest molecules,
but mostly those with larger size. One well-studied system is the motion of ions (e.g., Li+) in
a solid polymer electrolyte (e.g., PEO). It has been confirmed that the hopping of Li+ is
realized through cooperation with the segmental relaxation of PEO [26].
The dielectric relaxation strength of the segmental process is usually much larger
than that of the corresponding secondary process for type-A and type-B polymers. The
segmental process always involves a much larger relaxation amplitude, stronger
cooperativity, and the participation of more repeat units. For polymers with flexible dipolar
side groups such as poly(vinyl methyl ether) (type-C), ∆εβ << ∆εα was found [15,16].
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On the other hand, ∆εα usually decreases with increasing temperature as a result of
enhanced randomization from increased thermal energy [13]. This can also be seen from the
Kirkwood-Onsager-Fröhlich equation (eq. 1.20). However, this does not suggest that ε″max
increases with decreasing temperature, because the shape of the dielectric peak also changes
(usually broadens), particularly in polymer blends.
The segmental relaxation time – temperature relationship is non-Arrhenius and can
be described by the Vogel-Fulcher-Tammann (VFT) expression [27]:

τ = τ 0 exp(

B
)
T − T0

1.22

in which τ is the segmental relaxation time and τ0 a prefactor correlated to the time scale at
which the molecules are attempting to overcome some energy barrier. B is a parameter
related to the strength for glass-forming. T0 is a temperature below Tg and at which the
segments would be frozen if they were at equllibrium.
As an example of the dielectric relaxation behavior in polymers, Figure 1-2 presents
the dielectric spectra of poly(methyl methacrylate) [PMMA] at different temperatures. The
dielectric constant ε′ increases with decreasing frequency in the transition region, since the
dipoles gain sufficient mobility to follow the change in the applied alternating electric field
at this temperature and frequency. The upturn at low frequencies in the loss spectra at
temperatures above 120 °C is associated with dc conduction and originates from the motion
of impurity ions in the sample. Below Tg (~ 105 °C), a peak is observed that shifts to lower
frequency with decreasing temperature. This is the β process, the relaxation of –(C=O)OCH3. An additional relaxation at even lower temperatures (< -150 °C) has also been
observed and attributed to the methyl group attached to the backbone [1]. The relaxation
above Tg is the segmental process and it merges with the β process at around Tg + 20 °C.
The merging mechanism will be discussed in Chapter 2.
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Figure 1-2: Dielectric spectra of PMMA: (a) ε′, (b) ε″. The labels inside the figure refer to the temperatures
in °C. Lines are drawn to guide the eyes.
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1.3 Dynamics in Miscible Polymer Blends

Due to the high cost of developing novel polymers, polymer blending, as a
convenient means of ‘synthesizing’ new materials, has found extensive applications.
Different (sometimes contrary) properties can be readily combined in one blend through
selection of appropriate component polymers and employing various processing methods.
Polymer-polymer miscibility clearly plays a critical role in determining the final properties
of such systems.
The classic Flory-Huggins theory of polymer miscibility is based on a lattice model.
It proposes that miscibility can be achieved if [28]:
∆Gm φ A
φ
=
ln φ A + B ln φB + φ AφB χ < 0
RT
MA
MB

1.23

∂ 2 ∆Gm ∂ 2 ∆Gm
1
1
=
= RT [
+
− 2χ ] > 0
2
2
∂φ A
∂φB
M Aφ A M BφB

1.24

and

in which MA and MB are the molecular weights of polymer A and B, respectively, φA and φB
are the volume fractions of A and B, respectively. χ is the interaction parameter between A
and B. It is important to note that Flory-Huggins theory assumes no volume change upon
mixing and that both polymers are non-polar. Polymer miscibility has been studied by many
techniques. Among these, differential scanning calorimetry (DSC) is the most frequently
used method and it is believed that a single Tg, located between the two pure components,
indicates miscibility [25,29-31].
As discussed above, the segmental relaxation process is correlated with the glass
transition; therefore, a single α process will also suggest miscibility. In this case, the
segmental relaxation rates of the two components are close to one another, suggesting that
the two kinds of segments experience similar local environments. This is probably a result of
inter-entanglement between different polymer chains, therefore indicating dynamical
homogeneity at the segmental scale. This criterion has been used in early dielectric studies
of polymer blends.
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One of the early studies was performed by Runt and coworkers on blends of
poly(ethylene-co-vinyl acetate) copolymers [EVA] with PVC or chlorinated PVC [CPVC]
[32-36]. The results support the above correlation between a single DSC Tg and a single
dielectric α relaxation. For blends of PVC/EVA45 (random copolymer of ethylene and
vinylacetate with 45% VA by weight), two distinct segmental relaxation processes were
observed, suggesting immiscibility [33]. On the other hand, a single α process was found in
CPVC/EVA70 blends at all compositions, and its location falls between those of the neat
polymers in a manner consistent with the composition [32]. Although the relaxation time
distribution in this blend is narrower than that in neat CPVC, it was found the α process of
PVC/EVA70 blend is broader than those of both component polymers even at normalized
temperatures [34]. Similar broadening behavior was also observed in miscible blends of PS
with poly(2-chlorostyrene) [P2CS] [37], poly(2,6-dimethyl-1,4-phenylene oxide) [PPO]
poly(styrene-co-4-chlorostyrene)

[38],

PS/poly(tetramethyl-bisphenol-A-polycarbonate)

[TMPC], and TMPC/poly(bisphenol-A-polycarbonate) [BPAPC] [39-41], in which the
correlation between calorimetric Tg and α relaxation holds.
However, this criterion has been questioned by recent studies of miscible polymer
blends with large Tg contrast and weak intermolecular interactions, e.g. poly(vinyl ethylene)
[PVE]/1,4-polyisoprene [PIP] [42-53], PEO/PMMA [54-58], PS/poly(vinyl methyl ether)
[PVME] [59-67], PS/poly(methyl phenyl siloxane) [PMPS] [68,69], PS/PPO [70,71]), and
P2CS/PVME [72]. Despite the single calorimetric Tg observed in the above blends, NMR,
DMA and/or DRS studies clearly show that the two components have significantly different
segmental relaxation times. In globally miscible PIP/PVE and P2CS/PVME, two dielectric

α processes have been observed: the fast process originates from the low Tg component [i.e.,
PIP or PVME] and its relaxation rate is very close to that of the corresponding neat polymer
at the same temperature. The slow process is related to the high Tg polymer [i.e. PVE or
P2CS] and is much faster than the α relaxation of the corresponding homopolymer in the
unblended state. In PS/PVME and PS/PMPS, although only one component [PVME or
PMPS] is dielectrically active, two dielectric segmental relaxations were observed: the fast
process is believed to originate from the relaxation of PVME or PMPS surrounded by like
segments, whereas the slow one originates from the modified relaxation of the same
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polymer segments in the blend (mixed) environment. Typical DRS loss spectra of PVE/PIP,
PVME/P2CS, and PS/PVME are shown in Figure 1-3 to give a general picture of the
dynamic heterogeneity in polymer blends.
(a)
270 K

50/50

∆Tg=59K

(b)

PVME

At 11 KHz
At
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P2CS

∆Tg=154K
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30/70: 3 °C
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Figure 1-3: Dielectric loss spectra of blends of: (a) PIP/PVE [49], (b) P2CS/PVME [72], and (c) PS/PVME
[59]. Two segmental relaxation processes can be resolved in all blends, despite that they all
exhibit a single Tg in DSC experiments. The ‘PI’ label in (a) denotes ‘PIP’.

Three models have been proposed to explain the above observations: intrinsic
mobility differences between the two components, concentration fluctuations [CF], and,
more recently, a self-concentration effect induced by chain-connectivity.
Concentration fluctuations are inherent to polymer blends and dynamically
heterogeneous environments exist in macroscopically homogeneous systems. These
heterogeneous nanodomains have different compositions, thus different Tgs. Roland and
Ngai modeled the dynamics of PIP/PVE blends by assuming that concentration fluctuations
lead to normally distributed coupling parameters for each component, and the observed
relaxation time distribution is a summation of all of these compositions [43,73,74]. In the CF
model of Fischer and coworkers [75,76], it was assumed that there are many dynamically
heterogeneous domains in polymer blends and different domains have different
compositions, which follow a Gaussian distribution centered around the global composition.
In this early CF model, all heterogeneous domains assume the same size, equal to that of
Donth’s cooperatively rearranging region [CRR] characterized by the global composition
[23]. This model successfully reproduced the broadening of segmental relaxations in certain
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polymer blends. However, it cannot explain the existence of two segmental relaxations in
PS/PVE and PS/PMPS blends. Kumar, Colby, and coworkers modified Fischer’s CF model
by correlating the size of heterogeneous nanodomains with their local composition in a selfconsistent manner [77-79]. This model qualitatively predicts the bimodal relaxation behavior
in blends that exhibit weak intermolecular interactions and a relatively large Tg contrast
[∆Tg] between the component polymers. At a specific temperature, domains rich in the lowTg component are more likely to exist since they have smaller cooperative relaxation
volume. However, predictions from the CF model are not quantitative and sometimes a CRR
size above 10 nm has to be involved, which is much larger than any experimentally
determined value (i.e., ~1-3 nm).
On the other hand, the dielectric behavior of PIP/PVE and P2CS/PVME blends has
been attributed to the intrinsic mobility difference between the component polymers, which
is suggested by the fact that their Tgs are very different [46,72]. Although concentration
fluctuations are undoubtedly important for understanding segmental relaxations, NMR
studies indicate that the intrinsic mobility difference between components plays a key role in
determining this unusual behavior. In a two-dimensional deuterium NMR study of PIP/PVE
blends, Chung, et al. could not explain the large difference between the fast and slow
segmental relaxation rates by considering only the role of concentration fluctuations and
chain-connectivity. They argued that PIP and PVE feel distinct effective Tgs, and the
intrinsic mobility difference between PIP and PVE should also contribute to the observed
difference in motional rates [46].
Although the introduction of intramolecular chain-connectivity in this context is not
a new idea and has been proposed by several groups to determine the composition in a
lattice surrounding the unit of interest [46,80], Lodge and McLeish [81] extended this idea
by fixing the relevant length scale to the Kuhn length, lK, which is a well-defined property of
any polymer chain:
lK = C∞ l

1.25

in which C∞ is the characteristic ratio and l is the average length of a backbone bond. They
believed that the fastest Rouse mode or the segmental relaxation is influenced only by the
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concentration of monomers within a volume V ~ lK3, which is assumed to be only weakly
dependent on temperature, in contrast to the CRR, which increases rapidly with decreasing
temperature approaching Tg. Then they assume that within the volume V centered on a
repeat unit A, the concentration of A will be higher than the bulk composition. The effective
local concentration of A in this volume, φeff, can be calculated by:

φ eff = φ s + (1 − φ s )φ

1.26

where φeff is the so-called ‘self-concentration’ and φ is the bulk concentration. It should be
pointed out that φs is different for different polymers and it can be determined from Eq. 1.27:

φs =

C∞ M 0
kρN avV

1.27

where M0 is the molecular weight of the repeat unit and ρ is the density. Next, the effective
Tg, Tgeff, of component A can be calculated from any theoretical or empirical Tg ~ φ
relationship, e.g. the Fox equation, using φeff as the input concentration. The segmental
relaxation time of A in the blend at a particular temperature can be obtained from its WLF
equation and known Tg.
This model has been shown to be able to qualitatively interpret the glass transition
broadening in blends of PMMA/PSAN, PS/TMPC, PIP/PVE, and PVME/PS [51-53]. More
recently, it was used by Leory and coworkers to quantitatively determine Tgeff for
PVME/P2CS and PS/P2CS blends, which are found to be consistent with the values
measured by thermally stimulated depolarization current [TSDC] experiments [51].
However, the self-concentration model is a mean field model that ignores fluctuations
in φeff. It does not consider the thermodynamic effects such as changes of enthalpy and
entropy upon blending, which have different values in different systems and dramatically
influence the miscibility and dynamics. For example, the molecular weights of the
components undoubtedly influence the dynamics through the combinatorial entropy, but the
Kuhn length scale is independent of the molecular weight [7]. Recent computer simulations
by Kumar and coworkers show that both concentration fluctuations and chain-connectivity

17
effects are responsible for the observed dynamic heterogeneity in polymer blends, and the
relative importance of each may be different in different mixtures [79].

1.4 Hydrogen Bonding in Polymer Blends

It is well known that polymer – polymer mixtures are usually immiscible due to the
negligible combinatorial entropy contribution to the free energy of mixing. One way of
achieving miscibility is to introduce strong intermolecular hydrogen bonding between the
components. The contribution of hydrogen bonding to the free energy can be either entropic
or enthalpic, depending on the polymer structure and the hydrogen bonding strength [82,83].
The most extensively studied blends involving hydrogen bonds include a proton
donating polymer, usually containing 4-vinylphenol [VPh] as the (co)monomer unit, and a
proton accepting polymer, usually containing a carbonyl group, ether group, or pyridine [8284]. FTIR studies established that the hydrogen bonding among VPh groups
(intramolecular) is stronger than that between VPh and C=O groups (e.g. in PMMA, PEMA
or PVAc), but somewhat weaker than that between VPh and –O- (e.g. in PVME, PVEE,
PEO) and significantly weaker than that between VPh and pyridine (poly(2-vinylpyridine)
[P2VPy], poly(4-vinylpyridine) [P4VPy]). Therefore, for blends of PVPh with PMMA,
although a significant number of intermolecular hydrogen bonds are formed, a comparable
amount of intramolecular associations in PVPh are lost at the same time. This leads to a
positive blending enthalpy. However, it was found that the blend gains configurational
entropy through the exchange of intra- and intermolecular hydrogen bonding, with the net
result still a negative blending free energy [82]. Note: ‘intermolecular’ means ‘intercomponent’ and ‘intramolecular’ = ‘intra-component’; to be consistent with previous
publications, the former expressions are used throughout this thesis,
For the blend of PVPh with P2VPy or P4VPy, the change from intra- to
intermolecular hydrogen bonding gives rise to a significant negative ∆H and miscibility can
be readily achieved [82]. Actually, the intermolecular association in this blend is so strong
that a precipitate is immediately formed upon mixing the two polymers in a common solvent
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such as methyl ethyl ketone [MEK] or tetrahydrofuran [THF]. The precipitate is the
complex of the two polymers, and it can be regarded as a physical network with very large
apparent molecular weight [84]. A non-complexed blend of these two polymers can only be
obtained by using a strong polar solvent such as DMAc or DMF, which can also form
comparably strong hydrogen bonds with PVPh and compete with P2VPy to reduce the interpolymer associations.
A few investigations of the dynamics of strongly associating polymer blends have
also been reported [85-87]. Whereas most employ dynamic mechanical analysis (DMA) or
NMR, there has only been one DRS study: on poly(methacrylate) [PMA]/PVPh and
PMA/poly(4-vinylphenol-co-4-methoxystyrene) [MPVPh, containing 33 mol% VPh
comonomer] blends in a limited composition and frequency range [85]. Prolongo and
coworkers found that the dielectric segmental relaxation process was broadened with
increasing PVPh or MPVPh concentration. The fragility also increased slightly with
increasing PVPh or MPVPh content. Most surprisingly, the width of the relaxation time
distribution in PMA/MPVPh was found to be broader than that in the corresponding
PMA/PVPh blend at a normalized temperature, considering that ∆Tg ≈ 82 K for the former
blend, much larger than 135 K for the latter. Although the authors attributed this to
concentration fluctuations, no discussion on the role of hydrogen bonding was provided. In
one of their early papers, they also investigated the same blends using DMA and found timetemperature superposition (TTS) to approximately hold in the blends, although relaxation
time distributions are quite broad [86].
The same group published another study on the PVAc/PVPh blend containing 20%
PVPh, using DMA and photon-correlation spectroscopy [87]. They found similar behavior
as that in the above blends containing PMA: increased fragility, broadened relaxation time
distribution, and the validity of TTS.
The influence of hydrogen bonding on the dynamics is most clearly found in the
DRS and DMA studies of urazole-modified polybutadiene (uPBD) [88-91]. In PBD with
urazole concentration up to 4 mol%, Stadler and coworkers observed a new relaxation
process, termed α*, which is even slower than the general α process. The α* relaxation was
attributed to the breaking - reassociation process of hydrogen bonding and/or the
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reorientation of the hydrogen-bonded urazole groups in the closed state, whereas the α
relaxation becomes slower with increasing urazole content as a result of increased Tg. This is
a direct verification of the Leibler-Rubinstein-Colby (LRC) model for relaxation of
polymers with reversible stickers, i.e., temporary crosslinks such as hydrogen bonds and
ionic interactions [92]. The LRC model proposes that when the chain length between the
stickers is longer than that of the average entanglement, an additional hindered reptation can
be resolved at a time scale longer than that of the usual segmental relaxation. At time scales
shorter than the average lifetime of a sticker, the polymer is indistinguishable from a
permanent network; however, in the opposite situation, stress can be relaxed and the chain
can diffuse as one sticker breaks away from one tie point and re-associates with another tie
point. While the experimental studies of Stadler and coworkers on uPBD were reported in
the late 1980’s and early 1990’s, Wübbenborst et al. recently observed a similar α*
relaxation in a DRS study of a series of self-assembling polymers formed from hydrogenbonded small molecules [93].

1.5 Motivation and Thesis Organization

Although polymer blends with intermolecular hydrogen bonding have been widely
studied by various groups using FTIR, NMR, and DSC, their dynamics have not been well
understood up to now. In particular, no systematic investigation of this family of blends
using broadband dielectric spectroscopy has been reported. As discussed above, the
dynamics of melt-miscible polymer blends without strong intermolecular interactions are
complex and broad segmental relaxation time distributions, sometimes two separated α
processes, are usually observed. In this thesis, the dynamics of globally miscible polymer
blends with intermolecular hydrogen bonding will be investigated using DRS. This study
covers blends with different ∆Tgs, and different hydrogen bonding strengths and fractions.
The influence of intermolecular hydrogen bonding on chain dynamics will be identified by
comparing our results with those reported for blends with similar chemical structures but
without strong interactions, e.g., PVME/PS and PVME/P2CS blends. Whereas attention is
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focused on segmental relaxations, the effects of hydrogen bonding on secondary processes
will also be discussed for specific blends, in which at least the β relaxation of one
component can be observed with reasonable strength and does not seriously overlap with
other processes.
Chapter 2 presents the experimental details. This includes sample preparation and
measurements of the molecular weight distribution, glass transition, hydrogen bonding, and
dielectric spectra, by gel permeation chromatography (GPC), DSC, FTIR, and DRS,
respectively. These methods are used throughout the whole study.
The ability of hydrogen bonding to damp concentration fluctuations will be
demonstrated initially in Chapter 3 in the study of PVPh/poly(ethyl methylacrylate) [PEMA]
blends with PVPh concentration up to 40% by weight. In the same chapter, the mechanism
for the α-β merging behavior in poly(n-alkyl methacrylate) polymers will be discussed. The

β relaxation of PEMA in blends with different compositions will be compared at
temperatures below the corresponding Tg’s. Together with results from the PMMA/PVPh
blends, it is found that hydrogen bonding does not influence the local relaxation of the side
group in PMMA and PEMA.
In Chapter 4, it will be established that intermolecular hydrogen bonding is capable
of coupling components’ segmental relaxation processes in blends of poly(vinyl ethyl ether)
[PVEE] with PVPh, if there is sufficient intermolecular hydrogen bonding between the
components. More complex and composition-dependent relaxation behavior will be
discussed in Chapters 5 and 6 by studying the blend of PVEE with poly(styrene-cohydroxystyrene) random copolymer [SHS] and PVME with PVPh, respectively.
The above results will be summarized in Chapter 7, together with new studies on
blends of PVPh with poly(vinyl acetate) [PVAc] and poly(ethylene-co-vinlyacetate) random
copolymer with vinylacetate content of 70wt% [EVA70]. The interplay of intermolecular
hydrogen bonding strength and ∆Tg on dynamic heterogeneity will be described.
In Chapter 8, the effects of ∆Tg and chain-connectivity will be presented by
exploring mixtures of PVME with two low molecular weight phenolic model compounds
and toluene, in which significant dynamic homogeneity is observed as a result of the
enhanced entropy of mixing. Finally, a study on the effect of hydrostatic pressure on the
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segmental dynamics in hydrogen-bonded EVA70/PVPh blends will be presented in Chapter
9. Elevated hydrostatic pressure was found to enhance the dynamic homogeneity and this is
attributed to the additional mobility of the slow segments gained from the weakening and
breaking of hydrogen bonds at high pressure and temperature. Conclusions will be provided
at the end of the thesis, as well as suggestions for future study.

Chapter 2
Experimental
2.1 Materials and Sample Preparation

All of the polymers used in this thesis are commercial products and most were
used as received. Molecular weights were determined by gel permeation chromatography
(GPC) using a Waters pump (model 510) with a refractive index detector. In most cases,
dimethylformamide was used as the mobile phase and molecular weights were calibrated
with nearly monodisperse poly(ethylene oxide) standards. Tetrahydrofuran was also used
as the mobile phase in some cases and molecular weights calibrated by narrow molecular
weight distribution polystyrene standards. Molecular weights and distributions are listed
in Table 2-1.
Table 2-1: Source and Molecular Weights of Polymers

Poly(ethyl methacrylate) 1
Poly(methyl methacrylate)

2

Abbr.

Source

Mw

Mn

PEMA

Scientific Polymer Products, Inc.

460000

128000

PMMA

Scientific Polymer Products, Inc.

66000

27000

Poly(4-vinylphenol)

1, 3

PVPh

Aldrich

34000

13600

Poly(4-vinylphenol)

2

PVPh

Aldrich

21000

8400

Poly(4-vinylphenol)

1

PVPh

Polymer Sciences, Inc.

41000

6000

PVEE

27000

13000

PVAc

Monomer-Polymer & DAJAC
Laboratories, Inc.
Polymer Sciences, Inc

121000

24000

EVA70

Scientific Polymer Products, Inc.

441000

61000

PVME

Scientific Polymer Products, Inc.

46000

8400

28000

10800

Poly(vinyl ethyl ether)

1

Poly(vinyl acetate) 1
Poly(ethylene-co-vinyl acetate)
Poly(vinyl methyl ether)

2

1

Poly(styrene-co-phydroxystyrene) 1
p-ethylphenol

SHS

Hoechst Celanese

EPh

Aldrich

bis(4-hydroxyphenyl)-methane

BPM

Aldrich

1. DMF/PEO standards. 2. THF/PS standards. 3. Purified by reprecipitation to reduce dc conduction.
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It should be pointed that PVPh with different average molecular weights are used
during the study. Information about the specific PVPh used in a particular series of
experiments will be provided at the beginning of each Chapter.
All blend samples were prepared by solution casting. Individual polymers were
dissolved in methyl ethyl ketone (MEK) with a concentration of 5 wt%. Appropriate
amounts of solutions were mixed to obtain the desired composition, and stirred for at
least 30 min before being cast in Teflon dishes. Samples were kept at room temperature
for 24 hr to allow for evaporation of most of the solvent. Following this, they were placed
in a vacuum oven at room temperature for 24 hr, then heated up under vacuum to Tg + 20
K or at least 90 °C (in the situation when the Tg is lower than the boiling temperature of
MEK) at a rate of about 10 K/day. This procedure leads to solvent removal and
elimination of bubbles in the films. Neat PEMA, PMMA, PVAc and EVA70 films were
prepared using the same method. A neat PVPh film was prepared by compressing
powdery PVPh at 180 oC for about 20 min, which was then aged under vacuum following
the same temperature scheme as the blend films. All films were 0.2 ~ 0.3 mm thick and
were sputtered with a thin layer of gold on both sides in an argon atmosphere for DRS
studies. For blends or neat polymer (PVEE and PVME) whose Tg’s are lower than room
temperature, samples were directly deposited into the dielectric electrodes, and the
solvent or moisture removed in a heated vacuum oven. A polypropylene spacer (~0.2
mm) was used to control the thickness. Samples were kept in a vacuum desiccator before
measurement. For PVME mixtures with low molecular weight molecules, special
preparation procedures were adopted and will be described later.
DSC samples were prepared in two ways. Most were directly cut from DRS films
immediately before the dielectric experiment. For the PVEE/PVPh system, solutions
were directly deposited into individual DSC pans and provided with the identical thermal
history as the DRS samples.
FTIR was used to study the hydrogen bonding in these blends. Generally, the
solutions, as described above, were deposited onto KBr windows and the solvent
removed following the same procedure.

24
2.2 Dielectric Experiments

A NOVOCONTROL GmbH Concept 40 broadband dielectric spectrometer was
used to collect the dielectric spectra. Although the available frequency region is as broad
as 3 µHz to 10 MHz, measurement of spectra below 0.01 Hz is impractical. In addition,
the uncertainty in data above 3 MHz is very large, particularly for polymers with weak
dipole moments. Thus measurements in this thesis are limited to a frequency range from
0.01 Hz to 3 MHz.
The dielectric relaxation spectra ε*(f, T) were collected isothermally in the
frequency domain from high to low frequency. Measurements were generally conducted
at the highest temperature first, and temperature was subsequently lowered. A thin piece
of aluminum foil was placed between the sample and instrument electrode to prevent
contamination by the polymer at high temperature. No significant difference in the
dielectric spectra was observed in a control study conducted without the aluminum foil.
Temperature was controlled by a NOVOCONTROL Quatro Cryosystem, having a
stability of ±0.1 oC. The samples were cooled and heated in the presence of N2 during
measurement. Sample thickness was determined by a micrometer before and after
dielectric measurement and the final value was used to correct the dielectric spectra.
The isothermal dielectric loss spectra were used to determine the relaxation times
and their distributions at each temperature, by fitting them with the HN equation (eq.
1.12). Sometimes, two or a more HN functions, plus one dc contribution if necessary,
were used to fit the experimental loss curves when different relaxation processes
contribute to the observed spectra. The fitting was done with the WinFit program
(developed by NOVOCONTROL). In this thesis, τmax, instead of τHN, is used to compare
and calculate activation energies because the latter is a function of the shape parameters

m and n, which cannot be reliably determined when only a small part of the spectrum can
be observed in the available frequency window.
The real and imaginary components of each process are then calculated using:

ε '(ω ) = ε U + ∆ε

cos(nθ )
πm
[1 + 2(ωτ HN ) m cos(
) + (ωτ HN ) 2 m ]n / 2
2

2.1
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ε " (ω ) = ∆ε

sin( nθ )
πm
[1 + 2(ωτ HN ) m cos( ) + (ωτ HN ) 2 m ] n / 2
2

2.2

in which:

θ = arctan

(ωτ HN ) m sin(

πm
2

1 + (ωτ HN ) cos(
m

)

πm
2

2.3

)

It should be noted that HN curve fitting was performed on individual ε″ and ε′.
2.3 DSC

Three different DSC models were used to determine Tg in this thesis. For
PEMA/PVPh blends, a Perkin-Elmer DSC-7 was employed and it was calibrated with
pure indium. Argon was used to purge the sample chamber during the experiments.
Samples were first heated to 20 °C above the expected Tg, held for 3 minutes and then
quenched to 0 oC at a rate of -20 oC/min. Tg was taken as the midpoint of the heat
capacity change (∆Cp) in the second heating run at a rate of 20 oC/min. ∆Cp at Tg was
determined from the difference between the extrapolated values of the glassy and liquid
states.
For PVAc/PVPh, EVA70/PVPh, PVEE/PVPh, and PVME/PVPh blends, the DSC
experiments were performed using a Seiko SSC 5200 DSC with sample weight ~10 mg.
The samples were first heated to 50 K above the expected Tg, held for 3 minutes and then
cooled at a rate of 20 K/min. After soaking at a minimum temperature [Tg – 20 K] for 5
minutes, samples were heated again at a rate of 10 K/min. Tg was taken as the midpoint
of the heat capacity change in the second heating run. Each polymer or blend was
measured three times and the average Tg reported. The instrument was calibrated with
three standards: tin, indium, and cyclohexane.
For mixtures of PVME with EPh, BPM, and toluene, samples for DSC analysis
were taken directly from the solvent-evaporated DRS mixtures immediately before the
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dielectric experiment. A different DSC instrument, a TA instruments Q100, was used to
determine glass transition temperatures.
2.4 FTIR

FTIR spectra were determined on a Bio-Rad FTS-6 spectrometer, at a resolution
of 2 cm-1 by averaging 64 scans. On temperature studies, the stability of temperature was
controlled to ~±0.1 K.

Chapter 3
Poly(4-vinylphenol)/Poly(ethyl methacrylate) Blends

3.1 Introduction

In this chapter, the dynamics of the blends of PVPh with PEMA are investigated.
The Tg difference between these two polymers is 97 K, larger than PIP/PVE but smaller than
PVME/PS. This indicates that the mobility difference between PVPh and PEMA is
relatively large and dynamic heterogeneity would be expected, if there were no strong
intermolecular interactions. However, as will be seen, the ability of PEMA to hydrogen
bond with PVPh significantly influences the segmental dynamics, and the experimental
results must be explained by considering these strong interactions.
In addition, neat PEMA is also a good model to investigate the relaxations in
polymers since it can readily be studied by both DRS and DMA [1]. As in other amorphous
polymers, the α process in PEMA arises from main chain cooperative micro-Brownian
motion and its activation energy is relatively high, e.g., >400 kJ/mol. The β relaxation of
PEMA results from hindered rotation of the asymmetric side group –COOCnH2n+1 about the
C-C bond connecting it to the polymer backbone and, possibly, also involves coordinated
main chain re-arrangement [94,95]. The activation energy of the PEMA β process is
relatively low (e.g., ~ 70 kJ/mol) due to its local character, i.e., a smaller relaxation domain.
Although the β relaxation is much faster than the α at Tg, the peak frequency of the latter
increases more rapidly (due to its higher activation energy) with increasing temperature than
the former and therefore, at a particular temperature above Tg, the α merges with the β
process. It is generally difficult to resolve a reliable, well-defined α relaxation for PEMA in
an accessible temperature and frequency range with typical DRS or DMA instrumentation
[1].
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The underlying mechanism of the α-β splitting behavior in the poly(n-alkyl
methacrylate) [PnAMA] family remains an active research topic. Garwe and coworkers have
suggested that the high temperature merged process (αβ) is locally cooperative, such that the
relaxation of the side group involves neighboring main chain cooperation [96,97]. The
cooperation length scale increases with decreasing temperature and they propose that at a
particular temperature (the so-called onset temperature, Tonset), at which the relaxation
strength, (∆ε(α)) = 0, the cooperation length scale is large enough to be observed
dielectrically and thus the α process emerges. This proposed mechanism is mainly based on
the observed change in the Arrhenius behavior through Tonset, as will be discussed later.
However, the temperature range in which the α process is well separated from the β process
is too narrow to support this splitting/merging mechanism. A wider splitting temperature
window is desirable for studying α-β merging and splitting behaviors.
One way to enhance separation of the α and β processes is to form a miscible blend
of PEMA with a polymer having a higher Tg. This shifts the α process of the blend to a
lower frequency (or higher temperature), while the relaxation time of the β process (τβ) of
the PEMA may not change much due to its local character. Therefore, at one constant
temperature, τα and τβ exhibit a larger difference and α and β processes will be more clearly
defined.
PEMA is known to be miscible with poly(4-vinylphenol) [PVPh] throughout the
entire composition range, due to the strong hydrogen bonding between the PEMA carbonyl
groups and the hydroxyl groups of PVPh [98,99]. Compared with PEMA, PVPh has a
relatively high Tg, i.e., 160 ~ 170 oC depending upon its molecular weight. This blend
system is expected to have a wider temperature range than PEMA, in which both the α and
β processes can be reliably resolved, and thus more information on the splitting behavior can
be obtained.
This chapter is organized in the following manner. First DRS data on neat PVPh and
PEMA are presented, and a molecular mechanism for the αβ splitting in PEMA is proposed.
The influence of blending on the relaxation behavior in three different temperature regions
will then be discussed: temperatures below Tg at which only the β process is observed,
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intermediate temperatures where the α and β relaxations are separated, and the α-β merging
at higher temperature. Discussion of concentration fluctuations and fragility in the blends
will be provided at the end of this chapter.
3.2 DRS Curve Fitting

Since the α and β relaxations are close to each other, to resolve and compare them
for different blends, the curve fitting scheme should be defined first. The peak in ε″ (f)
below Tg mainly arises from the β relaxation. Data in this region are therefore fit with only
one HN function. In addition, the PEMA β relaxation (and also of poly(n-butyl
methacrylate), PnBMA) has generally been found to be symmetric [97,100-102], and can
therefore be fit by fixing the HN parameter n = 1, i.e., assuming a Cole-Cole form.
In the splitting region, ε″ (f) is fit with two HN functions and one dc contribution. In
order to reduce the number of fitting parameters and thus to improve the fitting stability, n
was again fixed = 1 for both α and β relaxations, following Schröter and coworkers in their
dielectric study of PEMA [102]. This assumption appears to be reasonable on the basis of a
dielectric study of PEMA and PnBMA, in which n was not fixed, and in which it was found
that m ≈ mn, implying n ≈ 1 [97]. Moreover, in the middle of the splitting region, where both

α and β are well defined, n = 1 was found even though in this case it was a free fitting
variable.
In the merged αβ temperature region, the dielectric loss was fit with one dc
contribution and one HN function, in which both m and n were fitting variables.

3.3 DRS Spectra of Neat Polymers

PVPh (Aldrich, with Mw = 34,000) was purified by dissolving in MEK, filtering with
a 0.45 µm PVDF Acrodisc®, and finally precipitating in hexane.
Blends with PVPh concentrations of 10 through 40 wt% in 10% increments
(designated as VE10 through VE40) were studied. Due to the strong dc conductivity in
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PVPh and the α-β merging process, the α process in blends with more than 40% PVPh
cannot be reliably resolved. The DRS spectra at temperatures from 180 °C to 30 °C were
recorded isothermally during cooling.

3.3.1 PVPh

PVPh has a relatively strong dipole moment associated with its phenol group, and
exhibits β and γ relaxations in the dielectric spectra (Figure 3-1). The dc conduction in neat
PVPh is so strong above Tg that it completely masks the α process. To our knowledge, the α
relaxation of PVPh has not yet been reported in the literature. Compared to PEMA, the β
relaxation of PVPh is weak and is located at a much higher frequency, so this process is not
considered further in this chapter.
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Figure 3-1: Local relaxation processes of PVPh. The labels give corresponding temperatures in οC. Same
labeling methodology will be used in other figures if not indicated.
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In these experiments, PVPh was tightly sandwiched between two electrodes and was
in an N2 environment during the entire measuring period. However, the PVPh phenol group
is readily oxidized or cross-linked, and understanding the thermal stability of PVPh can be a
prerequisite for obtaining reliable information for both the neat polymer and blends. The
maximum temperature at which data was acquired was 180 °C. This upper limit was arrived
at on the basis of an FTIR temperature study, in which no observable changes in the spectra
were detected after holding at 180 °C for 30 minutes.

3.3.2 α-β Merging in PEMA

The dielectric behavior of PEMA has been well documented. As discussed in the
first section, PEMA exhibits a β process below ~70 °C in the accessible DRS frequency
window. An α process appears above Tg, and with increasing temperature shifts to higher
frequency at a faster rate than the β process. Moreover, the dielectric strength of the β
process increases with increasing temperature while ∆ε(α) decreases. As a result of these
two effects, only one peak is observed above ~90 °C. Figure 3-2 shows the splitting and
merging process.
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Figure 3-2: 3D DRS loss spectra of neat PEMA: αβ splitting and merging process.

As typically found for other polymers, the low temperature β process exhibits
Arrhenius behavior, while the α transition, correlated with the glass transition, is VFT-like.
For the merged αβ process, although it includes some contribution from the α relaxation, it
still displays Arrhenius behavior, as shown in Figure 3-3 .
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Figure 3-3: Arrhenius plots for PEMA. Solid square indicates the location of Tg (74 °C).

The Arrhenius plot of the β process in the splitting region is rather interesting. A
plot of log τmax(β) vs.1/T is generally linear, but close inspection of Figure 3-3 reveals a
deviation from Arrhenius behavior when approaching the merging temperature. The slope of
the log τmax vs. 1/T plot at a temperature slightly above Tg is close to that observed in the low
temperature region, which arises from the local β relaxation only. However, as the
temperature is increased the data become curved, appearing more like the αβ process at
Tonset. It is worth pointing out that the activation energy of the αβ process is much higher
than the low temperature β process. The significant increase in Ea indicates that the
mechanism of the β relaxation changes from a local process below Tg to a process with some
cooperative character with increasing temperature, as confirmed by a multidimensional
NMR study of PMMA and PEMA [94,95]. In this work it was observed that the β relaxation
is accompanied by main chain rocking, whose amplitude increases with temperature. The β
process in PMMA arises from the 180o (±20°) flip of the –O-(C=O)- plane of the side group
between two potential-energy minima [94]. This should also be true for PEMA. Due to its
asymmetric shape, the -OCOC2H5 side group cannot match its initial environment after one
flip, thus the main chain must undergo some kind of simultaneous rearrangement. This
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process can be called a locally cooperative relaxation [94,97]. In PEMA the main chain
rearrangement is a rocking motion around the local chain axis with ±20° amplitude in the
glassy state. The main chain cooperative rocking is achieved by free volume fluctuations,
i.e., there is enough free volume in ‘microdomains’ even well below Tg. According to Kulik
et al. [95], at 82 °C (~18 °C above Tg), the amplitude of the main chain rocking increases to
about ±40°, and it increases to an amplitude of ±50° at 92 °C (28 °C above Tg).
The above NMR study strongly supports a change in the molecular mechanism of
the β process with increasing temperature. The non-linearity of the log τmax vs. 1/T behavior
of the β process in the splitting temperature region can be explained by the continued
enhancement of accompanying main chain participation with increasing temperature, i.e., an
increase in the relaxation unit size. Combining the DRS data and the ideas proposed by
Garwe et al. [97], it seems that the ±20° main chain rocking does not change the local nature
of the β relaxation below Tg, while the ±50° main chain rocking well above Tg endows some
cooperative character.
On the other hand, while the amplitude of the accompanying main chain
participation in the β process increases with increasing temperature, the cooperativity, or the
relaxation unit size, of the α process itself decreases with increasing temperature. These
opposing trends suggest a reduction of the domain size associated with the α process to a
value equivalent to that required to accompany the locally cooperative β process at Tonset. If
this is true, there will be only one relaxation process, because the α and β relaxations have
the same molecular origin above this temperature, the merged αβ process. Donth’s group
considers this explanation to be incorrect, because the log τmax(α) vs. 1/T plot parallels that
of log τmax(β) vs. 1/T when approaching the merging region, indicating that an extrapolation
of log τmax(α) vs. 1/T to log τmax(β) vs. 1/T is impossible [96,97,100,102-104]. However, in
the current DRS study, which corresponds with results obtained by Bergman and coworkers
(Figure 4 in Ref [105]), the log τmax(α) vs. 1/T plot is not parallel to the corresponding plot
for the β process in the vicinity of the merging temperature, and thus it is possible to obtain

τmax(α) = τmax(β) by extrapolation. Nevertheless, the explanation of the α-β merging

35
behavior needs further experimental verification by other techniques, e.g., two-dimensional
FTIR [106].

3.4 Dynamics of the Blends

All blends exhibit a single Tg in the DSC experiments and these are listed in Table 31. In the temperature range where α and β are well separated, a single α process was found

for all blends, located between that of neat PEMA and PVPh. On one hand, this confirms
that PVPh/PEMA is a miscible system in the composition range studied. On the other hand,
this indicates, as to be discussed later, that dynamic heterogeneity, observed in blends with
similar ∆Tg, is insignificant in PVPh/PEMA blends.
Table 3-1: Characteristic Temperatures, Heat Capacity Change and Fragility of PVPh/PEMA Blends
PEMA

VE10

VE20

VE30

VE40

PVPh

Tg (DSC, oC)

74

85

90

101

107

171

∆Cp (J/g oC)

0.15

0.27

0.32

0.37

0.38

0.54

Tref (oC)*

76

93

97

102

109

Tonset (oC)

94

115

131

137

150

Tonset - Tref (oC)

18

22

34

35

41

F

84

96

89

82

89

* at which τmax(α) = 1s.

Because the blends have a higher Tg than PEMA, the α peak is shifted to lower
frequencies or higher temperatures compared with PEMA. However, the overall dielectric
behavior of the blends is similar to that of neat PEMA: there are clear α-β splitting and
merging regions, as shown in Figure 3-4 in a 3D manner, or in the Arrhenius plot in
Figure 3-5 .
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Figure 3-4: 3D DRS loss spectra of 30/70 PVPh/PEMA blend: αβ splitting and merging process.
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Figure 3-5: Arrhenius plot of 30/70 PVPh/PEMA blend.
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3.4.1 Relaxation at Low Temperatures

This process in the blends also originates from side group flipping of PEMA and
follows the Arrhenius law. The hydrogen bonds formed between PVPh and PEMA have a
strength of about 20 kJ/mol [82], while Ea(β) of neat PEMA below Tg is 68 kJ/mol. These
two values are roughly in the same order, so one would expect that hydrogen bonding
between PVPh and PEMA would significantly increase the τmax(β) of PEMA. However,
only a slight increase τmax(β) at a given temperature was observed (see Figure 3-6).
Hydrogen bonding is a dynamic process, of course, and if the lifetime of hydrogen bonds
(τHB) between PEMA and PVPh is shorter than τmax(β), the β relaxation can readily occur
during the dissociation interval. On the other hand, if τHB > τmax(β), additional energy will be
needed to break the hydrogen bond before the –C=O groups can relax. It has been found that
the formation and breaking of the hydrogen bond between N-methylacetamide (NMA) and
methanol occurs on a time scale of 10 ~ 15 ps at room temperature [107,108], obtained by
time-resolved double resonance 2D-IR spectroscopy, which assumes a maximum protonacceptor distance of 2.5 Å and a minimum donor-proton-acceptor angle of 120 ° for closed
hydrogen bond. The hydrogen bond between PEMA and PVPh is weaker than that between
NMA and methanol, thus its τHB should be even shorter. Therefore, τHB is much smaller than

τmax(β) for PVPh/PEMA blends at the same temperature.
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Figure 3-6: Comparison of Arrhenius behavior of the local β relaxation for PEMA and PVPh/PEMA blends at
low temperatures (a) and in the splitting region (b).

At 60 °C, the β processes of the blends and PEMA occur at almost the same
frequency (Figure 3-7), while the β process of PVPh is located more than 5 decades higher
in frequency and its relaxation strength is relatively low. Accordingly, the latter might
contribute to the high frequency shoulder of the blends, whereas β(PEMA) is responsible to
the observed strong β relaxation in blends. Although there appears to be some broadening of
the β process in the blends, this is reduced considerably if the contribution of PVPh on the
high frequency side is removed, and that of the α process on the low frequency side is also
removed.
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Figure 3-7: Dielectric β process of PEMA and PVPh/PEMA blends at 60 °C. ε″ of PEMA and the blends have
been normalized to εmax″, while that of PVPh is normalized to PEMA.

Blending also increases the activation energy of the β relaxation. Ea(β) of PEMA is
about 68 kJ/mol (Table 3-2), which is consistent with the value of Garwe et al. (65 kJ/mol)
[102], but somewhat lower than that reported by McCrum et al.[1]. However, blending with
a high-Tg polymer does not necessarily increase Ea(β) of the low-Tg component. In a
dielectric study of bisphenol-A polycarbonate (BPA-PC)/ tetramethyl bisphenol -A
polycarbonate (TMBPA-PC) blends, Katana and coworkers found Ea(β) of BPA-PC
decreased with increasing concentration of the high-Tg component, TMBPA-PC [40].
Table 3-2: Activation energies for different relaxation processes
and dc conductivity in PEMA and PVPh/PEMA blends*
PEMA

VE10

VE20

VE30

VE40

β relaxation (low temperature)

68

75

78

85

81

Merged αβ (high temperature)

125

127

138

153

182

β (splitting region)

62

79

84

78

67

dc conduction (high temperature)

161

157

149

145

140

* Units: kJ/mol
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3.4.2 Splitting Temperature Region

In this region, the dielectric spectra were fit with one dc contribution and two HN

ε"

functions. An example of the final fit curves is shown in Figure 3-8 .
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Figure 3-8: Dielectric loss spectrum of 30 wt% PVPh/PEMA blend at 112 °C. The triangles are experimental
results; the dotted lines are HN curve fitting results for the α and β relaxations and dc conductivity.
The solid line is the sum of the three components.

At temperatures approaching the merging point, i.e., 90 °C, although there is only a
small shoulder on the low frequency side of the β peak, one HN function cannot provide a
reasonable fit to the data and the spectra must be fit with two functions representing both α
and β processes.
In contrast to the small change in τmax(β) in the low temperature region, the
relaxation time of the α process in the blends increases significantly with PVPh content
(Figure 3-9 (a)). This can be easily understood if one considers that the α relaxation is
correlated with the glass transition and Tg of PVPh is about 97 °C higher than that of PEMA.
The issue is, whether hydrogen bonding has some special influence on the α process,
beyond a simple Tg effect. To determine this the temperature was normalized as Tref/T, in
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which Tref is the temperature at which τmax(α) = 1 s, to facilitate comparisons through a
fragility plot. The fragility F of a glass-former is defined as [109,110]:
F=

d log τ α
|T =T
d (Tref / T ) ref

3.1

3
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Figure 3-9: Arrhenius (a) and fragility (b) plots of the α relaxation for PEMA and PVPh/PEMA blends. Tref
and fragility F are shown in Table 3-1.

Fragility reflects the temperature dependence of τmax(α). “Fragile” polymers have a
higher slope and dramatically change their relaxation time through the reference
temperature, while “strong” polymers maintain their properties in the transition region. It is
possible that intermolecular hydrogen bonds would restrict the polymers and render them
more fragile, as found for PMA/PVPh blends [86].
Despite this, Figure 3-9 (b) does not show any significant difference in fragility
between neat PEMA and PVPh/PEMA blends. Fragile glass-formers usually have a higher
degree of intermolecular coupling (i.e., high cooperativity) which is quickly lost with rising
temperature, so that the relaxation process changes rapidly. For a hydrogen bonded system,
however, the intermolecular interaction is significantly larger than the available thermal
energy kT, which is roughly 3 kJ/mol at the Tg’s of PVPh/PEMA blends. Thus, the high
fragility expected from high cooperativity is not observed. More discussion concerning the
intermolecular coupling ~ fragility ~ hydrogen bonding relationship will be given in the next
chapter.
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Based on the energy landscape model developed by Angell and coworkers [109,110],
fragility is correlated with the topology of the potential energy hypersurface. If the density
of energy minima in this hypersurface is high, the material will have a greater probability of
finding a new conformation and will thus exhibits higher fragility. The rapid change of
conformation suggests a large configurational entropy change, or large ∆Cp:

S c = ∫ ∆C p / TdT

3.2

PVPh/PEMA blends do have a larger ∆Cp than neat PEMA (Table 3-1), but this does
not necessarily imply high fragility, because ∆Cp of the blends might include enthalpy
contribution from the breaking of hydrogen bonds during heating. Moreover, although the
density of energy minima is high, if the energy barrier between the minima is large, it will
be difficult for the polymer to change from one conformation to another. This mechanism
has been proposed to explain the same high-∆Cp but medium-fragility behavior in hydrogen
bonded small molecules, e.g., alcohols. It is believed that hydrogen bonding increases this
energy barrier [109-112].
The insensitivity of fragility to hydrogen bonding is also observed in styrene-co-4vinylphenol (STVPh) copolymers. Fragility of copolymers slightly decreases with
increasing 4-vinylphenol contents, from ~101 for polystyrene to ~92 for a copolymer with
18 mol% 4-vinylphenol, although ∆Cp increases with increasing 4-vinylphenol content
[113]. In the study on PMA/PVPh blends, the authors suggested that the increase of fragility
upon adding PVPh might be a result of concentration fluctuations [86]. Tg of PMA is only
18 °C and the large ∆Tg is a favorable factor for observing concentration fluctuations.
However, it is proposed that the large ∆Tg, not the resulting CF, that is responsible for the
increases in fragility, as to be discussed in the chapter concerning PVPh/PVEE and
PVPh/PVME blends.
It is worth pointing out that fragility of PEMA is roughly 84 (Table 3-1), while it has
been reported to be 92 for STVPh with 18 % 4-vinylphenol. The fragility of PVPh, though
unable to be measured by DRS, should be around 92 according to the trend observed in
STVPh copolymers. The small fragility difference between PEMA and PVPh is also an
important reason for the similar fragility observed in PVPh/PEMA blends.
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In contrast to the cooperative α process, the local β relaxation in this temperature
range does not change much with the addition of PVPh. As observed for neat PEMA, the
local β relaxation in this region exhibits a gradual curvature with increasing temperature
(Figure 3-6 (b)). It becomes more and more like the merged αβ process as the onset point is
approached. This has been explained in terms of an increase in main chain participation
earlier in this chapter.
As a general rule, ∆ε(α) decreases with increasing temperature as a result of reduced
cooperativity and enhanced thermal randomization, where ∆ε(β) increases, because more
dipoles gain mobility at higher temperatures (Figure 3-10). Moreover, ∆ε(α) is very similar
for the different blends, while ∆ε(β) becomes smaller with increasing PVPh concentration,
i.e., the ratio ∆ε(α)/∆ε(β) increases with blending. Since the β transition arises from PEMA,
this observation confirms that PVPh participates in the dielectric α relaxation, otherwise
∆ε(α) would have decreased proportionally with ∆ε(β).
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Figure 3-10: Dielectric relaxation strength of the α (a) and β (b) processes of PEMA and PVPh/PEMA blends.

The HN parameter m is a function of both temperature and composition (Figure 3-11)
and takes on larger values for narrower peaks. For the cooperative α relaxation, the system
becomes more homogeneous at higher temperatures, and a higher value of mα is found for
both PEMA and the blends with increasing temperature. Additionally, the value of mα for
neat PEMA and blends with different compositions are similar after normalization by Tref
(Figure 3-11 (a)), which indicates that the well-known concentration fluctuations effect in
blends is insignificant in this case. For the local β relaxation, no significant effect of
blending is found, as observed at temperatures below Tg. That is, mβ is very similar for all
systems, although it displays a small increase with rising temperature (Figure 3-11 (b)) as a
result of increased homogeneous environment for the localized relaxation. This again proves
that blending does not influence the β relaxation of PEMA, though strong intermolecular
hydrogen bonds have been formed. Note that the HN parameter n is fixed to 1 for both
processes during curve fitting.
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Figure 3-11: Curve fitted HN parameter m of the α (a) and β (b) processes in the splitting temperature region.

As discussed earlier, the α relaxation in the blends is shifted to higher temperature or
lower frequency compared to PEMA, whereas the position of the β process changes little.
Therefore, as expected, α and β are separated more clearly at the same temperature
(Figure 3-12(a)). Moreover, the increase of ∆ε(α)/∆ε(β) further enhances α-β separation in
the blends, even after normalization with Tref (Figure 3-12(b)). In Figure 3-12(b), the α
process of PEMA is only a small shoulder on the β peak, while in the blends it is more
clearly resolved and exhibits a significantly higher strength than the α process for PEMA.
Therefore, the increase in ∆ε(α)/∆ε(β) of the blends facilitates the curve fitting, making it
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more reliable for the blends than for neat PEMA, particularly at temperatures approaching
Tonset. Since the onset of the α process is defined as the temperature where ∆ε(α) = 0,
blending also delays the merging process. This is verified by the observation of a larger
splitting window, Tonset - Tref, for the blends (Table 3-1) than for neat PEMA.
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Figure 3-12: Comparison of the α-β splitting behavior of PEMA and PVPh/PEMA blends at 90 °C (a) and at
Tref + 10 °C (b). DC contribution has been subtracted from the latter using fitting parameters σ0
and s.
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The α-β merging mechanism for PEMA is more apparent in the relaxation behavior
of blends in the splitting temperature region as a result of the availability of a wider splitting
window and thus the greater reliability of curve fitting in the blends. The non-linear
behavior of τmax(β) and the non-parallel behavior of τmax(α) and τmax(β) become more
evident (Figure 3-5). To reiterate, the observed behavior clearly supports the enhancement
of main chain participation in the β process and the possibility of extrapolation of the log

τmax(α) vs. 1/T to intersect with log τmax(β) vs. 1/T data at Tonset.
In summary, PVPh does not change the general character of the splitting and fragility
of PEMA, but the splitting does become better defined in the blends.

3.4.3 High Temperature Merging Region

The merged αβ process is a locally cooperative process. τmax(αβ) increases
significantly with PVPh concentration (Figure 3-13), in contrast to the almost constant τmax
for the isolated β process at lower temperature. The higher value of Ea for the merged αβ
process, compared with that of the local β process, indicates that more repeat units are
involved in the relaxation. All of this supports a locally cooperative relaxation mechanism.
Close inspection of the Arrhenius plot in Figure 3-13 reveals weak VFT behavior, indicating
some cooperative character. Again, Ea increases with PVPh content as a result of its
participation in this process and the restrictive force from intermolecular hydrogen bonding.
The measured Ea of neat PEMA, 125 kJ/mol, is close to that reported by McCrum et al. (130
kJ/mol) [1], but somewhat higher than the value of 109 kJ/mol reported by Garwe et al
[102]. With increasing temperature, the local β process takes on increasing cooperative
character and ultimately evolves into the αβ process.
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Figure 3-13: Comparison of Arrhenius behavior of the locally cooperative αβ process for PEMA and
PVPh/PEMA blends with different PVPh concentrations.

The relaxation strength of this cooperatively local process does not exhibit a
noticeable change with temperature (Figure 3-14(a)), due to the opposing temperature
dependences of ∆ε(α) and ∆ε(β). The HN parameter m displays a trend similar to that in the
splitting region (Figure 3-14(b)), whilst the slope at high frequencies, mn, is independent of
both composition and temperature (Figure 3-14(c)). It should be mentioned that the
‘abnormal’ data in Fig 3-14(c), e.g., mn ≤ 0.2 or mn ≥ 0.5, may be a result of HN curve
fitting artifact and it does not necessarily carry any physical significance.
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Figure 3-14: Dielectric relaxation strength (a) and curve fitted HN parameters m (b) and mn (c) of the locally
cooperative αβ relaxation of PEMA and PVPh/PEMA blends.

As discussed in the first chapter, concentration fluctuations are an inherent
characteristic of polymer blends. Comparing the DRS spectra at T = Tref + 45 K (Figure 315), after subtracting the dc conductivity contribution), a slight broadening upon blending is

observed with PVPh. However, this effect is not as significant compared to the broadening
observed in blends of EVA70 with PVC, which exhibit a peak width at half height much
larger than both component polymers [34]. The full-width at half-maximum increases only
~1 decade upon introducing 40% PVPh, as compared with that of neat PEMA.
In fact, the ability of strong intermolecular interactions to damp concentration
fluctuations has been theoretically predicted by Kumar et al.’s CF model [77]. They
modeled a 50/50 blend of poly(n-hexyl methacrylate) [PhMA] with STVPh (or SHS, with
50% 4-vinylphenol), which has a ∆Tg of 132 K. The local concentration distribution is found
to be unimodal and very sharp around the bulk average composition.
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Figure 3-15: Dielectric broadening of PEMA and PVPh/PEMA blends at Tref + 45 K. The loss spectra have
been normalized by Fmax and ε″max and the dc contribution has been subtracted.

It was expected that hydrogen bonding in this blend would promote closer
intermolecular contacts. The length of a hydrogen bond is roughly 0.25 nm [114], while the
domain size detectable by DRS is about 2-3 nm, which is also the characteristic length scale
of the segmental relaxation at ~10 K above Tg [23]. Accordingly, the insignificant
concentration fluctuations in PVPh/PEMA blends are a result of these strong intermolecular
interactions. The lack of an equivalent strong, specific interaction leads to an appreciable
broadening in EVA70/PVC, although it has a somewhat smaller ∆Tg, ~90 K, compared with
97 K for PVPh/PEMA. As discussed in Chapter 1, in miscible blends with large ∆Tg but
without strong intermolecular interactions, the components may relax individually and
sometimes two segmental processes can be observed.
Ionic conduction in polymers is a result of the transport of impurity ions. The
conductivity σ0 follows VFT law with temperature, and it is related to polymer segmental
relaxation [115]. PVPh is mainly responsible for the dc conductivity in PVPh/PEMA blends.
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Arrhenius behavior was found for σ0 in the high temperature region and VFT behavior in the
splitting temperature region (Figure 3-16). The activation energy for conduction is a
decreasing function of PVPh content (Table 3-2), which indicates that the OH groups in
PVPh might also facilitate dc conduction, probably through proton-transfer in the hydrogen
bonding network. It is also found the conduction index s ≈1 for blends and ≈0.85 for neat
PEMA, supporting the proton-conduction mechanism.
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Figure 3-16: Arrhenius plots of the dc conductivity in PEMA and PVPh/PEMA blends.

3.5 β Relaxation in PVPh/PMMA Blends

It has been demonstrated that the relaxation time and its distribution of the β process
in PVPh/PEMA blends are essentially the same as observed in neat PEMA. However, since
there are both hydrogen-bonded and non-associated PEMA carbonyl groups in these blends
due to the rather low PVPh concentrations, a critical question should be answered before
giving a definite conclusion: is the observed β process mainly from these non-associated
PEMA units, whereas the hydrogen-bonded ones are immobilized by hydrogen bonding?
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For this purpose, PVPh/PMMA blends with PVPh concentrations up to 80% were
also studied, in which almost all PMMA repeat units should be hydrogen bonded. Following
similar experimental and data processing schemes, and focusing on the β relaxation only, the
relaxation times of the β process are compared in Figure 3-17 at temperatures well below the
blend Tg where contribution from the α process is negligible.
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Figure 3-17: Arrhenius plot of the β relaxation in PVPh/PMMA blends.

As observed in PVPh/PEMA blends, different blends have similar τβ at constant
temperature. Most importantly, the dielectric relaxation strength has also been calculated
and the result is shown in Figure 3-18.
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Figure 3-18: Dielectric relaxation strength of the β relaxation in PVPh/PMMA blends at temperatures below
Tg. Dotted line represents the values expected solely from changing the concentration.

It is clear that ∆ε is proportional to PMMA concentration and follows the predicted
trend. If the hydrogen-bonded PMMA units are unable to relax, a large negative deviation,
particularly at high [PVPh], should have been observed. The result strongly supports that
hydrogen bonding between PVPh and PEMA does not significantly influence the local
relaxation of the latter. This can be attributed to the rather weak hydrogen bonding, its fast
dynamics, and the cooperative nature of the β relaxation of PEMA. It will be demonstrated
later that stronger hydrogen bonding is able to retard the local relaxation of associated
functional groups.

3.6 Summary

PEMA has complicated α-β splitting and merging behaviors. The increasing main
chain rocking amplitude converts the β process from a local relaxation to one that is locally
cooperative with increasing temperature. The disappearance of the α process is tentatively
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attributed to a reduction in its cooperative domain size to a value that is comparable to that
required for the locally cooperative β relaxation at the so-called onset temperature.
The presence of PVPh in blends influences different processes to different extents.
The local β process in the blends arises from PEMA and varies only slightly on blending.
Combining with results from PVPh/PMMA blends, it is concluded that hydrogen bonding
does not significantly influence the rotation of the associated functional groups in PEMA or
PMMA. In contrast, PVPh participates in the α process and its addition leads to a
pronounced increase in relaxation time τmax(α). PVPh also delays the high temperature
merged αβ relaxation and leads to a longer τmax(αβ). The α relaxation of the blends is
enhanced by the presence of PVPh. The activation energies of both the local and locally
cooperative processes are larger for the blends as compared with neat PEMA. The αβ
splitting and merging are observed more clearly and reliably in the blends, and their
molecular mechanism is similar to that of PEMA.
The strong interaction between PVPh and PEMA manifests itself by promoting
miscibility and reducing concentration fluctuations in the blends.

Chapter 4
Coupling of Component Segmental Relaxations

4.1 Introduction

Although a single segmental relaxation process is observed in miscible PVPh/PEMA
blends with a ∆Tg ≈ 97 K, the α-β merging in PEMA somewhat complicates interpretation
of the dielectric spectra. Furthermore, to identify the role of intermolecular hydrogen
bonding on the segmental dynamics, one should know the relaxation behavior of model
blends which have no specific intermolecular interactions. For this purpose, blends of
poly(vinyl ethyl ether) [PVEE] with PVPh were selected, since the α process of PVEE can
be unambiguously defined and the dynamics of chemically similar PS/PVME blends have
been studied by a variety of techniques. Moreover, since the hydrogen bonding between
PVEE and PVPh (>5 kcal/mol) is known to be much stronger than that between PEMA and
PVPh, its effects on dynamics can be more readily to be experimentally identified.
Scheme 4-1. Chemical Structures of Model Polymers
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As can be seen from Scheme 4-1, PVEE has a similar chemical structure to PVME,
and PVPh is the analog to PS and P2CS. As discussed in Chapter 1, significant dynamic
heterogeneity has been observed in PS/PVME, and several theoretical models have been
proposed to explain this behavior [59-71]. For P2CS/PVME blends, both components have
strong dipoles and two distinct dielectric segmental relaxation processes have been
observed, although DSC measurements reveal a single Tg for both systems [72]. ∆Tg of
PVEE/PVPh (186 K) is much higher than that of the above model blends (135 ~ 155 K) and
dynamic heterogeneity would be expected if there is no intermolecular hydrogen bonding. If
different behavior is observed in PVEE/PVPh blends, it should naturally be attributed to the
primary structural difference, i.e., hydrogen bonding.

4.2 Results

PVPh was purchased from Polysciences, Inc. with Mw = 41000 and Mn=6000.
Blends with PVPh concentrations from 5 through 50 wt% (designated as PE05 through
PE50, where the number denotes the weight percentage of PVPh in the blend) were studied.
For PVEE, PE05, PE10 and PE20, whose Tg’s are below ambient temperature, gold
sputtering was not attempted.

4.2.1 Blend Miscibility

A previous FTIR study of PVEE/PVPh blends demonstrated that strong hydrogen
bonds are formed between the ether oxygen atoms in PVEE and the hydroxyl groups of
PVPh [116], immediately suggesting they may be miscible. This is confirmed by our DSC
results, in which a single Tg was observed for each blend (Figure 4-1). However, the glass
transition is broadened considerably in the blends compared with the component polymers,
indicating local heterogeneity. Careful inspection of the DSC curves reveals that broadening
reaches a maximum at PE20 (see Table 3-1), and then the transition becomes somewhat
narrower with increasing PVPh concentration. This is rather unusual behavior, because the
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glass transition is generally broader in blends with larger high-Tg component concentration,
compared to those rich in the low-Tg component [81]. As to be discussed later together with
similar broadening of the corresponding DRS spectra, this unusual behavior was attributed
to the existence of two different relaxing segments in blends with low PVPh content, that is,
intermolecularly hydrogen-bonded PVEE-PVPh and non-associated PVEE, due to the
stoichiometric effect in forming hydrogen bonds.
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Figure 4-1: DSC curves of PVPh/PVEE blends: second heating run, heating rate = 10 K/min.
Table 4-1: Glass Transition Temperatures and Transition Breadths of PVPh/PVEE Blends
PVEE

PE10
fast

PE20

slow

fast

PE30

PE40

PE50

PVPh

slow

Tg (°C)

-28

-20

-3

25

44

75

158

∆T (°C)a

8

15

40

36

35

33

15

Tgeff b (°C)

-14

-10

4

1

23

34

59

96

N/A

Tgeff - Tg (°C)

14

10

24

4

26

9

15

21

N/A

a

Defined as the difference between the onset and completion of the glass transition.

b

Defined as the temperature at which the relaxation time τmax = 0.01 s.
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4.2.2 Dielectric Relaxations of Component Polymers

In order to clearly interpret DRS spectra of the blends, it is essential to understand
the dielectric behavior of the component polymers. Although there have been a number of
dynamics studies on PVME, no investigation of PVEE has been reported in the literature.
Three dielectric relaxation processes are observed for PVEE, namely α, β ′ and β with
decreasing temperature (Figure 4-2). As usually observed in other homopolymers, the α
process in PVEE occurs above Tg and is broadened slightly towards high frequencies. As a
cooperative process, it follows the VFT equation. Curve fitted values of these parameters are
listed in Table 4-2.
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Figure 4-2: Dielectric loss spectra of neat PVEE: (a) segmental and (b) local relaxation processes. The solid
triangles are data for a moisture-equilibrated PVEE sample at –90 °C.

Table 4-2: VFT Fit Parameters and Fragility of
PVPh/PVEE Blends a

a

PVEE

PE30

PE40

PE50

τ0 (10-14 s)

15.3

7.74

5.90

2.74

B (ev)

0.140

0.159

0.160

0.149

T0 (K)

194

235

260

304

Tref (K)a

249

296

321

359

F

58

63

70

88

Defined in eq. 1-22. b Defined as temperature at which τmax =

1 s..

The β relaxation as a secondary process and is thus relatively weak. It has an
Arrhenius temperature dependence with an activation energy of 20 kJ/mol, which is the
same as found for the β process of PVME [117]. The relaxation strength of the β ′ process
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increases rapidly after equilibrating with water at room temperature for two days, while no
change was observed for the other two processes. It is therefore attributed to the relaxation
of residual moisture. A similar relaxation process due to moisture has also been observed for
PVME [72].
Although the PVPh used here has a somewhat different molecular weight from that
used in the experiments in the previous chapter, its α relaxation still cannot be resolved
dielectrically due to the strong dc conductivity. Its γ process occurs at much lower
temperatures than the segmental relaxation of PVEE; the β transition is located near the
glass transition region of PVPh/PVEE blends but with very low intensity, due to its local
character, compared with the cooperative relaxation. Therefore, it was unnecessary to take
the PVPh local processes into consideration during HN curve fitting of the blends’ α
processes.

4.2.3 Segmental Relaxations of Blends

Figure 4-3 presents the dielectric spectra of two blends with different PVPh
concentrations (i.e., 20 and 40%) above their glass transition temperatures. By comparing
their spectra with that of PVEE, it is immediately apparent that the blends have a much
broader distribution of relaxation times, although the broadness has different characteristics
for different compositions.
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Figure 4-3: Dielectric segmental relaxation spectra of (a) PE20 and (b) PE40. For clarity, only spectra at
representative temperatures are displayed. The dc conduction has been removed as described in
the text.

At low PVPh concentrations, i.e., PE05, PE10 and PE20, DRS spectra are
asymmetrically broadened on the low frequency side. This broadening is so significant that
two HN functions must be used to model these spectra, whereas the result of fitting with
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only one HN function is rather poor (Figure 4-4). This suggests that there are two segmental
relaxation processes, even though these blends are miscible as determined in DSC
experiments. DRS spectra of PE30 - PE50 however can be fitted with a single HN function.
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Figure 4-4: (a) Curve fitting of DRS spectra of PE20 at 30 °C by two HN relaxations and (b) PE50 at 110 °C
by one HN relaxation. Fitting results of PE20 with one HN process are also presented as an inset
in (a). The triangles are experimental data; the dotted lines are HN curve fitting results, and the
solid line is the sum of fitted components.
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The observed dielectric segmental relaxation of PVPh/PVEE blends includes
contributions from both PVPh and PVEE. Both components are dielectrically active with
comparable dipole moments. The dipole moment of ethyl ethyl ether, a small molecule
analogue of the PVEE repeat unit, is 1.25 D in benzene, while that of p-ethylphenol, a model
for the PVPh repeat unit, is 1.61 D in benzene [118]. For blends with two segmental
processes, although the intensity of the high frequency peak decreases with PVPh
concentration, the low frequency shoulder correspondingly becomes stronger, thus the
dielectric relaxation strength, the area under the ε″ - ln f curve, is approximately the same for
different blends (Figure 4-5). This supports the proposition that PVPh participates in the
observed broad dielectric α process.
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Figure 4-5: Comparison of dielectric loss spectra of PVPh/PVEE blends at ~Tg + 23 K. dc conduction has
been subtracted.

The most intriguing question is the origin of the extraordinary broadening of the
dielectric loss spectra of blends with low PVPh concentrations. Although concentration
fluctuations usually broaden relaxation spectra and sometimes two segmental relaxations
may be observed, concentration fluctuations are likely damped in PVPh/PVEE blends
because of strong intermolecular hydrogen bonding. The CF model of Kumar, Colby et al
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[77,78] proposes that concentration fluctuation is a dynamic process and the local
compositions in different cooperatively rearranging regions follow a Gaussian distribution
with the probability Pdynamic(φ) of finding a composition φ (Eq. 4.1):
Pdynamic (φ ) ~ exp[

− (φ − φ0 ) 2 b 2 d 3T0
]
24ξ 2φ0 (1 − φ0 )(T − T0 ) 2
2

4.1

In this expression, φ0 is the bulk composition, b the monomer size, d a material-specific
dimensionless constant, T0 the Vogel temperature. For a symmetric blend (NA=NB), the
correlation length ξ can be estimated by Eq. 4.2:

ξ
b

= (12[−2 χφ 0 (1 − φ0 ) +

1 −1/ 2
])
N

4.2

where χ is the interaction parameter and N is the degree of polymerization [59].
For the PS/PVME blend, χ is ~ -0.01, which leads to a relatively large ξ [59].
Occurrence of a dynamically PVME-rich phase is therefore highly probable, since T-T0 is
maximized and T0 is concurrently minimized at a particular temperature. For blends with
strong intermolecular interactions, the effective χ is large and negative (< -0.5) and the
correlation length approaches zero; large-scale concentration fluctuations become
energetically unfavorable. As discussed in Chapter 3, applying this model to miscible blends
of poly(hexylmethacrylate) [PhMA, Tg = 268 K] and poly(styrene-co-vinylphenol) [SHS50,
Tg = 400 K], Kumar et al. predict the concentration distribution to be unimodal and very
sharp around the global average composition [77]. In such blends, the presence of low-Tg
component-rich domains, i.e., PhMA or PVEE-rich, is thermodynamically unfavorable.
Although ∆Tg is larger for PVPh/PVEE than the SHS50/PhMA blend, the hydrogen-bonded
fraction (of –C=O or ether O<), at the same composition, is much higher in the former, since
more hydroxyl groups are available in PVPh than in SHS50. Furthermore, the hydrogen
bond between ether oxygen atoms and phenolic –OH is stronger than that between -C=O
and phenol. Delocalization of free electrons between the carbonyl oxygen atom and the ester
oxygen atom [O=C-O] reduces its ability to associate with the hydroxyl group. Therefore,
the unusual dielectric low frequency shoulder in PVPh/PVEE blends is not a consequence of
concentration fluctuations, as in PS/PVME and PS/PMPS blends.
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The suppression of concentration fluctuations in hydrogen-bonded polymer blends
was also found in a previous small-angle neutron scattering [SANS] experiment on a similar
system, the blend of SHS50 and deuterated poly(tetrahydrofuran) [d-PTHF] (∆Tg ~ 225 K).
This can be regarded as a quasi-analogue system of PVPh/PVEE. No scattering features
were observed in SHS50/d-PTHF blend in the q range 0.12 – 0.27 nm-1 [119]. Strong
scattering was observed however in an analogous blend without strong intermolecular
interactions, d-PS/poly(n-butyl methacrylate), at a similar composition and temperature.
Taken together, these results strongly indicate that intermolecular hydrogen bonding is
capable of damping concentration fluctuations.
The conclusion is therefore arrived at that the bimodal relaxation behavior in blends
with low PVPh concentrations originates from the intrinsic mobility difference between
PVPh and PVEE. This is a reasonable explanation, considering the very large Tg contrast
[186 K] and similar chemical structure compared with the P2CS/PVME blend. However, it
is argued below that the intrinsic mobility difference has been reduced by intermolecular
hydrogen bonds. The presence of two segmental relaxations in PVPh/PVEE is only observed
for blends low in PVPh, whereas two segmental processes are more evident at 50/50
compositions for PS/PVME or P2CS/PVME blends than for low-Tg component rich
compositions [49,59,72]. The different composition dependences for blends with and
without strong intermolecular hydrogen bonding suggests that there is a different mechanism
for the bimodal behavior in these two types of mixed systems.
HN curve fitting of PE10 and PE20 spectra indicates that there are likely two distinct
segmental processes; the fast one has a relaxation rate very near that of neat PVEE and thus
represents the relaxation of PVEE segments. The other is much slower and involves the
relaxation of not only PVPh but also PVEE (Figure 4-4 (a)). The latter argument is
supported by comparing the relaxation strengths ∆ε (fast) and ∆ε (slow). Their ratio is in the
range of 2 - 3, much smaller than the mole ratio of PVEE to PVPh (e.g., 20:3 for PE20),
even after taking into account their slightly different dipole moments. This supports the
participation of PVEE in the slow segmental relaxation process and is in contrast to
P2CS/PVME and PIP/PVE blends, in which the slow relaxation process mainly stems from
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the high-Tg component [49,59]. The reason for this difference in behavior will be discussed
in detail in the next section.
To further explore the origin of the slow process, an effective glass transition
temperature Tgeff is defined for each component, at which the dielectric relaxation time τmax
= 0.01 sec. This is common practice in characterizing the mobility difference in
calorimetrically miscible polymer blends. The reason for choosing this short time, not 1 sec
or 100 sec as conventionally used, is that the fast and slow processes are relatively well
resolved at this Tgeff. This characteristic temperature is an approximation to the Tg
determined by DSC and the existence of two Tgeffs indicates that the two component
polymers experience distinct effective microscopic glass transition temperatures, although a
single macroscopic Tg was observed. The mean relaxation time of a given process was
obtained through HN curve fitting of the DRS spectra, and the Arrhenius plot is presented in
Figure 4-6. The deviations of Tgeff (slow) from Tg (DSC) are much larger for PE10 and PE20
than for neat PVEE (Table 3-1. Since Tg (DSC) is proportional to the overall blend
composition, the larger departure of Tgeff (slow) from Tg (DSC) indicates that the slow
dielectric process in PE10 and PE20 originates from the relaxation of a nanodomain with
higher PVPh concentration than the average composition of the parent blend. This is
reasonable considering the existence of the fast process, which arises from neat PVEE. The
increase in τmax(fast) from τmax(PVEE) can be explained by constraints imposed by
neighboring hydrogen-bonded segments.
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Figure 4-6: Arrhenius plots of the segmental relaxations in PVPh/PVEE blends. The error bars in PE10 and
PE20 were obtained by fitting the corresponding dielectric spectra with the Havriliak-Negami
equation using a Gaussian nonlinear regression algorithm.

4.2.4 Coupling of Component Segmental Relaxations

The influence of intermolecular hydrogen bonding is not limited to suppression of
concentration fluctuations. The difference in the dependence of the relaxation behavior on
composition for the PIP/PVE (and also P2CS/PVME) and PVPh/PVEE blends are difficult
to explain by considering only intrinsic mobility differences and concentration fluctuations.
To reiterate, two segmental relaxations have been clearly observed in dielectric spectra
(even for a 50/50 composition, see Figure 1-3) in PIP/PVE and P2CS/PVME blends,
whereas only one can be resolved in PVPh/PVEE blends with PVPh concentrations ≥30%.
This contradiction can only be resolved by considering the effect of hydrogen bonding.
Blending clearly changes the relaxation environment and the dynamics of the two
components can be coupled to a certain degree, depending on their ∆Tg and intermolecular
interactions. However, it is very difficult, if not impossible, for two polymers in a blend to
relax at nearly the same rate if their Tg’s are far from each other and without strong inter-
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component interactions. In blends with a small Tg contrast, these two processes can be
completely coupled and only one dielectric α relaxation observed. Relaxation broadening
can also be minimized or eliminated if the two components have closely matched Tg’s or
T0’s [120]. Returning to the PVPh/PVEE blends, despite the much larger ∆Tg, the
intermolecular hydrogen bonding, if sufficiently strong, should be capable of reducing the
mobility difference between PVPh and PVEE and coupling their segmental motions. To
imagine this in an intuitive way, the hydrogen bond ‘sticks’ the segments of PVPh and
PVEE together for a certain time period above Tg and they must consequently relax
cooperatively and simultaneously. This is demonstrated by the presence of a single α
process in PE30 through PE50.
The difference in the broadening behavior of low and higher PVPh content blends
can be explained by a simple difference in the stoichiometry of hydrogen bonding. For
blends with low PVPh concentration, the fraction of hydrogen-bonded PVEE repeat units is
relatively low and many are able to relax freely, without restriction from PVPh. Using
equilibrium constants for –OH ⋅⋅⋅⋅⋅ HO– hydrogen bonds and –OH ⋅⋅⋅⋅⋅ O< hydrogen bonds
previously employed in the study of phase behavior of PVPh/polyether blends, it is possible
to calculate the fraction of hydrogen-bonded and non-bonded phenolic hydroxyl and ether
oxygen groups [82]. In a blend containing 20% PVPh, approximately 10 – 15% of the ether
oxygen atoms are calculated to be hydrogen-bonded to PVPh –OH groups. Accordingly,
only one or two PVEE repeat units are associated with PVPh, out of every ten PVEE
chemical repeat units. This indicates nanoheterogeneity on the scale of about ten repeat
units, i.e. ~2 nm. Although the size of the cooperative segment, the unit that can relax
independently, is still an open question, it is generally believed that it involves several to
several tens of monomer units. This would correspond to a scale of ~1 − 3 nm at Tg, with
this size decreasing with increasing temperature following the scaling relationship ξ ∝
[T0/(T-T0)]0.69 [23,24,121-123]. The above two values, the nanoheterogeneity scale and
cooperative relaxation unit size, are comparable. As a consequence, some PVEE segments
are free from hydrogen bonding and can more or less relax as in the neat environment, while
others are coupled with PVPh segments and can relax only through cooperative motion with
PVPh. On the other hand, for the PE20 blend, about 90% of the PVPh units are hydrogen-
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bonded to PVEE units and are therefore coupled to PVEE segments. This indicates that the
low frequency shoulder observed in PE05, PE10 and PE20 arises from the coupled
relaxation of hydrogen-bonded PVPh and PVEE segments. The high frequency peak
represents the relaxation of ‘free’ PVEE only, and it slows down somewhat due to the
indirect influence of PVPh units that are hydrogen-bonded to neighboring segments.
This interpretation is confirmed by careful inspection of the dielectric spectra of
PE05, PE10 and PE20 at Tg + 23 K (Figure 4-5). The strength of the high frequency peak
decreases faster than the reduction in overall PVEE concentration, indicating that
progressively more PVEE segments relax together with PVPh, because the hydrogenbonded fraction of PVEE segments increases with PVPh concentration.
The existence of hydrogen bonds between PVPh and PVEE can be confirmed by IR
study. In Figure 4-7, the infrared band at 3540 cm-1 originates from the stretching of nonassociated hydroxyl groups of PVPh. The band at 3315 cm-1 represents the stretching of –
OH groups which are hydrogen-bonded with PVEE, and the cm-1 difference from the nonassociated band is proportional to the hydrogen bond strength. The intermolecularly
hydrogen-bonded –OH band becomes weaker with increasing temperature, indicating the
usual decrease in the fraction of hydrogen-bonded groups with increasing temperature. The
band at 3410 cm-1 is usually attributed to the intramolecularly hydrogen-bonded –OH groups
in PVPh and it is weaker than the hydrogen bonding between PVPh and PVEE. Increasing
the content of PVPh in blends leads to a higher fraction of hydrogen-bonded PVEE. For
example, for PE50 blends it is calculated that about 45% of the PVEE units are hydrogenbonded to PVPh; thus, only one α process is observed.
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Figure 4-7: FTIR spectra of PVPh/PVEE blends at different temperatures (in °C).

It should be noted that hydrogen bonding is a dynamic process and hydrogen bonds
are in equilibrium between breaking and re-associating. If this occurred at a faster rate than
segmental relaxation, a single α relaxation would presumably be seen in low PVPh content
blends, as the effect of hydrogen bonding would be ‘averaged out.’ However, if the lifetime
of a hydrogen bond is longer than the segmental relaxation, the blend behaves like a
physically cross-linked network in the time frame of the experiment and heterogeneity is a
natural consequence.

4.2.5 Time-Temperature Superposition (TTS)

For neat amorphous polymers, it is usually possible to construct a master curve by
superposing dynamic data at different temperatures based on the TTS principle. However,
TTS fails for many miscible polymer blends, since the relaxations or diffusion friction
coefficients of the two components have different temperature dependences, even in the
same blend [7,124]. Pathak et al. found that it was possible to build a master curve for
styrene-co-acrylonitrile copolymer/poly(methyl methacrylate) [SAN/PMMA] blends, which
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has a ∆Tg ~ 20 K, [125] but not possible for PVME/PS blends with ∆Tg ~ 125 K [59,64].
These authors proposed that TTS is only possibly valid for blends that have either a small
∆Tg, such as SAN/PMMA and poly(epichlorohydrin) [PECH]/PVME, or for those blends
exhibiting strong intermolecular interactions.[120]
As discussed earlier, there are two types of relaxing segments in PE10 and PE20, and
their relaxations have different temperature dependences, i.e., τmax(slow)/τmax(fast) changes
continuously with temperature. Accordingly, the DRS spectra of these two blends change
shape dramatically with temperature (Figure 4-8(a)) and TTS clearly fails. However, for
blends with higher PVPh concentration the motions of the different chemical units are
highly coupled by hydrogen bonding. As a result, the issue of temperature dependence does
not need to be considered and the TTS principle should be obeyed. In fact, it was found that
TTS provides reasonable master curves, comparable with neat PVEE (Figure 4-8). This
indicates that these blends are thermorheologically simple.
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Figure 4-8: (a) Normalized DRS spectra of PE20 and dielectric master curves of (b) PVEE and (c) PE50 with
T ≅ Tg + 10 K as the reference temperature (the curve presented with filled squares).

The applicability of TTS to polymer blends with strong interactions has also been
investigated in a DMA study of blends of the lithium salt of lightly sulfonated PS ionomers
(Li-SPS) and N-methylated nylon-2,10 (mPA). Master curves of the storage (G′) and loss
(G″) moduli were constructed using DMA data from 95 to 185 °C. The authors concluded
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that the strong complexation between the metal sulfonate and amide groups could couple the
relaxation of Li-SPS and mPA, and TTS was therefore successful [126]. Recently, the same
system was studied by SANS and the critical role of the extent of interaction on phase
separation and concentration fluctuations was discussed [127].
It is worth noting that TTS is valid for segmental relaxations in polymer blends if (i)
the two components have close-matched WLF parameters and (ii) concentration fluctuations
are insignificant. While condition (i) suggests the same temperature dependencies for the
two components’ relaxations, as proposed by Pathak et al. [7,59,64,124,125], (ii) is an
important issue for most polymer blends without strong interactions. Generally speaking,
dynamic heterogeneity among different regions (with different compositions), if it exists, is
gradually weakened with increasing temperature (if no phase separation occurs), and the
dielectric segmental relaxation distribution will be much narrower, thus TTS is consequently
invalid for most blends. That is, the suppression of concentration fluctuations is another
indispensable prerequisite for applying TTS. This is the case in polymer blends with strong
intermolecular interactions. For PE30 - PE50, although the relaxation time distribution is
much broader than neat PVEE, the relaxation width changes only by a small amount with
temperature and is independent of composition in this range. This again supports the idea
that concentration fluctuations are damped in PVPh/PVEE blends as a result of strong
intermolecular hydrogen bonding. Similar behavior was also observed in the study of the
PVPh/PEMA system. Finally, although the fraction of intermolecular hydrogen bonds is
lower at higher temperatures, it appears that the residual hydrogen-bonded fraction is still
sufficient to couple the segmental relaxations of the two components.

4.2.6 Fragility of PVPh/PVEE Blends

Fragility plots are often used to compare the relaxation behavior of systems with
different Tgs and it has been defined in Chapter 3 (Eq. 3-1). Fragility reflects how rapidly

τmax changes with temperature at Tg and is generally correlated with the degree of
intermolecular coupling or the topology of the potential energy hypersurface. It is believed
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that as intermolecular coupling becomes stronger (or, in other words, as intermolecular
cooperativity increases), the polymer becomes more fragile. This is because the coupling
will be gradually reduced with increasing temperature and segmental relaxations become
faster than would be expected on the basis of increased free volume and mobility effects
alone. The fragility can be calculated from the VFT parameters following Eq. 4.3:[128]
F=

B / Tref

4.3

(ln10)(1 − T0 / Tref ) 2

The fragility of PVPh/PVEE blends increases with increasing PVPh content
(Figure 4-9). This is likely to be a consequence of the strong intermolecular hydrogen
bonding, which couples the relaxation of PVPh and PVEE segments. At the same T - Tg, a
larger cooperative volume is expected to be involved in PVPh/PVEE blends, compared with
neat PVEE in which the coupling is certainly weak due to the lack of strong interactions.
PVEE is a fairly “strong” glass-former, with a fragility of ~58, whereas PVPh is relatively
“fragile”, as discussed in Chapter 3. An increase in fragility has also been observed in other
hydrogen-bonded polymer blends compared to their non-hydrogen-bonded counterparts,
e.g., poly(methyl acrylate)/PVPh, PVAc/PVPh and EVA70/PVPh. However, no significant
change in fragility was observed for PEMA/PVPh blends with PVPh concentration up to
40%, which was attributed to the relatively high fragility of PEMA (~ 84).
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The fragility of PVPh/PVEE blends is similar to chemically cross-linked polymers.
In a dielectric study of model heterocyclic polymer networks, Kramarenko and coworkers
found that F increased with increasing crosslinking density and this was attributed to the
increased intermolecular coupling from the network constraints [129]. Similar behavior has
also been observed for crosslinked PVE [130] and styrene-co-butyl acrylate copolymers
[131]. Thus, intermolecular hydrogen bonds have an effect on the segmental dynamics
analogous to chemical crosslinking, and this demonstrates again that the strength of
intermolecular hydrogen bonding in PVPh/PVEE blends is sufficient to couple component
segmental relaxations.

4.2.7 KWW Coupling Parameters of PVPh/PVEE Blends

Intermolecular cooperativity in polymer blends can also be evaluated by comparing
their coupling parameters, c, with that of the neat components using the coupling model
developed by Ngai and Roland [6,132-135]:
Φ (t ) = Φ (0) exp[−(

t

τ KWW

)1−c ]

4.4

Eq. 4.4 is the modified KWW expression with the stretch parameter β = 1 - c.
According to the cooperativity concept, c increases with intermolecular coupling [132-135].
Transforming dielectric spectra from the frequency domain to the time domain requires a
Laplace operation (Eq. 4.5):
Φ (t ) =

2

π∫

∞

0

(

ε "(ω )
dω
) cos(ωt )
ε0 − ε∞
ω

4.5

This is performed using the WinFit software [Novcontrol], after fitting the original DRS
spectra with the HN model.
The resulting time-domain spectra exhibit clear non-exponential behavior for
PVPh/PVEE blends at a normalized temperature (Figure 4-10). In particular, PE10 and
PE20 blends include fast and slow relaxation processes and cannot be fitted with one KWW
function, which agrees with the frequency spectra. Furthermore, the coupling parameters of
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the blends, ~0.8, are not only much larger than neat PVEE [~ 0.6], but are also larger than
other blends without strong intermolecular coupling. This strongly supports the conclusion
that there is strong intermolecular coupling between PVPh and PVEE.
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Figure 4-10: (a) KWW plots at ~ Tg + 30 K and (b) coupling parameters of PVPh/PVEE blends.
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4.3 Discussion

Blending modifies the segmental dynamics of miscible polymers, since they
experience a different relaxation environment in the blended state and the fractional free
volume is different compared to that of the neat polymers, even at the same temperature.
Blending is sufficient to couple the segmental relaxations in polymer blends in which the
component polymers have a small Tg difference, as in PECH/PVME blends, even though
they do not have strong intermolecular interactions [120]. The nearly coincident Tg’s of
PECH and PVME lead not only to a single dielectric α relaxation process, but also to
anomalous dynamic homogeneity. It should be pointed out that concentration fluctuations
cannot be ruled out in this blend, because different dynamic regions, as a consequence of
CF, should have similar Tg considering the coincidence of Tg of PECH and PVME, and thus
CF does not necessarily lead to observable dynamic heterogeneity. In EVA70/poly(vinyl
chloride) [PVC] blends, whose ∆Tg is relatively large (~ 90 K), one segmental relaxation has
also been observed, but it is much broader than that found for either neat polymer, as a result
of concentration fluctuations [33,34]. The importance of hydrogen bonding is demonstrated
in blends with very large ∆Tg, for example, in PVPh/PEMA and the present PVPh/PVEE
blends, which would no doubt otherwise exhibit two segmental relaxation processes if there
were no strong intermolecular interactions.
Coupling occurs between segments through the influence of intermolecular
hydrogen-bonded repeat units; it does not require an equal molar ratio of segments.
Although the presence of more than one hydrogen bond between a PVEE segment
(consisting of a number of repeat units) and a PVPh segment will undoubtedly couple their
relaxations more effectively, a single hydrogen bond between segments should also
influence the segmental relaxation. In the latter case, one intermolecularly-associated PVPh
hydroxyl group is capable of modifying the relaxation of a corresponding repeat unit of
PVEE, which in turn will restrict the relaxation of its neighboring repeat units. In other
words, the coupling effect is magnified. This explains the single dielectric α relaxation in
PE30 in which, although only a small fraction of PVEE repeat units [~25%] are associated
with PVPh, the motion of all PVEE segments are coupled to those of PVPh. Recalling that
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∆ε(slow) / ∆ε(fast) ~ 2 for PE10, it is estimated that only ~35 % PVEE repeat units are
involved in the fast process, which is much lower than the fraction of unassociated PVEE
repeat units [~75%]. This confirms the “magnification” effect of hydrogen bonds on
coupling segmental relaxations.
The stoichiometry of hydrogen bonding requires further comment. If hydrogen
bonding is completely uniform and segmental relaxation involves more than 10 repeat units
at Tg + 20 K, the 20% PVPh blend would be expected to be homogeneous on the
cooperatively rearranging region (CRR) scale and there would only be a single α process at
Tg + 20 K. Hydrogen bonding is a statistical process and there is a spatial distribution of
hydrogen bonds, enhanced by chain connectivity effects, which result in more same-chain
contacts than would be expected on the basis of random mixing of segments [136,137]. For
some PVEE – PVPh segments, there might be more than one intermolecular hydrogen bond,
while others may possess two or more, depending on concentration and temperature. This
leads to a broad distribution of dielectric relaxation times. Although the relaxation time
distribution of PE50 exhibits only a small increase with decreasing temperature, the α
relaxation of PE50 is much wider than that of neat PVEE (Figure 4-11). The full width at
half-peak height is ~4.5 decades for PE30 - PE50, whereas it is only ~2.5 decades for neat
PVEE. This is a direct consequence of the distribution of intermolecular hydrogen bonds
between PVEE and PVPh segments. Surprisingly, however, PE30, PE40 and PE50 have the
same extent of relaxation time broadening [narrower than PE10 and PE20], whereas in other
blends without strong interactions this distribution generally becomes broader with an
increase in the high-Tg component concentration. This supports the stoichiometric
explanation of the segmental relaxation behavior in PVPh/PVEE blends and the lack of
concentration fluctuations in hydrogen-bonded polymer blends.
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Figure 4-11: Dielectric broadening of PVPh/PVEE blends at Tg + 30 K. The loss spectra have been
normalized by fmax and ε″max and the dc contribution has been subtracted. Temperatures are the
same as the corresponding sample in Figure 4-10(a).

The existence of both free and hydrogen-bonded segments in blends with PVPh
content ≤ 20% suggests that homogeneity at a scale smaller than the segment size is not
possible in blends with low PVPh concentration. In PVPh/PVEE, concentration fluctuations
are suppressed and become very slow. The blend segments are transiently linked in a quasicross-linked network and their motions can be resolved in DRS spectra in the segmental
relaxation time scale.
The influence of hydrogen bonding on relaxation behavior was also clearly observed
in DRS and DMA studies of urazole-modified polybutadienes (PBD) by Stadler and
coworkers [88-91]. While the segmental α relaxation of PBD was shifted to lower frequency
after chemical modification, a consequence of the restrictions imposed by hydrogen
bonding, these authors also observed an additional relaxation process, which is related to the
association and dissociation of hydrogen bonds and is even slower than the α process. More
recently, the ability of hydrogen bonding to couple relaxations was also demonstrated in
studies of the orientation of PS/PVME and PVPh/PVME blends using polarization
modulation infrared linear dichroism [138,139]. In PS/PVME blends, it is relatively difficult
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to orient PVME, whereas in PVPh/PVME both components can be oriented. At the same
time, the orientation of PVPh relaxes at the same rate as PVME, even though the PVPh
chain is much stiffer than PVME.
Finally, the ability of hydrogen bonds to couple the segmental dynamics in polymer
blends will depend on their strength. Complete coupling is not possible unless chemical
bonds are formed between the two segments. Intermolecularly hydrogen-bonded
PVPh/PVEE is only a transient network with relatively weak bonds compared to covalently
cross-linked systems.

13

C CP/MAS NMR studies on PVPh/PEO and PVPh/PMA blends

indicate that the two components still have different relaxation times, although they have
been significantly coupled [140-142]. The different results from DRS and NMR can be
rationalized by considering the broad distribution of relaxation times observed in DRS and
by their different measuring mechanisms. NMR measures the 1H spin-lattice relaxation time,
whereas DRS examines the orientation and relaxation of dipoles. That is, NMR reveals
heterogeneity at a smaller length scale than DRS.

4.4 Summary

In this chapter, the ability of hydrogen bonding to couple the component segmental
relaxations in a polymer blend with very large intrinsic mobility difference has been
demonstrated. PVPh/PVEE blends with sufficiently high hydrogen bonding fractions (i.e.,
with PVPh concentration ≥ 30 wt%) exhibit a single α relaxation process. In similar blends
without specific interactions, two segmental relaxation processes have been observed, even
in 50/50 mixtures, as a consequence of the differences in component mobilities. Two distinct

α relaxations are postulated through HN fitting of the dielectric loss spectra of blends with ≤
20% PVPh, although a single Tg is observed by DSC for these compositions. The fast
segmental process is attributed to the relaxation of ‘free’ PVEE segments, whereas the slow
one is attributed to the coupled relaxation of hydrogen-bonded segments of PVEE and
PVPh. The difference in the relaxation behavior of high and low PVPh content blends is
rationalized by a simple stoichiometric model for hydrogen bonding. The coupling effect is
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also confirmed by the success of applying the TTS principle, which is only valid if the
components have matched WLF parameters or exhibit strong intermolecular interactions,
and by the increase in blend fragility and the value of the coupling parameter compared to
neat PVEE, indicating an increase in intermolecular coupling.
The ability of hydrogen bonding to suppress concentration fluctuations in polymer
blends is confirmed again in this Chapter. PE30, PE40 and PE50 have similar segmental
relaxation peak widths, and this broadening does not change much with temperature.
However, these relaxations are broader than the α relaxation of neat PVEE. This is
attributed to the distribution of intermolecular hydrogen bonds; some segments may have
formed one, two or multiple hydrogen bonds, whereas others may be in an environment
where intermolecular coupling is minimal. Segments with different degrees of coupling will
exhibit different relaxation times, thus broadening the DRS spectra of the blends.

Chapter 5
Dynamical Heterogeneity in the Blend of PVEE with Poly(styrene-co-phydroxystyrene) Copolymer

5.1 Introduction

It was demonstrated earlier that components’ segmental relaxations can be coupled
by intermolecular hydrogen bonding in blends of PVEE with PVPh. Segments of these two
polymers might at first be expected to relax individually, since they have chemical structures
similar to PS/PVME and P2CS/PVME blends and even larger ∆Tg . Nevertheless, for
PVPh/PVEE blends with PVPh concentration ≥ 30%, a single segmental relaxation process
was observed in the broadband dielectric study. This was attributed to the ability of the
strong intermolecular hydrogen bonds between PVPh and PVEE to couple the component
segmental relaxations, even though their mobilities are very different (∆Tg ~186 K). For
blends with lower PVPh content, however, two dielectric segmental relaxation processes
were observed. This is due to a stoichiometric effect: the slow dielectric segmental process
was attributed to the relaxation of intermolecularly hydrogen bonded PVPh and PVEE
segments, and the fast one to non-hydrogen bonded (‘free’) PVEE segments. At these
compositions, the overall hydroxyl group concentration is low and a portion of the PVEE
segments are free from hydrogen bonding. For [PVPh] ≥ 30%, almost all PVEE segments
are hydrogen bonded with PVPh and the fast process cannot be observed.
These findings also suggest that intermolecular interactions play a more important
role in establishing the dynamic heterogeneity than ∆Tg. For example (Table 5-1), although
∆Tg is as small as 59 K for the PIP/PVE blend, the marginally negative interaction parameter
(χ ~ -0.002) still leads to significant dynamic heterogeneity; whereas although the
interaction is only slightly stronger in PS/PVME (χ ~ -0.01), a very large ∆Tg (~130 K) is
needed to obtain similar heterogeneity. By introducing much stronger hydrogen bonds, this
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dynamic inhomogeneity can be completely eliminated in PVPh/PVEE blends with certain
compositions.
Table 5-1: Comparison of ∆Tg and Interaction Parameters in Selected Polymer Blends
PIP/PVE

PS/PVME

P2CS/PVME

SHS/PVEE

PVPh/PVEE

∆Tg (K)

59

130

154

172

185

χa

~ -0.002

~ -0.01

--

< -1.0

< -1.0

Intermolecular

van der Walls

van der Walls

Dipole-dipole

Hydrogen

Hydrogen

bonding

bonding

[31]

[31]

interactions
Ref

[142]

[143]

[71]

a. Dependent on composition and temperature. The values shown represent the typical magnitude of the
reported interaction strength.

In this chapter, blends of PVEE with a random copolymer of p-hydroxystyrene and
styrene [SHS] are studied. The chemical structure of SHS is shown in Scheme 4-1 and it
unites the repeat units of PVPh and PS. Therefore the dynamic properties of SHS/PVEE are
expected to combine the heterogeneity observed in PS/PVME and the homogeneity in
PVPh/PVEE blends. Furthermore, the hydrogen bond strength between the phenolic –OH
and ether oxygen should be approximately the same as that between similar functionality in
PVEE and PVPh, but the intermolecular hydrogen bond fraction is lower in the former at the
same blend composition by weight, due to dilution by the styrene units. Comparison of the
segmental relaxation behavior of the two blends tests the validity of the stoichiometric
model proposed previously for PVPh/PVEE blends. In addition, the influence of the nonpolar styrene units on the dynamic heterogeneity will be discussed.

5.2 Results

SHS was fractionated using a multiple precipitation procedure, employing an
acetone/water mixture. The p-hydroxystyrene (i.e., 4-hydroxystyrene) composition in this
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copolymer was determined to be 42 mol% by 1H-NMR. PVEE is the same as that used in
PVEE/PVPh study. Blends with SHS concentration from 20% to 80% were studied.

5.2.1 Miscibility between SHS and PVEE

Although the fraction of intermolecular hydrogen bonding in SHS/PVEE blends is
lower than the corresponding blend of PVPh and PVEE at the same weight composition, the
former blend is nevertheless miscible, as confirmed by DSC results, in which a single Tg was
observed for each blend used in the DRS study (Figure 4-2). The glass transition of the
blends is relatively broad (from 21 ~ 32 K), compared to the ~10 K breadth for the Tg
interval of neat SHS and PVEE. However, this broadness is less than that of similar
PVME/P2CS blends (~25 − 60 K).[72] The broadening of the glass transition in miscible
polymer blends has been interpreted by invoking either chain connectivity effects or
concentration fluctuations.
SHS/PVEE
0/100

Exotherm →

10/90
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60/40
70/30
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Figure 5-1: DSC curves of SHS/PVEE blends: second heating run, heating rate = 10 K/min.
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5.2.2 Hydrogen Bonding in the Blends

FTIR has been widely used to measure the inter- and intramolecular hydrogen
bonding degree and strength in polymer blends. Figure 5-2 presents the IR spectra of neat
PVPh, SHS, and their blends with PVEE. The broad peak above 3000 cm-1 includes
contributions from the stretching modes of ‘free’, intramolecularly bonded, and
intermolecularly bonded -OH groups, from high to low cm-1, respectively. The band at
~3315 cm-1 arises from intermolecularly hydrogen bonded hydroxyl groups and its high
absorbance indicates the existence of a large fraction of hydroxyl − ether bonding. The
frequency shift of this band from that of the free OH stretching mode is a measure of the
hydrogen bond strength. Larger shifts (∆ν) indicate stronger interactions. Since there are
several bands close to each other in this spectral region, it is difficult to determine their
precise location. To resolve this, the second derivative of each spectrum was calculated
(Figure 5-2(b)), in which the original band becomes much narrower and the minimum
provides its location. It is clearly seen that the intermolecular hydrogen bond, with a ∆ν of
225 cm-1, is much stronger than the intramolecular one (∆ν ~ 95 cm-1). Since PVPh and SHS
have the same proton-donating group and similar chain structure, their intermolecular
hydrogen bonds with PVEE ether groups have the same strength, as confirmed in the second
derivative spectra.
(a)
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PV Ph/PV EE
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Figure 5-2: (a) FTIR spectra of PVPh, SHS, and their 50% blends with PVEE at room temperature. (b) Second
derivative spectra of 50% SHS/PVEE and PVPh/PVEE blends at room temperature.

5.2.3 Dielectric Relaxations

The dielectric relaxation spectra of neat PVEE have been presented in the previous
chapter. The α relaxation of the SHS copolymer is well-defined only at temperatures ~20 K
above its Tg. Close to Tg, it is masked by strong dc conduction at lower frequency. Below 40
°C, a local relaxation process moves into the frequency window, and shifts to low frequency
with decreasing temperature. Since its intensity is weak (εmax″ < 10-2), it will not be
considered when analyzing the segmental relaxations in the blends.
Although the dipole moment of styrene is close to 0, p-ethylphenol, a model
compound for p-hydroxystyrene, has a dipole moment of ~1.61 D in benzene. This leads to a
monomer-averaged effective dipole moment of about 0.68 D for the SHS copolymer with 42
mol% p-hydroxystyrene. Ethyl ethyl ether, a model for the repeat unit of PVEE, has a dipole
moment of 1.25 D in benzene. Since both polymers are dielectrically active, the observed
dielectric segmental relaxation in blends includes contributions from both PVEE and SHS.
As an example, Figure 5-3 shows the dielectric loss (ε″) spectra of blends with SHS
concentrations of 20%, 30% and 40%, respectively, at selected temperatures above the
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corresponding Tg. The 20% blend exhibits clear low frequency broadening and the spectra
become narrower with increasing temperature. Conversely, a high frequency shoulder is
observed in the 40% blend. This shoulder is visible even at temperatures far above Tg and its
intensity is much stronger than that of the local relaxation process observed in neat SHS,
excluding this as its origin. The α relaxation of the 30% blend exhibits a relatively
symmetric relaxation peak. Blends with SHS concentration of 50%, 60%, and 70% have the
same relaxation behavior as that observed for the 40% blend. The evolution from a low- to
high-frequency shoulder is more clearly demonstrated by directly comparing the dielectric
spectra of the different blends at normalized temperatures (Figure 5-4). When the primary
relaxation is located between approximately 1 – 10 Hz (at a low temperature close to the
corresponding Tg, Figure 5-4(a)), blends with SHS concentration ≥ 40% exhibit very clear
high frequency shoulders; whereas at ~100 - 1000 Hz (at a higher temperature, relatively far
above Tg, Figure 5-4(b)), the high frequency shoulder in the 40% blend merges with the
slow relaxation process and is difficult to define. The increase in the relaxation rate is faster
for the slow, compared to the fast, process due to the higher activation energy of the former,
and merging of the processes is a natural consequence. For blends with higher SHS
concentrations, however, the fast process can still be clearly observed, suggesting a larger
difference between the fast and slow processes in these blends. Again, the β relaxation of
SHS at a similar temperature is very weak and does not contribute to the strong fast process,
as shown in Figure Figure 5-4. As will be discussed later, the high frequency shoulder is
attributed to the relaxation of non-hydrogen bonded PVEE segments, similar to the
assignment in PVPh/PVEE blends.
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(b) 30% SHS/PVEE Blend
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(c) 40% SHS/PVEE Blend
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Figure 5-3: DRS loss spectra of SHS/PVEE blends with SHS concentration of (a) 20%, (b) 30%, and (c) 40%.
For clarity, only spectra at selected temperatures are presented.
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Figure 5-4: Comparison of the segmental relaxations of SHS/PVEE blends with different compositions with
peak locations at (a) ~2 Hz and (b) ~1 kHz. The first number in the label is the concentration of
SHS (in wt%) and the second number represents the corresponding temperature in οC.

From the previous discussion, it is clear that the segmental relaxation distributions in
SHS/PVEE blends cannot be fitted with one relaxation process. This supports the argument
that there are at least two types of relaxing segments in the blend. However, these processes
are very close to each other in the 20% and 30% blends at all temperatures, and in other
blends at higher temperatures. Fitting the DRS spectrum with two relaxation processes, i.e.,
with more than eight free variables, leads to an unstable regression and completely different
sets of parameters can give similar overall fits. Consequently, for these spectra, the shape
parameter n was fixed = 1 for the fast process, which reduces the HN equation to the ColeCole function, and extrapolation from fitting results below Tg (in which only the fast process
can be observed) was used to guide the fitting. The fitting gives physically reasonable results
compared with those for blends containing 40% ~ 70% SHS at temperatures where the two
processes are sufficiently separated and well-defined (Figure 5-5). It is clear from Figure 5
that the low frequency relaxation becomes significantly slower with increasing SHS content
as a result of increased Tg. The fast relaxation process exhibits similar slowdown behavior,
but this is less significant than that for the slower process. The slow and fast processes in
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blends with 30% and 40% SHS are close to one another and the uncertainty in their
relaxation time is quite large (Figure 5-5(a)). On the other hand, they are well separated and
can be defined with more confidence in blends with 50-70% SHS content.
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Figure 5-5: Arrhenius plots of SHS/PVEE blends: (a) slow and (b) fast process. The number in the label
indicates the weight concentration of SHS in %.
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5.3 Discussion

The influence of hydrogen bonding on polymer dynamical properties has been
studied by several groups using different experimental methods. First, as discussed
previously, in the dielectric study on PVPh/PVEE it was found that intermolecular hydrogen
bonds are capable of coupling the segmental relaxations of PVPh and PVEE. A single α
process was observed when all PVEE segments are hydrogen bonded with PVPh. It might
be argued that a single peak in the latter blends does not necessarily imply a single
segmental process, and that a fast process is located in the high frequency tail of the slow
one, and simply cannot be observed. However, this cannot be correct, based on the
successful application of the time-temperature superposition (TTS) principle for blends with
[PVPh] ≥ 30% but failure for the 10% and 20% blends. Non-associated PVEE repeat units
do exist; however, their relaxations have been coupled with these of PVPh and associated
PVEE through nearby hydrogen bonding, although not necessarily with exactly the same
rate. Similar behavior has also been observed in a recent CPMAS

13

C NMR study of

poly(vinyl acetate)/poly(methacrylic acid) [PVAc/PMAA] blends [145]. It was found that
these blends are miscible at the 2-5 nm length scale for PMAA-rich (proton donor) blends;
whereas for PVAc-rich blends they are heterogeneous at this length scale and only
homogeneous at a larger 20-50 nm scale. The authors concluded that 30% of the total
possible hydrogen bonding interactions are needed to obtain miscibility at the segmental
scale. The 2-5 nm length scale is close to the size of the cooperatively rearranging size
(CRR) near Tg, which is generally believed to be the scale for segmental relaxation, and it
decreases rapidly with increasing temperature. These CPMAS 13C NMR results support the
stoichiometric model. That is, for PVAc-rich blends, a portion of the PVAc segments are not
hydrogen bonded with PMAA and heterogeneity at the 2-5 nm scale is a natural
consequence.
The effect of interaction stoichiometry has also been observed in FTIR orientationrelaxation studies on PVPh/PVME and PVPh/PEO blends [139,146]. Brisson and coworkers
concluded that intermolecular hydrogen bonds hinder segmental relaxation and the
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orientation reaches a maximum when the molar ratio of functional groups involved in the
intermolecular hydrogen bonding reaches 1 : 1.
It is important to point out that one segment, i.e., the unit relaxing in the DRS
experiment, consists of several to several tens of repeat units, depending on the temperature.
It is not necessary to bond every pair of proton donor - acceptor groups to couple their
orientation or relaxations to provide homogeneity (a single α process) at the segmental
scale. Considering that there is also significant intramolecular hydrogen bonding in the
proton donor polymers (i.e., PVPh, SHS, or PMAA), a 1:1 molar ratio between the two
interacting groups in the blend does not necessary lead to maximum intermolecular
interactions and finer dynamic homogeneity, although more intermolecular interactions
undoubtedly favor greater miscibility/homogeneity.
However, the results for the SHS/PVEE blends presented above do not appear at first
to be consistent with expectations from the stoichiometric model, although the components
have similar chemical structures and hydrogen bond strengths compared to PVPh/PVEE. To
reiterate, it was found that for a 30 wt% PVPh/PVEE blend, with a molar ratio of –OH/-Oof about 1:3.9 and an intermolecular hydrogen bonding fraction of 22% (per -O-, at 50 °C),
is sufficient to couple all PVEE segments and thus the fast relaxation from ‘free’ PVEE
segments disappears. The same functional group ratio can be achieved in SHS/PVEE blends
with an SHS content of ~ 50 wt%. That is, above this ratio, since all PVEE segments are
expected to be hydrogen bonded with SHS, the SHS/PVEE blend should exhibit a single
segmental relaxation process. This is provided of course that intermolecular hydrogen
bonding is the dominant factor influencing the dynamics.
A detailed comparison of DRS spectra of SHS/PVEE with those of PVPh/PVEE
provides additional insight into the origin of the dynamic heterogeneity in the SHS/PVEE
blend system. For blends with 20% PVPh or SHS, similar low frequency broadening is
observed (Figure 5-6(a)). Because the intermolecular hydrogen bond fraction for PVEE is
higher with PVPh than SHS, more PVEE segments are involved in the slow relaxation
process in PVEE/PVPh blends. This is supported by the stronger low frequency shoulder in
the PVPh/PVEE blend, compared to SHS/PVEE, at similar normalized temperatures.
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(c) Blends with 50% SHS or PVPh
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Figure 5-6: Comparison of isothermal dielectric spectra of SHS/PVEE and PVPh/PVEE blends with SHS or
PVPh concentration of: (a) 20%, (b) 30%, and (c) 50%.

For 30% PVPh and SHS blends, the segmental processes become more or less
symmetric for both (Figure 5-6(b)). This is reasonable since the degree of intermolecular
hydrogen bonding has increased compared with the 20% blend. However, the single
dielectric peak does not necessarily mean that there is a single relaxing unit for the 30%
SHS/PVEE blend. It is possible that two types of segments are relaxing with rates close to
one another (i.e., separated by less than ~2 - 3 decades) and thus appear as one broad peak.
It is proposed that only one relaxing segment is present in the 30% PVPh/PVEE blend, but
two in the comparable SHS/PVEE blend. This is supported by examining the DRS spectra of
the 50% blends (Figure 5-6(c)): the PVPh/PVEE blend still exhibits one segmental
relaxation process, but two processes become more evident in SHS/PVEE. It has also been
found that the time temperature superposition principle can be applied to the 50%
PVPh/PVEE blend, but it clearly fails for the comparable SHS blend. Two segmental
relaxation processes are also been observed in 60% and 70% SHS/PVEE blends.
Since the hydrogen-bonded fraction of PVEE increases with increasing PVPh, one
may attempt to attribute the fast relaxation process in blends with high PVPh concentration
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to the relaxation of PVEE segments with a weaker extent of coupling, but still hydrogenbonded with PVPh to some extent. This is not true considering that the distribution of degree
of coupling should be smooth and thus no visible shoulder would be expected.
The apparent contradictory results between chemically similar SHS/PVEE and
PVPh/PVEE blends lead to a natural question: is the intermolecular hydrogen bond fraction
in the former sufficiently high to couple the segmental relaxations? Recall that the two
segments have the same hydrogen bond strength (Figure 5-2). Since the FTIR peaks of free
–OH, intra-, and intermolecularly bonded –OH are close to one other, curve fitting is
unreliable and it is difficult to determine the hydrogen bond fractions between ether and
hydroxyl groups. However, based on previous studies, this fraction can be theoretically
calculated if the equilibrium constant for hydrogen bonding is known. Using the
intermolecular hydrogen bonding strength and equilibrium constants determined from model
compounds, and assuming the same hydrogen bonding energy for SHS and PVPh (listed in
Table 5-2, together with other parameters used in the calculations), intermolecular hydrogen
bond fractions were calculated (Figure 5-7). At 100 °C it is estimated that ~18% of the
PVEE ether groups are associated with hydroxyl groups in the 30% PVPh/PVEE blend; the
same fraction is achieved in a ~50% SHS/PVEE blend. In other words, at 50 °C, 53% SHS
is required to produce the same coupling effect as in a 30% PVPh blend. Therefore, the
unexpected dynamic heterogeneity in 50-70% SHS/PVEE blends is not a result of an
insufficient number of intermolecular hydrogen bonds. Consequently, the relaxation
behavior should be interpreted by considering the primary difference between PVPh and
SHS, that is, the presence of the styrene comonomer units.
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Figure 5-7: Calculated hydrogen bond fraction in SHS/PVEE and PVPh/PVEE blends at 100 οC and 50 οC.

Table 5-2: Parameters Used to Calculate Intermolecular Hydrogen Bond Fractions a

Molar
Volume
(cm3/mol)

Solubility
Parameter b
(cal⋅cm-3)-0.5

PVPh

100

SHS
PVEE
a

Equilibrium Constants of Hydrogen Bond
formation at 25 °C c
K2

KB

KA

10.6

21.0

66.8

88.3

224.5

10.0

9.4

29.8

39.3

71.8

8.4

These parameters were taken from ref 83 and the intramolecular screening factor was set to be

0.3 for both blends.

b

1 (cal⋅cm-3)-0.5 = 0.49×10-3 (J⋅m-3)-0.5.

c

K2: for intramolecular dimer

formation; KB: for intramolecular multimer formation; KA: for intermolecular hydrogen bond
between PVEE and PVPh or SHS. Corresponding enthalpy of hydrogen-bond formation: h2 = 5.60, hB = -5.20, and hA = -5.4 kcal/mol. Entropy also influences hydrogen bonding fraction and it
was discussed in ref 83. K = exp(-∆GHB/RT) and ∆GHB =h-T∆S.
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It is well known that PS and PVME are miscible across the composition window,
and the miscibility is attributed to the interaction between the aromatic ring in PS and the
PVME ether oxygen. An analogous weak interaction should also exist between styrene and
PVEE. However, simple DSC experiments show two Tg’s in PS/PVEE blends with 20%,
50%, and 70% PS (Figure 5-8), Mw of PS ~ 100,000), very close to the corresponding Tg’s
of neat PVEE and PS. This immediately demonstrates that PS and PVEE are immiscible and
that the interaction between PS and PVEE is unfavorable (i.e., a positive χ). This is sensible
considering the relatively larger size of the ethyl group in PVEE, compared with –CH3 in
PVME, which acts to shield the ether oxygen atoms from interacting with the aromatic
rings.
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Figure 5-8: DSC curves of PS/PVEE blends: heating rate = 10 K/min.

The situation for the SHS/PVEE blends is therefore more complex than for the
corresponding PVPh/PVEE blends: in addition to the strong intermolecular hydrogen
bonding between p- hydroxystyrene units and PVEE, the repulsive interaction between
styrene units and PVEE must be considered. The former are very strong, having an effective
χ < -1 and thermodynamic miscibility can be achieved. However, the latter influences the
blend dynamics at the very local level.
The relaxation behavior of the SHS/PVEE blends can be explained in a similar
fashion to that of PVPh/PVEE: the slower process arises from intermolecularly hydrogen-
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bonded PVEE-SHS segments, while the fast one arises from non-associated PVEE
segments. The only, but important, difference lies in the manner in which the free PVEE
segments relax. In blends with PVPh, the unassociated PVEE segments are strongly
geometrically constrained by the large number of neighboring hydrogen-bonded units.
Therefore the dynamical difference between ‘unassociated’ and hydrogen-bonded PVEE
segments can be relatively small, and a single α relaxation process is possible. On the other
hand, the repulsive interaction between styrene and PVEE units alleviates constraints from
the hydrogen-bonded neighborhood upon unassociated PVEE segments. Therefore, the
repulsive forces lead to the faster relaxation of unassociated PVEE segments in SHS blends
than in PVPh blends. This further suggests a greater difference in the relaxation rate between
free PVEE and hydrogen bonded PVEE-SHS, than the corresponding difference in
PVEE/PVPh. That is, more significant dynamic heterogeneity in the former blend than in the
latter. For blends with SHS concentration < 50%, the dynamic heterogeneity can be
interpreted by the stoichiometric model and the repulsion between styrene and PVEE repeat
units, whereas for those with [SHS] ≥ 50%, the repulsion plays a more important role.
The relatively weak dipole moment of SHS is also responsible for the observation of
dynamical heterogeneity in SHS/PVEE blends since it decreases the dielectric relaxation
strength of the slow process. Forming intermolecular hydrogen bonds in polymer blends
requires corresponding functional groups at appropriate distances and in appropriate
directions. Intramolecular screening reduces the equilibrium constant and exaggerates
heterogeneity. Whereas some segments are coupled with more than the average number of
intermolecular hydrogen bonds, unassociated PVEE segments likely exist even at high SHS
or PVPh concentrations (>50%). In PVPh/PVEE, due to the strong dipole moment of PVPh,
higher intermolecular hydrogen bond fraction and smaller dynamic heterogeneity, the
relaxation of any free PVEE segments would be expected to be very weak and close to the
slow process, and thus it is completely masked. However, the reduced strength of the slow
relaxation process in SHS/PVEE blends, resulting from the smaller effective dipole moment
of SHS, allows the relaxation of unassociated PVEE segments to become more visible; the
former does not mask the latter as occurs in PVPh/PVEE, in which the hydrogen-bonded
PVPh-PVEE segments dominate the spectra. Therefore, it is proposed that the unfavorable
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interactions and dilution from the styrene repeat units are responsible for the observed
dynamic heterogeneity in SHS/PVEE.
Recently, chain-connectivity effects have been successfully used to explain the
dynamic heterogeneity in several polymer blends [51,81]. The main point is that each
component experiences a local environment rich in itself compared with the bulk
concentration due to chain-connectivity, which consequently leads to the dynamical
heterogeneity in polymer blends. The chain-connectivity model cannot be directly used to
interpret the dynamic heterogeneity in SHS/PVEE, since one of its main assumptions is the
absence of specific interactions between components, which will bias the local packing [81].
The dynamic heterogeneity is a natural consequence of the interplay between the
favorable intermolecular hydrogen bonding and the repulsive interactions between styrene
and PVEE. At the segmental scale, miscibility implies close proximity of the component
polymers (i.e., interpenetrating), which contributes to the negative blending enthalpy. Since
segmental relaxation is a cooperative process and consists of the movement of many repeat
units, this suggests that the two components should relax cooperatively with similar rates.
However, in PS/PVME or P2CS/PVME, due to the large intrinsic mobility difference, the
thermal energy at temperatures slightly above the global Tg are not sufficient for the high-Tg
polymer (i.e. PS or P2CS) to move and its chains are rigid. Therefore, the low-Tg PVME
relaxes within a rigid environment with limited freedom, which explains why its relaxation
is slower than in neat PVME. The high-Tg component can only gain mobility at higher
temperature, which is lower than its intrinsic Tg, since contact with PVME has alleviated its
intramolecular confinement. The weak van der Waals interaction manifests itself by
changing the intermolecular fricative coefficient and reducing the mobility difference, but it
is not sufficiently strong to link different segments and they can still relax individually. The
widely observed dynamic heterogeneity can be a direct consequence of the intrinsic mobility
difference.
Moreover, intramolecular hydrogen bonding in SHS will also contribute to the
dynamic heterogeneity observed in SHS/PVEE, as to be elaborated on in the next chapter.
There are a significant amount of –OH groups associated with themselves in blends with
high SHS concentrations and this will lead to coupling between SHS itself.
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For blends with strong intermolecular interactions, the cooperativity between two
components becomes so significant that they can possibly relax with very close rates, or
even simultaneously. It was found that the fragility of hydrogen bonded blends is higher
than the neat low-Tg component in PVAc, EVA70, and PVEE blends with PVPh, indicating
a stronger degree of cooperativity of the segmental relaxations, based on the correlation
between cooperativity and fragility [147,148]. At the molecular scale, this can be explained
by considering the enhanced friction coefficient between PVEE and the proton-donor
polymers as a result of hydrogen bonding. The strong friction force retards the relaxation of
the former and accelerates the latter. This reduces the components’ mobility difference in
the blend and significant coupling of relaxations is a natural consequence.
Formation of a hydrogen bond is only possible when two functional groups (-OH and
–O-) are positioned in specific directions and distances (~0.2 nm). This suggests
homogeneity at a smaller scale than in blends without strong intermolecular interactions, in
which the distance between two dissimilar chains may be larger. However, this does not
necessarily mean that the intermolecular hydrogen bond remains closed during the
relaxation of the two parent segments that it links, because this requires the –OH and its
partner –O- to remain at same relative orientations and distance. Hydrogen bonding is of
course dynamic, and there is an equilibrium between breaking and re-forming. During the
relaxation of parent segments, one hydrogen bond may break for a short time, but forming a
new linkage with another functional group far away would generally be difficult due to the
strict geometric requirements and the availability of free functional groups. This broken
hydrogen bond is highly likely to re-form between the original two partners until another
appropriate functional group is available, which is realized by the relaxation the segments.
The second candidate for a hydrogen bonding partner is the functional groups neighboring to
the original one, likely within the same relaxation segment. This leads to an effective,
prolonged lifetime for the hydrogen bond. The same mechanism has been invoked in a
model for reversible transient networks by Rubinstein and Semenov [149].
Finally, the effect of intermolecular hydrogen bonds on the dynamic (and static)
heterogeneity is more complicated than described by our earlier static stoichiometric model.
As pointed out recently, in polymer blends without strong intermolecular interactions,
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different chains can distribute randomly without significant preference, when the thermal
energy is larger than or comparable to the magnitude of intermolecular van der Waals force.
However, in SHS/PVEE, the two components strongly prefer to be immediate neighbors to
each other in order to form intermolecular hydrogen bonds; thermal concentration
fluctuations are retarded and the heterogeneity is mainly determined by the stoichiometric
effect. If the intermolecular hydrogen bonding is very strong, the blends can be
macroscopically separated into a 1:1 polymer complex and a neat polymer phase [84]. For
even stronger intermolecular interactions, e.g. ionic interactions, ionic clusters are formed.
In other words, the hydrogen bonding might lead to heterogeneity in polymer blends.
Therefore, hydrogen bonding usually enhances the heterogeneity unless the components are
in appropriate ratios.

5.4 Summary

Dynamic heterogeneity has been observed in thermodynamically miscible
SHS/PVEE blends. Whereas this is reasonable for blends with low SHS content due to the
co-existence of hydrogen-bonded and non-associated PVEE segments, it was quite
unexpected for high SHS content blends. The presence of a high frequency shoulder in the
latter suggests that unassociated PVEE segments still exist. The interaction between the
styrene comonomer units in SHS and PVEE repeat units is unfavorable and we propose that
this repulsive force relieves the constraint experienced by free PVEE segments. This leads to
more significant dynamic heterogeneity than observed in PVPh/PVEE blends, and the fast
relaxation becomes more visible as a result of the weakened slow process due to dilution by
non-polar styrene in SHS. Finally, evidence acquired thus far supports the idea that
intermolecular hydrogen bonding effectively freezes the dynamic heterogeneity at the
segmental relaxation time scale since it biases the local composition toward a 1:1 ratio due
to stoichiometric association.

Chapter 6
Composition-Dependent Segmental Dynamics

6.1 Introduction

Although significant dynamic heterogeneity has also been observed in many
miscible polymer blends with large ∆Tg, a common feature is the absence of any specific
intermolecular interactions between the corresponding component polymers, i.e., only van
der Waals interactions. In this chapter, a study on a chemically similar blend, PVME with
poly(4-vinylphenol) [PVPh] (Scheme 4-1) is presented, in which strong intermolecular
hydrogen bonds can form between the phenolic –OH groups and the ether groups in PVME.
Therefore, the influence of intermolecular hydrogen bonding on the segmental dynamics can
be directly identified by comparing the present results with those on PS/PVME and
P2CS/PVME blends. Although the segmental dynamics of PVEE/PVPh and PVEE/SHS
blends have discussed in previous chapters, the limited concentration region (in the former)
and the complicated copolymerization effect (in the latter), prevent unambiguous
conclusions from being reached. The current blend system is the best model for studying the
effects of intermolecular hydrogen bonds on segmental dynamics. Moreover, the entire
scope of the dynamics in hydrogen-bonded polymer blends will be provided in this chapter.

6.2 Hydrogen Bonding and Miscibility

PVPh (Aldrich, Inc.) with Mw = 21,000 and Mw/Mn = 2.5 was used in this part of the
study. Blends with PVPh concentrations ranging from 10 through 80 wt% were prepared by
solution casting, following the same procedure as used before. For neat PVME and blends
with PVPh concentration ≤ 30%, no gold sputtering was attempted.
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The miscibility between PVME and PVPh has been studied previously using DSC
and FTIR spectroscopy [150-152]. It was found that miscibility can be achieved across the
entire composition range, due to the strong intermolecular hydrogen bonding. Since
polymers with different molecular weights were used in these previous studies, global
miscibility for the polymers used here was confirmed from their DSC thermograms (Figure
6-1). It is worth noting that the glass transition interval of the blends is significantly
broadened to about 20 ~ 30 °C, compared with ~8 °C for the neat component polymers.
However, in general, the broadening is somewhat smaller than in the corresponding
PS/PVME blend (breadth up to ~45 °C, for blends with 50~80% PS) [153].
PVPh/PVME
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Figure 6-1: DSC thermograms of PVPh/PVME blends: second heating run, heating rate = 10 K/min.

Inter- and intramolecular hydrogen bonding in the component polymers and blends
can be examined by assessing the phenolic hydroxyl stretching in FTIR spectra. In the
spectra of PVPh/PVME blends, there are three principle bands arising from the phenolic –
OH: ‘free’, intramolecularly hydrogen-bonded, and intermolecularly hydrogen-bonded with
the ether oxygen in PVME, progressing from high to low wavenumber (Figure 6-2). The
larger wavenumber shift of the intermolecularly H-bonded –OH confirms that
intermolecular hydrogen bonding between PVME and PVPh is stronger than that among
PVPh repeat units themselves.
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Figure 6-2: FTIR spectra of PVPh/PVME blends at room temperature.

6.3 Dielectric Segmental Relaxation

The segmental relaxation of PVME occurs above its Tg and involves the cooperative
relaxation of a few repeat units. As shown in Figure 6-3, the relaxation time distribution of
the α process in PVME is relatively narrow, with a full width at half-maximum (FWHM) of
~ 2.5 decades. The FWHM essentially does not change with temperature, indicating that the
TTS principle is valid for this process. The maximum height of the loss spectra is ~0.6,
which is quantitatively consistent with the value reported by Cendoya et al [60]. The α
process follows the VFT equation. For the PVME used in the present study, VFT fitting
leads to τ0 = 4×10-13 s, B = 0.116 ev = 1346 K, and T0 = 203 K.
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Figure 6-3: DRS loss spectra of PVME. The labels inside each figure give corresponding temperatures in ˚C.

6.3.1 Relaxations in Blends with Low PVPh Concentration

For blends with PVPh concentrations ≤ 50%, although the segmental relaxation time
distribution has been broadened considerably, only a single α process is observed (Figure 64). This is a quite significant finding considering the relaxation behavior observed for

PS/PVME and P2CS/PVME blends and the very large ∆Tg for PVPh/PVME. Since both
PVPh and PVME have comparable dipole moments, the α process of the blends includes
contributions from both polymers, just as in P2CS/PVME [72]. The observation of one α
process immediately suggests that PVME and PVPh have similar relaxation rates in blends
with [PVPh] ≤ 50%, despite their large intrinsic mobility difference. In PS/PVME, only
PVME contributes to the dielectric α process, and the broadening of the relaxation time
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distribution was attributed to concentration fluctuations [59,75]. Strong intermolecular
interactions have been shown in early chapters to damp CF, thus this will not be considered
further here.
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Figure 6-4: DRS loss spectra of PVPh/PVME blends with PVPh concentration of (a) 20%, (b) 30%, and (c)
50%. The labels inside each figure give corresponding temperatures in ˚C.

Close inspection of the dielectric spectra reveals further evidence for intermolecular
coupling. For blends with 10% and 20% PVPh (Figure 6-4a − for clarity, the spectra of the
10% blend is not shown), the segmental relaxation time distributions exhibit clear low
frequency broadening. This can be interpreted by the co-existence of hydrogen-bonded and
non-associated PVME segments in these blends, as a result of low PVPh content. The
hydrogen bonded PVME and PVPh segments contribute to the slow relaxation portion, and
the ‘free’ PVME to the faster part of the spectra. However, it should be pointed out that the
low-frequency broadening in 20/80 PVPh/PVME is less significant than that observed in a
similar PVPh/PVEE blend; in the latter a visible shoulder developed at the low frequency
side of the main process. This difference can be rationalized by considering the effect of the
more bulky ethyl species in the PVEE side groups. The ethyl group is considerably larger
than the methyl of PVME and it can shield the ether oxygen from forming hydrogen bonds
with PVPh. This leads to more and stronger intermolecular hydrogen bonds in PVME/PVPh
than in PVEE/PVPh blends, that is, a stronger coupling in the former. In fact, it has been
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observed that the miscibility of poly(vinyl alkyl ether)s with PVPh deteriorates as the side
group becomes larger [150].
Following the same stoichiometric argument for hydrogen bonding, the low
frequency shoulder should disappear if all PVME segments are hydrogen-bonded with
PVPh. This expectation is in fact confirmed in blends with higher PVPh concentrations, i.e.
30-50%, in which a single segmental relaxation process is observed (Figure 6-4, spectra of
40% not included for clarity). Although the hydrogen bond fraction between hydroxyl and
ether groups cannot be experimentally measured by FTIR, due to serious band overlap in the
hydroxyl stretching region, as before this value can be theoretically calculated using the
association constant between these two groups in low molecular weight analogs [82,151].
The validity of this approach has been confirmed in previous studies [82]. The calculations
indicate that about 40%-55% of the PVME ether groups, i.e., one out of every two or three,
are associated with PVPh in these blends. Considering that one independent relaxing
segment may include several repeat units, the results of the above calculation suggest that
nearly every segment of PVME interacts via at least one intermolecular hydrogen bond with
PVPh, and unassociated PVME segments disappear in blends with high PVPh content. Note
that if one repeat unit of the relaxing segment is hydrogen-bonded, the entire segment will
likely be coupled with the relaxation of PVPh to some degree. Similar behavior has also
been observed in the DRS studies of PVEE/PVPh and PVEE/SHS blends and explained by
the same stoichiometric model for intermolecular hydrogen bonding.
However, it should be noted that the coupling does not necessarily establish that
PVME and PVPh segments are relaxing simultaneously, although a single α process is
observed. Two relaxing segments may have different mean relaxation times (i.e., dynamical
heterogeneity still exists), but these may not be as widely separated (and hence observable)
as in blends without strong intermolecular interactions. The intermolecular hydrogen
bonding influences the dynamics by significantly increasing the monomer friction
coefficient of PVME and decreasing that of PVPh, therefore minimizing the difference to a
degree that only one peak is observed in the dielectric loss spectra. It is reasonable to expect
that stronger intermolecular interactions would lead to narrower relaxation time distributions
in polymer blends and a truly single segmental relaxation process can be achieved, if the
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interaction is as strong as covalent bonding. The degree of coupling between different
segments depends on how effectively the stress is transferred from one segment (low Tg) to
its neighbor (high Tg). In an ideal network, if the crosslink density is sufficiently high, all
segments must move cooperatively due to the constraint from the crosslink junctions,
whereas in polymer blends one segment can move with little or no cooperativity with its
partner if the frictional force between them is too weak to support the stress. Hydrogen
bonding enhances the friction between different segments, and the degree of coupling is
therefore generally higher than that in blends without strong intermolecular interactions.
Three additional features of the segmental relaxation of the PVME/PVPh blends
deserve comment. First, the peak location at constant temperature gradually shifts to lower
frequency with increasing PVPh concentration, since the Tg of PVPh is much higher than
PVME. Secondly, the relaxation time distribution becomes significantly broader compared
with that of neat PVME, demonstrating that dynamic heterogeneity exists even though all
segmental relaxations are coupled. Finally the dielectric loss peak for a particular blend
clearly narrows with increasing temperature, as a result of weakened dynamical
heterogeneity at higher temperatures.
The most probable segmental relaxation time (τmax) can be determined by fitting the
measured dielectric loss spectra in the frequency domain with the phenomenological HN
equation. Figure 6-5 contains the fitted relaxation times of blends with PVPh concentrations
up to 50%. In the plot it is clear that all segmental relaxations follow the VFT equation and
the relaxation time increases with increasing PVPh concentration. It is common practice to
normalize the temperature with a reference temperature Tref to compare the glass transition
behavior of materials with different Tgs. We define Tref as a temperature at which τmax = 1 s,
the same definition used in previous chapters. The normalized Arrhenius plot, i.e., the socalled fragility plot, is also shown in Figure 6-5. Larger fragility has been correlated with
stronger intermolecular coupling or larger segmental size. Although τmax for PVME and its
blends with 10% and 20% PVPh are indistinguishable, the fragility increases with increasing
PVPh concentration in the other blends.
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Figure 6-5: Segmental relaxation time of PVPh/PVME blends: (a) VFT plot, (b) Fragility plot. The percentage
in the label indicates the weight concentration of PVPh. ‘60F’ in (a) is the relaxation time of the
fast process in the 60% blend. Tref was defined as the temperature at which τmax = 1 s.

The calculated fragilities are list in Table 6-1, together with the VFT parameters and
other characteristic temperatures. The fragility increases from 66 for PVME to 97 for the
50% PVPh blend, an even more significant increase than what we have observed for other
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intermolecularly hydrogen-bonded blends, likely a result of stronger interactions involved
between PVPh and PVME. It is also worth noting that Tref (τmax = 1 s) is very close to the Tg
measured by DSC with heating rate of 10 K/min, when the latter is defined as the midpoint
of heat capacity jump.
Table 6-1: VFT fitting parameters, Reference Temperatures, and Fragility of the Blends
PVPh/PVME

0/100

10/90

20/80

30/70

40/60

50/50

60/40 b

Tg (K)

248

255

266

284

300

323

349

τ0 (s)
T0 (K)

4.2
×10-13
203

3.5
×10-13
207

3.3
×10-13
219

3.5
×10-12
247

1.4
×10-12
265

1.4
×10-12
286

6.6
×10-16
288

B (eV)

0.116

0.120

0.126

0.0956

0.0986

0.0940

0.191

Tref (K)

250

256

270

289

307

326

351

F

66

65

66

79

87

97

84

a

a. Defined as τmax(Tref) = 1 s; b. The segmental relaxations of this blend are fitted with two
processes and the data presented here are those from the slow process.

Although PVPh/PVME blends have similar relaxation behavior as PVPh/PVEE and
SHS/PVEE blends, the former polymers’ chemical structures are closer to those of
PS/PVME and P2CS/PVME blends, and the observed coupling can be unequivocally
attributed to the effect of intermolecular hydrogen bonding.

6.3.2 Relaxation in Blends with High PVPh Concentration

The segmental relaxation time distribution for the 50% blend is broadened slightly at
high frequency (Figure 6-4). This trend becomes more noticeable with increasing PVPh
concentration and a faster shoulder is clearly visible in the spectra of the 60% and 80%
PVPh blends (Figure 6-6). This is not what is anticipated from coupling via hydrogen
bonding, which predicts that unassociated PVME segments should have disappeared in these
blends. There are several possible origins for this high-frequency shoulder, as discussed
below.
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The first possibility is that a local relaxation of PVPh is responsible. At least two
dielectric local relaxation processes have been observed for PVPh and their loss spectra are
shown in Figure 6-7a. The γ process occurs at very low temperature and can be ruled out
from consideration. Although the PVPh β process is observed at temperatures slightly lower
than the location of the shoulder in the blends, its relaxation strength is too small (∆ε ~ 0.15)
when compared with that of the shoulder at constant temperature (∆ε ~ 1.0). If it is assumed
to a first approximation that blending does not influence the β process of PVPh, the
contribution of the β(PVPh) can be removed from the segmental relaxation of the blend.
This is achieved by subtracting the loss spectrum of neat PVPh normalized by its
concentration in the blend from the corresponding loss spectrum of the blend at the same
temperature. As can be seen from Figure 6-6 (dashed lines), although the high frequency
shoulder becomes somewhat weaker after this operation (this is a lower bound for the
intensity, as discussed later), the shoulder remains. This therefore excludes the PVPh β
process as the origin of the higher frequency shoulder.
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Figure 6-7: Secondary relaxation processes of (a) PVPh and (b) PVME at selected temperatures.

It is appealing to attribute this shoulder to the relaxation of hydrogen bonded PVPhPVME segments, and the lower frequency, more intense peak to relaxation of neat PVPh
segments. PVPh is the main component in these blends and a considerable portion of PVPh
segments are intramolecularly hydrogen bonded, rather than intermolecularly hydrogen
bonded with PVME. The self-associated PVPh segments will relax slower than the coupled
PVPh-PVME segments. However, comparison of the dielectric spectra of the 50 - 80%
PVPh blends shows that the high frequency shoulder becomes stronger with increasing
PVPh concentration. This is clearly contrary to the fact that intermolecularly hydrogenbonded PVME-PVPh concentration should be lower in blends with high PVPh content
(≥50%). Therefore, this possibility is also rejected.
Approximate curve fitting of the spectrum of the 60% PVPh/PVME blend at
temperatures where the slow and fast processes are clearly separated yields a ratio of the
relaxation strength of the low frequency peak to the high frequency shoulder of about 1.8 :
1. This value is much larger than the ratio of the dipole moment concentrations in this blend,
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~1 : 1 (calculated by multiplying the molar concentration of the dipole and its dipole
moment, ignoring any difference in the correlation parameter). Since there is no reason to
expect that the high Tg PVPh participates in the fast relaxation process, this suggests that a
portion of the PVME segments (~30%) contribute to the slow relaxation, and the remainder
contributes to the fast process.
It is proposed that the segmental relaxations in blends with high PVPh
concentrations result from enhanced intramolecular association of PVPh segments. In
blends with 60% or more PVPh, calculations reveal that more than half of the phenolic
hydroxyl groups participate in intramolecular hydrogen bonds. In this situation, although
PVME segments attempt to couple with the relaxation of PVPh segments through
intermolecular hydrogen bonding, competitive intramolecular associations between PVPh
segments retard this process since the temperature is still well below the intrinsic PVPh Tg.
In blends with lower PVPh concentrations, a majority of the phenolic hydroxyl groups are
associated with PVME, the intramolecular constraints are very weak and inter-component
coupling is achieved. Strong coupling of component dynamics can only be achieved in a
blend controlled by inter-component associations.
PVME segments with lower intermolecular hydrogen bonding are embedded in the
matrix of PVPh (or the ‘continuous phase’, far above the percolation concentration) in
blends with high PVPh concentration. Since PVPh has a Tg 195 K higher than PVME, even
at the blend’s Tg (348 K for the 60% PVPh blend, vs. Tg = 443 K for neat PVPh), the
mobility of PVPh segments is relatively low, although not completely frozen due to dilution
from PVME. Therefore, the PVPh matrix is relatively rigid and applies considerable
confinement on PVME segments. This leads to a much slower segmental relaxation of
PVME as compared to the neat state [154].
Finally, with increasing temperature, the mobility of PVPh segments is significantly
increased and their confinement upon PVME is therefore gradually released. A single α
process is indeed observed at ~30 °C above the blend Tg.
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6.3.3 Comparison with Other Studies

In studies on blends of PVEE/PVPh and PVPh with an ethylene-co-vinylacetate
random copolymer [EVA], generally similar coupling effects were observed. However, only
blends with PVPh concentrations of ≤ 50% were studied, and a high frequency shoulder was
not observed. Inspired by the results in the previous subsection, PVPh/PVEE and EVA
blends with PVPh content ≥ 50% were investigated, as well as amorphous blends of a
relatively high Tg SHS random copolymer with PEO. In all of these systems a similar fast
process at high PVPh or SHS content was observed. A fast process was also observed in
PVEE/SHS blends, but it is more apparent than in PVME/PVPh, even in the blend with 40%
SHS, in which the SHS concentration (and OH content even lower) is too low to invoke
domination by intramolecular hydrogen bonding or confinement. This latter dynamic
heterogeneity was interpreted by considering the repulsion between the styrene repeating
units and PVEE. Strong intramolecular interactions between PVPh, along with confinement,
also undoubtedly contribute to the fast process in blends with higher SHS contents.
It should be noted that similar dynamic heterogeneity has also been observed in a
recent NMR study of poly(methyl methacrylate) [PMMA]/PEO blends [54], in which
PMMA has a Tg ~180 K higher than PEO. For blends with PEO concentrations ≤ 30%, it
was found that the segmental relaxation of PEO is about 12 decades faster than that of
PMMA at the blend’s Tg, although this is a miscible blend. This was interpreted by
considering PMMA as rigid cage and PEO segments as relaxing individually, although
recent computer simulation found this mechanism not necessarily correct due to the limited
frequency range available to NMR [154].
In summary, the segmental relaxations in PVPh/PVME blends are compositiondependent and the dynamics are not as thermorheologically simple as observed in
PVPh/PVEE blends in a particular composition range and as predicted by theory. Similar
behavior has also been observed in a recent NMR study of PVAc/PMAA blends [145].
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6.4 Secondary Relaxations

A secondary β process is observed in neat PVME below -80 °C (Figure 6-7), and has
been attributed to relaxation of the side groups. This relaxation was found to be essentially
unmodified by blending with PS [60]. PVPh has two secondary relaxation processes, namely
β and γ, from high to low temperature, both of which are relatively weak (i.e., lower than
about 10% of the relaxation strength of the α process of the blends). The PVPh β process
occurs above 0 °C and partially overlaps with the segmental relaxations in the blends, and
therefore it is difficult to define. The PVPh γ process is slightly faster than β (PVME), and
these consequently overlap in the blends.
The low temperature relaxation behavior of blends with 30%, 50%, and 80% PVPh
was also measured. In the blends, a similar secondary relaxation occurs below -100 °C in the
frequency window of our instrument, but significantly broadened. Close examination of
Figure 6-8 suggests that this process in blends includes contributions from both component
polymers and the low frequency broadening should arise from the relaxation of PVPh.
Although quantitative information on the relaxation strength (∆ε) can provide insight into
their molecular origins, no curve fitting was attempted since their relaxation times are too
close to one another. Synthesized dielectric loss spectra of 30% and 80% blends are also
provided in Figure 6-8 (dotted lines) to facilitate comparison. These spectra were obtained
by adding the spectra of neat PVPh and PVME, normalized by concentration, at the
specified temperature, with the assumption that these secondary relaxations are not
influenced by blending. Qualitatively, the synthesized spectrum is much stronger than that
observed for the corresponding blend, particularly at lower frequencies and in blends with
high PVPh concentration. Although the low frequency tail becomes relatively stronger with
increasing PVPh concentration, compared with the high frequency side, the increase is not
proportional to PVPh content. This is in contrast to the behavior observed for PS/PVME
blends, in which the β relaxation strength of PVME in the blends is proportional to PVME
concentration [60]. The findings strongly suggest that the relaxation of some side groups of
both polymers is suppressed by blending, and these groups are likely those constrained by
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intermolecular hydrogen bonding. The unassociated groups will maintain mobility at these
temperatures and contribute to the observed low temperature relaxation.
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Figure 6-8: Low temperature relaxation of PVPh/PVME blends at (a) -110 °C and (b) -130 °C. The number
represents the percentage of PVPh. Thin and thick dotted lines are synthesized spectra for blends
with 30% and 80% PVPh concentration, respectively.

122
In chapter 3, it was found that the relaxation time of the PEMA β process was
unaffected by blending with PVPh. However, since the β process in PEMA is believed to
involve accompanying main chain rocking, that is, having a larger relaxation size and higher
activation energy (~ 70 kJ/mol), the hydrogen bonding (~ 16 kJ/mol) is probably not
sufficiently strong to retard this secondary relaxation. The β process of PVME is much
faster than that of PEMA and has an activation energy of only 22 kJ/mol, which is
comparable to the strength of hydrogen bonding between PVME and PVPh (stronger than
that between PEMA and PVPh), therefore hydrogen bonding should be capable of damping
this secondary relaxation. However, it remains unclear why the local relaxation of PVPh is
weakened more significantly than that of PVME considering the activation energy of 39
kJ/mol for γ(PVPh). Obviously more study is needed to confirm this conclusion.

6.5 Summary

In order to examine the influence of strong intermolecular hydrogen bonding on the
dynamics of polymer blends, miscible PVPh/PVME mixtures with PVPh concentrations up
to 80% were studied. Different relaxation behaviors were observed for blends with different
compositions, and thermorheological simplicity does not exist in this dynamically
asymmetric blend, despite the presence of strong intermolecular interactions.
For blends with 10% and 20% PVPh content, two segmental relaxations were
observed. The slow process was attributed to the relaxation of intermolecularly hydrogenbonded PVPh-PVME segments, and the fast to ‘free’ PVME segments. A single dielectric α
process was observed in blends with somewhat higher PVPh content, in which all PVME
and PVPh segments have been intermolecularly coupled through hydrogen bonding. These
results are consistent with those of PVPh/PVEE and SHS/PVEE blends, but the chemical
structures of the component polymers in the present blends are more akin to those of the
well-studied PS/PVME and P2CS/PVME blends, in which significant dynamical
heterogeneity has been observed as a result of their large Tg difference between the
component polymers. Because the only difference between these blends and PVPh/PVME is
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the presence of intermolecular hydrogen bonding in the latter, the results confirm that
hydrogen bonds are capable of coupling components’ segmental relaxations in blends with
very large ∆Tg.
A second segmental relaxation was also observed in blends with 60% and 80%
PVPh. This process is proposed to arise from the relaxation of a portion of PVME relaxing
segments confined in a relatively rigid matrix of PVPh, whose segments are relaxing much
slower than PVME segments due to the presence of considerable intramolecular hydrogen
bonding. The low temperature relaxations of the component polymers are partially
suppressed in the blends since their relaxations involve hydrogen-bonded side groups.

Chapter 7
Interplay between Tg Difference and Hydrogen Bonding Strength

7.1 Introduction

Following the discussion in previous chapters, both ∆Tg and intermolecular interactions
play very important roles in determining the dynamic heterogeneity in polymer blends.
Specifically, their effects are in opposition in that small ∆Tg and strong interactions promote
homogeneity. In the present study, a DRS study on blends of PVPh with two other polymeric
proton-acceptors, i.e., PVAc and EVA70, is reported. Results of previous FTIR studies have
shown that intermolecular hydrogen bonding in these blends is somewhat stronger than in
PEMA/PVPh blends, but clearly weaker than that in PVPh/PVEE or PVPh/PVME mixtures.
While the strength (enthalpy) of hydrogen bonds between PVPh and PVAc is the same as that
between PVPh and EVA70, ∆Tg is ~116 K for the former and ~173 K for latter (see Table 7-1).
Accordingly, these results can be directly used to examine the previous conclusions concerning
the influence of ∆Tg and intermolecular hydrogen bonding on segmental relaxations.
Table 7-1: Comparison of Intermolecular Hydrogen Bond Strengths
of Selected PVPh Blends [82,84]
∆Tg (K)

PVPh/PVPh

-∆Ha (kcal/mol)

∆υb (cm-1)

5.2 – 5.4

155

PVPh/PEMA

97

3.8

140

PVPh/PVAc

116

4.0

120

PVPh/EVA70

173

3.8

120

SHS/PVEE

172

~5.4

200

PVPh/PVEE

186

~5.4

200

PVPh/PVME

195

~5.4

215

a. Enthalpy of hydrogen bonding; b. Wavenumber shift of hydrogen-bonded PVPh
hydroxyl stretching mode from that of the free phenolic hydroxyl groups. Larger ∆υ
indicates stronger hydrogen bonding.
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7.2 Miscibility

Blends of PVAc (and EVA70) with PVPh concentrations ranging from 10 through 40
wt% in 10% increments were prepared by casting from 5 wt% solutions of the component
polymers in methyl ethyl ketone. The blends are designated as VV10 - VV40 and VA10 –
VA40, where the number denotes the weight percentage of PVPh in the blend, VV refers to
PVPh/PVAc blends and VA to PVPh/EVA70 blends.
According to the association model of Coleman and Painter, PVPh and EVA
copolymers are miscible if the vinyl acetate content in EVA is greater than 45%; this has been
confirmed in previous FTIR and DSC studies [82].
To facilitate comparison of segmental relaxations and glass transitions, DSC traces are
presented in Figure 7-1. A single Tg is observed for each blend, confirming global miscibility.
However, the glass transition is substantially broadened in the blends as compared to those of
the component polymers, indicating some degree of heterogeneity. Furthermore, PVPh/EVA70
blends have broader glass transition intervals than PVPh/PVAc blends. Broadening of the glass
transition is generally observed in miscible blends. This behavior will be compared with similar
DRS spectral broadening, since they have the same origin.

Exotherm Æ

PVPh/PVAc (a)

PVPh/EVA70 (b)

0/100

0/100

10/90

10/90
20/80
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40/60
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40

60
o
T ( C)

80

100 -40

40/60
-20

0 o 20
T ( C)
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Figure 7-1: DSC thermograms of (a) PVPh/PVAc; (b) PVPh/EVA70. Taken from the second heating run with a
heating rate of 10 K/min.
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7.3 Dielectric Relaxation of PVPh/PVAc Blends

The dielectric relaxation behavior of PVAc has been studied by several research groups
[87,155-157]. As usually observed in other homopolymers, segmental relaxation in PVAc
occurs above the Tg and is slightly broader at high frequencies (Figure 7-2 (a)). The peak shifts
to higher frequency with increasing temperature as a consequence of faster relaxation. The
segmental relaxation is a non-Arrhenius process and its relaxation time follows the VFT
equation.
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Figure 7-2: DRS loss spectra of (a) neat PVAc; (b) 20/80; and (c) 30/70 PVPh/PVAc blends. The upturn at low
frequency is from dc conduction. Temperatures in °C.

After using the HN function to obtain the relaxation times at different temperatures, τmax
- T was then fit with the VFT function. The fitted VFT parameters τ0, D, and Tv for PVAc are
5×10-13 s, 0.135 eV, and 262 K, respectively. These values are similar to those reported by
Yada and coworkers [157].
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PVAc is dielectrically active with comparable dipole moment to that of PVPh. The
dipole moment of ethyl acetate, a model for PVAc, is ~1.8 D [118]. Thus the DRS relaxation
includes contributions from both components. However, a single segmental relaxation process
is observed for each composition at temperatures above their corresponding Tg’s. For brevity,
only DRS spectra of VV20 and VV30 at representative temperatures are shown in Figure 7-2.
These data agree well with the DSC results, and exclude large scale concentration fluctuations
and the existence of relaxing segments with large mobility differences. The ∆Tg of PVPh/PVAc
is relatively small (i.e., 116 K) compared with PVPh/PVEE blends (186 K), SHS/PVEE (172
K), or PVPh/PVME (195 K); the corresponding difference in mobility may not be sufficiently
large to manifest itself as two separated segmental relaxation processes even at low protondonor component concentration. A single α relaxation was also observed by Luengo et al. in
their DMA study on a 20% PVPh/PVAc blend [87].
Comparison of the segmental relaxation of blends with different compositions reveals
that there are slight concentration fluctuations in the blends (Figure 7-3). The full width at halfmaximum (FWHM) of the α relaxations increase with PVPh content. As discussed earlier,
concentration fluctuations are a general characteristic of polymer blends. Different
nanodomains (or cooperatively rearranging regions) have different compositions, each of which
has a distinct Tg, thus different relaxation times; explaining the broadening of both the glass
transition and the segmental relaxation.
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Figure 7-3: Normalized DRS loss spectra of PVPh/PVAc blends at ~ Tref + 35 K. Tref’s are defined as τmax (Tref)
= 1 s and are shown in Table 3. dc conduction has been removed.

However, according to the CF model detailed in ref [77], concentration fluctuations are
predicted to be suppressed by strong intermolecular interactions, such as hydrogen bonding.
This was confirmed in the dielectric study in previous chapters. Although PVPh/PVAc blends
have a larger ∆Tg than PVPh/PEMA and dynamic heterogeneity is favored by large Tg contrast,
the hydrogen bonding between PVPh and PVAc is slightly stronger than that between PVPh
and PEMA (Table 7-1). Thus it is reasonable that dynamic heterogeneity in PVPh/PVAc is as
insignificant as in PVPh/PEMA blends, as supported by comparison of their full width at halfmaximum in Table 7-2, which shows only a rather small increase with PVPh concentration.
The relatively larger increase in FWHM of PVAc/PVPh compared with that of PVPh/PEMA
blends is possibly a result of the comparatively broad molecular weight distribution of PVAc.
Hydrogen bonding ability of PVAc with PVPh might depend on the molecular weight and
shorter polymer chains promote higher possibility for interacting due to weaker intramolecular
screening effect. It should be noted that, although ∆Tg itself does not directly influence CF, the
slight difference in composition of different domains (induced by minor CF) can lead to
significant difference in the effective Tg, and thus dynamic heterogeneity can be observed.
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Table 7-2: Full Width at Half-Maximum (FWHM) of the Dielectric Segmental Relaxations of
Intermolecularly Hydrogen-Bonded Polymer Blends at Different Temperatures a
PVPh/PVAc

PVAc

10/90

20/80

30/70

40/60

Tref + 35 K

1.8

2.3

2.6

2.7

2.8

Relative Breadthb

1

1.3

1.4

1.5

1.6

Tref + 45 K

1.7

2.2

2.4

2.5

2.6

Relative Breadthb

1

1.3

1.4

1.5

1.5

PVPh/EVA70

EVA70

10/90

20/80

30/70

40/60

Tref + 25 K

2.4

3.2

6.2

5.2

5.1

Tref + 35 K

2.2

2.9

4.5

4.3

N/A

Relative Breadth

1

1.3

2.1

2.0

N/A

PVPh/PEMA

PEMA

10/90

20/80

30/70

40/60

Tref + 45 K

2.5

2.7

3.0

3.0

3.2

Relative Breadth

1

1.1

1.2

1.2

1.3

SHS/PVEE

PVEE

10/90

20/80

30/70

40/60

50/50

Tref + 30 K

2.3

N/A

4.4

4.6

4.7

5.2

Relative Breadth

1

1.9

2.0

2.0

2.3

PVPh/PVEE

PVEE

10/90

20/80

30/70

40/60

50/50

Tref + 30 K

2.3

4.4

6.4

5.0

4.9

5.0

Relative Breadth

1

1.9

2.8

2.2

2.1

PVPh/PVME

PVME

10/90

20/80

30/70

40/60

50/50

Tref + 30 K

2.4

3.3

4.2

4.3

4.4

4.5

Relative Breadth

1

1.4

1.8

1.8

1.8

1.9

a.) units of the FWHM: decades; b.) defined as the FWHM of the blend divided by the neat polymer.

The segmental relaxation broadening in PVPh/PVAc blends is also seen in an
isochronal plot of the dielectric constant at 1 KHz (Figure 7-4): blends containing higher
concentrations of PVPh have slightly broader transition regions and higher transition
temperatures. The transition in this plot contains similar information to the glass transition in
the DSC experiment. In some particular temperature region, which is a function of the
sweeping frequency, polymer chains gain significant mobility and the dipoles can be readily
oriented; therefore the dielectric constant exhibits a clear increase, just like the heat capacity
jump in DSC. The correlation between the transition width of DSC Tg and ε′ is demonstrated in
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Fig. 7-4 (b), both of them increase with PVPh concentration up to 30%. ε′ exhibits broader
transition than DSC Tg because a higher scanning frequency (1 KHz) is used for the latter.
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Figure 7-4: (a). Isochronal plot of the dielectric constant ε′ of PVPh/PVAc blends at 1 KHz. (b) Correlation
between the width of DSC glass transition and the dielectric transition (defined as the region from onset to end
temperature.

The nominal dielectric spectrum broadening of PVPh/PVAc blends can also be a result
of the distribution of intermolecular hydrogen bonds. As discussed for PVPh/PVEE blends,
intermolecular hydrogen bonding is a statistical process that is affected by chain connectivity
effects. Some independently relaxing segments (consisting of a number of chemical repeat
units) may include one hydrogen bond, while others possibly involve two or more. Such
segments would clearly have different relaxation times. In fact, this indicates heterogeneity at a
segmental scale and can be regarded as ‘frozen’ concentration fluctuations. This heterogeneity
has a similar effect on the segmental relaxations as that resulting from concentration
fluctuations, but cannot change dynamically as rapidly as CF, due to constraint from
intermolecular hydrogen bonds. The blend becomes more homogeneous with increasing
temperature as a result of reducing cooperative relaxation length scale, thus the DRS spectra
become narrower. On the other hand, the spectral breadth of neat PVAc is nearly independent
of temperature, since there are no concentration fluctuations. This suggests that TTS should
hold for PVAc, but fail in the blends. This is the case, as shown in Figure 7-5. It has been found
that master dielectric loss curves can be obtained for 30 - 50% PVPh/PVEE blends due to the
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strong coupling between its two components. The failure of TTS for PVPh/PVAc blends
presumably results from the weaker intermolecular hydrogen bonds and broad molecular
weight distributions in this system.
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Figure 7-5: Temperature dependence of DRS loss spectra of: (a) PVAc and (b) 40% PVPh/PVAc blend.
Spectra have been shifted with respect to the spectrum shown as solid squares. dc conduction has
been removed.
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It is clear why the relaxation time increases with PVPh concentration, since the Tg of
PVPh is much higher than that of PVAc ( Figure 7-6 a). In order to remove the Tg effect,
fragilities are compared by normalizing the temperature using a reference temperature, Tref, at
which τmax = 1 s [109-111]. The fragility is a relative value and comparison between different
materials is only meaningful if using a Tref defined at the same relaxation time. It will be larger
if a lower reference temperature (i.e., a longer relaxation time is used).
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Figure 7-6: VFT plot of PVPh/PVAc blend: (a) VFT plot, (b) Fragility plot. Tref is defined in Table 7-3 .

Fragility is a measure of the ability of a material to change its conformation across the
glass transition region. For polymers, it is also called ‘cooperativity’, and is usually correlated
with the degree of intermolecular coupling. In Figure 7-6 (b), an increase in the slope is
observed with increasing PVPh concentration. Quantitatively, the fragility can be calculated
from the VFT fitting parameters using Eq 4-3. However, it is often difficult to obtain reliable
VFT parameters, since it is the points close to Tg that influence the regression most
significantly, and it is usually difficult to reliably obtain these dynamic data, because they
require very long measurement times. Nevertheless, the physical precision of VFT parameters
and the dynamic properties close to or below Tg are not of interest, but it is the slope of the
VFT plot at T = Tref. Therefore, the number of free fitting variables was reduced by fixing τ0 =
10-14 s. This is a reasonable assumption, since τ0 is anticipated to have phonon-like time scales
[158]. Using this method, the VFT regression is reproducible and the fragility can be reliably

134
calculated, even with only a few data points below Tref. The fitted D and Tv values are listed in
Table 7-3 , along with the calculated Tref and F. The fragility was found to increase from 66 for
PVAc to 74 for the 40% blend, indicating that the cooperativity of the glass transition and
segmental relaxation is enhanced in the blends. Explained in a different way, considering the
correlation between the fragility and the size of the cooperatively rearranging region, the
increase of fragility in PVPh/PVAc blends also indicates that the CRR size at the reference
temperature becomes larger with increasing PVPh concentration, due to the coupling effect of
intermolecular hydrogen bonding.
Table 7-3: VFT Fitting Parameters, Reference Temperatures, and Fragility of the Blends

a

PVAc

VV10

VV20

VV30

VV40

EVA70

VA10

VA20

VA30

VA40

b

250.1

252.5

261.6

274.5

285.2

198.7

200.7

212.2

246.4

265.8

D (eV)

b

0.189

0.189

0.194

0.188

0.184

0.167

0.172

0.183

0.159

0.154

Tref (K)

c

318.0

320.6

331.5

342.2

351.6

258.6

262.5

278.0

303.6

321.1

F

66

66

66

71

74

60

59

59

74

81

Tv (K)

a.) VV refers to PVPh/PVAc blends and VA to PVPh/EVA70 blends, the number after VV or VA denotes the
weight percentage of PVPh in the blend; b.) Fitted using the WinFit software from Novocontrol; τ0 is fixed as
10-14 s; c.) Defined as τmax(Tref) = 1 s.

For polymers with weak intermolecular interactions, segmental mobility increases with
temperature as a consequence of thermal activation and an increase in the free volume of the
system: thus the molecules are able to sample more conformations and the relaxation time
decreases. If there is strong intermolecular hydrogen bonding, as in the PVPh/PVAc blends,
and if the hydrogen-bonded fraction decreases with increasing temperature, a larger mobility
increase can be expected, due to the additional freedom gained from the reduction in the
average number of these strong, specific interactions. In other words, the decrease in the
relaxation time is more rapid in the strongly interacting blends than in those without strong
interactions. The forming and breaking of hydrogen bonds is a reversible process and it shifts in
the dissociated direction with increasing temperature, i.e., the equilibrium constant for
hydrogen bonding becomes smaller. This argument supports an increase of fragility in the
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PVPh/PVAc blends. However, the fragility increase is found to be very limited, as discussed
below.

7.4 Segmental Relaxation of PVPh/EVA70 Blends

As an amorphous copolymer having a significant vinyl acetate content, EVA70 exhibits
similar dielectric relaxation behavior to PVAc, since the ethylene repeat units are dielectrically
inactive. Figure 7-7 presents the DRS loss spectra of EVA70 and the 40% PVPh/EVA70 blend.
The relaxation time distribution of EVA70 is clearly broader than that of PVAc, with a full
width at half-maximum of about 2.2 decades compared to 1.8 decades for PVAc at Tref + 35K.
This is a consequence of copolymerization, which unavoidably introduces heterogeneity in
monomer sequence distribution. As a result of increased Tg, the loss peaks in the PVPh/EVA70
blends are shifted to lower frequencies compared to neat EVA70.
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Figure 7-7: DRS loss spectra of: (a) neat EVA70, (b) 20/80, and (c) 40/60 PVPh/EVA70 blend.

Before discussing the dielectric relaxation behavior of PVPh/EVA70 blends, it is worth
noting that the local β relaxation of PVPh occurs from -40 °C to 60 °C in the available
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frequency window, which overlaps with the segmental relaxation of the blends. Nevertheless,
the relaxation strength of β(PVPh) is ~10 times weaker than α(EVA70) due to its local nature
(Figure 7-8); therefore, its influence on the segmental relaxations can be neglected when
studying the latter.
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Figure 7-8: Comparing the β relaxation of PVPh and the segmental relaxations of PVPh/EVA70 blends. The
number after the dash denotes the temperature in °C.

The segmental relaxations in PVPh/EVA70 blends are more complicated than those in
PVPh/PVAc blends. For the 30% and 40% blends, a single α process is clearly observed. For
the 20% blend, however, there is a weak shoulder on the low frequency side, which overlaps
with both the dc conduction and the main α process. More surprisingly, the α peak of VA20 is
even broader than that observed in VA30 and VA40, with FWHM of 6.2, 5.2, and 5.1 decades
at Tref + 25 K, respectively (Table 7-3). Although this behavior is different than that observed
for the PVPh/PVAc blends, it is similar to the broadening behavior of PVPh/PVEE blends. The
existence of two distinct segmental processes is reasonable, considering the large Tg contrast in
PVPh/EVA70 blends and can be explained by the same stoichiometric effect proposed for
PVPh/PVEE. That is, in 20% PVPh/EVA70 there are ‘free’ EVA70 segments which relax
faster, and hydrogen-bonded segments whose relaxations are slower. For the 30% and 40%
blends, all segments are hydrogen-bonded and hence a single α process is possible. However, a
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quantitative description of the slow process in the 20% blend cannot be obtained, since it is too
weak to be resolved using the general curve fitting procedure.
Similar to neat EVA70, PVPh/EVA70 blends exhibit broad segmental relaxation time
distributions compared to PVPh/PVAc blends (Table 7-2 and Figure 7-9). At a particular
normalized temperature, i.e., Tref + 35 K, the segmental relaxation time distribution of VA30 is
almost 60% broader than for VV30. There is probably a ∆Tg effect in addition to the influence
of copolymerization, as discussed above. Copolymerizing 30% ethylene into PVAc decreases
the Tg to -15 °C, 55 °C lower than the homopolymer, and ∆Tg(PVPh/EVA70) is therefore 55 °C
larger than ∆Tg(PVPh/PVAc). As discussed earlier, two phenomena are usually connected with
large Tg contrast: concentration fluctuations and distinct component segmental relaxations.
Concentration fluctuations are suppressed in intermolecularly hydrogen-bonded polymer blends
and will not be considered here. On the other hand, the very large ∆Tg for PVPh/EVA70
implies the existence of significant mobility difference between the two components. Although
the two very different segmental relaxations can be coupled through intermolecular hydrogen
bonding, this does not mean that they would relax with exactly the same rate, which is only
possible in segments linked by chemical bonds. Hydrogen bonding couples the component
relaxations by reducing, not necessarily eliminating, the differences. Considering the similar
hydrogen bonding strength in PVPh/EVA70 and PVPh/PVAc, the much larger ∆Tg in the
former would be expected to lead to broader relaxation time distributions. The segmental
relaxations of VA30 and VA40 have similar breadths, however, since all EVA70 segments
have been hydrogen-bonded with PVPh.
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Figure 7-9: Normalized DRS loss spectra of PVPh/EVA70 blends at ~ Tref + 25 K. Trefs are defined as
τmax(Tref) = 1 s and are shown in Table 7-3. dc conduction has been removed.

The DRS loss spectra of PVPh/EVA70 blends become broader with decreasing
temperature, whereas neat EVA70 has nearly the same FWHM at different temperatures
(Figure 7-10). This is in agreement with the results observed for the PVPh/PVAc blends. Due
to its lower Tg and the introduction of flexible ethylene units, EVA70 has a slightly lower
fragility (60) than PVAc (66). Fragility of PVPh/EVA70 blends increases with PVPh
concentration and can be explained using with the same argument as proposed earlier for
PVPh/PVAc blends (Figure 7-11).
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Figure 7-10: Temperature dependence of DRS loss spectra of (a) EVA70 and (b) 30% PVPh/EVA70 blend.
Spectra have been shifted with respect to the spectrum shown as solid squares. dc conduction has
been removed.
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7.5 Effect of Hydrogen Bonding Strength and ∆Tg

In the absence of concentration fluctuations, blends with a larger ∆Tg usually possess
broader α relaxation peaks as a result of larger intrinsic mobility difference between the
components. This is demonstrated in Table 7-1 by comparing blends of PVPh with different
proton-acceptors, i.e., PEMA, PVAc, EVA70, PVEE, and PVME, as well as SHS/PVEE
blends. To remove the intrinsic broadening of the neat polymers, a relative peak breadth was
defined as the full width at half-maximum of the blend divided by that of the low Tg polymer.
To facilitate comparison, data in Table 7-2 are plotted in Figure 7-12. With the exception of
PVME/PVPh blends, it is found that the change in normalized relaxation breadth tracks with
∆Tg: PEMA < PVAc < EVA70 (≈ SHS) < PVEE, for 30% PVPh blends at a similar normalized
temperature (Table 7-2).
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Figure 7-12: Comparison of the dielectric segmental relaxation time distributions in selected hydrogenbonded polymer blends.

A ∆Tg of 173 K for PVPh/EVA70 suggests that two separated dielectric segmental
relaxation processes are expected if there are no strong intermolecular interactions, as in
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P2CS/PVME and PIP/PVE. Intermolecular hydrogen bonding between PVPh and EVA70
promotes homogeneity at the molecular level, reduces their mobility difference and coupling
their segmental relaxations, as observed in PVPh/PVEE blends. For PVPh/PVAc blends, ∆Tg is
smaller, indicating a smaller mobility difference, thus a single segmental relaxation is easier to
achieve than in PVPh/EVA70 at the same hydrogen bonding strength.
The intriguing issue is, however, that the segmental relaxation separation behavior in
PVPh/EVA70 blends was expected to be more evident than that in PVPh/PVEE blends, since
the strength of intermolecular hydrogen bonding in the former is weaker than that in the latter
and they have similar ∆Tg (Table 7-1), indicating that the mobility differences between the
components are comparable in the two mixtures. The weaker intermolecular hydrogen bonds in
PVPh/EVA70 blends suggest that the component segmental relaxations may not be coupled to
the same extent as those in PVPh/PVEE blends. It is therefore possible that two separated α
processes would be more clearly seen in the former. However, while two distinct segmental
relaxation processes are observed for the 20% PVPh/PVEE blend, the DRS spectra of VA20
exhibits only moderate broadening, with a weak shoulder at low frequencies. This can be
explained by considering the copolymerization effect in EVA70. The concentration of protonacceptor groups in EVA70 is lower than in PVEE because of dilution from the ethylene repeat
units. The mole ratio of –OH species to C=O in VA20 is about 25:100, while the –OH/-O- ratio
in 20% PVPh/PVEE is about 15:100. This leads to a larger fraction of intermolecular hydrogen
bonds per proton-acceptor group in the EVA70 system compared to the corresponding PVEE.
As a consequence of the high –OH/C=O ratio, about 25% of the acetate groups are hydrogenbonded with PVPh, according to a previous FTIR study [160]. The large fraction of
intermolecular hydrogen bonds, following the same argument proposed for PVPh/PVEE
blends, suggests that all of the independent segments in PVPh/EVA70 will involve one or more
hydrogen bonds and their relaxations are thus coupled. In other words, the threshold
concentration for PVPh to couple all of the component segmental relaxations is lower in the
present blends than in PVPh/PVEE, and separated relaxation behavior is less apparent.
Although the hydrogen bond between SHS and PVEE is much stronger than that in
PVPh/EVA70, the associated fraction of the proton-acceptor is lower in the former than that in
the latter, because of the dilution effect in SHS. The compromise between lower hydrogen-
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bond fraction and stronger interaction in SHS/PVEE, as compared with that in PVPh/EVA70,
qualitatively leads to a comparable relaxation time distribution in these two systems.
On the other hand, the relatively narrow distribution in PVPh/PVME blend is probably
a result of its strongest intermolecular interaction among these different systems. This is
confirmed by comparing their IR spectra (Figure 7-13). The –OH stretching band associated
with intermolecular hydrogen bonding in PVME/PVPh is located at ~3325 cm-1, lower than
that in the PVEE/PVPh blend (~3340 cm-1). Moreover, the fraction of non-associated –OH
groups in PVPh (~3540 cm-1) is significantly higher in PVEE than in PVME blends. The
difference in hydrogen bonding between PVME and PVEE with PVPh is easy to understand by
considering the more bulky side group in the latter, which results in more serious steric
hindrance for the ether oxygen in accessing the –OH of PVPh [159].
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Figure 7-13: Comparison of the IR spectra of 50/50 PVPh/PVEE and PVPh/PVME blends at room
temperature.

It is also worth pointing out that the relatively narrow peaks of PVME/PVPh and
SHS/PVEE with 20% PVPh or SHS (as compared with PVEE/PVPh) do not necessarily
indicate a single relaxation process. This is a result of the selection of the temperature, in which
Tref + 30 K was used for comparison. Approaching Tref their relaxation time distributions are
also very broad and suggest two relaxation processes. Since at low temperatures only the high
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frequency side of the peak can be observed and the FWHM cannot be confidently defined. The
distribution at a rather high temperature was used for comparison.
Finally, the fragility and intermolecular coupling in hydrogen-bonded blends deserve
further comment. Coupling ability has been demonstrated by the observation of a single
segmental relaxation process in blends with large ∆Tg and with sufficient intermolecular
hydrogen bonds. However, since the strength of intermolecular hydrogen bonding between
PVPh and PVAc (and EVA70) is weaker than that of self-association in PVPh (Table 7-1), this
increase in intermolecular coupling is achieved at the expense of the decrease in intramolecular
hydrogen bonds between PVPh segments. The observed segmental relaxation includes
contributions from both components; therefore the apparent coupling ability as assessed from
DRS spectra represents a compromise between the decreased self-coupling of PVPh and the
increased intermolecular coupling between PVPh and PVAc (or EVA70). Accordingly, the
observed coupling in the blends is weaker than that expected from the enhanced cooperativity
in the proton-acceptor component. Moreover, whereas higher fragility indicates stronger
coupling, the reverse is only correct if the coupling can be significantly weakened with
temperature. That is, it is the loss of coupling with increasing temperature, not the coupling
strength itself, which influences the fragility. In PVPh/PVAc and PVPh/EVA70 blends,
however, the hydrogen bond fraction does not change much with temperature. For example, for
the 20% PVPh/EVA70 blend, 25% of the acetate groups in EVA70 are hydrogen-bonded with
PVPh, and this value decreases only slightly (to 23%) as the temperature is increased to 80 °C
[160]. Therefore, the segments experience similar constraint from hydrogen bonding at
different temperatures and the change in their relaxation times is only influenced slightly by
intermolecular hydrogen bonding. In fact, it has been proposed that only interactions with
intermediate strength contribute to the fragility [161]. Strong interactions increase the barrier
between different potential energy minima and it is kinetically difficult for segments to sample
different conformations. As a result, the fragility will not increase as thermodynamically
expected [109,110,162]. Furthermore, it is worth pointing out that the fragility of neat PVPh
may not be very high, compared to PVAc [113]. Since intermolecular coupling between PVAc
and PVPh is even weaker than the self-association in PVPh, the fragility of the blend cannot be
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higher than neat PVPh. Thus the increase of fragility with PVPh concentration in these blends
would not be as significant as expected.
The fragilities of different hydrogen-bonded polymer blends are summarized in Fig. 714:
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Figure 7-14: Fragilities of polymer blends and mixtures studied in this thesis. Data of BPM, EPh, and Toluene are
taken from Chapter 8. Lines are drawn to guide eyes.

It is found from Fig 7-14 that fragility generally increases with PVPh content in blends
with other polymers. Interestingly, the increase is only significant when PVPh concentration
higher than 20%. For blends with low PVPh contents, only a small amount of the protonacceptor polymers are hydrogen bonded and fragilities do not show significant change. As
discussed in chapter 3, fragilities of PEMA/PVPh blends do not change with blend composition
since the two components have comparable fragilities. Another intriguing feature is found in
mixtures of PVME with three low molecular weight compounds (BPM, EPh, and toluene). As
to be elaborated in the next chapter, fragility does not necessarily increase with inter-
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component hydrogen bonding fraction or strength and only interactions promoting interchain
coupling can enhance fragility.

7.6 Summary

Segmental relaxations in polymer blends containing intermolecular hydrogen bonds
were systematically investigated using broad-band dielectric relaxation spectroscopy. The
miscibility of PVPh/PVAc and PVPh/EVA70 blends was confirmed by DSC. All PVPh/PVAc
blends exhibit one segmental relaxation process and their loss peaks are only broadened
slightly as a consequence of strong intermolecular hydrogen bonding. For PVPh/EVA70
blends, however, two segmental relaxations are observed in the 20% blend, whereas other
blend compositions exhibit one. This behavior is similar to that found in PVPh/PVEE blends,
and attributed to the large intrinsic mobility difference between the two components and an
‘insufficient’ number of intermolecular hydrogen bonds to couple all segmental relaxations.
Moreover, the segmental relaxation time distribution in PVPh/EVA70 is much broader than
that for PVPh/PVAc blends, since the former have a ∆Tg that is 55 K larger than the latter. It
was also found that the relative broadening of the different blends can be correlated with their
∆Tg’s, i.e., a larger ∆Tg between the components correlates with enhanced broadening.
The fragility of both blends increases with increasing PVPh content due to enhanced
intermolecular coupling. However, the increase is not large due to the loss of intramolecular
hydrogen bonding in PVPh in the blend environment and the relatively small change in the
fraction of hydrogen bonds with temperature.

Chapter 8
Dynamic Homogeneity in Mixtures of Poly(vinyl methyl ether) with Low Molecular
Weight Phenolic Compounds

8.1 Introduction

The mixing free energy can of course be further reduced by decreasing the degree of
polymerization (N), which enhances combinatorial entropy. On the extreme situation, selfconcentration effects can also be weakened by employing small molecules (N ≈ 1). That is,
dynamic heterogeneity can be weakened, or even eliminated, in a mixture of a polymer with
low molecular weight molecules.
As an extension of previous studies, the mixtures of PVME with two model phenolic
molecules were investigated: 4-ethylphenol [EPh] and bis(4-hydroxyphenyl)-methane
[BPM]. While EPh has only one hydroxyl group per molecule, BPM has two –OH and can
perhaps serve as a transient ‘crosslinking agent’. These two small molecules have chemical
structures similar to that of the PVPh repeat unit and the results will provide useful insight
into our understanding of the more complex dynamics of PVME/PVPh blends, particularly
the role of chain-connectivity. For comparison, mixtures of PVME with toluene were also
explored in order to examine the effect of intermolecular hydrogen bonding. The results will
also be compared to those for dilute polymer solutions and plasticized polymers.

8.2 Experimental

Both EPh and BPM are highly crystalline molecules, with melting temperatures of
45 °C and 159 °C for EPh and BPM, respectively.
PVME/EPh and PVME/BPM mixtures were prepared by solution casting, and
acetone was used as the solvent to facilitate later solvent removal. After evaporating most of
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the solvent in a mixing vessel, the viscous solution was poured onto an electrode and held in
a desiccator for 24 hours. Then the samples were placed into a vacuum oven for another 72
hours: at room temperature for PVME/EPh and at 60 °C for PVME/BPM mixtures. The
different temperatures were selected to prevent the loss of small molecules in vacuum.
Finally, another electrode was placed on top of the sample. Four polypropylene spacers were
used to control the sample thickness, which have total area of ~30 mm2 and thickness around
250 µm. One of them was put in the center of the electrode and the other three were equally
placed in surrounding areas to ensure the parallel positions of the top and bottom electrodes.
Both electrodes are made from gold-sputtered stainless steel with diameter of 3 cm for the
top one and 4 cm for the bottom one. The area of spacers was subtracted from the total
electrode size to calculate the effective sample area. Mixtures with EPh weight
concentration of 10%, 30%, and 50% and with 2%, 5%, 10%, 20% and 30% BPM were
studied. Solutions of PVME with 10% and 20% toluene were prepared by directly
depositing the appropriate amount of toluene into PVME.

8.3 Results

8.3.1 Miscibility

For PVME/EPh and PVME/BPM mixtures, the miscibility is additionally favored by
strong intermolecular hydrogen bonding. Miscibility was confirmed by DSC studies (Figure
8-1), in which a single Tg was observed for each mixture. Moreover, the transitions are
relatively narrow with a width comparable to neat PVME (< 10 K), in contrast to the rather
broad transitions observed for many miscible polymer blends (~30 K). The different
behavior can be attributed to the improved homogeneity of the former.
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Figure 8-1: DSC thermograms of PVME mixtures with (a) EPh and (b) BPM: second heating run, heating rate
= 10 K/min.

Tg’s of the PVME/EPh mixtures gradually decrease with increasing EPh
concentration. Although EPh is a highly crystallizable molecule, a Tg of -67 °C was found
after quenching from the melt to liquid nitrogen temperature. For PVME/BPM, however, the
Tg exhibits an increase with BPM concentration. BPM crystallizes very rapidly and no
amorphous component was detected even after quenching from the melt. In light of the
general relationship, Tm ≈ 1.3 × Tg, that has been found for small organic molecules which
can be obtained in both the crystalline and amorphous states [163], it is speculated that the
Tg of amorphous BPM should be higher than that of PVME. This leads to an estimated Tg of
about 59 °C for BPM, ~87 °C higher than Tg (PVME). Part of the increase in Tg in
PVME/BPM may also be attributed to the associative nature of the BPM molecules, whose
two hydroxyl groups are capable of forming a transient network with PVME, whereas EPh
can only increase the fractional free volume and decrease interchain interactions in PVME.
Since the chemical structures of EPh and BPM are similar to that of the repeat unit of
PVPh, the OH groups of both phenolic molecules are able to form hydrogen bonds with
other proton-acceptors, such as PVME. Moreover, the strength of these hydrogen bonds
should be close to those between PVPh and PVME. This is confirmed by their infrared
spectra (Figure 8-2). The main bands (from the stretching of OH groups which are hydrogen
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bonded with PVME) of EPh, BPM, and PVPh in mixtures are all located around 3325 cm-1.
With 30% proton-donor, it seems that all EPh are hydrogen bonded with PVME, whereas
intramolecular hydrogen bonds emerge in BPM and PVPh. The fraction of intramolecular
hydrogen bonding, however, is relatively small as compared with intermolecular
associations, at least at compositions used in the present study. It should be noted that the
triple bands of neat BPM are a result of its crystalline nature, in which the highly ordered
structure leads to very strong hydrogen bonding.
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with PVME

30% PVPh

3600

3400
3200
-1
wavenumber/cm

3000

Figure 8-2: IR spectra of neat BPM and selected mixtures at room temperature. The intensities of these
spectra have been adjusted for comparison.

Both phenolic molecules are in their amorphous state in the mixtures. DSC
experiments did not reveal any melting or crystallization processes for the mixtures studied
herein. However, macroscopic phase separation was observed in mixtures with a BPM
content of 50%, in which BPM crystallizes during solvent evaporation.
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8.3.2 Dielectric Segmental Relaxation of PVME/EPh Mixtures

Consistent with the DSC results, a single segmental relaxation process is observed in
the loss spectra of all three PVME/EPh mixtures investigated (Figure 7-14). The segmental
relaxation occurs above Tg and involves the cooperative relaxation of a few repeat units.
This relaxation becomes faster with increasing temperature for a particular mixture, or with

ε"

increasing EPh concentration at constant temperature.
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(b) 50% EPh/PVME
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Figure 8-3: DRS loss spectra of PVME mixtures with (a) 10% and (b) 50% EPh. The labels inside each figure
provide corresponding temperatures in οC.

It has been found that the segmental relaxation of PVME has essentially the same
relaxation time distribution at different temperatures, with a full width at half-maximum of
about 2.5 decades, suggesting that the time-temperature superposition principle is valid for
this process. This behavior is observed for all three PVME/EPh mixtures. Figure 8-4
contains the dielectric master curve of the mixture with 30% EPh. TTS works well for this
mixture, with a performance comparable to neat PVME, and also for mixtures with 10% and
20% EPh (master curves not shown). The dc conduction, observed at low frequencies, also
reduces to a single master curve with the same shifting parameters used for the segmental
relaxations. This suggests that the impurity ion motion in the mixtures is completely coupled
with the segmental relaxation of the host polymer through hopping from one segment to the
next. Slight broadening is observed at high frequencies for both neat PVME and the
mixtures. This can be attributed to the low-frequency tail of the β process of PVME, whose
relaxation time has a different temperature dependence compared to that of the α process.
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Figure 8-4: Dielectric master curve of the 30/70 EPh/PVME mixture. The labels inside each figure provide
corresponding temperatures in οC. The data at the reference temperature, -20 °C, are shown in
filled triangles. Both ε′ and ε″ are shifted with the same set of shift factors.
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The width of the segmental relaxation time distribution is invariant with composition
(Figure 8-5). This indicates dynamical homogeneity of the mixtures, in contrast with the
significant broadening (with temperature and composition) observed for many miscible
polymer blends. One immediate conclusion from this behavior is that concentration
fluctuations are damped in PVME/EPh mixtures.
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Figure 8-5: Comparison of the dielectric loss spectra of different mixtures (at approximately the same
normalized temperatures) with the original peak maximum located at: (a) 1 Hz and (b) 50 Hz.
The number in the label refers to the percentage of the small molecules by weight; ‘E’, ‘B’, ‘T’,
and ‘P’ refer to mixtures with EPh, BPM, toluene, and PVPh, respectively.

The dielectric relaxation strength (∆ε), defined as the area below the ε″ ~ ln(f)
spectrum or the difference between the relaxed and unrelaxed dielectric constants, increases
significantly with EPh concentration. Figure 8-6 summarizes ∆ε for different mixtures at
different normalized temperatures, obtained by fitting the dielectric loss spectra with the
phenomenological HN equation. ∆ε decreases with increasing temperature, a direct proof of
Eq. 1-20, and a result of reduced cooperativity and enhanced randomization from higher
thermal energy.
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Figure 8-6: Dielectric segmental relaxation strengths (∆ε) of different mixtures at normalized temperatures.
Tref is defined as the temperature at which τmax = 1 s, as shown in Table 1. Labels have the same
meaning as in Figure 8-5.

The considerable increase in ∆ε with EPh concentration demonstrates that EPh
contributes to the observed relaxation. That is, guest EPh molecules follow the segmental
relaxation of PVME, although they have modified the latter through plasticization at the
same time. This conclusion has practical significance, considering that the rotational
reorientation of small molecules (gases, drugs, water molecules, and ions) is coordinated
with the segmental relaxation of the host polymer, and the relaxation of oriented electricallyor optically-active guest molecules can be retarded by controlling the segmental relaxation
of the host polymers [18].

8.3.3 Dielectric Segmental Relaxation of PVME/BPM Mixtures

PVME/BPM mixtures have similar segmental relaxation behavior as observed for
PVME/EPh, except that the segmental relaxation becomes slower with increasing BPM
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content as a result of increased Tg. The segmental relaxation time distribution of
PVME/BPM is also independent of temperature (Figure 8-7) and composition (Figure 8-5),
with almost the same breadth as neat PVME. Therefore, TTS is valid for all PVME/BPM
mixtures investigated. Their dielectric relaxation strengths also increase with BPM
concentration (Figure 8-6), from ~2.7 for PVME to ~4.7 for the mixture with 30% BPM.
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Figure 8-7: DRS loss spectra of PVME mixtures with (a) 10% and (b) 30% BPM. The labels in each figure
give corresponding temperatures in οC. All spectra have been normalized by the corresponding
ε″max and Fmax.
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8.3.4 Segmental Relaxation of PVME/Toluene Mixtures

Since the dipole moment of toluene (~0.4 D) is much smaller than those of PVME
(~1.22 D), EPh (~1.61 D), and BPM (~1.16 D) [118], ∆ε for PVME/toluene mixtures are
slightly lower than that of neat PVME. As a good solvent of PVME, toluene decreases the
Tg significantly and shifts the segmental relaxation to higher frequency. TTS works well in
the two toluene mixtures studied (Figure 8-8), but the dielectric loss peaks are broadened
slightly compared with neat PVME and the other two mixtures containing intermolecular
hydrogen bonds (Figure 8-5).
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Figure 8-8: DRS loss spectra of PVME mixtures with 20% toluene. The labels provide the corresponding
temperatures in οC. All spectra have been normalized by the corresponding ε″max and Fmax.

Figure 8-9 contains the VFT plot of all mixtures, with τmax determined by fitting the
original dielectric loss spectra with the HN function. It is clear that the curves are shifted to
higher temperature for mixtures with higher Tgs. The fitted VFT parameters are provided in
Table 8-1.
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Figure 8-9: VFT plot of the segmental relaxation process in all mixtures. Labels have the same meaning as in
Figure 8-5.
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Table 8-1: Comparison of Reference Temperatures and Fragilities

EPh/PVME
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10/90

30/70

50/50

τ0 (s)

4.2

5.3

1.47

4.5
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×10
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×10

-14

×10-15

T0 (K)

203
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B (eV)

0.116

0.143
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F
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BPM/PVME
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8.3.5 Dielectric Secondary Relaxations

The secondary β relaxation of PVME involves the rotation of the –OCH3 side groups
around C-O bonds linked to the chain backbone. Since the C-O bond is very flexible, this
process occurs at very low temperatures, e.g., below -100 °C in the available frequency
window. After introducing small molecules, ε″max becomes smaller with increasing diluent
content due to the consequent lower PVME concentration (Figure 8-10). The relaxation time
distribution broadens toward low frequencies in mixtures with EPh and BPM as well as
blends with PVPh, and the fraction of the relatively slow process becomes larger at lower
PVME concentrations. The existence of some slowly relaxing units is perhaps a result of the
intermolecular hydrogen bonding with the EPh, BPM or PVPh, as such interactions may
increase the energy barrier for –OCH3 rotation. The suppression of the host polymer’s β
relaxation was also observed in the study of azo dye-PMMA mixtures, which also involves
intermolecular hydrogen bonding between the guest molecules and side groups of the host
[164]. One additional feature of the β relaxation is that the population of the more slowly
relaxing species becomes stronger in the order PVPh < BPM < EPh, at 30 % concentration
by weight, although the hydroxyl group concentrations are almost the same in each. This can
be readily understood by considering their abilities to form intermolecular hydrogen bonds
with PVME, which follows the same order due to steric constraints and intramolecular
screening [136,137].
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Figure 8-10: Secondary relaxation process of PVME in the mixtures at -120 °C. Labels have the same meaning
as in Figure 8-5.

The effect of hydrogen bonding on retarding local relaxations is further confirmed by
comparing with the results of PVME/PS [60] and PI/PVE [49] blends. The β relaxations of
components (PVME, PI, or PVE) are found to be approximately proportional to the
concentration of corresponding polymer, indicating unmodified local dynamics. These
results are reasonable considering that the interactions between PVME and PS or between PI
and PVE are very weak, with χ ≈ -0.001~-0.01. However, hydrogen bonding does not
necessarily lead to retardation and this also depends on the hydrogen bonding strength and
the mechanism of the interested relaxation. It has been demonstrated in chapter 3 that the β
relaxation of PEMA remains essentially unchanged in blends with PVPh.
For the mixture with 20% toluene, the β relaxation of PVME is shifted slightly to
higher frequency, i.e., the side group rotation of PVME becomes somewhat faster after
mixing with toluene. This is perhaps a result of the absence of strong intermolecular
interactions, as well as reduced density resulting from mixing, which releases some steric
constraints.
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8.4 Discussion

8.4.1 Dynamical Homogeneity

As discussed in chapter 1, significant dynamical heterogeneity has been observed in
many miscible polymer blends. The breadth of the segmental relaxation reflects the
distribution of segmental mobilities, which is highly influenced by the environment. As
shown in Figure 8-5, although strong intermolecular hydrogen bonding is believed to be
capable of coupling components’ segmental relaxations, the relaxation time distribution is
still very broad, ~5 decades in 30/70 PVME/PVPh blend at ~Tg + 20 K, compared to ~2.5
decades for the mixtures with EPh or BPM at any composition and temperature.
The dynamical homogeneity in these two mixtures can be understood by considering
the difference between PVPh and these two small molecules. That is, the different Tg’s and
thus different ∆Tg’s of the mixtures, and the degree of polymerization (N): N >> 1 for PVPh,
N = 1 for EPh and 2 for BPM. The effects of these differences on the mixtures’ dynamics
will be discussed in detail by considering their specific influence on the application of the
primary models used to interpret the dynamical heterogeneity in polymer blends.
First, ∆Tg plays a significant role in establishing dynamical heterogeneity. PVPh and
PVME have a ∆Tg of ~195 K, indicating a very large mobility difference between them. On
the other hand, ∆Tg ≈ 45 K for PVME/EPh and ~87 K for BPM/PVME: both are
considerably smaller compared to that of the polymer blend. Consequently, the mobility
difference between PVME and EPh or BPM is so small that it can be readily reduced
through sharing identical free volume and environment in the mixture, whereas mixing itself
is not sufficiently strong to completely eliminate the large mobility difference between
PVPh and PVME, although the difference has been significantly diminished.
Secondly, the polymer – small molecule mixtures are capable of greater spatial
homogeneity than the corresponding polymer blends. In the latter, chain-connectivity
prevents a statistically random distribution of the different components’ segments. As
predicted by the self-concentration model by Lodge and McLeish [81], the two components
may ‘feel’ distinctly different local compositions, which are richer in themselves compared
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with the bulk composition, and therefore have different ‘effective’ Tg’s and segmental
relaxation times in the blend. An immediate result of this is the broadening of both the glass
transition and the segmental relaxation time distribution. Small molecules, on the other
hand, can be randomly distributed in the polymer matrix without preference, if it is assumed
that the intramolecular hydrogen bonding strength is comparable to that of the
intermolecular association. This leads to a more spatially homogeneous system, and
dynamic homogeneity is a natural consequence. However, spatial heterogeneity can be
introduced if the concentration of small molecules is too low or too high, as discussed later.
Finally, concentration fluctuations can be damped in the mixtures[77]. The
correlation length ξ can be estimated by Eq. 8.1:

ξ
b

= (12[−2 χφ0 (1 − φ0 ) +

φ0
N1

+

1 − φ0 −1/ 2
])
N2

8.1

where N1 and N2 are the degrees of polymerization of component 1 and 2, respectively.
Based on Eq. 8.1, decreasing the degree of polymerization leads to a smaller correlation
length, which may be smaller than the segmental size. Moreover, the probability Pdynamic(φ)
is also significantly decreased for smaller correlation length ξ, indicating less significant
concentration fluctuations [77]. This has been confirmed by a study of molecular weight
effects on the dynamics of PI/PVE blends. TTS will fail if there are significant concentration
fluctuations since the degree of CF changes with temperature. For a 40/60 PI(Mw =
75,000)/PVE(Mw = 204,000) blend, it is not possible to construct a master curve from
oscillatory shear data, as a result of concentration fluctuations [165]. However, for a 50/50
blend consisting of oligomers ( i.e., Mw = 770 for PI and 2400 for PVE) Pathak found that
TTS worked reasonably well [7]. It follows that the same result can be achieved when one
small molecule component is used, which reduces N2 ~ 1, if there is no strong repulsion
between the polymer and the small molecule. This is true for PVME/toluene since toluene is
a good solvent for PVME. This means that the stability of the mixed solution, as compared
to the phase-separated state, is very high, and therefore thermal fluctuations are unable to
induce CF.
Additionally, the intermolecular hydrogen bonding between PVME and EPh or BPM
leads to a more negative effective χ, and this has a similar effect on suppressing CF as that
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of decreasing the degree of polymerization. Reducing χ from -0.01 (a typical value for
PVME/PS blends) to -0.6 has a similar effect on the correlation length ξ as decreasing N2
from ~200 (i.e., for PVPh used in the PVME blend) to 2 (for BPM) for a 30% mixture. It
should be noted that the above argument also suggests that CF are damped in PVME/PVPh
blends as well. It follows that the observed broad relaxation time distribution is likely a
result of their intrinsic mobility difference (particularly between hydrogen-bonded and
unassociated segments) and chain-connectivity effects. Hydrogen bonded with BPM or EPh
does not change the mobility of PVME sufficiently significant to be distinguished from
unassociated segments in the dielectric spectra.
The dynamical homogeneity in PVME/small molecule mixtures can also be
explained by considering the influence of the small molecules on interchain cooperativity. In
PVPh/PVME blends, relaxation of one unit requires cooperative rearrangement of its nearest
neighbor units, which include some belonging to the other component. The rearrangement of
the latter units transfers the cooperativity to other polymer chains through chemical bonds,
which more or less has a ‘magnification’ effect. That is, relaxation of one repeat unit will
‘feel’ a variety of environments and segments belonging to both components. On the other
hand, in mixtures of polymers with small molecules, the cooperativity will be weakened at
the small molecule. That is, one CRR involves only one polymer chain segment and its
neighboring small molecules. The unavailability of free volume and topological constraints
are the primary reason for cooperative relaxation, but it is important to emphasize that small
molecules can effectively reduce polymer interchain cooperativity and promote dynamical
homogeneity, leading to a narrow relaxation time distribution. The correlation between
stronger interchain cooperativity and breadth of the α process has been found for many
homopolymers [166].
The reduced cooperativity in the mixtures can be confirmed by evaluating their
fragilities. Tref is again defined as T (τmax = 1 s). The calculated fragilities and Tref’s are
collected in Table 8-1. A significant increase in fragility was observed in PVPh/PVME
blends, from 66 for PVME to 79 for the blend with 30% PVPh and to 87 for the 50/50 blend,
consistent with the observation of a very broad segmental relaxation time distribution. For
mixtures with small phenolic molecules, however, the fragility either decreases (for EPh) or
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remains unchanged (for BPM) compared with neat PVME, indicating weakened
cooperativity. This explains the observation of dynamic homogeneity comparable to that of
the homopolymer PVME.

8.4.2 Spatial Heterogeneity

Whereas the dynamical homogeneity in mixtures with EPh (or BPM) concentration
higher than 10% can be interpreted by considering the strong intermolecular hydrogen
bonding and large mixing entropy, for mixtures with low BPM concentrations (e.g., 2% or
5%) one would predict some heterogeneity based on a simple stoichiometric argument. In
the 2/98 mixture, for example, the molar ratio of the proton donor to acceptor is only 1/72.
This means that only a very small portion of PVME repeat units are hydrogen-bonded with
EPh, and there would be expected to be two kinds of segments with different relaxation
times. That is, two segmental relaxation processes are predicted: a slow one from the
relaxation of hydrogen-bonded PVME and BPM (since BPM increases the mixture’s Tg) and
a fast one from unassociated PVME segments. Although at first glance a single dielectric
loss peak is observed for both the 2 and 5% BPM mixtures above their Tg’s, this does not
necessarily imply that there is only one kind of relaxing segment. The segmental loss peak
of the 2% BPM/PVME mixture at -20 °C was fit with two HN functions by assuming that
the unassociated PVME segments in the mixture follow the same dynamics as those in the
homopolymer at the same temperature. Two segmental relaxation processes with
∆ε(slow)/∆ε(fast) ≈ 4/1 are resolved. However, the relaxation time of the slow process is
only ~2.5 times faster than that of PVME; this suggests that the modification of PVME
dynamics by BPM is not so substantial at this composition.
Because the Tg of PVME can be increased significantly upon introducing BPM,
BPM should conceivably be able to modify the dynamics of PVME (slowing down its
relaxation) and the existence of two kinds of relaxing segments in the mixtures is a natural
consequence. If there is only one kind of independently relaxing segment in the mixture with
2% BPM, it is estimated that it would include at least ~78 polymer repeat units plus one
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BPM molecule on average, much larger than the usually accepted size of 1-3 nm for CRRs,
as determined using different techniques. Consequently, the results are in keeping with the
idea that dynamic heterogeneity is possible in mixtures with very low BPM compositions,
although it cannot be clearly observed using DRS.
The issue of possible spatial heterogeneity has been reviewed by Lodge for dilute
polymer solutions [167], in which attention was focused on how a small concentration of
polymer chains influence the dynamics of the solvent. Two populations of solvent molecules
were observed in dilute PS/Aroclor 1248 solutions with PS concentration < 0.146 g/cm3 by
depolarized Rayleigh scattering: one mobile and the other modified by the polymer, at
temperatures well above their Tg’s [168]. However, solvent dynamics were found to be
unchanged at temperatures approaching the corresponding Tg in the same mixture and
polybutadiene [PB]/Aroclor 1248 dilute solutions [169]. The CRR size at high temperatures
is speculated to be very small so that PS can only modify the dynamics of a portion of the
Aroclor molecules, whereas around Tg, the CRR size of PS or PB is very large and all
solvent molecules are within the CRR of PS or PB. In a computer simulation, Lodge
concluded that at 0.02 PS volume fraction, about half of the Aroclor 1248 molecules are
within 5 solvent diameters of the polymer chains [167]. Therefore the answer to the question
of whether two solvent populations exist or not depends on the length scale over which the
polymer chain can exert its influence on the neighboring solvent dynamics.
The same argument also applies to the current issue. Whether the resolution of two
kinds of segments in the mixture with 2% BPM is merely a curve fitting artifact or carries
some physical significance requires further support, particularly information on the
dynamics of the individual components. For example, the relaxation of PVME in the
mixture can be selectively measured with neutron scattering or NMR after deuteration, and
comparison of the dynamics of PVME in the mixture and its neat state can reveal any
dynamic heterogeneity.
Finally, it should be noted that studies of certain plasticized polymers (e.g.,
poly(vinyl acetate) and poly(vinyl chloride)), reveal two dielectric relaxation processes
above the corresponding Tg when plasticizer concentrations are around 20%-40% [1].
However, interpretation of this behavior is still being debated.
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8.4.3 Comparison

The segmental relaxation time distributions of PVME/toluene mixtures are about 0.5
decade broader than those of the other mixtures and PVME. Although EPh and toluene have
similar chemical structures (except the absence of proton-donating species in the latter), the
small but noticeable broadening in PVME/toluene cannot be attributed solely to the lack of
intermolecular hydrogen bonding. Note that the Tg of toluene is about -160 °C [170], ~93 °C
lower than Tg of EPh and ~135 °C lower than that of PVME. Thus the intrinsic mobility
difference between PVME and toluene is quite large. However, the broadening is in fact
insignificant when compared with that observed in similar polymer blends, say PS/PVME
(also with ∆Tg ≈ 130 K), and the difference between PVME/toluene and PVME/PS can be
attributed to the enhanced combinatorial entropy contribution to mixing and the weakening
of chain-connectivity for toluene molecules in the former mixture. Nevertheless, the slight
speeding up of the secondary relaxation of PVME in its mixture with toluene likely results
from the absence of intermolecular hydrogen bonding, as compared with the slow down in
mixtures with EPh or BPM.
Although it was initially proposed that the two hydroxyl groups in BPM might serve
as pseudo-crosslinking agents in the mixture, the increase of Tg in PVME/BPM with
increasing BPM concentration cannot be used as direct evidence, since the Tg of neat BPM
has not been directly measured. The two hydroxyl species per BPM molecule are
undoubtedly responsible for its higher melting temperature and crystallizability, compared
with EPh. The influence of this structure on mixture dynamics can be discerned by
comparing the fragility of PVME/BPM with that of PVME/EPh and PVME/toluene
mixtures. In mixtures with low small molecule concentrations, the small molecules are
randomly distributed in the polymer host and no clusters should be formed. Recall that the
segmental relaxation is a cooperative process, the cooperativity of PVME segments is a
result of both topological constraints and chain connectivity in neat PVME. However, the
cooperativity of one PVME segment cannot be transferred to other segments or small
molecules by EPh or toluene in their mixtures as effectively as in neat PVME, since they are
unable to associate strongly with other units through hydrogen bonding or chemical
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bonding. On the other hand, BPM can form a second hydrogen bond with another PVME
repeat unit. The cooperativity can be transferred from the first hydrogen bonded PVME to a
second associated PVME unit with BPM acting as the ‘bridge’, in addition to the usual
cooperativity through geometrical constraints, although the hydrogen bonding is weak
compared with the chemical bond in polymer blends. Fragilities of PVME/BPM mixtures
are indeed comparable to that of PVME (Table 8-1), suggesting that the cooperativity is not
‘lost’, whereas both PVME/EPh and PVME/toluene mixtures exhibit a clear decrease in
fragility. This demonstrates the ‘sticker’ effect of BPM. The effect of dual proton-donating
groups per molecule can be achieved in mixtures with stronger proton-acceptors, e.g.,
poly(2-vinylpyridine) [P2VPy]. It was found in a separate study that precipitation occurs
immediately when introducing 30% BPM into a P2VPy/MEK solution, suggesting the
formation of a relatively extensive network through hydrogen bonding.1
Recall that two segmental relaxation processes were resolved in PVPh/PVEE blends
with 10% and 20% PVPh. This was rationalized by the stoichiometry of hydrogen bonding.
The slow process was attributed to the relaxation of hydrogen-bonded PVPh and PVEE
segments, and the fast one from the non-associated PVEE segments. This behavior,
however, cannot be clearly observed in the present case. This can also be explained by
considering their significantly different ∆Tg’s and different hydrogen bonding fractions.
First, the very large ∆Tg (185 K) between PVEE and PVPh indicates significant mobility
difference, thus the hydrogen-bonded and unassociated segments also have very different
relaxation times and their relaxation processes are separated into two discernable peaks.
However, the mobility difference between PVME and BPM is relatively small, and the
associated and unassociated segments likely have similar relaxation times and,
consequently, only a single α process is observed experimentally. Secondly, as discussed
above, the intermolecular hydrogen bond fraction in PVEE/PVPh is considerably lower than
that in PVME/BPM at the same composition due to intramolecular screening, thus the
critical concentration for the existence of two kinds of segments in the latter is likely much

1

Zhang, S.H. and Runt, J. Manuscript in preparation.
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lower than in the former. This is also why it is believed that there is only one kind of
segment in mixtures with BPM or EPh concentrations higher than 10%.
Although the damping of CF by the presence of intermolecular hydrogen bonding
has been discussed, this effect becomes more clear when compared with the results of a
series of studies on the dynamics of concentrated solutions of PS and PVAc in different
solvents. Adachi and coworkers found that solvent quality plays a significant role on the
concentration fluctuations [157,171,172]. TTS was found to hold in PS/toluene solutions at
all concentrations, but fails for PVAc/toluene, although the latter has a smaller ∆Tg.
Moreover, significant CF were observed in PS solutions in ethylbenzene, n-propylbenzene,
and n-butylbenzene: this was attributed to the deterioration of the solvent quality, compared
with toluene. The above results demonstrate that solvent quality, i.e., the interaction
parameter, is very important in achieving dynamical homogeneity. On the other hand, the
importance of ∆Tg is found in the dielectric relaxation peak broadening observed in mixtures
of an azo dye and PMMA [164], although there is intermolecular hydrogen bonding between
the guest and the host. In summary, both intermolecular interactions and ∆Tg are crucial
factors in determining the dynamics in polymer/small molecule mixtures.

8.5 Additional Results

Mixtures with other compositions have also been studied and the results are
consistent with the above discussion. The dielectric loss spectra are presented in figures
below (Figure 8-11, Figure 8-12, Figure 8-13, and Figure 8-14) to further support the
dynamic homogeneity:
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Figure 8-11: Dielectric loss spectra of 2/98 BPM/PVME mixture.
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Figure 8-12: Dielectric loss spectra of 5/95 BPM/PVME mixture.
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Figure 8-13: Dielectric loss spectra of 20/80 BPM/PVME mixture.
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Figure 8-14: Dielectric loss spectra of 10/90 toluene/PVME mixture.
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8.6 Summary

A broadband dielectric study of mixtures of PVME with three small molecules (EPh,
BPM, and toluene) was performed to investigate the influence of chain-connectivity and
intermolecular hydrogen bonding on segmental dynamics. The first two mixtures exhibit
dynamic homogeneity and TTS was found to be valid. This was interpreted by considering
four factors: 1) Smaller ∆Tg compared with the corresponding PVPh/PVME blends, thus
smaller mobility difference; 2) Damped concentration fluctuations due to intermolecular
hydrogen bonding and enhanced mixing entropy; 3) No chain-connectivity for the small
molecules, thus no self-concentration effect; 4) Reduced interchain cooperativity,
particularly in mixtures with EPh and toluene. The segmental relaxation time distributions of
PVME/toluene mixtures are slightly broadened resulting from an absence of strong
intermolecular hydrogen bonding and a large ∆Tg. The significantly broadened α relaxation
time distribution in PVPh/PVME can be attributed to the very large intrinsic mobility
difference between the components and chain-connectivity.
The β relaxation of PVME is broadened considerably at low frequencies for EPh and
BPM mixtures, similar to that in PVPh/PVME blends, but is faster in mixtures with toluene.
This behavior suggests that intermolecular hydrogen bonding is able to slow down the
secondary relaxation. Where spatial heterogeneity is concerned, no unambiguous
conclusions can be identified at the present stage, although two kinds of PVME segments,
hydrogen-bonded and unassociated, can be resolved by curve fitting the dielectric loss
spectrum of the 2% BPM mixture.

Chapter 9
Pressure Effects on the Segmental Dynamics of Hydrogen-Bonded Polymer Blends

9.1 Introduction

As noted earlier, the dynamic heterogeneity in miscible polymer blends has been
studied by many researchers. Whereas most studies have been performed with
temperature as the variable, the effect of pressure on the dynamic heterogeneity has only
recently been investigated. In a dielectric study on poly(isoprene-b-vinylethylene)
diblock copolymer (PI-b-PVE), Floudas and coworkers found that high pressure can
induce dynamic homogeneity [173]. Although the two blocks relax individually at
atmospheric pressure, giving rise to two α relaxations, the fast process (relatively weak
and arising from the low-Tg PI) shifts to low frequency and merges with the slow one
when high hydrostatic pressure is applied. This was attributed to the stronger pressure
dependence of the PI block relative to that of PVE. However, in another dielectric study
on the blend of PS with PVME, in which the more pressure sensitive material (PS) also
has a much higher Tg .[174], Alegría et al.[174] found that applied pressure has no effect
beyond increasing the Tg of the blend. The segmental relaxation time distributions were
essentially identical at different temperature-pressure conditions, if their relaxation times
were the same (i.e., isokinetic). The authors concluded that the influence of pressure on
the component segmental dynamics was equivalent to that of temperature [174]. It should
be noted that in the second example, only the PVME relaxation can be monitored
dielectrically, since the PVME repeat unit has a much larger dipole moment than the PS
chain unit.
In this chapter, a dielectric study on the blend of PVPh with EVA70 is presented,
with both pressure and temperature as experimental variables. As discussed in chapter 7,
the strong intermolecular hydrogen bonding between hydroxyl groups of PVPh and
carbonyl groups of EVA70 is responsible for the miscibility, and it also renders the blend
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more dynamically homogenous, by coupling the components’ segmental relaxations.
Although ∆Tg between PVPh and EVA70 is much larger than that between the
components in PI/PVE and PS/PVME blends, the previous atmospheric pressure study
found that dynamic homogeneity can be achieved at appropriate compositions (i.e., at
PVPh concentrations of 30% and 40% by weight), for which intercomponent, rather than
intramolecular, interactions dominate, whereas two α processes are observed in blends
containing 20% PVPh. The latter observation was rationalized by considering the
coexistence of both hydrogen-bonded (slow process) and unassociated (‘free’) EVA70
segments (fast process), as a consequence of the stoichiometry of H-bond formation.
The current study is also motivated by the observation that elevated hydrostatic
pressure reduces and weakens hydrogen bonding in low molecular weight alcohols [175180]. Consequently, there is interest in how pressure will influence the segmental
dynamics in polymer blends containing hydrogen bonds. The relative contributions of
temperature and volume to the α relaxations are also evaluated, and implications for the
mechanism of dynamic heterogeneity discussed.

9.2 Experimental

The EVA70 (Scientific Polymer Products, Inc.) had Mw = 441,000 and Mw/Mn =
7.2, and for the PVPh (Aldrich, Inc.) Mw = 21,000 and Mw/Mn = 2.5. Both polymers were
used as received. Tg of EVA70 and PVPh are -15 °C and 170 °C, respectively. It should
be noted that the PVPh used in the present study is from a different lot of material than
that in the previous atmospheric pressure study presented in chapter 7. Although the EVA
sample has substantial polydispersity, its molecular weight is very high, far above the
entanglement molecular weight, so that the molecular weight distribution is not
significant herein. Blend samples were prepared following the same procedure as
described in chapter 2.
Dielectric spectra were obtained with an IMASS time domain dielectric analyzer
-4

(10 to 104 Hz) and a Novocontrol Alpha Analyzer (10-2 to 106 Hz). The sample film was
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contained between parallel plates, placed within a Manganin pressure cell (Harwood
Engineering). The capacitor was isolated from the pressurizing fluid (a light hydrocarbon
oil) by means of a Teflon ring and tape. Pressure was applied using an Enerpac hydraulic
pump, in combination with a pressure intensifier (Harwood Engineering), and measured
with a Sensotec tensometric transducer (resolution = 150 kPa). Temperature stability for
all experiments was better than ±0.1 K.2
Pressure-volume-temperature (PVT) measurements were carried out using a
Gnomix instrument. The method is based on the confining fluid technique, with the
sample surrounded by mercury. Isobaric volumes were measured during cooling at a rate
of 0.1 deg/min at hydrostatic pressures from 10 to 200 MPa.

9.3 Results

9.3.1 Pressure Effects on the Segmental Relaxation of EVA70

Applying pressure to EVA70, similar to decreasing the temperature, shifts the
segmental relaxation peak to lower frequency. However, the shape of the relaxation
function is essentially identical to that at atmospheric pressure at a given relaxation time
(Figure 9-1). Similar behavior has been observed for other neat polymers [181-186].

2

The instrument details of the pressure study can be found in Novocontrol’s website:
http://www.novocontrol.de/html/index_high_pressure.htm
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Figure 9-1: Dielectric loss spectra of EVA at different temperatures and pressures. For comparison
purposes, ε″ has been normalized by the corresponding ε″max and the frequency is shifted less
than one decade to superpose the peaks. Specifically, the spectrum at 0.1 MPa is unshifted, the
spectra at 23 °C and 42.3 °C are shifted of 0.18 and 0.21 decades respectively to lower
frequency, and the 63.1 °C spectrum is shifted 0.02 decades higher in frequency.

The temperature dependence of the segmental relaxation time τα (defined as =
(2πfmax)-1 , where fmax is the frequency of the maximum in the dielectric loss) for polymers
is typically non-Arrhenius, and can be described by the VFT equation. Since increasing
pressure (P) densifies the material, analogous to lowering temperature, a non-linear
dependence of log (τα) on pressure is also expected and observed (Figure 9-2).
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Figure 9-2: Pressure dependence of the segmental relaxation time τα of EVA70 at different temperatures.
Solid lines are best fits to Eq.(9.1)

The VFT equation can be modified to describe the pressure dependence at
constant temperature [187,188]:

τ α = τ 0 exp(

DP P
)
P0 − P

9.1

in which τ0, DP, and P0 are fitting parameters. The best fit to Eq. 9.1 is reported as a line
in Figure 9-2 for EVA70 and Figure 9-8 for the two blends, while the obtained
parameters are in Table 9-1.
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Table 9-1: Best fit parameters of eq.9.1 to dielectric relaxation versus pressure data reported in
Figure9-2 and Figure 9-8.*

Sample

T [C]

logτ0[s])

DP

P0 [MPa]

EVA70

23.0

-5.10 ± 0.02

41 ± 2

1050 ± 34

EVA70

42.3

-6.29 ± 0.02

41 ± 2

1600 ± 47

EVA70

63.1

-7.16 ± 0.02

41 ± 2

2245 ± 60

VA20

51.0

-5.88 ± 0.03

100 ± 10

2540 ± 250

VA20

74.6

-7.22 ± 0.04

100 ± 10

3680 ± 350

VA20

94.4

-7.91 ± 0.05

100 ± 10

4700 ± 440

VA30

70.3

-5.00 ± 0.07

18.8 ± 3

630 ± 60

VA30

90.8

-5.8 ± 0.1

18.8 ± 3

900 ± 80

* The parameter DP was determined to be a pressure-independent, material constant.

To quantify the effect of pressure on the segmental relaxation time, a reference
temperature, Tα, is defined as the temperature at which τα = 1 s. This can be regarded as
the dynamic version of a calorimetric Tg. The value chosen for the reference τα is
arbitrary, and 1 s avoids data extrapolation. The reference temperature can be directly
obtained from Figure 9-2, and its pressure dependence is plotted in Figure 9-3. The
pressure dependence of Tα deviates from linearity, and can be described by the empirical
Andersson equation [189] (which can be also derived from a theoretical model [185]).
Approaching atmospheric pressure, dTα/dP ≈ 0.158 K/MPa. Note this is significantly
smaller than the value for the structurally similar poly(vinylacetate) (PVAc), for which
dTα/dP ≈ 0.267 K/MPa (calculated from the data in Ref [185] for τα = 1 s and P = 0.1
MPa).
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Figure 9-3: Pressure dependence of the reference temperature Tα. For PVPh, PVT data were used to
extract Tg’s at different pressures. For others, Tα is defined as the temperature at which τα = 1
s. Dotted lines are drawn to guide the eyes..

Although the rapid increase of τα for a polymer when approaching Tg from above
is well-known, the molecular mechanisms underlying this behavior remain in dispute.
The classic free volume model invokes that densification during cooling or
pressurization, gives rise to strong intermolecular cooperativity; that is, due to the lack of
sufficient local free volume, the relaxation of one unit is only possible by cooperating
with surrounding units. However, this idea cannot be assessed by conventional
temperature-domain experiments, since temperature changes affect not only volume, but
also the available thermal energy.
By applying elevated hydrostatic pressure, recent studies have found that
temperature is equivalently, if not more, important than pressure in governing relaxation
times near the glass transition [180,181,184,185,190-192]. To compare the relative
contributions to τ from temperature and volume, Ferrer and coworkers proposed the use
of the ratio of the thermal expansion coefficient at constant relaxation time, ατ = -V(∂V1

/∂T)τ to that at constant pressure, αP = -V(∂V-1/∂T)P (V is the specific volume) [178]. If
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the relaxation is controlled by the effect of volume, ατ/|αP| will be close to unity, whereas

ατ/|αP| » 1 for thermally-activated dynamics.
Volumes at different conditions of T and P can be obtained from PVT
measurements (Figure 9-4).
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Figure 9-4: PVT data of EVA70 measured at a cooling rate of 0.5 K/min. Lines are the best fit to the Tait
equation (Eq 9-2). The vertical axis represents the specific volume. The pressures were (from
top to bottom) 10, 30, 50, 80, 110, 150 and 200 MPa.

Above Tg, the specific volume of amorphous EVA70 can be described by the Tait
equation[193]:

V (T , P) = V (T , 0)[1 − 0.0894 ln(1 + P / B(T )]

9.2

in which V(T,0), the specific volume (in ml/g) at P = 0, is usually approximated by the
value at atmospheric pressure.
For EVA70, V (T , 0) = 0.785 + 5.707 × 10−4 T + 3.254 × 10−7 T 2 , and the pressure
coefficient B (T ) = 189 exp(−5.482 ×10−3 T ) . The units for T and P are °C and MPa,
respectively.
Whereas αP can be calculated directly the from PVT data, calculation of ατ
requires the T and V values corresponding to a specified τα. Using the Tait equation,
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pressure (in Figure 9-2) and temperature dependences (data not shown) are converted to
the volume dependences displayed in Figure 9-5. The specific volumes for constant
(atmospheric) pressure and for constant relaxation time (τα = 1 s) were then plotted in
Figure 9-6 as a function of temperature. From the slopes of these two lines, ατ/|αP| = 2.1
is obtained, which suggests that both temperature and volume contribute significantly to
the temperature dependence of the relaxation times of EVA70. This result is close to that
for PVAc, ατ/|αP| = 1.8 at τα = 100 s. (Note that the expansivity ratio is relatively
insensitive to the value of τα) [185,186].
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Figure 9-6: Densities of EVA70 at constant relaxation time (τα = 1 s) and at constant pressure (0.1 MPa).
From the ratio of their slopes, ατ/αP = 2.14 is obtained.

For PVPh, due to strong dc conductivity, the segmental relaxation process could
not be resolved, precluding a direct determination of ατ/|αP|. However, the ratio Ev/Ep can
be used for the same purpose, in which Ev and Ep are the apparent activation energies,
respectively, at constant volume (isochoric) and constant pressure (isobaric). Since EV
includes contribution only from thermal energy and EP from both volume and thermal
energy, a value of EV/EP = 1 suggests that the segmental relaxation is simply a thermally
activated process, whereas a ratio approaching zero indicates that volume controls the Tdependence of the relaxation times. Although EV (= R(∂lnτ/∂T-1)|V) and EP (= R(∂lnτ/∂T1

)|P) can in principle be obtained from dielectric spectra measured at different

temperatures and pressures, herein their ratio for PVPh are calculated from the relation
[194]:
EV
 ∂T 
= 1− γ 

EP
 ∂P τ

9.3
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In Eq. 9.3, (∂T/∂P)τ is just dTg/dP [195]. By defining Tg as the temperature at
which the thermal expansion coefficient abruptly changes (Figure 9-7), dTg/dP = 0.22
K/MPa is obtained.
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Figure 9-7: PVT measurements of PVPh at a cooling rate of 0.5 K/min. The solid squares refer to the Tg at
different pressures.

From the PVT data, the thermal pressure coefficient, γ ≡ (∂P/∂T)V, is 1.034
MPa/K. This leads to EV/EP = 0.77 for neat PVPh. Using the relation:
EV
1
=
EP 1 − α P ατ

9.4

|αP|/ατ was calculated to be 3.3. This suggests that in comparison to the EVA70,
temperature plays a more important role than pressure in the segmental relaxation of
PVPh. This is expected given the latter’s strong intramolecular hydrogen bonding. The

ατ/|αP| value in PVPh is consistent with those of low molecular weight associated liquids,
e.g., ατ/|αP| = 6 for sorbitol [179] and = 8 for propylene glycol [196].
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9.3.2 Pressure Effects in Blends

In general, segmental relaxation times in the miscible blends with 20% and 30%
PVPh have pressure dependences similar to that for the neat EVA70. From the variation
of τα with pressure (Figure 9-8), dTα/dP = 0.15 and 0.16 K/MPa for VA20 and VA30,
respectively (Figure 9-3), close to that of neat EVA70. ατ/|αP| calculated as described
above, equals 2.1 and 2.2 for VA20 and VA30, respectively. The values, reflecting a
comparable influence of temperature and pressure on the relaxation times, are
significantly smaller than for PVPh, presumably due to less intermolecular hydrogen
bonding.
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Figure 9-8: Pressure dependence of the segmental relaxation time at different temperatures: (a) VA20, (b)
VA30. The solid lines are the best fits to eq.(9.1), the obtained parameters are in Table 9-1.

Figure 9-9 shows the dielectric spectra in the region of the segmental relaxation
for VA20 at various elevated pressures. With increasing pressure there is a decrease of
the ionic conductivity and an increase of the relaxation time, is analogous to the behavior
observed in other materials [196-198]. Careful analysis of the data demonstrates that
dynamic heterogeneity still exists in this blend at high pressure, although the relaxation
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becomes narrower compared with that at atmospheric pressure. This is seen more clearly
in Figure 9-10, which shows the spectra at different (T, P) conditions for a fixed value of
the relaxation time. Whereas the full width at half maximum (fwhm) is still quite large
(~6 decades), a decrease of ~1 decade is clearly observed when pressure is increased
from 133 MPa to 592 MPa for VA20 (the corresponding temperature change is from 36.0
°C to 94.4 °C). That is, the blends have become dynamically more homogeneous with
increasing pressure. Nevertheless, a shoulder on the low frequency side of the relaxation
is still visible even at the highest pressure, indicating that two types of relaxing segments
(intermolecular hydrogen-bonded and unassociated EVA70) are still relaxing at distinctly
different rates. The pressure-induced dynamic homogeneity, clearly observed in PI-bPVE at lower pressure (~315 MPa) [173], is not found for VA20. The narrowing of the
relaxation time distribution in VA30 is similar to that in VA20 (Figure 9-10(b)).
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Figure 9-9: Dielectric loss spectra of VA20 at various elevated pressures.
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9.4 Discussion

The influence of pressure on τα, and the comparable contribution from
temperature and pressure, is consistent with other studies on polymers and blends.
However, the narrower relaxation time distribution in PVPh/EVA70 blends at elevated
pressure is rather unexpected, considering that the hydrogen bond fraction should be
lower at higher (T, P) [175-180]. Whereas the decrease of hydrogen-bonded fraction with
increasing temperature is a well-established concept [83], high pressure also leads to a
reduction in hydrogen bonding due to the increased geometric hindrance, which requires
not only a suitable distance between corresponding functional groups, but also specific
relative orientations. The decrease in intermolecular hydrogen bonds increases the
fraction of unassociated EVA70 segments, serving to exaggerate the dynamic
heterogeneity. The relaxation time distribution should be broader at high pressure if the
change in hydrogen bond fraction is the dominant influence. Further reduction in
intermolecular associations can decouple the components’ segmental relaxation
processes. For example, a single dielectric segmental relaxation process was observed for
VA30 at P = 0.1 MPa, whose intermolecular hydrogen bonding fraction (per EVA70
repeat unit) is only slightly higher than VA20. If the above argument is correct, one
would anticipate two α relaxations in VA30 at high pressure. The fact that the opposite
result is observed indicated that other mechanisms need to be considered, in particular the
relative change in segmental mobilities.
To reiterate, two different relaxing segments were observed in the study of VA20
at atmospheric pressure - hydrogen-bonded PVPh-EVA70 (slow relaxation) and
unassociated EVA70 (fast relaxation). These may also exist in VA30, but the fraction of
‘free’ EVA70 segments is very low and their relaxation is masked by the dominant slow
process. High temperature affects the non-hydrogen bonded EVA70 segments by simply
enhancing their mobility (via increased thermal energy and free volume), whereas high
pressure decreases their mobility through densification. These two competing factors are
almost equally important, as implied by the value of ατ/|αP| = 2.1 for neat EVA70.
However, for hydrogen-bonded segments, additional mechanisms are involved. Both high
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temperature and pressure weaken and reduce hydrogen bonding, thus influencing the
relaxation of hydrogen-bonded PVPh-EVA70 segments in the same fashion (shifting the
slow process to higher frequency, closer to the fast process). The net result of high
pressure/high temperature is therefore a reduction in the difference between the
relaxation times of the two segments, and a consequent narrowing of the relaxation time
distribution.
Other possible mechanisms can also be considered in interpreting the narrowing
of the segmental dispersion with pressure. Floudas and coworkers [173] have proposed
that a larger activation volume, V#, of the low Tg PI block in PI-b-PVE reduces the
dynamic heterogeneity, gives rise to the homogeneity at sufficiently high hydrostatic
pressure in that material. The activation volume is defined as [199]:
V # = RT

d ln(τ α )
dT
= F α R ln(10)
dP
dP

9.5

where F is the fragility, For neat EVA70, V# can be determined directly from Figure 9-2 ,
with the results provided in Figure 9-11. V# exhibits the customary decrease with
temperature and increase with pressure. At P = 0.1 MPa, V# for EVA70 changes from
~170 ml/mol at Tg (-15 °C) to ~90 ml/mol at 94.3 °C. For PVPh, however, neither τα nor
m can be determined experimentally. Nevertheless, Schroeder et al.[113] found that
fragility of poly(styrene-co-4-vinylphenol) random copolymers was the same, measured
either dielectrically or mechanically. From mechanical spectroscopy, F ~ 133 for τα = 1 s
[200]. Using dTα/dP =0.22 K/MPa, Eq. 9.5 gives V# = 560 ml/mol. This is considerably
larger than the activation volume of EVA70, the low Tg component, indicating that the
mechanism proposed by Floudas et al. [173] does not apply. Of course, a hydrogenbonded blend is fundamentally different. Whereas the components of a van der Waals
mixture may relax individually, and therefore follow pressure dependences more similar
to the neat components, the α relaxations of EVA70 and PVPh are coupled to form a new
process in VA30 due to strong intermolecular hydrogen bonding. The dielectric
segmental relaxation in this blend includes contributions from both components. For
VA20, although there are two segmental processes, they are very close in frequency, and
cannot be cleanly resolved. The fast relaxation process (originating from unassociated
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EVA70) dominates the dielectric loss spectra, so that defining τα as the primary peak
location emphasizes the contribution from unassociated EVA70 segments. This is
confirmed by the calculated V# for VA20 (Figure 9-11), ~90 - 170 ml/mol, which is
almost the same as those of neat EVA70. On the other hand, V# of VA30, = ~160 - 230
ml/mol, is significantly larger than that for EVA70, but close to the compositionaveraged value of PVPh and EVA70.
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Figure 9-11: Activation volume of neat polymers and blends at different temperatures. Dotted lines are
drawn to guide the eyes.

Another possible explanation for the narrower relaxation time distributions at
elevated pressure lies in the reduced intramolecular coupling of PVPh. The
decrease/weakening of hydrogen bonding with pressure occurs not only for
intercomponent associations, but also for the intramolecular H-bonds in PVPh. Whereas
the former leads to decoupling of segmental relaxations and broadened dielectric loss
peaks, the latter would be expected to result in a reduced intramolecular friction
coefficient and consequent accelerated relaxation of PVPh segments. This shifts the
process to high frequencies, narrowing the apparent distribution. The observed behavior
is determined by competition between these two factors. Unfortunately, although no
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quantitative results concerning the reduction of inter- and intramolecular hydrogen
bonding with pressure are available, qualitatively the extent of intermolecular hydrogen
bonding should be much higher than the intramolecular associations, at least at
atmospheric pressure, considering the low PVPh concentration. Therefore, this
mechanism may contribute, but cannot fully account for the current results.
Finally, the finding that temperature and volume play comparable roles on
segmental relaxations and glass transitions in van der Waals glass-formers, obtained in
the present study and other recent literature [180,181,184,185,190-192], has some
ramifications regarding the interpretation of dynamic heterogeneity in polymer blends
with large ∆Tg and lacking strong intermolecular interactions. The importance of thermal
energy indicates that intrinsic mobilities (rigidities) are significantly different for
polymers with different Tg’s and they are determined by the chemical structure. At
temperatures just above the bulk Tg of the blend, fractional free volume may be sufficient
for the structural relaxations of both components (assuming that free volume follows a
simple additivity law). These temperatures however are still significantly below that of
the high Tg component. Therefore, whereas the low Tg polymer already has sufficient
volume and thermal energy for segmental relaxation, the available thermal energy is
insufficient for the higher Tg component. Although the important role of intrinsic
mobility difference has been was pointed out by Roland and Ngai [43] and by Chung et
al. [46] in interpreting dynamic heterogeneity in PI/PVE blends, most current models
focus on concentration fluctuations [73-77] and self-concentration (SC) [81] effects.
These latter models are successful in reproducing many experimental results, but cannot
explain the twelve decade difference in the relaxation times of PEO and PMMA at the
bulk Tg, as observed in miscible PEO/PMMA blends (∆Tg ≈ 180 K) having low PEO
concentrations (PEO concentration = 0.5 - 30%) [54]. Such dynamic heterogeneity can be
explained by a facile consideration of intrinsic mobility difference between components,
while both CF and SC effects were ruled out as the origin of the observed behavior in Ref
[54].
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9.5 Additional Figures

Figure 9-12, shows the PVT data of VA20 and VA30, from which the specific
volume at certain (P,T) are obtained.
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Figure 9-12: PVT data of (a) VA20 and (b) VA30. Measured with a cooling rate of 0.5 K/min. Lines are the
best fit to Tait equation (Eq 2) and the horizontal line is used to calculate dP/dT at constant
volume. The vertical axis is the change from specific volume at atmospheric pressure and room
temperature (0.78999 and 0.76105 cm3/g for VA20 and VA30, respectively).
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Figure 9-13 contains the relaxation time at different specific volumes and
temperatures. From this figure, ατ can be determined and is shown in Figure 9-14.
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Figure 9-13: Dependence of α relaxation time on the specific volume: (a) VA20, (b) VA30. The data are
converted from Figure 9-8 with the aid of PVT data (Figure 9-12). Solid circles are isobaric
data measured at P = 0.1 MPa as a function of temperature.
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Figure 9-14 is used to calculate the ατ and αP:
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Figure 9-14: Calculation of ατ/αP for: (a) VA20 and (b) VA30. Densities at τα = 1s and at constant
pressure (0.1 MPa) are presented.
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9.6 Summary

For neat EVA70, pressure and temperature play comparable roles in the
segmental relaxation, as indicated by ατ/|αP| = 2.14, and the fact that the relaxation time
distributions at different temperature-pressure conditions are essentially the same for
fixed τα. On the other hand, temperature was found to be more important than pressure in
PVPh, ατ/|αP| = 3.35, as a result of strong hydrogen bonding. Although the ατ/|αP| values
for the miscible EVA70/PVPh blends are close to that of neat EVA70, a result of low
PVPh concentrations (20% and 30%), the relaxation time distributions are narrowed with
increasing pressure. This is a rather surprising observation considering: (i) the large
activation volume of the higher Tg PVPh compared with V# of EVA70, (ii) the
reduction/weakening of hydrogen bonding at high temperatures and pressures, and (iii)
the dominance of intermolecular hydrogen bonding. All three factors are expected to
contribute to broadening of the distributions, contrary to the experimental observation.
The results can be explained by considering that there are two different relaxing segments
(slow H-bonded units and fast, unassociated ones). High temperature and pressure endow
the hydrogen bonded PVPh - EVA70 segments with additional mobility through
reducing/weakening the intermolecular interactions.

Chapter 10
Conclusions and Suggestions for Future Work
10.1 Summary

Broadband dielectric spectroscopy was employed to investigate the influence of
hydrogen bonding on the dynamics in polymer blends. Several systems with different ∆Tg
and intermolecular hydrogen bonding strengths were systematically examined in the
frequency range from 0.01 Hz to 3 MHz. By comparison with the results for blends with
similar chemical structures but with weak intermolecular interactions, the role of hydrogen
bonding was identified.
DSC was performed on all systems to confirm their miscibility. A single glass
transiton temperature (Tg) was found for each blend, although it is usually broadened in
comparison with the neat components, suggesting dynamic heterogeneity.
Intermolecular and intramolecular hydrogen bonding was characterized by FTIR
spectroscopy. The association strength was characterized by the shift of the –OH stretching
band from that in its unassociated state. It was found that hydrogen bonding strength (with
the –OH of the 4-vinylphenol repeat unit) increases in the order of PEMA, PMMA ≤ PVAc,
EVA70 < PVEE < PVME.
Besides finding that blending with PVPh enhanced the α-β splitting in PEMA, it was
also established that the segmental relaxation time distributions in blends with PVPh
concentrations up to 40% were almost identical at a normalized temperature, suggesting that
concentration fluctuations are essentially damped, consistent with the prediction of the
model of Kumar, et al. [77]. Similar behavior was also observed for blends of PVPh with
PVAc and PVEE (30~50% PVPh). Considering the quite large ∆Tg in these blends and
compared with dynamic heterogeneity for PVME/PS and PVME/P2CS, this was attributed
to the effect of intermolecular hydrogen bonding.

198
Although two α processes have been usually observed in blends with large ∆Tg and
without strong interactions (PIP/PVE, PVME/PS and PVME/P2CS), a single α process was
observed in blends of PVPh with EVA70, PVEE, and PVME, with PVPh concentrations
from 30% to 50%. This is a result of the coupling effect of intermolecular hydrogen bonds,
which serve as ‘stickers’ and effectively transfer stress from one component to the other.
However, in blends with lower PVPh concentration, two α processes can be resolved. This
arises from an insufficient fraction of intermolecular hydrogen bonds, which leads to a
significant amount of unassociated low Tg component segments, and these contribute to the
fast relaxation process. The slow process is proposed to originate from the hydrogen bonded
segments (higher Tg). Two segmental processes were also observed in blends with high
PVPh concentrations and, following similar logic, result from the dominant intramolecular
hydrogen bonding in PVPh. It was estimated for blends with 60% PVPh that the fraction of
intramolecular hydrogen bonds between VPh species is comparable to the intermolecular
fraction between VPh and the proton-acceptor. The intramolecular hydrogen bonds couple
the relaxation of PVPh segments to themselves, and thus decouple them from the low Tg
component. It was concluded that maximum coupling can only be achieved in blends
dominated by inter-component interactions. In SHS/PVEE blends, more significant dynamic
heterogeneity was observed as a result of the repulsion between the styrene comonomer in
SHS and the PVEE. By comparing the results from the various blends above, it was found
that both stronger interactions and smaller mobility difference (lower ∆Tg) are correlated
with reduced dynamic heterogeneity.
While intermolecular hydrogen bonding affects the dynamics through formation of a
physical reversible network and increasing enthalpy contribution to the mixing free energy,
dynamic homogeneity can be further encouraged by enhancing the combinatorial entropy
contribution, that is, blending a polymer with low molecular weight model compounds. It
was observed that the α relaxation time distributions in these mixtures were essentially
identical to that of the neat polymer, although the mixtures without hydrogen bonding are
slightly broadened (~ 1 decade).
Elevated hydrostatic pressure was also found to be capable of reducing the dynamic
heterogeneity in EVA70/PVPh blends, although the activation volume of PVPh is much
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larger than that of EVA70. This behavior was reconciled by considering the additional
mobility achieved by the hydrogen-bonded segments (slow process) since high pressure will
reduce and weaken the specific interactions.
Throughout this thesis, fragility has been used to compare the segmental dynamics in
blends with different compositions and thus different Tg’s. In general, it was found that
fragility increases with increasing PVPh concentration, compared to the neat low Tg,
unassociated component, and this has been used to characterize the enhanced intermolecular
cooperativity and coupling ability. For PEMA/PVPh blends, since the fragility of PEMA is
close to that of PVPh, the fragility of the blends is insensitive to composition.
Although concentration fluctuations are not significant in these strongly associated
blends, self-concentration effects may likely play some role in influencing the observed
dynamic heterogeneity. However, the Lodge-McLeish model is not applicable to these
blends since one of the primary assumptions of the model is the absence of strong specific
interactions, which guarantees that the composition of the lattice, excluding the volume
occupied by the selected Kuhn segment, can be approximated by the bulk composition.
Existence of strong intermolecular interactions will energetically bias this composition, in
which the direct neighbor of the selected segment will not be statistically random, but more
likely is the chain capable of interacting with it.
The influence of hydrogen bonding on the secondary β relaxation has also been
studied in selected blends. The results suggested that the relaxation of hydrogen-bonded
functional groups are either unchanged (PMMA, PEMA) when the association was not
sufficiently strong, or retarded (PVME) when stronger interactions were involved.
Finally, it should be emphasized that strong hydrogen bonding does not necessarily
lead to dynamic homogeneity except in blends with appropriate compositions and which are
dominated by inter-component associations. In blends with extremely asymmetric
composition, two kinds of relaxing segments, with distinctly different coupling degrees, are
likely due to stoichiometry effects. However, since hydrogen bonding itself is a dynamic
process with a finite lifetime and its strength is much weaker than the chemical covalent
bond, forming hydrogen bonds between two polymers does not mean generating new
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chemical species. The associating blend is actually better described as a reversible network
and different segments can still relax with different rates.
10.2 Suggestions for Future Work

Whereas a broad picture of the dynamics of intermolecularly hydrogen bonded
blends has been revealed for the first time, most of the studies in this thesis are qualitative
since the observed dielectric spectra include a contribution from both components and the
distributions are usually very broad (~5-6 decades). Information on the dynamics of each
component is required in order to rigorously compare with theoretical models.
Modern solid state NMR and inelastic neutron scattering experiments are capable of
selectively measuring the dynamics through deuteration of one of the components. In this
context, the most interesting blend is PVPh/PVME, since similar PS/PVME blends have
been thoroughly studied by these techniques. By measuring the segmental relaxation times
of PVPh and PVME at selected compositions, e.g., 20/80, 40/60, and 80/20, the molecular
mechanism for the dielectric composition-dependent dynamics can be directly revealed.
PVPh was used as the proton-donor polymer in this thesis since its ability to form
hydrogen bonds with proton-acceptor polymers is quite good. However, its dielectric
segmental relaxation cannot be measured directly due to strong dc conduction at higher
temperatures and lower frequencies. This prevents comparison of the blends’ dynamics with
that of PVPh. Finding, or synthesizing, a proton-donor polymer with low Tg (< 50 °C) will
provide more valuable information on hydrogen-bonded polymer blends. One possible
candidate

is

the

alternating

1:1

copolymer

of

tetrafluoroethylene

(TFE)

and

hexafluoroisopropanol modified vinyl ether (HFIPVE, designed and synthesized by
researchers at DuPont):

201

This copolymer has a Tg of 12 °C and the hexafluoroisopropanol can generally form
strong hydrogen bonds with proton-acceptor polymers (e.g., PMMA and PVME), whereas
its self-association is weaker than that in PVPh. The low Tg facilitates achieving equilibrium
and assists in DRS sample preparation. Hydrogen bonding of the alternating copolymer with
other (co)polymers containing acetoxy, methacrylate and aliphatic ether groups has been
systematically studied by FTIR spectroscopy and thermal analysis by Guigley in his PhD
thesis [201].
Finally, the presence of substantial intramolecular hydrogen bonding between PVPh
units makes it more difficult to interpret the experimental results. It is therefore desirable to
investigate a blend system having exclusively inter-component interactions. This can be
achieved by introducing a very bulky group around the hydroxyl group in PVPh, such as in
poly(p-(1,1,1,3,3,3-hexafluoro-2-hydroxypropyl) styrene) [PHFS] shown in scheme 10-1.
Previous studies have found that the self-association is dramatically suppressed in PHFS
since it involves steric hindrance from two bulky hexafluoro groups [83]. On the other hand,
the inter-association involves hindrance from only one bulky hexafluoro group with another
proton-acceptor group (usually small and ‘open’ for interacting) and it is therefore only
modestly decreased, as indicated by the still quite large KA/ KB value. Polymer blends will
be dominated by intermolecular hydrogen bonding if PVPh is replaced by the PHFS and this
will enable the focus on the intermolecular coupling issue.
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Scheme 10-1. Chemical Structure and Association Properties of PHFS [83]
Dimensionless self- and inter-association equilibrium constants with the
carbonyl group in a methacrylate
Self-association K2, KB

Inter-association KA

PVPh

21.0, 66.8

37.8 [KA/ KB = 0.6]

PHFS

4.3, 5.8

21.8 [KA/ KB = 4]
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