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ABSTRACT
In order to elucidate the complex relaxation dynamics in polymer blends
containing a crystallizable component and having a large Tg difference between the
components, a series of systems were investigated principally via dielectric relaxation
spectroscopy, with the aid of differential scanning calorimetry, infrared spectroscopy and
wide-angle X-ray diffraction experiments.
For neat semi-crystalline poly(ethylene oxide) (PEO), a dielectric relaxation
(labeled as γ′) faster than the cooperative segmental relaxation is observed for the first
time, and it is assigned to a segmental relaxation with reduced cooperatvity in the order disorder interphase regions.
Poly(styrene-co-p-hydroxystyrene)

(SHS)

and

poly(methyl

methacrylate)

(PMMA) were selected to investigate the dynamics of blends of crystallizable PEO with
relatively high Tg components, with and without strong intercomponent interactions. For
amorphous SHS/PEO blends (≥ 60wt% SHS), hydrogen bonding is capable of
suppressing concentration fluctuations and leads to a single cooperative segmental
process involving both components. In addition, a fast PEO segmental process is
observed in the dielectric spectra of blends with ≥80 wt% SHS, due to reduced
intermolecular hydrogen bonding and repulsion between SHS styrene units and PEO
segments.
For amorphous PMMA/PEO blends, after room-temperature aging, a dielectric
relaxation becomes apparent at approximately the same frequency-temperature location

iv
as that of the PEO γ′ process. It is assigned to nanoscale PEO regions possessing a degree
of partial order comparable to that of an order – disorder interphase.
Thermorheological simplicity is observed for amorphous mixtures of dihydroxyl
naphthalene (DHN) and poly(vinyl ethyl ether) (PVEE), where DHN is a model small
molecule with two functional groups capable of forming hydrogen bonds with PVEE, a
non-crystallizable analog of PEO. The absence of chain connectivity in DHN and the
presence of a suitable degree of intercomponent interactions is proposed to enable DHN
molecules to closely contact PVEE segments and distribute uniformly in the PVEE
matrix, thereby having the same effect on all PVEE local environments.
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Chapter 1
Background

Understanding the molecular relaxation mechanisms of polymeric materials is a
prerequisite for their successful application, and provides crucial guidance for the
chemical synthesis of useful structures. The wide experimental frequency range and
temperature window available in modern dielectric relaxation spectroscopy (DRS) make
this technique a powerful probe of relaxation mechanisms at the segmental and local
length scales.1 In this chapter, the basic principles of DRS are introduced first, followed
by an overview of the relaxation dynamics in polymer systems. Finally, the motivation
for the research described in this thesis is provided.

1.1 Principles of Dielectric Relaxation Spectroscopy
1.1.1 Polarization in Static Fields2
Consider a capacitor consisting of two parallel plate electrodes, whose separation
distance, d, is small compared with their surface dimensions. When a constant voltage V
is connected across such a capacitor, a static electric field E is created, and

E=

V
d

1.1

When the space between the electrodes is composed of a vacuum, the charges +Q
and –Q per unit area are stored on the plates and are proportional to E, i.e.,

2
Q= εvac E

1.2

where εvac is the permittivity of free space, 8.85 × 10-12 F/m. Now suppose the space
between the electrodes is filled with a homogeneous dielectric material and the voltage V
remains unchanged. Then the component charges, such as electrons and protons in the
dielectric material, will be redistributed. The negative charges are attracted to the positive
electrode and vice versa. This effect is classic polarization and leads to charges +P and –P
per unit area on the dielectric material surfaces adjacent to the electrodes. Thus, at
constant voltage V the absolute values of stored charges per area on the plates increase
from Q to Q + P. Therefore, unlike an electrical conductor, charges cannot move
freely through the dielectric medium, but they are still displaced in amount of D:
D = εvacεsE = εvacE + P

1.3

where εs is the static dielectric constant, or relative permittivity. Equation 1.3 leads to:
P = εvac(εs-1)E

1.4

1.1.2 Electrostatics
There are three different components of molecular polarization. The first is
electron polarization, i.e., in an electric field electrons are slightly displaced with respect
to the nucleus. In atomic polarization, the arrangement of atomic nuclei in a molecule or

3
lattice is distorted. If permanent dipoles exist in a molecule, they will attempt to align in
the direction of the applied field.2 When a constant electric field E is suddenly applied,
the polarization cannot achieve its static value εvac(εs-1)E immediately: it will reach a
value of εvac(ε ∞ -1)E in a short time via electronic and atomic polarizations, then
gradually increase to the static value.3
When dipole orientational polarization dominates, the macroscopic polarization
can be written as: 4

P=

1
N
µ i + P∞ =
µ + P∞
∑
V
V

1.5

where the electron and atomic polarizations are captured in P∞, N denotes the number of
dipoles, and µi and <µ> are the individual and mean dipole moments, respectively.
Assuming the dipole energy follows a Boltzmann distribution in the applied field E, at a
temperature T, <µ> can be calculated:4

µ =

µ

2

3k BT

E

1.6

where kB is the Boltzmann constant. Equations 1.5 and 1.6, combined with equation 1.4,
lead to:

P − P∞ = (ε s − ε ∞ )ε vac E =

Therefore,

Nµ 2
E
3Vk BT

1.7

4

εs − ε∞ =

Nµ 2
3ε vacVk BT

1.8

More accurately, εs - ε∞ in equation 1.8 should be multiplied by the Onsager
factor, F, and the Kirkwood - Fröhlich correlation factor g to account for the field
shielding effect of local neighbors on individual dipoles and the interaction between
dipoles, respectively.

1.1.3 Dynamic Dielectric Relaxation3

In a periodic electric field
E = E0 cos ωt

1.9

where ω is the angular frequency, there will be a phase lag δ in the electric displacement
D = D0 cos (ωt - δ) = D0 cos δ cos ωt + D0 sin δ sin ωt

1.10

This leads to the definition of two dielectric constants, ε′ and ε″:
D1 = D0 cos δ = ε′εvac E0 and D2 = D0 sin δ = ε″ εvac E0

1.11

and
tan δ =

ε"
energy dissipated per period
=
ε ' energy stored reversibly per period

1.12

Therefore, in a dynamic electric field a complex dielectric constant can be written
as:

5
ε*(ω) = ε′(ω) - i ε″(ω)

1.13

The loss factor, ε″(ω), is the imaginary portion of the complex dielectric constant.
The electric displacement in a dynamic electric field can be determined from:3
t

D(t ) = ε ∞ε vac E (t ) + ∫ ε vac E (u )α (t − u )du
−∞

1.14

where E(u) is the electric field applied only in the time period u and u + du, and the
polarization resulting from E(u) gradually decreases after the short period as described by
the decay function α(t-u). For simple theoretical considerations, the decay follows an
exponential form:
α(t) = α(0) e-t/τ

1.15

where τ is the characteristic relaxation time of the dipole relaxation. Substituting equation
1.15 into 1.14, the integral operator in equation 1.14 can be canceled out by

differentiating equation 1.14 and taking advantage of
dα (t )
α (t )
=−
dt
τ

1.16

The constant α(0) can be solved for by using the special conditions at a constant
field where
d
( D − ε ∞ ε vac E ) = 0
dt
and

1.17

6
D = ε S ε vac E

1.18

E = E0eiωt

1.19

D = ε*(ω) εvac E

1.20

Finally with

and

it can be deduced that

ε * (ω ) = ε ∞ +

ε s −ε∞
1 + iωτ

1.21

Equation 1.21 is commonly referred to as the Debye equation. The term εs - ε∞ is
the relaxation strength, ∆ε, and can also be calculated using:
∆ε =

2

π∫

∞
0

ε " (ω )d ln ω

1.22

7

εs
ε′(ω)

∆ε /2
ε″(ω)

ε∞
0.001

0
0.01

0.1

1

ωτ

10

100

1000

Figure 1.1: ε′(ω) and ε″(ω) for a Debye relaxation

The Debye equation describes the evolution of ε*(ω) for a relaxation following an
exponent decay function as shown in Figure 1.1 and the frequency where ε″(ω) exhibits a
maximum is closely related to τ. ε′(ω) and ε″(ω) are connected to each other by the
Kramers - Kronig relation.4 However, from a practical perspective the dispersion peak in
a plot of ε″ vs. frequency or temperature permits better resolution than the transition step
in a ε′ plot, so ε″ is more often used in dielectric relaxation studies to acquire the
characteristic time (or frequency) and temperature for relaxation processes.

8
For polymer relaxations, ε″(ω) is generally broad and skewed compared with a
Debye relaxation, and ε*(ω) can be described using the empirical Havriliak - Negami
(HN) function:5

ε * (ω ) = ε ∞ +

εS −ε∞

(1 + (iωτ ) )

a b

1.23

The exponents a and b (0 < a, b < 1) are shape parameters: a is an indicator of the
breadth of the relaxation, and a = ∂ log ε″/∂ log f at f << f0, a characteristic frequency
related to τ. The parameter b represents the asymmetry of the curve, and ab =
-∂ log ε″/∂ log f at f >> f0.

1.2 The Relaxation Dynamics in Polymer Systems

Both amorphous and semi-crystalline polymer systems are investigated in this
thesis. Due to their relative ‘simplicity’, background on the segmental dynamics of
amorphous polymers and, particularly, miscible blends is presented first. Attention is
paid to the concept of ‘cooperativity’ as it is important to discussions in later chapters.
This is then followed by a brief overview of the relaxation dynamics of semi-crystalline
polymers.

9

Figure 1.2: 3D plot of the dielectric loss ε″ for atactic poly(methyl methacrylate)
(used in Chapter 5) as a function of temperature and frequency.

Figure 1.3: Schematic presentation of the temperature dependences of relaxation
frequency for the α and β relaxations in amorphous polymers.
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1.2.1 Relaxation Dynamics in Amorphous Polymers6

The 3D DRS spectrum in Figure 1.2 consists of a series of isothermal frequency
scans. viz., every slice cut perpendicular to the temperature axis is a 2D plot similar to
Figure 1.1. The f-T locations of the various relaxation processes are frequently displayed
as in Figure 1.3, sometimes referred to as an Arrhenius plot. The α process is associated
with segmental motion, and its low frequency limit (~10-3 Hz, i.e., ~100s) corresponds to
the onset glass transition (Tg) as measured by differential scanning calorimetry (DSC) at
heating rate of 10 °C/s. 7 It is commonly accepted that the motion of the relaxing units
(polymer segments, small molecules) responsible for the α process is cooperative in
nature. The characteristic length for the cooperativity increases with decreasing
temperature8 and has been estimated to be ~2 - 3nm for polymers near Tg. 9
The temperature dependence of the relaxation frequency f (or equivalently, the
relaxation time τ = 1/(2πf)) of the α relaxation is normally well described by the Vogel –
Fulcher - Tammann (VFT) expression:6
f = f0e

−B
T −T0

1.24

where f0 (1010-13 Hz), B and T0 are fitting parameters. To is sometimes referred to as the
ideal Tg or Vogel temperature and is related to zero fraction of free volume10 or diverged

11
volume of the cooperative rearranging region.11 It is generally 30-70 °C below Tg. The α
process, displayed in the form of ε″ vs frequency, is generally broad and asymmetric for
polymers. For the α process, the macroscopic decay function in the time domain φ(t) is
often described with the stretched-exponential Kohlrausch-Williams-Watts (KWW)
function:12

 − t
Φ (t ) = exp 
  τ KWW






n






1.25

where τKWW is the characteristic relaxation time, and n contains the combined
information of only specific choices of the shape parameters a and b in the H-N equation
(Eq. 1.23).
Adam and Gibbs satisfactorily explained the kinetic properties of glass forming
liquids within roughly 100 ºC above Tg in terms of the thermodynamic properties
(specifically the configurational entropy) of the equilibrium liquids.13 They defined the
cooperatively rearranging region (CRR) as a portion of the system, which upon a
sufficient fluctuation in energy, can rearrange into another configuration independent of
its surrounding environment.
To verify that cooperativity is important to the glass transition or α relaxation, and
to determine the size of the CRR, there has been many experimental studies in recent
years on ultra-thin polymer films14 and nanocomposites where glass formers are confined
in nanopores or between silicate layers.15 In these systems the molecular conformational
changes are limited to the scale of several nm. For ultra-thin films of several nm
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thickness on a quartz plate, the dynamics of the local interfacial molecules was found to
depend on the thickness of the entire film.16 This verifies that the molecular motions
across the thickness of the film are collective or cooperative. When the scale of the
confinement decreases to a critical size (on the scale of nm), behavior deviating from that
of a bulk glass former starts to emerge, such as reduction in Tg and temperature
sensitivity of the relaxation rate.17 This critical size is believed to correspond to that of
the CRR.15,18
The β secondary relaxation is a local process, which is rather common in
polymers. It was once commonly believed that local processes are determined by local
barriers within glass forming molecules.19 However, Johari and Goldstein observed
secondary relaxations even in small molecules and rigid glass formers, in which it is not
possible to have internal molecular motions.20 They concluded that secondary relaxations
are an intrinsic property of glass formers, with no need to invoke an intramolecular
mechanism.
The temperature dependence of the relaxation rate of the β relaxation follows
Arrhenius behavior:

 − Ea 
f = f 0 exp

 RT 
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where R is the molar gas constant, 8.314 J⋅mol-1⋅K-1. The pre-exponential factor f0 is
~1012 - 1013 Hz.6 The activation energy is 20 - 50 kJ⋅mol-1 and can be calculated from the
slope of a plot of log f vs. 1/T. The β process normally displays a broad and symmetric
peak when plotted in the form of ε″ vs. frequency.

13
According to the coupling model proposed nearly two decades ago by Ngai and
coworkers, the non-exponential KWW expression only describes the relaxation at times
longer than a crossover time, tc. At times shorter than tc, the units undertake a noncooperative primitive relaxation following exponential decay behavior.21 Recent studies
strongly suggest similarity of the slow β relaxation to the primitive process, based on
findings that the measured relaxation times of the former approximate the predicted ones
of the latter,22 and this similarity was classified as one of the criteria by which one can
determine whether a secondary relaxation should be described as a Johari-Goldstein β
process.23
Finally, when there is a net dipole moment parallel to the polymer chain
backbone, a dielectric normal mode relaxation can be observed at temperatures higher
than the α process. It is associated with the motion of the entire polymer chain, or more
precisely the reorientation of the end-to-end vector.24 The possibility that the normal
mode relaxation of poly(ethylene oxide) (PEO) is observed in amorphous PMMA/PEO
blends will be discussed in Chapter 5.
Besides the intrinsic relaxations introduced above, in a heterogeneous system if
the two phases have different conductivity and permittivity, free charge carriers will be
blocked at their interphase and result in a polarization called Maxwell – Wagner – Sillars
(MWS) process.
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1.2.2 Dynamic Heterogeneity in Miscible Amorphous Polymer Blends

Physical blending of two or more polymers is an effective and economic way of
creating high-performance materials without requiring sophisticated chemical synthesis
of new polymers. The important role of polymer blending in industry has stimulated
detailed investigation of the miscibility/immiscibilty of a large number of polymer
mixtures.

Figure 1.4:

Dual

segmental

relaxation

behavior

in

miscible

poly(2-

chlorostyrene)/poly(vinyl methyl ether) (P2CS/PVME) blends. The plot is adapted
from the Figure 8 in reference 30.
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A single Tg as determined in a standard DSC experiment indicates single- phase
behavior, at least at the ~10 nm length scale interrogated by DSC. For many years, a
blend in the one phase region of its phase diagram was also expected to exhibit a single
cooperative segmental relaxation located between the segmental processes of the
component polymers. However, in the last decade it has been extensively reported that
the relaxation times and their temperature dependences of individual components can be
significantly different in many miscible polymer blends and disordered diblock
copolymers.25 This phenomenon is attributed to nanoscale dynamic heterogeneities and
can be detected by nuclear magnetic resonance (NMR), DRS and dynamic mechanical
analysis (DMA), but not DSC, since the latter can only sense the movement at length
scales larger than ~10 nm and thus any nanoheterogeneities are averaged out.
For miscible binary polymer blends with weak intermolecular interactions and a
Tg difference between the components (∆Tg) of ≤ 20 °C, thermorheological simplicity is
usually observed.26 In contrast, more complicated segmental dynamics are observed for
blends with large ∆Tg, as demonstrated in studies of polyisoprene − poly(vinylethylene)
(PI/PVE, ∆Tg ≈ 60 K),27 polystyrene/poly(vinyl methyl ether) (PS/PVME, ∆Tg ≈ 130
K),28 and poly(2-chlorostyrene) (P2CS)/PVME (∆Tg ≈ 154 K).29 For example, in a 50/50
wt% PI/PVE blend, PI behaves dynamically in a similar fashion to neat PI, while the
PVE α process is significantly “plasticized”.27 Thermorheological complexity was
observed in PS/PVME blends at both the segmental and terminal levels.28 Two distinct
dielectric α processes (see Figure 1.4) have been observed in poly(2-chlorostyrene) −
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poly(vinyl methyl ether) (P2CS/PVME) blends in the one-phase region of the phase
diagram and assigned to the two individual components.30
One of the most popular mechanisms for explaining these observations is the
concentration fluctuation (CF) model, which proposes a dynamic physical picture with a
distribution of compositions in cooperative rearranging regions. The CF model of Fischer
et al. succeeds in reproducing the broadening of an observed single cooperative segmental
relaxation, but cannot explain the observation of two microenvironments with
distinctively different average mobilities and the two separate segmental relaxations in
miscible polymer blends.31 Kumar and Colby, et al.32,33 proposed that the size of the CRR
is dependent on the local composition. Good agreement is obtained when comparing their
model with NMR and dielectric data on PI/PVE blends.
Chung, et al have argued that the large difference between the fast and slow
segmental relaxation rates in PI/PVE blends observed in their 2D NMR experiments
cannot be explained by a simple concentration fluctuations model, and that intrinsic
mobility differences between the two species need to be considered.34 The mobility
difference between the components in PI/PVE blends was found to be nearly an order of
magnitude at temperatures far above the global Tg, and the difference is in quantitative
agreement with measurements on each component individually.35 This explanation is
similar to one proposed recently by Sy and Mijovic, who invoked the interplay between
the physical dimensions of various nanoscopic regions and the different CRR length
scales, as well as the temperature dependences of the cooperative rearranging regions of
the individual components.36
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Chung, el al also pointed out that the composition in the local volumes is biased
toward each individual chain due to the connectivity of the segments.34 The recent model
of Lodge and McLeish proposes that the local environment of a monomer unit in a
miscible polymer blend must be rich in species of the same type due to chain
connectivity,37 and the effective local composition is equal to Φs + (1-Φs)Φ, where Φs is
the ‘self-concentration’ (SC) and Φ the bulk composition. The Φs for the low Tg
component is generally larger because it is more flexible, and its dynamics in the blends
may be quite similar to that in its neat state. They proposed that the cooperative volume
where SC takes effect is proportional to the cube of the Kuhn length. Recently Ediger’s
group tested the Lodge-McLeish model on six miscible polymer blends.38 Though the
results of most cases supported the model, there were cases that the model failed. In
addition, very recently Kumar and Colby tested the effects of CF and SC with analysis on
several polymer blends and a tetrablock copolymer.39 They found that the low- Tg
components have a self-concentration following the expectations of the Lodge-McLeish
mode, but the SC of high- Tg components depends on temperature. These indicate that
the Lodge-McLeish model is still missing something vital.
Finally, intermolecular hydrogen bonding in miscible polymer blends has been
found to suppress concentration fluctuations and couple the components’ segmental
motions. Only one segmental relaxation (involving both species) was observed in DRS
experiments on melt-miscible blends of poly(4-vinyl phenol) (PVPh) with poly(ethyl
methacrylate) 40 and poly(vinyl acetate) at 10 - 40 wt% PVPh,41 and with poly(vinyl ethyl
ether) at 30 - 50 wt% PVPh.42 The single segmental relaxation is in accord with
homogeneity on a length scale of 2 – 3 nm, as suggested by a single composition-
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dependent 1H T1ρ (proton spin-lattice relaxation time in the rotating frame) in similar
blends exhibiting intermolecular hydrogen bonding.43,44,45,46

1.2.3 Relaxation Dynamics of Semi-Crystalline Polymers and Melt-Miscible SemiCrystalline Blends

The series of three books by Wunderlich47 provides the basic background
knowledge of the solid-state structure of many crystalline polymers. Figure 1.5 shows a
schematic of the microstructure of a generic semi-crystalline polymer. The crystalline
lamellar structure imparts unique relaxation behavior and the reviews by Boyd provide an
excellent overreview of this topic.48 For crystalline polymers it is typical to refer to the
cooperative segmental relaxation associated with the non-crystalline segments as the β
process.48 At higher temperatures, but below the melting point, a relaxation is often
observed that is associated with the crystalline component, and is conventionally referred
to as the α process.
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Figure 1.5: The schematic representation of the microstructure of semi-crystalline
polymers.

The frequency-temperature (f-T) locations of both the dielectric and mechanical α
dispersion are related to the crystalline lamellar thickness.48 From measured dielectric
relaxation strengths, it has been concluded that the process involves not just crystalline
defects.48 NMR experiments have shown that the α relaxation in crystalline polymers is a
thermally activated process and consists of large-amplitude motions involving chain
rotation and translation throughout the crystallites.49
The segmental and local relaxations in non-crystalline polymers remain in the
amorphous portion of semi-crystalline ones. Poly(ethylene terephthalate) [PET] is a good
model polymer to illustrate the influence of crystallites on these relaxations, since it can
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be prepared in both amorphous and semi-crystalline forms.50 Dielectric studies of PET
reveal that the presence of crystallinity results in a broadening of the segmental process
as well as shifting it to higher temperatures and lower frequencies. In addition, its
relaxation strength is reduced beyond that expected from simple ‘consumption’ of
amorphous segments in crystallites. This has been attributed to the presence of so-called
‘rigid amorphous’ segments, which will be discussed in the next paragraph. The influence
of crystallites on the f-T location of local processes is generally negligible, although the
relaxation strength may change, depending on the nature of the local process.
In semi-crystalline polymers an ‘interphase’ region is necessary to bridge the
chain conformations in the ordered crystals and isotropic disordered interlamellar
amorphous component. The term ‘interphase’ was coined in the 1970s, while this
structural feature was initially proposed by Flory in 1962.51 This region has been
investigated

theoretically52,53

and

observed

experimentally,

principally

on

polyethylene.54,55 For melt-miscible semi-crystalline blends without strong intermolecular
interactions, early publications predicted that the second amorphous polymer would be
excluded from such interphases, and the segments would relax at the same frequencytemperature (f-T) as the cooperative segmental relaxation in the neat semi-crystalline
component.56,57
Similar to the interphase concept, publications on semi-crystalline polymers with
relatively rigid structures and those with low degrees of crystallinity commonly invoke
the concept of a ‘rigid amorphous phase’ (RAP),58 which was first proposed in the
calorimetric studies of Wunderlich, et al. as the portion of the amorphous segments not
contributing to the increase in heat capacity at Tg.59 In a transmission electron
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microscopy study of PET it was argued that the entire interlamellar non-crystalline
region can be regarded as the ‘interphase’ (or RAP), devoid of truly random amorphous
character.60 Rather recently, Ezquerra et al. investigated cold crystallization of poly(ether
ether ketone) via real time DRS and wide-angle X-ray diffraction/small-angle X-ray
scattering (WAXD/SAXS).61 Based on the evolution of the dielectric relaxation strength
vs. degree of crystallinity, these authors concluded that even though the bulk crystallinity
is <~30%, the lamellar stacks are highly crystalline (~70%) and that the amorphous
segments within the stacks are too constrained to undergo segmental relaxation.

1.3 Objective and Scope of This Thesis

The research in this thesis focuses mainly on poly(ethylene oxide) (PEO) and its
melt-miscible blends with two high Tg polymers: a poly(styrene-co-p-hydroxystyrene)
(SHS) random copolymer and poly(methyl methacrylate) (PMMA). PEO crystallizes
readily, and can serve as a model for investigating the relaxation dynamics in semicrystalline polymers. This portion of the research is contained in Chapter 3. PEO is well
known to be miscible with SHS and PMMA in the melt and in the amorphous portion of
semi-crystalline blends. The intrinsic mobilities of the components are distinctly different
in both blend systems, as illustrated by the large difference in Tg between the component
polymers: Tg(PEO) ~ -55 °C; Tg(SHS) ~ 150 °C; Tg(PMMA) ~ 110 °C. Relatively strong
hydrogen bonds can form between the hydroxyl groups of SHS and the ether oxygen
atoms in PEO. The segmental and local dynamics of amorphous SHS/PEO blends are
investigated in Chapter 4. The influence of hydrogen bonding and intrinsic mobility
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differences on the relaxation dynamics are discussed. The changes in the dynamics that
accompany physical aging in their semi-crystalline blends are also interrogated in
Chapter 4.
In a companion investigation, the relaxation dynamics of miscible blends where
the components exhibit a large Tg difference but without inter-component interactions
were explored. PMMA/PEO amorphous blends were investigated in this context and the
results are described in Chapter 5. Using mixtures of a polymer with a small molecule,
Chapter 6 further elucidates how the relaxation dynamics in a binary glass-forming
system are influenced by intermolecular interactions and self-concentration effects due to
chain connectivity. The model polymer in this portion of the study is poly(vinyl ethyl
ether) (PVEE), an analogue of PEO, and the low molecular weight model compound was
chosen to have two hydroxyl groups, which can form hydrogen bonds with PVEE.
Chapters 3 – 6 are adapted from manuscripts either in print, or accepted for
publication at the time of this writing. The findings in Chapter 3 were published in
Polymer 43, 6247 (2002). For Chapter 4 on SHS/PEO blends, the results of amorphous
blends were reported in Macromolecules 36, 8033 (2003), and a paper on semicrystalline
blends has been accepted in Macromolecules. Papers related with Chapter 5 and Chapter
6 have been accepted in Macromolecules and J. Chem. Phys. B., respectively.
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Chapter 2
Experimental
2.1 Materials and Sample Preparation

Table 2.1: Materials used in experiments in this thesis
Name

Abbreviation

Source

Mw

Mw/Mn

Poly(ethylene oxide)

PEO

Polysciences

2.16 × 105

4.0

Poly(styrene-co-p-hydroxystyrene)

SHS

Hoechst Celanese

9.95 × 104

2.8

PMMA

Aldrich Chemical Co.

9.5× 104

2.4

2,6-Dihydroxy Naphthalene

DHN

Aldrich Chemical Co.

160

1.0

Poly(vinyl ethyl ether)

PVEE

2.7 × 104
Monomer-Polymer &
DAJAC Laboratories, Inc.

Poly(methyl methacrylate)

2.1.1 Materials

Mw and Mn were determined by gel permeation chromatography (GPC). For PEO
and PVEE, dimethylformamide containing 0.05 M LiBr was used as the mobile phase,
and calibration was performed using nearly monodisperse (Mw/Mn < 1.1) PEO standards
(Polymer Standards Service – USA), ranging from 10,000 to 963,000 g/mol. The
molecular weight of SHS and PMMA was determined using THF as the mobile phase and
monodisperse polystyrenes as standards.
The SHS random copolymer is composed of 50 wt% styrene and p-hydroxystyrene.
The styrene concentration was determined by Fourier Transform Infrared (FTIR)

2.1
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spectroscopy, using an empirical relationship between styrene content measured from
NMR and the FTIR absorbance of the 1492 and 1512 cm-1 bands.1 The tacticity of
PMMA as measured by 1H NMR (300MHz, CDCl3 as solvent) is rr/ rm /mm (sydiotactic/
heterotactic/ isotactic) = 34%/ 45%/ 11%, where r and m represent racemic and meso
diads, respectively. Therefore this polymer is atactic.

2.1.2 Sample Preparation
2.1.2.1 Neat Components

For the neat PEO samples utilized in Chapter 3, PEO powder was pressed at 100
°C with slight pressure in a Carver hydraulic press for an hour. The molecular weight was
determined by GPC after pressing and found to be essentially the same as that before
heating. Samples were cooled from the melt using two different procedures. Sample A
was taken from the press and directly put into desiccator. Sample B was immediately
transferred into an oven and crystallized at 54 °C under vacuum for 24 hr. The samples
were stored in a desiccator at room temperature for 24 hr prior to the dielectric
experiments. In addition, sample A was aged in a desiccator (at room temperature) and
the dielectric spectra determined after 80 days.
For the component polymers used in other chapters, PEO, SHS, PMMA powders
were pressed at 100 °C, 170 °C, and 190 °C, respectively, for several minutes, then placed
into a vacuum oven preheated at 100 °C, 160 °C and 130 °C, respectively. After heating
in vacuum for 45 min, the heater was turned off and the samples were kept under vacuum
for a day until the oven slowly cooled to room temperature.
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Neat PVEE used in Chapter 6 was heated in vacuum at 50 °C for one day to
remove the trace solvent and moisture.

2.1.2.2 Blends and Mixtures

The blends of SHS/PEO, PMMA/PEO and DHN/PVEE in Chapters 4, 5 and 6 are
referred to in the text as Sw, Mw and Dw, where w is the weight percentage of the high
Tg component (SHS, PMMA and DHN, respectively) in the mixture.
SHS/PEO and PMMA/PEO blends were prepared respectively from solutions in
50/50 wt% CHCl3/THF and CHCl3. Mixed solutions were stirred for ≥ 6 hr. After casting
the solution onto Al foil, samples were placed in a hood for ≥12 hr and then heated in
vacuum with the temperature gradually increased, to avoid bubble formation. The final
temperature was 130 °C for all PMMA/PEO blends. The final temperatures were 100 °C,
110 °C and 120 °C for the S5-S70, S80 and S90 blends, respectively. The temperatures
were selected to be higher than the blend Tg’s estimated from the Fox equation. After
heating at the final temperature for < 1hr, the heater was turned off, and samples were
maintained under vacuum while the oven slowly cooled to room temperature. The
cooling takes about 4-5 hrs.
Solutions of DHN and PVEE in THF were cast onto Al foil. After most of the
solvent had evaporated, the samples were heated in vacuum at 50 °C for one week. The
Al foil was left on the samples during dielectric measurements.
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2.2 Dielectric Relaxation Spectroscopy
2.2.1 Instrumentation and Experimental Conditions

DRS spectra were collected on a Novocontrol Concept 40 broadband dielectric
spectrometer. Temperature was controlled using a Novocontrol Quatro Cryosystem.
Experiments were conducted in the frequency domain [0.01 Hz – 10 MHz], at 2.5°C, 5
°C or 7.5°C increments and with ±0.1 or ±0.3 °C isothermal temperature stability. The
final, minimum stabilization time at a given temperature was 1 min. The stabilization
time is reset if the temperature goes out of the ±0.1 or ±0.3 °C range, and therefore the
actual time spent in stabilizing to a given set temperature is much longer than 1 min. The
thermocouple is placed directly under the bottom electrode. Sample thicknesses are ~0.1 0.3 mm.
Samples with a cross-sectional area a little larger than that of the upper electrode
(20 mm) were sandwiched between two plate electrodes. Four polypropylene spacers
with thickness of 0.2 - 0.5 mm were used for DHN/PVEE samples in Chapter 6. The
sample cell was purged with N2 during the measurements.
The complex dielectric constant ε*(ω) was calculated from the electric current, I*,
voltage, V*, and empty cell capacitance, C0, of the sample capacitor.

ε * (ω ) =

− iI *
ωV * C 0

2.1

For PMMA/PEO blends in Chapter 5, two different temperature profiles were
applied: (a) Dielectric measurements were performed on cooling from 190 °C to –140 °C
and (b) samples were held at 190 °C for 10 min, then cooled to 130 °C and held for 30
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min, then aged at 25 °C for one day. The cooling rate from 130 °C to 25 °C was ~8
°C/min. Measurements were then conducted on heating from –140 °C to 190 °C. Samples
were always maintained under an N2 blanket during in situ thermal processing and
measurements. The samples with the above two thermal histories are denoted as the
unaged and aged DRS samples, respectively.

2.2.2 Data Processing

Some isothermal dielectric loss curves were fit with one or more HN functions (see
equation 1.23) and a dc loss contribution (if necessary).

 εS −ε∞
ε (ω ) = ε '−iε " = ∑ 
a
 1 + (iωτ )

(

)

b

  σ 
+ ε ∞  − i

  ε vω 

N

2.2

where the summation symbol is used for the case where more than one relaxation process
exists in the frequency range of the curve fitting. The symbols εS, ε∞, ω, τ in the HN
expression fraction were defined in Chapter 1 (equation 1.23); σ is the conductivity; εv is
the vacuum permittivity, 8.85 × 10-12 F/m; and N is an exponent that characterizes the
conduction process. In polymer systems, normally 0 < N < 1, and a higher value of N
indicates a less tortuous fashion of charge transport.2
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Figure 2.1: Comparison of HN fitting results with the experimental data at –87.5 °C for
unaged sample A of neat PEO used in Chapter 3.
At most experimental temperatures, more than one relaxation process was present
in the measurement frequency range and were not well separated, making curve fitting
challenging. To facilitate analysis, the frequency of maximum loss (fmax) at different
experimental temperatures was back calculated from an Arrhenius plot and used as the
initial value of τ in the curve fitting. Attention was paid to the results of the fitting to
ensure that all parameters change continuously with temperature and that the
experimental dielectric constant (ε′) - frequency data were also adequately fit using the
same parameters as determined from the loss data. The first frequency spectrum to be
analyzed for a given sample was at a temperature where the different relaxations were
relatively well separated and a significant portion of the peak(s) of interest were evident
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in the experimental frequency range. The temperature dependence of the fitting
parameters was determined from these fits, then data at other temperatures were fit
following the established temperature dependencies. Figure 2.1 provides an example of
the curve fitting of the dielectric loss for unaged PEO sample A at –87.5 ˚C. The fitted
values of individual dielectric loss were calculated with the equation:

ε " = ∆ε

[

sin(bθ )
πa
1 + 2(ωτ HN ) a cos( ) + (ωτ HN ) 2 a
2

]

b
2

2.3

in which

θ = arctan

(ωτ HN ) a sin(

πa
2

1 + (ωτ HN ) a cos(

)

πa
2

2.4

)

Equations 2.3 and 2.4 are obtained from HN function (equation 1.23) by
mathematical manipulations. First,
 π 
 π 
iωτ = 0 + iωτ = ωτ cos  + i sin  
 2 
 2

2.5

Then, further manipulations can be made by using twice De Moivre’s theorem:
[cos(θ)+i sin(θ)]n = cos(nθ)+i sin(nθ)

2.6

In some parts of this thesis, a derivative method was used to alleviate the influence
of dc loss at low frequencies, especially at high temperature. With considerations of a
distribution of relaxation time, and correspondingly a distribution of activation energy,
Steeman and van Turnhout reported that the first derivative of ε′ provides an ‘ohmic
conduction-free’ dielectric loss, ε″der:3
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ε "der = −

π ∂ε ' ( f )

2.7

2 ∂ ln f

To perform the differentiation, a numerical technique based on a low pass
quadratic least squares filter was used.4 Figure 2.2 shows a comparison of the measured
loss ε″ and calculated ε″der for neat SHS at three different temperatures. A series of model
calculations have been conducted and ε″der and ε″ were shown to exhibit the same peak
frequencies, and as long as the relaxations are relatively broad (as they are in this thesis),
the relaxation strength of a derivative spectrum is a very good approximation to that of
ε″. 5
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Figure 2.2: Comparison of the measured loss, ε″ (open symbols) and calculated
‘conduction-free’ dielectric loss, ε″der (filled symbols), for the neat SHS copolymer at 160
˚C (diamonds), 175 ˚C (squares) and 190 ˚C (triangles).
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For neat PEO in Chapter 3, the temperatures of the relaxation peak under
consideration (Tmax) at particular frequencies were read from 2D plots of ε″ vs
temperature. In other chapters, Tmax values were obtained from contour plots of ε″ or ε″der
in a map of frequency vs. temperature.

2.3 Differential Scanning Calorimetry (DSC)

All DSC measurements were performed on a TA Instruments Q-100 apparatus.
The temperature and transition enthalpy were calibrated with an indium standard.
Heating and cooling rates were 10 °C/min. Sample weights were ~10 mg.

2.4 Wide Angle X-ray Diffraction (WAXD)

WAXD was used to characterize the degree of crystallinity in PMMA/PEO
blends. Experiments were conducted on a Scintag instrument with CuKα radiation
(λ=0.154 nm) at 35 kV and 30 mA. Samples were scanned continuously at 1 o/min or 2
o

/min with an increment of 0.02o. A silicon zero-background substrate was used to

support the specimens.

2.5 Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy was used to investigate the hydrogen bonding in SHS/PEO
blends and DHN/PVEE mixtures in Chapters 4 and 6, respectively. 2 wt% solutions of
the neat polymers and blends in 50/50 wt% THF/CHCl3 were cast onto KBr windows.
After most solvent had evaporated at room temperature, the windows were heated under
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vacuum at 90 °C for >12 hr. FTIR spectra were obtained using a Bio-Rad FTS-6
spectrometer with a resolution of 2 cm-1. Signals of 64 scans were averaged.
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Chapter 3
Pure Poly(ethylene oxide)

3.1 Introduction

Over the last several decades there have been extensive reports of the relaxation
behavior of semi-crystalline polymers1,2 and poly(ethylene oxide) has sometimes been
used as a model of highly crystalline material in such studies. In addition, PEO has
attracted interest as a consequence of its potential in high-energy density devices. In early
measurements of mechanical and dielectric loss,3,4,5 PEO was found to exhibit three
relaxations below its melting point (Tm). These are generally referred to as the α, β and γ
processes, with decreasing temperature.6 The α relaxation is a local process associated
with the crystalline phase. It generally cannot be observed in dielectric studies due to high
dc conductance at higher temperatures and lower frequencies, although some authors have
attempted to separate it out.5,7 It has been reported that the cooperative β process is absent
in the dielectric spectrum of a high molecular weight8 PEO single crystal mat, while the γ
process remains.4 Together with other experimental results, this indicates that the β
process originates in the cooperative segmental motions in a portion of the amorphous
phase, but that this motion is not possible in the fold surfaces of single crystals. This is
presumably true for segments in the fold surfaces (‘interphase’) of melt-crystallized PEO
as well. Early on, the lower temperature γ process was assigned to local twisting in the
main chains in both defective regions within crystallites and non-crystalline regions,
including amorphous segments in the fold structure on crystal surfaces. However, more
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recently, the γ process in other highly crystalline polymers has been assigned to local
motions in the amorphous phase only.1
In a relatively recent dielectric study of an immiscible blend of 5% of a low
molecular weight PEO in polystyrene,9 Smith et al. reported a relaxation located between
the α and β processes, which they associated with segmental motion of amorphous chains
tethered to crystallites. This observation is reminiscent of the two glass transition
temperatures (Tg) reported in studies of PEO by differential scanning calorimetry (DSC)10
and thermal expansion data.11 A higher temperature glass transition, termed Tg(U), was
proposed to arise from amorphous segments under relatively more constraint by
crystallites, and the lower Tg, Tg(L), from amorphous segments completely or relatively
free from constraint.11
As mentioned in the 1st chapter, in semi-crystalline polymers a crystal-amorphous
interphase is necessary between the disordered amorphous phase and the ordered crystal
lamella. The order – disorder transition has been estimated to occur over a spatial range
of 1 – 3 nm for linear polyethylene.12,13 In semi-crystalline PMMA/PEO blends a PEO
interphase of ~1.5 nm was observed, and the thickness is independent of the
composition.14 A PEO interphase of ~1.5-2.5 nm thickness was also reported later.15
Since the total interlamellar width is only 6 - 7 nm, segments in such interphase regions
consequently make up a significant portion of the total number of non-crystalline units.16
In the present work, for the first time, a relaxation located between the β and γ processes
was observed, which is referred to as γ′, and assigned to the relaxation of segments in the
interphase region.
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3.2 Results and Discussion

3.2.1 Degrees of Crystallinity
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Figure 3.1: Degree of crystallinity as a function of aging time. Filled squares –
sample A (directly stored at room temperature), filled triangles – sample B
(annealed at 54 °C for 24 hrs).
Heats of fusion were converted to degrees of crystallinity using a perfect crystal
heat of fusion for PEO of 203 J/g.17 Degrees of crystallinity determined by DSC for
samples A and B as a function of aging time are displayed in Figure 3.1.
The initial value for sample A was measured within 1.5 hr of its return to room
temperature and within 4 hr for sample B. The experimental uncertainty associated with
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the data points in Figure 3.1 are on the order of ±2% crystallinity. The initial crystallinity
of sample A is 70%, while that of isothermally crystallized B is considerably higher
(83%), and the latter remains unchanged during storage. Sample A’s crystallinity
continues to increase slowly on aging at room temperature, reaching the level of sample B
after aging for ~100 days. The nominal melting point of A also increases by about 2 ˚C
during aging, but is still ~3 ˚C below the Tm of sample B after ~100 days.18 The
implication is that some lamellar thickening occurs during the aging of sample A at room
temperature, which corresponds to a degree of supercooling of ~45 ˚C, and is ~80 ˚C
above the PEO Tg.

3.2.2 Dielectric Relaxation Results

Figure 3.2 displays the 3D dielectric loss spectra for unaged specimen A. The
location of the various relaxations can be seen more readily in Figure 3.3. Three distinct
relaxation processes are apparent: the β and γ processes appear at relatively high and low
temperatures, respectively. The dc conductance, which dominates at relatively low
frequency and high temperature, decreases from ~10-12 to 10-16 S/cm as temperature is
reduced from –10 to –40 ˚C (i.e., near Tg) and the apparent activation energy (Ea) for the
conduction was determined to be ~62 kJ/mol. Aged sample A and sample B have similar
relaxation behavior as unaged sample A.
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Figure 3.2: 3D dielectric loss spectra of unaged sample A.

A third process, not reported previously, is located between the β and γ processes
and is denoted as γ′. The activation energies calculated from the slope of the Arrhenius
plots in Figure 3.3 are 444, 35 and 48 kJ/mol for the β, γ, γ′ processes, respectively. The
reason why the γ′ relaxation has not been observed in previous dielectric studies of PEO
is likely related to the relatively broad experimental frequency window available in the
current experiments. The β relaxation merges with the γ′ and γ processes as frequency
increases, and the merged processes are labeled as β + γ′ and β + γ′ + γ, having Ea of 433
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and 124 kJ/mol, respectively. The frequency – temperature locations of the β, γ and
merged relaxations agree very well with those collected and published previously.6
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Figure 3.3: Arrhenius plot for unaged sample A, comparing with published data. Filled
labels – unaged sample A; Open symbols – data from literature. Data from ref. 6
(squares: MW = 2.8 × 106 g/mol; triangles: MW = 8.4 × 105 g/mol; circles: single
crystals; diamonds: melt-crystallized). Data from ref. 10 (diamonds – reported; squares –
onset points); + – Data from ref. 11.

From the 3D dielectric loss spectra, and with the aid of the Arrhenius plot, it can
be seen that in the 2D spectra of dielectric loss vs. frequency, the γ′ and γ relaxations are
the low and high frequency peaks, respectively, below Tg. The β process is far beyond the
low frequency portion of the spectra until close to Tg, when it moves rapidly into the
experimental frequency range. The β process then merges with the γ′ relaxation when
temperature is further increased by only ~5 °C, which in turn merges with the γ process
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after an additional ~15 °C. Note that in early studies the β process was incorrectly
believed to be the dominant process at all temperatures.3,6 This can easily lead to
unreasonable conclusions concerning the β relaxation from 2D dielectric loss spectra.
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Figure 3.4: The normalized dielectric spectra of the γ-relaxation of unaged sample A at
selected temperatures. The lines are the HN fits to the relaxations.
The broad γ relaxation dominates the loss spectra at most experimental
temperatures and normalized loss plots were created to evaluate the shape of the γ
process at different temperatures. At the temperatures selected in Figure 3.4, the γ′
process (at lower frequency) does not appreciably overlap with the γ relaxation. The γ
process becomes narrower with increasing temperature, due to a narrowing in the
distribution of local environments. The shape of the PEO γ process in amorphous blends
of PEO with other miscible polymers is nearly identical to that associated with neat
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crystalline PEO,19 in general agreement with the assignment of the γ process to noncrystalline segments.1
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Figure 3.5: Arrhenius plot of the β, γ′ and γ processes in aged and unaged sample A and
sample B. Circles: Unaged sample A; Triangles: Aged sample A; Squares: Sample B.
Figure 3.5 shows the relaxation map of the β, γ′ and γ relaxations of the three
different samples investigated in this study. The data points for the β and γ processes of
all samples overlap considerably, while those for the γ′ relaxation are very similar but
vary a bit more among the different samples. The HN fit parameters for all relaxations of
unaged sample A are shown in Figure 3.6. Those for aged A and isothermally-crystallized
B, as a function of temperature, are very similar. With increasing temperature the γ′
relaxation in all samples becomes more symmetric (a → ab, b → 1). In addition, the
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frequency distribution of the γ′ relaxation (as indicated by the fit parameters a and ab)
becomes broader with increasing temperature for all three samples, opposite to the
behavior of the β and the γ processes.
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Figure 3.6: HN shape parameters of the dielectric relaxations for unaged sample A. Filled
symbols: parameter a; open symbols: parameter ab.
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Figure 3.7: (a) Relaxation strengths of the γ-process of all three samples as a function
of temperature. Circles: unaged sample A; triangles: aged sample A; squares: sample
B. (b) Relaxation strengths normalized to the amorphous fraction in each of the
samples, as a function of temperature.
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Figure 3.8: Relaxation strengths of all processes of unaged sample A.
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The relaxation strengths of the local γ process at selected temperatures for all three
samples are presented in Figure 3.7a. ∆ε(γ) for the higher crystallinity aged sample A
and, particularly, sample B are lower than that of unaged sample A, in general agreement
with at least partial amorphous origin of the γ process. If the γ relaxation is of completely
amorphous origin, the ratio of ∆ε(γ) to the fraction of non-crystalline segments in each
sample should be constant. Figure 3.7b presents this normalized relaxation strength for
the three samples at selected temperatures. The relative uncertainty in dielectric strength
is about 10%. Together with the uncertainty in the crystallinity measurement this leads to
a calculated total uncertainty of ~ ±12%. Clearly, the ratios of the three samples cannot
be distinguished within experimental error.
The relaxation strengths of the various individual and merged processes are
shown in Figure 3.8 for unaged specimen A. ∆ε for the β, merged β + γ′ + γ and β + γ′
processes decrease with increasing temperature, while those of the γ′ and γ relaxations
increase. Based on generalizations formed mainly from amorphous systems, the former
behavior is believed to be characteristic of cooperative processes and the latter with local
relaxations. 20

3.2.3 Origin of the γ′ Relaxation

What is the origin of the γ′ process? In any multiphase system one must first
consider the possibility of a Maxwell – Wagner – Sillars (MWS) mechanism.(See
Chapter 1) However, neither phase has appreciable conductivity (σ) in the temperature
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range of the γ′ relaxation (i.e., σc - σa is very small). Moreover, the relaxation time, τ, of
the MWS process at –87.5°C was estimated using a simple equation that has been
reported previously:21

τ=

ε mε 0
Aσ

3.1

where εm is the dielectric constant of the insulating matrix, ε0 is the vacuum permittivity,
8.85 × 10-12 F/m, A is the depolarization factor along the axis of the applied electric field,
and σ is the conductivity of the more conductive phase. The ε′ value at low frequencies in
the range where it is constant, 2.9, was taken as εm, and the H-N fitting value of σ, 10-14.9
S/m, was used. τ was calculated to be 104.8 s with A = 1/3. Therefore, the frequency f =
1/(2πτ), of the MWS relaxation, if it exists, should be located below 10-5 Hz at –87.5 °C
(i.e., a temperature at which the γ′ process is clearly visible, and the corresponding loss
spectra is shown in Figure 2.1), ruling out an interfacial polarization mechanism as the
origin of the γ′ process.
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Figure 3.9: Dielectric loss at –87.5 °C for PEO with different extent of hydration. The
hydration, h, is defined as the mass ratio of absorbed water and dry PEO.

To test whether the γ′ process is associated with absorbed water, PEO samples
were lightly hydrated. A sealed bottle with water at the bottom was used, and the PEO
film was held inside the bottle by a piece of pierced Al foil. As Figure 3.9 shows, with
increasing h, the γ′ process shifts slightly to higher frequency but with almost constant
strength accompanied by rapidly developing dc loss. If the γ′ process is associated strictly
with water, it should clearly increase in intensity, which it does not. Between h of 0.015
and 0.03, the two PEO sub-Tg relaxations are replaced by a water relaxation, the βha
process, which is associated with non-freezable water tightly bound with non-crystalline
PEO segments.22
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The simple chemical structure of PEO excludes the possibility to assign the γ′
relaxation to some local chemical unit. Based on the arguments presented below, the γ′
process is attributed to the relaxation of PEO units in the order – disorder transition
regions located between lamellae and disordered amorphous segments. The crystalamorphous interphase region is envisioned as consisting of several species: tight chain
folds that reenter the lamella at a neighboring position and are unable to relax
cooperatively; looser folds; a portion of cilia protruding from lamellae; and a portion of
tie molecules connecting neighboring lamellae. As mentioned in the introduction, the
crystal-amorphous interphase is expected to be a significant part of the non-crystalline
region. The ∆ε(γ′) of the aged and unaged sample A are indistinguishable within
experimental error, but are about a factor of two larger than the strength of the γ′
relaxation of sample B (Figure 3.10). At equivalent crystallinity, the interphase fraction in
aged sample A is expected to be larger than that in B due to thicker lamellae in the latter
(resulting from a higher mean Tc) and more rapid initial crystallization of the former.
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Figure 3.10: The relaxation strength of the γ′ process as a function of temperature
for the three PEO samples. Circles - unaged sample A; Triangles - aged sample A;
Squares - sample B.
The assignment of the γ′ relaxation to the order – disorder transition interphase
can also explain its unusual broadening behavior. Recall that the γ′ process becomes
broader with increasing temperature (see the decreasing H-N shape parameters in Figure
3.6), opposite to the generally observed narrowing of both cooperative and local

relaxations with increasing temperature. The special behavior of the γ′ relaxation cannot
be explained by assigning it to disordered interlamellar amorphous segments, but can be
explained by invoking the interphase. When temperature increases, the disordered
amorphous phase on one side of interphase region becomes looser, but the crystalline

54
phase on the other side remains rigid until Tm. Therefore, the environmental asymmetry
of the interphase region becomes larger with increasing temperature, resulting in a
broader frequency distribution of the γ′ relaxation.
One important question remains to be answered: why does segmental γ′ show local
character? All of the evidence acquired to date leads to the proposition that the γ′
relaxation is very similar to the ‘fast process’ or the ‘primitive α relaxation’ in
nanoconfined glass forming systems.e.g.23,24,25,26 It is generally believed that the pure nanoconfinement effect leads to a reduction in Tg, while strong surface interactions increase
Tg.27,28 The reduction of Tg upon nano-confinement has been explained by invoking the
cooperatively rearranging region (CRR) concept.29 The glass transition, or equivalently
the segmental relaxation, is a cooperative process and is only possible through the
accompanying motion of other repeat units in a minimum volume, i.e., the CRR. If the
size of the confinement is smaller than the CRR, conventional segmental relaxations will
be limited and a modified fast segmental process emerges below Tg, which probably
involves fewer repeat units and sometimes becomes a non-cooperative process.
The above analogy to nanoconfinement is also supported by a study on layered
silicate nanocomposites. PEO (MW ~ 105) was found to be intercalated in ~0.8 nm
galleries between silicate layers, and the motion of the intercalated segments was found to
be relatively non-cooperative compared with the Tg motion of amorphous segments in
bulk samples.30 The proposed origin of the γ′ process is further supported by a study of
PEO (Mw = 2 × 103 and 6 × 103 g/mol) tethered on a silica surface,31 where the ‘tail’
segments (similar to the interphase in that segments are ‘tethered’ by a rigid wall)
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protruding from the surface were found to have greater mobility than segments in
amorphous regions in bulk PEO.
An explanation similar to that for the primitive ‘α’ relaxation can be applied to the
faster γ′ relaxation.24 Some segments in looser folds and cilia will be oriented more or less
perpendicular to the lamellar surface and are separated by tight folds. It is therefore
argued that these segments will experience less entanglement and reduced intersegmental
constraints compared with Gaussian chains in a disordered amorphous phase, and a fast
segmental process with much reduced cooperativity would then be expected.
Angell32 has reported that the temperature at which the relaxation time for the
fundamental enthalpy relaxation process reaches 100 s is close to the Tg obtained from
standard calorimetric measurements – specifically, the temperature at which the heat
capacity jump commences at a heating rate of 10 °C/min. The Tg (U) and Tg (L) for PEO
reported in ref 10 are plotted in Figure 3.3, assuming an effective frequency of 1.6 × 10-3
Hz (~100 s), although this assumption may be somewhat less suitable for sub-Tg
transitions. These calorimetric Tg values are much higher than estimates from
extrapolation of the β and γ′ process data to somewhat lower frequencies. However, the
two transitions shown in ref 10 are ~10 – 25 °C wide, and the end point of the transition
was used to define “Tg” in this earlier work. Considering the discussion above, the onset
temperatures of the heat capacity change are also plotted in Figure 3.3. The β and γ′
process data extrapolate relatively near to the onset Tg values, suggesting the correlation
between the processes detected from different probes.
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3.2.4 Merging of the β Relaxation with the γ′ and γ Relaxations

The merging of relaxations in glass forming systems, including polymers, is a
long-standing topic.33 The β relaxation remains a cooperative process since the thickness
of the interlamellar non-crystalline regions is comparable to or larger than the size of the
CRR (~2 ~ 3 nm near Tg29). Confinement experienced by PEO segments in the disordered
amorphous phase arises primarily from the interphases, which are relatively ‘soft’ (with
the degree of order varying through the structure) and thus will not be as effective as a
hard wall in constraining the relaxation of this region. The CRR decreases with escalating
temperature, and when it reaches the size of the interphase, the interphase segments
originally involved in the γ′ relaxation also become capable to participate in the overall
cooperative segmental relaxation. This scenario is consistent with the observations that
the slope of the Arrhenius plot for the β + γ′ process is almost the same as that of the β
process (Figure 3.3), and the initial value of ∆ε(β + γ′) is approximately the sum of the
extrapolated ∆ε(β) and ∆ε(γ′) (Figure 3.8a).
Near the temperature where the β + γ′ and γ processes merge, ∆ε(β + γ′ + γ)
increases stepwise to twice that of ∆ε(β + γ′) + ∆ε(γ). Sy and Mijovic34 reported a similar
jump of ∆ε from the local process to the merged local + cooperative segmental process,
through the Tg of poly(methyl methacrylate) and its blends with poly(vinylidene
fluoride), while Dionísio et al. filled the gap around Tg of neat PMMA with gradually
increasing ∆ε values.35 The merging of the β and γ relaxations is typical for cooperative
and local processes. The relaxation times of the two processes become comparable at the
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merging point. The two different types of processes were originally separated, but are
correlated and merge into a new process, the details of which require further study.

3.3 Summary

This broadband dielectric study revealed three relaxations below the melting point
of PEO: the β, γ′, and γ relaxations, with decreasing temperature. The cooperative β
process arises from the segmental relaxation of disordered amorphous segments and the γ
process from the local main chain twisting of the non-crystalline component. The
dielectric γ′ relaxation was attributed to the motion of segments in the interphase between
lamellae and disordered interlamellar amorphous segments. The unusual local character of
the γ′ process is explained well by invoking nanoconfinement from the lamellae and an
immobile amorphous phase below Tg. This mechanism is supported by comparison of the
dielectric behavior of samples with different preparation histories. The β and the γ′
processes appear to correspond to the reported calorimetric Tg (U) and Tg (L),
respectively.
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Chapter 4
Blends of Poly(styrene-co-p-hydroxystyrene) and Poly(ethylene oxide)

4.1 Introduction

The dynamics of both amorphous and semi-crystalline blends of poly(styrene-cop-hydroxystyrene) and poly(ethylene oxide) are discussed in this chapter. In light of the
complexity of the structure and relaxation dynamics in semi-crystalline polymer systems,
as demonstrated in chapter 1, the behavior of the amorphous blends are discussed first,
then the results of semicrystalline blends are presented in the next section.
As introduced in Chapter 1, for globally miscible polymer blends with weak
interactions between the component polymers, thermorheological simplicity has been
observed when the Tg difference between the components is ≤ 20 °C. However, in the
case of large ∆Tg, blends exhibit dynamic heterogeneities, which have been interpreted
with various models involving concentration fluctuations , and self concentration effects
due to chain connectivity.
Infrared spectroscopic analysis of the blends of PEO with poly (vinyl phenol)1 and
a 55/45 styrene-co-hydroxystyrene random copolymer2 clearly demonstrated the presence
of intermolecular hydrogen bonds. The present

work will show that in amorphous

SHS/PEO blends (≥ 60% wt SHS), although intermolecular hydrogen bonding is capable
of damping concentration fluctuations and coupling segments so that they relax
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cooperatively, there also exists a faster PEO process with reduced cooperativity at
relatively high SHS contents (≥ 80% wt SHS). This is not particularly surprising in light
of recent research that has shown that concentration fluctuations are often not the
principal reason for dynamical heterogeneity. Very recent work indicates that at high
temperatures, self-concentration effects play a more important role.3 Most recently, using
literature data for the segmental or terminal dynamics of components in six miscible
mixtures without strong specific attraction, the deduced self concentration, Φself,
(obtained by fitting the Lodge/McLeish model) was found to generally agree with Φself
expected based on the Kuhn length.4
The mobility and intermolecular interactions also play an important role in
determining the microstructure and crystallization behavior of semi-crystalline meltmiscible blends, as demonstrated in investigations of a series of model blends containing
PEO and amorphous polymeric diluents.5 The introduction of strong intermolecular
associations between the components results in significantly reduced spherulite growth
rates and facilitates diluent segregation over relatively large length scales, regardless of
the diluents’ mobility at the crystallization temperature. For the case of strongly
interacting diluent polymers, the usual linear spherulite radius vs time (R ∝ t) behavior
slows at higher crystallization temperatures (Tc) to nonlinear growth, R ∝ t1/2. The
decrease in PEO spherulite growth rates, as well as the increase in lamellar thickness, in
the presence of the hydrogen-bonding miscible polymers is mainly related to the
depression of the equilibrium melting temperature of PEO in the mixtures, leading to
lower degrees of supercooling. In fact, a single master curve of spherulite growth rate can
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be created for PEO and both weakly- and strongly-interacting blends, by normalization
via the blend Tg and degree of supercooling. In the following discussions, the
heterogeneous distribution of amorphous segments is shown to contribute to the
broadening of the cooperative segmental process involving both components in
semicrystalline SHS/PEO blends.

4.2 Results and Discussion
4.2.1 Amorphous Blends

Figure 4.1: DSC thermograms of amorphous blends containing (from top to bottom
in the figure) 60, 70, 80, 90 and 100 wt% SHS.
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4.2.1.1 DSC

Blends containing more than 50% SHS are amorphous and exhibit single glass
transitions temperatures (Figure 4.1). The width of the glass transitions for the blends are
broader than those of neat SHS, indicating a more heterogeneous relaxation environment.
With increasing SHS%, the glass transition interval becomes narrower and the origin of

Absorbance

this will be discussed together with the DRS data.

SHS

S90
S50
S70

3700

3600

3500

3400

-1

3300

3200

3100

Wavenumber (cm )
Figure 4.2: FTIR spectra at room temperature for SHS and selected amorphous PEO/SHS
blends.
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4.2.1.2 FTIR

The absorbances in the FTIR spectra of SHS and the blends (Figure 4.2) can be
assigned confidently with reference to the previous extensive FTIR studies on PVPh
blends.1 In the spectrum of neat SHS, ‘free’ and intramolecularly self-associated –OH
produce absorbance bands at 3540 cm-1 and 3390 cm-1, respectively. Intermolecular
hydrogen bonds between the phenolic –OH and ether oxygen atoms in PVPh/polyether
blends (located near 3250 cm-1 in the spectra in Figure 4.2) have been demonstrated to be
stronger than the –OH self-associations in PVPh.1 Similar conclusions can be drawn from
the spectra in Figure 4.2. The shape and location of the absorbance associated with
hydrogen bonded –OH reflect the increasing ratio of inter- to intramolecular hydrogen
bonds with increasing PEO content in the blends. Note that unassociated phenolic –OH’s
absorbance appears in spectra beginning at 70% SHS content.

4.2.1.3 DRS

4.2.1.3.1 SHS Copolymer

The DRS spectra of neat SHS (Figure 4.3) display a single cooperative segmental
process (which we term αS) and two sub-Tg transitions (βS1, βS2) having apparent
activation energies of 55 and 33 kJ/mol, respectively. The relaxation dynamics of
polystyrene and its derivatives have been studied extensively.6 Only a dielectric α
relaxation is observed for PS: a low-temperature β process is only observed after
introducing a polar group on the phenyl ring. The dielectric relaxation strength of the α
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process of neat polystyrene was reported to be 0.019,7 and has a weak temperature
dependence. Consequently, the β process of PS is expected to be even weaker. Therefore,
the βS1 and βS2 relaxations are related to the hydroxystyrene repeat units.

Figure 4.3 a
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Figure 4.3: Dielectric relaxation behavior of neat SHS: (a) 3D dielectric ε″der
spectrum; (b) Arrhenius plot; (c) High temperature frequency plane spectra of the α
relaxation; (d) Low temperature frequency plane spectra of the βS1 and βS2 processes.
Solid lines are only to guide the eyes.

Generally, due to the enhanced thermal energy with increasing temperature, ∆ε of
a cooperative segmental relaxation decreases due to decreased cooperativity, while ∆ε of
a non-cooperative local relaxation increases because of increased dipole fluctuation angle
and the fraction of mobile groups.8 Thus the change in ∆ε with temperature can be a
useful tool for indicating the extent of cooperativity of a particular relaxation. The fact
that ∆ε(βS1) is almost insensitive to temperature (Figure 4.3d) suggests that the βS1
process is more cooperative than typical local processes.

69
de la Rosa, et al. have recently undertaken studies on the secondary relaxations of
poly(vinyl alcohol), poly(allyl alcohol) (PAA) and polysaccharides using both
experiments and modeling.9 They observed a slightly cooperative secondary relaxation,
as well as a non-cooperative one, for PAA and polysaccharides. Considering the simple
chemical structure of PAA, the slight cooperativity is likely associated with hydroxyl
groups that participate in hydrogen bonds with neighboring units. Analogously, we
associate the βs1 and βs2 processes in SHS with hydroxystyrene units that are hydrogen
bonded (self-associated in neat SHS) and unassociated, respectively. Both species are
shown to be present in significant amounts in FTIR spectra.

4.2.1.3.2 Segmental α Process
a. VFT Fitting and Time-Temperature-Superposition

As noted earlier, for certain compositions of PVPh/PVEE blends, intermolecular
hydrogen bonding was found to be capable of coupling the segmental relaxations of the
component polymers, having much different Tgs. Large Tg contrast and intermolecular
hydrogen bonding also characterize the SHS/PEO system, and PEO and PVEE have
some similarities in repeat unit structure. In fact, it is plausible that hydrogen bonding is
the principle factor determining the segmental relaxation of SHS/PEO blends. Figure 4.4
displays the f-T locations of the segmental relaxation process of SHS, the αb process of
the blends, and the fit of the data with the Vogel – Fulcher - Tammann expression, which
has been introduced in Chapter 1 (equation 1.24).
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Figure 4.4: Arrhenius plot for blends with 60 - 100 wt% SHS: Gray triangles – SHS; Open
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through the data for the α processes are the fits of the VFT expression. Filled symbols are
the data for the α′ process for S80 and S90.
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Table 4.1: VFT fitting parameters and fragilities for SHS and the amorphous blends

S60

S70

S80

S90

SHS

2260

2320

2290

2320

1710

T0 (°C)

-37

-8

7

38

96

T(100s) (°C)

25

55

70

101

143

m (100s)

78

84

88

95

142

Tg (onset)

20

57

84

109

145

B (K)

Previously Kovacs pointed out the equivalence of the WLF and VFT equations
and found that10
C2=Tg-T0

4.1

2.303C1C2=B

4.2

where C1 and C2 are the constants in WLF equation (C1 equals ~16 for most polymers,
when Tg is taken as the reference temperature), and B and T0 are the parameters in VFT
equation (Equation 1.24).
Combined equations 4.1 and 4.2 with VFT equation [Replacing f with 1/(2πτ)],
Angell11 deduced that

τ (Tg )
)
τ0

C1 (Tg ) = log(

4.3
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Angell12 reported that the temperature at which the relaxation time for the
fundamental enthalpic relaxation process reaches 100 s is close to the Tg obtained from a
standard scanning measurement, specifically the temperature at which the heat capacity
jump characteristic of the glass transition commences at a heating rate of 10 °C/min.
Thus, when fixing C1 as 16 and τ (Tg ) as 100 s, one obtains τ0 ~ 10-14 s, the phonon-like
value. This τ0 (f0 = 1/2πτ0) was used in the VFT fitting. Tref(100 s) (i.e., the temperature at
which τ reaches 100 s) derived from the VFT fitting of the DRS data (Table 4.1) is in fact
near the DSC onset Tg. In addition, the difference between T0 and T(100s) is about 60 °C
and 50 °C for the blends and neat SHS, respectively, which is in agreement with the usual
expectations.
The loss data (αb for the blends, and αs for neat SHS) at different temperatures
can be shifted to form a normalized master curve, i.e., the TTS principle is valid for SHS
and the blends. Data for the S70 blend and SHS are provided as examples in Figure 4.5.
The normalized data at different compositions are compared at 45 °C + T(100s) in
Figure 4.5c. The width of the segmental relaxation gradually narrows with increasing
SHS content, in agreement with the findings of the DSC experiments.
b. Fragility

Fragility is a measure of the rapidity with which a material changes its mean
relaxation time in the vicinity of Tg, and it is used extensively to classify glass formers.13
The dynamic fragility, m, is widely used and is defined:

73
m=

d log τ max
T = Tg
d (Tg / T )

4.4

where Tg is taken as the temperature when dielectric relaxation time reaches 100 s.
Replacing f with 1/(2πτ) and taking the first derivative of the VFT expression, one
obtains:
B

m=

Tg ∗ ln 10 ∗ (1 −

T0 2
)
Tg

4.5

The VFT fit parameters and calculated values of the dynamic fragility m are listed
in Table 4.1.
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Figure 4.5: Master curves for the α process of a) S70 and b) neat SHS; c)
Normalized loss curves for the various blends and SHS at Tg + 45 °C.
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There have only been a modest number of reports concerning the effect of
hydrogen bonding on polymer fragilities. Fragilities for random copolymers of styrene
and hydroxystyrene have been reported to be independent of copolymer composition up
to 18 mol% hydroxystyrene.7 The fragility calculated from the experimental data for the
SHS copolymer (142) is therefore reasonable in comparison to that determined for PS
with comparable Mw (140).14 The blend fragility increases rather significantly with
increasing SHS content (Table 4.1), in accordance with previous results on PVPh blends
with poly(methyl acrylate),15 poly(vinyl ethyl ether),16 poly(vinyl acetate) and
poly(ethylene-co-vinylacetate).17
It has been concluded previously that the backbones of strong glass formers are
smooth, compact, symmetric and flexible, and polymers with less flexible backbones
and/or sterically-hindering groups exhibit high fragility.18 PEO and SHS fit these criteria
of strong and fragile glass formers, respectively. The blend fragility should, of course,
reflect the characteristics of the blend segments. Santangelo, et al. proposed that the
relaxation of a segment depends on the constraints of the neighboring segments.19 This
idea was used later to explain the fragilities of various homopolymers, and free volume
considerations were proposed to be unnecessary.20 Typical values of the length scale of
cooperativity for polymers at Tg are ~3 nm.21 Therefore in a binary polymer blend, during
the cooperative segmental process, the coupled bond rotations within several connected
repeat units of one polymer chain must be affected by the surrounding units, which are
not necessarily from the same chain or even the same component, particularly when there
is intermolecular hydrogen bonding. This idea is supported by previous reports that
amorphous PVPh/PEO mixtures are homogeneous on a scale of 2 – 3 nm at 37 °C22 and
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the molecular motions of PVPh and PEO affect each other strongly.23 Therefore, with
increasing SHS content, both components combine to establish the characteristics of the
segmental relaxation, resulting in a fragility closer to that of neat SHS at higher SHS
blend compositions.

Figure 4.6: 3D dielectric ε″der spectrum for the S90 blend.

4.2.1.3.3 The α′ Process

For the 80% and 90% SHS blends a process emerges between the sub-glass and
αb relaxations, which is termed the α′ process (see Figures 4.4 and 4.6). Its relaxation
frequency/temperature behavior is Arrhenius-like (see Figure 4.4) with an activation
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energy for S80 and S90 of ~90 kJ/mol, somewhat higher than typical Ea of general
secondary relaxations (20 – 50 kJ/mol8). The relaxation strength of the α′ process clearly
decreases with increasing temperature for the S80 blend (Figure 4.7a) but becomes
almost insensitive to temperature for S90 (Figure 4.7b), suggesting reduced cooperativity
on going from the S80 to S90 blend. Although the α′ relaxation has an activation energy
only a bit higher than a typical secondary process, unlike a local process, it shifts to
higher temperatures with increasing SHS content, like the αb relaxation. Similar unique
relaxation behavior has been observed in other globally miscible blends, e.g. in
SHS/PVEE24 and PVPh/PVME25 blends, at high concentrations of SHS and PVPh,
respectively.
It may at first be expected that the concentration distributions of relaxing species
in blends with strong intermolecular interactions are unimodal and distributed rather
narrowly around the mean composition. However, the number of hydrogen bonds is
strongly affected by chain connectivity and the spacing of functional groups, which
effectively reduces the intermolecular hydrogen bonding contribution to the free energy
of mixing.26 The local SHS self-concentration can be enhanced further by intramolecular
hydrogen bonding between –OH groups. With the parameters in Table 4.2 and using the
procedure described in ref 27, it is estimated that in the S90 blend at 60 °C, about 29% of
SHS –OH groups are intermolecularly hydrogen bonded, while ~52% are
intramolecularly hydrogen bonded.
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Figure 4.7: Frequency plane dielectric loss spectra of the α′ relaxation in: a) S90 and b)
S80. Solid lines are only to guide the eyes.
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Table 4.2: Parameters used to calculate intermolecular hydrogen bond fractions

Equilibrium constants of hydrogen
bond formation at 25 °Cd
KB
KA
K2

Molar volume
(cm3/mol)

Solubility
parameter
(cal/cm-3)0.5

Structural unit
molecular
weight (g/mol)

SHSb

208

10.2

240

9.4

29.8

39.3

PEOc

38.1

9.4

44.1

---

---

---

a. The intramolecular screening factor was set to 0.3 in all calculations.
b. For calculation of molar volume and unit molecular weight, the SHS structural unit was
considered to contain one hydroxystyrene unit and the appropriate number of styrene units
based on copolymer composition. The molar volume and solubility parameter of SHS were
obtained using the volume average of those of polystyrene and PVPh. The PVPh data used
were those in ref 28 and the PS data were calculated in the same manner as PEO (see note c).
c. The PEO molar volume and solubility parameter were calculated using a group contribution
method, and the data from the Penn State Data Bank.
d. Equilibrium constants: K2: - for SHS intramolecular dimer formation; KB: for SHS
intramolecular multimer formation; KA: for the intermolecular hydrogen bonding between
PEO and SHS. Corresponding enthalpy of hydrogen bond formation: h2 = -5.60, hB = -5.20,
and hA = -5.4 kcal/mol.
Note: According to van’t Hoff relationship, d(ln K)/d(1/T)=-h/R, the temperature dependence of
the equilibrium constant is proportional to the enthalpy, but the absolute value of K is not
directly proportional to h. Therefore, although the h values above are comparable, but the K
values are rather different.

80
In addition, repulsion between styrene units in SHS and PEO segments is
expected, considering the large-scale phase separation observed in blends of PS and
PEO.29 All of these factors contribute to a broadened distribution of segmental relaxation
times in these blends.
In light of the very different intrinsic mobilities of the two components, as
reflected by their large Tg difference (~205 °C), and with reference to the different
characteristic temperature dependences of PVPh and PEO in blends as observed in NMR
experiments,23 it is proposed that PEO-rich local environments relax at temperatures
below the global blend Tg, i.e., give rise to the α′ process. SHS segments in the vicinity
of relaxing PEO segments are unlikely to be able to follow the relaxation since the
number of the latter is too low to modify the rigid local SHS environment until the blend
Tg is reached. The sequence length of PEO repeat units participating in the α′ process is
limited since some are hydrogen bonded to hydroxystyrene repeats. Based on the FTIR
spectrum and the procedure described above, we estimate that about 48% of PEO ether
groups are hydrogen bonded in the S90 blend at 60 °C. There will be a sequence length
distribution for the remaining unassociated repeat units, but the overall length scale will
be small, perhaps roughly on the order of 1 nm. Based on the view that the typical size of
a cooperative rearranging region is ~3 nm at Tg,21 these unassociated PEO units can only
relax in a non-cooperative way. In addition, the participating PEO repeat units are under
confinement by neighboring SHS segments that are still immobile at this relatively low
temperature. As SHS content increases, there is a greater probability for hydrogen
bonding to the PEO –O–, decreasing the probability of organizing a sufficient number of

81
unassociated PEO repeat units in order to observe an α′ relaxation, until the hydrogen
bonded fraction decreases sufficiently at higher temperatures. This is in keeping with the
shift of the α′ process to higher temperatures in the 90% SHS blend, together with the αb
relaxation.
The most prominent feature of the α′ process is the reduced cooperativity, as
deduced from the activation energy and temperature dependence of the relaxation
strength. The behavior of the α′ process is reminiscent of recent findings of polymer
dynamics in polymer nanocomposites and ultrathin polymer films. For example, it has
been reported that for a 1.5 - 2.0 nm layer of polymethylphenylsiloxane (PMPS)
sandwiched between parallel silicate layers, the normal PMPS segmental relaxation is
replaced by a faster process with reduced cooperativity.30 It has been proposed that two
effects can reduce the cooperativity of the segmental relaxation in ultrathin polymer
layers.31 One is chain orientation induced parallel to the surface when the layer thickness
is smaller than the end-to-end distance of the polymer chains. The other is a finite-size
effect: if the scale of the confinement is smaller than the CRR, normal cooperative
segmental relaxations will be limited and a modified fast process emerges, which
probably involves fewer repeat units and is less cooperative than normal segmental
processes.
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4.2.2 Semi-crystalline Blends

4.2.2.1 DSC

Figure 4.8 shows the DSC curves of SHS/PEO blends containing 0 - 40 wt% SHS,
all of which exhibit PEO crystallite melting peaks but no well-defined glass transitions in
the experimental temperature range. The S50 sample (not shown) did not exhibit either a
melting peak or a discernable change in heat capacity associated with Tg. Overall degrees
of crystallinity (Xc) and crystallinities based on the wt% of PEO in the blends are
summarized in Table 4.3. The former decreases with increasing SHS concentration, at
least partly as a result of dilution. In addition, the crystallization rate of PEO in SHS/PEO
blends is slowed significantly, particularly at higher SHS contents,5 and can also play a
role in limiting crystallinity development. Crystallization was conducted on relatively
slow cooling from the melt. Through 20% SHS content, the PEO-based crystallinity
remains high (at ~70%, see Table 4.3) and close to that of the unblended PEO. Starting at
30 wt% SHS however, the PEO crystallinity drops rapidly to zero in the 50% SHS blend,
for the crystallization conditions used here. Such behavior is commonly observed for
miscible mixtures of low Tg crystalline polymers (Tg,(PEO) ~ –55 °C) with amorphous
polymer glasses. e.g. 32
The amorphous phase composition is of course not the same as the overall blend
composition due to PEO crystallinity, and the second row from bottom in Table 4.3 lists
the SHS concentration in the amorphous phase, which increases with increasing SHS
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content until reaching 20% overall SHS composition, then remains approximately
constant near 50% SHS until all crystallinity is lost.

Table 4.3: Degrees of crystallinity and fraction of PEO and SHS in the
amorphous phase
SHS wt%

0

5

10

15

20

30

40

Xc (wt%)

79

68

63

60

56

40

11

Crystallinity based on PEO fraction (%)

79

72

70

71

70

57

18

Wt% amorphous PEO

21

27

27

25

24

30

49

SHS fraction in amorphous phase (%)

-

16

27

37

45

50

45

Estimated Tg of amorphous phase*

-55

-37

-22

-7

6

15

6

* Estimated using the Fox equation33 with PEO and SHS Tgs of –55 °C and 150 °C,
respectively.
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Figure 4.8: DSC thermograms of semi-crystalline blends containing 0 - 40 wt% SHS.
From top to bottom: PEO, S5, S10, S15, S20, S30, S40.
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4.2.2.2 FTIR

Absorbance

SHS
S50
S30
S10
S5
PEO
3650

3550

3450

3350

3250

-1

3150

3050

Wavenumber (cm )

Figure 4.9: Room temperature FTIR spectra of selected PEO and SHS blends from 3050 –
3700 cm-1. Note: S50 blend is non-crystalline, but its spectrum is included here to link with
the FTIR results of amorphous blends.
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Figure 4.10: Calculated bulk- based hydrogen bonded (HB) fractions as a function of
blend composition (for non-crystalline region only and amorphous blends). Curve 1 fraction of SHS intermolecularly hydrogen bonded with PEO; Curve 2 - fraction of
intramolcularly hydrogen bonded SHS; Curve 3 - fraction of ‘free’ –OH.
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In the FTIR spectra (Figure 4.9), for the S5 blend, a broad and weak absorbance
appears at ~3200 cm-1, and becomes more well defined as SHS content increases to 10%.
This peak is predominately associated with the SHS –OH groups intermolecular
hydrogen bonded with PEO ether oxygen atoms. Intramolecularly hydrogen bonded SHS
–OH absorb at 3390 cm-1. This again is in keeping with previous studies and indicates
that these intermolecular hydrogen bonded associations are stronger than SHS hydroxyl
self-association.1
The absorbance in the –OH stretching region in Figure 4.9 is increasingly
influenced by intramolecular hydrogen bonding with increasing SHS content, but the
change in peak position is relatively small compared to that of amorphous PEO/SHS
blends with SHS content >70% (Figure 4.2). Using the same procedure and parameters as
used in the previous section on amorphous SHS/PEO blends, the weight fraction of SHS
units in the non-crystalline phase that are intermolecularly hydrogen bonded with PEO,
intramolecularly hydrogen bonded with other HS units, and in the unassociated state, are
calculated as a function of blend composition. It is assumed to a first order approximation
that amorphous PEO segments are mixed more or less uniformly with the SHS. The
results of these calculations are summarized in Figure 4.10. Note that the different
hydrogen bonded SHS fractions plotted, and the composition on the x-axis, are associated
with the segments in the non-crystalline phase. The intramolecular hydrogen bond
fraction increases regularly with SHS content, while intermolecular hydrogen bonding
exhibits a maximum near ~70% SHS. At this composition, the intermolecular hydrogen
bonded fraction begins to drop sharply and the number of free –OH begins to increase
significantly. This agrees well with the above observations for amorphous SHS/PEO
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blends, in that the free SHS –OH FTIR absorption emerges at ~70 wt% SHS and the
intermolecular hydrogen boned –OH absorption shifts significantly to higher wavemuber
(due to rapidly decreasing inter-/intra- molecular hydrogen bonding ratio) above 70 wt%
SHS.

4.2.2.3 DRS

Figure 4.11 a
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Figure 4.11 b

Figure 4.11 c
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Figure 4.11 d

Figure 4.11: 3D dielectric ε″der spectra: (a) PEO; (b) S5; (c) S10; (d) S15 blends. Data for
PEO, S5 and S15 ranges from 25 to –140 °C, and for S10 ranges from 17.5 to –140 °C.
As seen in Figure 4.11b, a well-defined process (which is termed βb) occurs at
relatively high temperatures and frequencies in the 3D spectrum of the S5 blend. A plot
of the peak frequency vs. temperature (see Figure 4.12, open circles at high temperature
(low T-1)) demonstrates that the βb process is highly temperature sensitive and displays
VFT behavior. Thus it is assigned to the segmental relaxation in the mixed amorphous
phase. With the involvement of SHS segments (~16% of the amorphous phase in the S5
blend), the βb process is naturally located at higher temperatures than the β process of
neat PEO (compare data in Figure 4.12). The 3D DRS spectrum of the S5 blend (Figure
4.11b) maintains the general characteristics of that of neat PEO (Figure 4.11a), except

that all dispersions become significantly broader. The broadening of the CSR process of
the S5 blend compared to that of neat PEO is more clearly seen (qualitatively) by
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comparing their 2D isochronal DRS spectra in Figure 4.13.
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Figure 4.12: Arrhenius plot of the peak frequency-temperature for various relaxations in semicrystalline blends, compared with those of the component polymers. Filled labels - Neat
components (triangle – SHS, circle - PEO); Unfilled symbols - Blends (circle – S5, diamond S15, triangle – S30, square – S40).
Previously, despite strong intermolecular coupling, two segmental relaxations
have been observed for globally miscible amorphous blends of poly(vinyl ethyl ether)
[PVEE] with poly(vinyl phenol) with < 30 wt% PVPh, due to a simple hydrogen bonding
stoichiometric effect.16 The slower of these two processes arises from hydrogen bonded
PVPh and PVEE segments and the faster from ‘free’ (unassociated) PVEE segments. A
similar stoichiometric effect was also observed for amorphous PVEE/SHS blends, as
described earlier in this chapter.24 In light of the similarity between the chemical
structures of PVEE and PEO, it is reasonable therefore to propose that at least part of the
increased breadth of the βb process in SHS/PEO blends at low SHS content arises from
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the existence two cooperative segmental relaxation (CSR) processes. In addition, SHS
significantly reduces the crystallization rate of PEO in the blends, permitting the
diffusion of SHS molecules away from the crystal growth front, over relatively large
length scales.5 This can result in a rather heterogeneous spatial distribution of the
amorphous segments (from interlamellar to interfibrillar environments), and can also
contribute to broadening of the βb relaxation.
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Figure 4.13: Isochronal DRS spectra of neat PEO and the S5 blend at 1.2 × 104 Hz.
The βb process gradually shifts to higher temperatures and broadens upon
increasing SHS content from 5 to 10% (Figures 4.11 b and c). Based on the estimated Tg
of the amorphous portion of the S15 blend (see Table 4.3), its βb relaxation is expected to
reside in the experimental frequency-temperature range (Figure 4.11d). However,
following the behavior of the S5 and S10 blends, its βb relaxation is expected to be quite

92
broad and, moreover, it is dominated by large low frequency losses, which likely arise
from electrode polarization. Therefore the βb is only just discernable in the spectrum of
the S15 blend,
Finally, the γ′PEO process of neat PEO (Figure 4.11a) essentially disappears in the
DRS spectrum of the S5 blend, and this region of the spectra is progressively dominated
by the local βS1 relaxation for blends with 10 wt% SHS and above (see below). It is
conceivable that the diffuse nature of the γ′PEO process after addition of only 5 wt% SHS
is associated with penetration of SHS into the PEO order – disorder interphase, as
predicted when strong intermolecular associations exist.34

4.2.3 Overall Relaxation Behavior

4.2.3.1 βS1 Relaxation

A dispersion gradually develops in the vicinity of SHS local βS1 relaxation and
becomes well defined at 15% SHS (Figure 4.11d). In light of the gradual loss of PEO-like
spectral characteristics and the simultaneous development of characteristics associated
with SHS, it is reasonable to conclude that this dispersion has a similar origin as that of
the local βS1 process in neat SHS, and therefore is labeled as βS1 in Figures 4.11c and d.
In the f-T-1 plot in Figure 4.12, only βS1 data for neat SHS, S15, S30 and S40 blends are
presented for clarity. Although the βb and βS1 processes are evident in the 3D DRS
spectrum of the S10 blend (Figure 4.11c), it is difficult to define reliable peak f-T
locations, and S10 data points are therefore not provided in Figure 4.12.
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Figure 4.14: Low temperature dielectric loss spectra of the S40 blend.

As seen in Figure 4.12, the slope of the βS1 f-T-1 data gradually decreases with
increasing SHS content, i.e., the apparent activation energy decreases. Ea(βS1) decreases
monotonically from ~85 to 55 kJ/mol upon increasing SHS content from 15 to 100%.
This is consistent with weaker SHS intramolecular self-association dominant at higher
SHS content, compared with stronger intermolecular hydrogen bonding between SHS
and PEO which dominates at higher PEO contents. Changes in the f-T locations of local
processes with blend composition are not often observed, but similar findings have been
reported for semi-crystalline poly(vinylidene fluoride) [PVDF] – poly(methyl
methacrylate) blends, in which the PVDF local relaxation clearly shifts with composition
and the local PMMA β process also shifts, but to a lesser extent.35
The activation energy of the βS1 process (~55 - 85 kJ/mol) is higher than those of
typical local relaxations (20 - 50 kJ/mol8) but well below the apparent Ea of typical

7
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segmental processes. The relaxation strength of non-cooperative local processes increase
with increasing temperature, due to increased dipole fluctuation angle and fraction of
mobile groups. This is precisely what is found for the local γb processes of the blends (see
Figure 4.14). In contrast, the strength of the βS1 relaxation is nearly insensitive to
temperature (although the apparent peak loss increases as it begins to overlap with the γb
process at higher temperatures). Both observations indicate that the βS1 process is more
cooperative than typical local processes. For neat SHS, due to the larger separation
between the f-T locations of the segmental and βS1 processes, the influence of the former
on the low frequency side of the latter is negligible. (Figure 4.3d) Consequently, in neat
SHS the temperature insensitivity of the βS1 relaxation strength is more convincingly
demonstrated.

4.2.3.2 γb Relaxation

All blend DRS spectra exhibit a low temperature, high-frequency relaxation (γb,
see Figure 4.12) near the γPEO (filled circles) and SHS βS2 processes (filled triangles) of
the neat components. The f-T locations of the γb process in the various crystalline and
non-crystalline PEO/SHS blends are the same within experimental error, and are closer in
shape and location to γPEO than to the SHS βS2 process.
For semi-crystalline blends, the isothermal dielectric loss spectra at –125 °C were
fit with a Havriliak - Negami (HN) function (equation 1.23) and a dc loss contribution
(equation 2.2): making the reasonable simplification that the γb process is symmetrical8
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(HN shape parameter b = 1), the parameter a is found to be ~0.31 for all blends. ∆ε(γb)
gradually increases with increasing SHS content (from 0.13 for PEO to 0.27 for the S40
blend), in keeping with the reduction in overall degree of crystallinity.

4.2.4 Summary
a. Amorphous Blends

The calculated fragility of the 50/50 SHS copolymer was found to be near that of
unmodified polystyrene, suggesting that intramolecular hydrogen bonding has little affect
on fragility. Two local relaxations are observed in SHS at low temperatures and assigned
to unassociated and hydrogen bonded hydroxystyrene units, respectively.
Despite the large Tg difference between PEO and SHS, a single dominant
segmental relaxation is observed for blends with SHS concentration ≥ 60%,
demonstrating the coupling ability of intermolecular hydrogen bonds. The dielectric
cooperative segemental processes of all of the amorphous blends are fit well by the VFT
equation, and the temperature at which the relaxation time reaches 100 s is close to the
onset of the heat capacity increase at Tg. In agreement with previous results on other
blends exhibiting intermolecular hydrogen bonding, blend fragility gradually increases
with increasing SHS content.
An additional fast process is observed in the spectra of blends containing 80 and
90 wt% SHS. The evidence supports its assignment to non-cooperative segmental
relaxation of PEO repeat units. This process has some similarities (i.e., non-cooperativity
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and rigid local environment) to the modified segmental relaxation observed for polymers
in ultrathin films and layered silicate nanocomposites.
b. Semi-crystalline Blends

Melt-miscible SHS/PEO blends containing up to 40 wt% SHS are semi-crystalline
under the crystallization conditions used in the present study. Through 20% SHS content,
the PEO-normalized crystallinity remains close to that of neat PEO, but decreases rapidly
with further increase in SHS content and reaches zero at ~50% SHS. SHS concentration
in the amorphous phase increases with increasing SHS content until the overall blend
composition reaches ~20% SHS, then remains approximately constant near ~50% SHS
until all crystallinity is lost.
The DRS cooperative segmental relaxation associated with the amorphous phase
of the blends gradually shifts to higher temperatures and broadens with increasing SHS
content, becoming unobservable in the spectra of semi-crystalline blends with SHS
concentration >15%. Its broadening is considered to arise from two factors: the presence
of two segmental processes due to hydrogen bonding stoichiometric effects, and
heterogeneous spatial distribution of amorphous segments. 5
c. Overall Relaxation Behavior

The apparent activation energy of the βS1 process in SHS and the blends (both
crystalline and amorphous) decreases monotonically from ~85 to 55 kJ/mol upon
increasing SHS content from 15% to 100%. This is consistent with the different strengths
of the inter- and intramolecular hydrogen bonds, the fractions of which change with
amorphous phase composition. The activation energy of the βS1 process is higher than
those of typical local relaxations and its relaxation strength is almost insensitive to
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temperature. These observations suggest that this process has more cooperative character
than typical local relaxations.
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Chapter 5
Blends of Poly(methyl methacrylate) and Poly(ethylene oxide)

5.1 Introduction

It has been reported that relatively high molecular weight PMMA/PEO blends
have a small negative Flory-Huggins interaction parameter, χ, and these mixtures have
been proposed to be miscible across the entire composition range in the melt and in the
amorphous portion of semi-crystalline blends.1 A lower critical solution temperature
(LCST) of ~350 °C has been predicted for atactic PMMA/PEO blends having Mw (g/mol)
of 1.3 × 105 and 2.0 × 104, respectively.2 However, a variety of experimental findings
deviating from intimate mixing below a LCST have been reported. Solid-state nuclear
magnetic resonance (NMR) has been used to investigate the heterogeneity of
PMMA/PEO blends (with Mw = 9 × 104 and 2 × 105 g/mol, respectively, in refs 3 and 4,
and 3 × 106 and 5 × 106 g/mol, respectively, in ref 5) containing 10% and 18% PEO at
room temperature. The size of the heterogeneous domains was estimated to be between
~2 nm and ~50 nm from proton spin-lattice relaxation times in the rotating frame
(T1ρ(1H)) and the laboratory reference frame (T1(1H)), respectively.3 Based on the
chemical shift and band width of
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Xe absorbed in these blends, the heterogeneity was

estimated to be on a scale of ~40 nm.4 For a 80/20 PMMA/PEO blend (Mw = 1.17 × 105
and 2 × 104 g/mol, respectively), the blend composition was calculated from the NMR
T1ρ(1H) decay and free induction decay at room temperature.6 The difference between the
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calculated composition from NMR and the known bulk composition suggested the
presence of ~5 wt% phase separated PEO in addition to a mixed amorphous phase. These
authors postulated that the phase separated PEO arose from constrained and crystalline
units, but no PEO crystallinity was detected by DSC.
Infrared dichroism and birefringence measurements, combined with rheometry,
demonstrated that in PMMA-rich blends the two components have distinct relaxation
times and temperature dependences.7 Based on measurements of χ (derived from small
angle neutron scattering experiments) it was concluded that an upper critical solution
temperature (UCST) occurs near ~320 – 350 K for amorphous PMMA/PEO blends with
Mw ~ 105 g/mol for both components and PEO volume fractions of 0.1 - 0.27.8 These
authors argued that their results differ from those reported earlier1 since the earlier studies
did not take into consideration the effect of deuteration on the measured χ’s.
In this chapter broadband dielectric spectroscopy is used to probe the local
environments of amorphous blends of atactic PMMA and PEO. Particular attention is
paid to the effects of room temperature aging on the observed heterogeneity.
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5.2 Results and Discussion

Figure 5.1 a

Figure 5.1 b
Figure 5.1: 3D DRS spectrum of unaged M90 blend. (a) High temperatures; (b) Low
temperatures.
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5.2.1 DRS

PMMA exhibits a segmental α relaxation and a local β process, and the latter is
much stronger than the former in dielectric spectra of atactic and syndiotactic PMMA.9
The dielectric relaxations in semicrystalline PEO have been studied in Chapter 3.
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Figure 5.2: Peak frequency vs T-1 for the DRS relaxations in unaged blends compared with those
of the neat components. Note: The α′ process is not included in this figure for clarity. Symbols:
(1) Components (filled symbols): triangles – PMMA; circles – PEO. (2) Blends (unfilled
symbols): diamonds – M90; circles – M85; triangles – M80.

Figure 5.1 displays the 3D DRS spectrum of an unaged M90 blend. Visualizing
the dielectric loss data in ε″der form (defined in equation 2.7) permits the cooperative
segmental relaxation of the blend, αb, to be clearly observed (although it is mostly
masked in the ε″ spectrum10), as well as the local PMMA β and PEO γ relaxations and a

8
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merged αb + βPMMA process (denoted as αβ; see also Figure 5.2). An additional
relaxation, labeled as α′ (Figure 5.1), is located at temperatures above the αb process.
Discussion of its origin is presented at the end of this section.

Figure 5.3: 3D DRS spectrum of M80 aged for one day at room temperature.
Figure 5.3 displays the 3D DRS spectrum of an M80 blend aged 1 day at 25 °C
(then measured at gradually increasing temperatures). A relaxation (labeled β′) appears
between the PMMA β and PEO γ relaxations, and also becomes evident in the spectra of
the other blends after aging (the f-T locations are plotted in Figure 5.4). There is also a
hint of this process in the spectra of unaged blends at nearly the same f-T location as the
aged mixtures, but overlap with the high frequency side of the PMMA β process (along
with its low magnitude) makes it difficult to resolve and so f-T locations are not provided
for unaged blends in Figure 5.4. Note that βPEO is not observed in the blends, and data for
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this neat PEO process are plotted in Figure 5.4 only to facilitate later discussion. The
origin of the β′ process will be discussed below, after presentation of DSC and WAXD
results.
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Figure 5.4: Peak frequency vs T-1 for of the DRS relaxations in aged blends compared with those
of the neat components. NMR data from ref 28 have also been added to the plot for comparison
purposes. Data for the α′ process are not included for clarity. Symbols: (1) Components (filled
symbols): triangles – PMMA; circles – PEO. (2) Aged blends (unfilled symbols): diamonds –
M90; circles – M85; triangles – M80. Solid lines are data for the PEO segmental relaxation from
ref 28. From top to bottom: neat PEO, PMMA/PEO blend having 20% PEO. Dashed lines are
only to guide the eyes.
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Figure 5.5: Peak frequency vs T-1 for the DRS α and αβ processes, and comparison of the DRS
α relaxation with the DSC Tg. Symbols: (1) DRS data: crosses – PMMA. Blends (unaged
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For all of the blends investigated here, the PEO γ relaxation is observed and its fT location remains essentially invariant with blend composition, but appears at higher
frequencies than the γ process of neat PEO (see Figures 5.2 and 5.4). This suggests
weaker local constraints for the γ relaxation in amorphous blends than in semi-crystalline
PEO. In Figure 5.5, the αb and αβ processes are observed to shift to lower temperatures
with increasing PEO content, as anticipated for a transition associated with a mixed noncrystalline phase. For unaged blends, the α′ dispersion obscures a significant portion of
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the M85 αb relaxation, and completely masks the αb process of the M80 blend (Figure
5.2). For aged blends, the αb relaxation cannot be resolved even in the spectra of M85

due to the large α′ process (Figure 5.4).

Figure 5.6: DSC thermograms in the vicinity of Tg. From top to bottom: PMMA,
M90, M85, M80, M70.

5.2.2 DSC

It is seen in Figure 5.6 that blends with ≥ 80% PMMA exhibit a single Tg, which
moves to lower temperatures with increasing PEO content, suggesting miscibility on a
length scale of ~10 nm for these mixtures. However, the thermogram of the M70 blend
exhibits what appears to be two Tgs including a lower Tg near -30 °C. Similar behavior
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has been reported previously for PMMA/PEO blends having 25 - 50% PEO.11 For all
blends, the breadths of the Tg intervals are much broader than that of neat PMMA, and
upon aging at room temperature an endotherm appears (close to the melting temperature
(Tm) of PEO crystallites), which shifts to higher temperatures with increasing aging time
(Figure 5.7). As demonstrated later, this endotherm does not originate from PEO crystal
melting, but from physical aging at room temperature of the glassy blends.
Multiple Tgs were not observed for either the M90 or M80 blends up to an aging
time of almost 6 months, demonstrating that blends with PMMA composition ≥ 80 wt%
are in the one-phase region of the phase diagram, at least for polymers of the molecular
weight used in the present study. Therefore, it is not suitable to argue that phase
separation is the origin of the nanoheterogeneities in this composition range as detected
previously by solid-state NMR experiments. The M70 blend, however, appears to be in
the two phase region of its blend phase diagram, in keeping with the existence of a UCST
whose phase boundary passes through room temperature at a composition between 20
and 30% PEO.
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Figure 5.7 a

Figure 5.7 b
Figure 5.7: DSC thermograms illustrating the influence of room temperature aging.
The aging time at room temperature for the blends, from top to bottom are: (a) M90:
5.5 months, 2 days, 1 day, 0; (b) M80: 5.7 months, 7 days, 2 days, 1 day, 9 hrs, 0.
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Considering that Tg has been proposed to correspond to a relaxation time of about
100 s,12 the DSC onset Tg is reached by extrapolating the f-T locations of the DRS α
process of neat PMMA (Figure 5.5), similar to our previous observations for other neat
polymers and certain polymer blends.13,14 For the M90 and M85 blends, however, the
temperature at which the dielectric αb relaxation time reaches 100 s is instead closer to
the DSC midpoint Tg.

5.2.3 WAXD

PMMA/PEO blends with high PEO content exhibit two strong crystalline x-ray
reflections at the same 2θ (~20° and ~24°) as neat PEO.15 However, these reflections are
absent in the diffraction pattern of M80 blends aged for 1 and 11 days – only an
amorphous halo is observed (Figure 5.8), despite the existence of a DSC endotherm near
Tm(PEO) for aged blends. Even for a phase separated M70 blend aged at room
temperature for 6 months, the diffraction pattern exhibits still only an amorphous halo
(Figure 5.8).
Since no cold crystallization occurs on heating above room temperature, the
observed endotherms clearly do not originate from the melting of PEO crystallites.
However, this behavior is completely consistent with the expectations of physical aging
below the blend Tg. Physical aging of polymer glasses has been studied widely,e.g.16 but
aging of glassy polymer blends has been investigated less frequently.17,18 In an early
investigation of a 50/50 wt% polystyrene/ poly(vinyl methyl ether) blend, aged at
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temperatures near the blend onset Tg, evidence suggested that PVME ages independently
of PS and is responsible for essentially all of the aging effects measured.18

M80 aged 1day

Intensity

M80 aged 11days
M70 aged 6.7-months
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2θ (degree)

25
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35

Figure 5.8: WAXD results for aged samples.

5.2.4 Origin of the β′ Process

First, the possibility of trace water as the origin of the β′ process in blends can be
ruled out. No such relaxation of water was observed in the spectra of our neat PMMA,
which was subjected to the same high temperature processing, storage, and experimental
conditions as the blend samples. In addition, for PEO samples containing very small to
modest water contents, the water relaxation closest to the β′ process is observed at still
lower temperatures and higher frequencies.19,20
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What occurs during the aging process that leads to enhancement of the strength of
the β′ relaxation? First, it is particularly intriguing to note that the f-T locations of the β′
relaxation are essentially the same as those was observed previously (see Chapter 3) for
the relaxation in neat semi-crystalline PEO referred to as γ′ (Figure 5.4). The latter
process was assigned to a segmental relaxation, exhibiting reduced cooperativity, and
involving segments in the transition regions between the ordered crystal and disordered
non-crystalline segments.19 Clearly, such transition regions do not exist per se in the aged
blends, since no 3D crystallinity is observed, as noted above. However, it is proposed that
the β′ process is associated with regions of PEO partial order, formed to a very small
extent during initial sample preparation, but to a greater degree during physical aging. It
is also proposed that this is connected to recent models for the early stages of structure
development during polymer crystallization that have invoked the formation of a partially
ordered mesophase21 or ‘baby nuclei / smectic pearls’22 as a precursor to crystal
formation.
A dielectric transition with similar characteristics has been reported previously in
amorphous blends of PMMA and crystallizable poly(vinylidene fluoride).23 The
formation of PEO and PVDF partial order in their blends with PMMA is not unexpected
considering that there are principally kinetic restrictions to either of these polymers
crystallizing from these blends.24 Finally, recall that β′ process of the blends (and the γ′
process of neat PEO) occurs at temperatures below that of the PEO cooperative
segmental process. This has many similarities to observations for thermotropic mainchain liquid crystalline polymers, for which the segmental relaxation in the liquid
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crystalline (mesomorphic) glassy state occurs at a lower temperature than in the isotropic
amorphous glass (see reference 25 and the references listed therein).
Further support for the formation of PEO partial order on aging comes from
several studies on amorphous PEO/PMMA blends with relatively low PEO content. A 1H
NMR investigation of blends of hydrogenated PEO and deuterated PMMA demonstrated
that for blends with PEO wt% ≤ 0.5, the maximum in the spin-lattice relaxation rate was
below the blend Tg, which suggested that PEO chains dispersed in the rigid PMMA
matrix remain mobile even below the blend Tg.26 Recently it was found that the diffusion
of diethyl ether in a PEO/PMMA blend containing 20% PEO is rapid at room
temperature, with diffusion constants more typical for elastomers than for glasses.27 From
the temperature dependence of T1ρ(13C) and T1(13C) of PEO in PEO/PMMA blends with
10-18% PEO, it was estimated that the PEO relaxation at 27 °C was only slightly
increased: from 1.7 × 10-10 s for neat PEO to 4.2 × 10-10 s.3 The above evidence supports
the view that in amorphous PMMA/PEO blends at least a portion of the PEO segments
retains sufficient mobility to permit organization into regions of partial order at room
temperature.
Very recently, a 2H NMR study revealed that near the blend Tg, the segmental
relaxation of PEO is 12 orders of magnitude faster than that of PMMA in PMMA/PEO
blends (Mw (g/mol): 1.06 × 105 / 1.25 × 105) containing ≤ 30% PEO.28 The dynamics of
PEO segments are only somewhat slower in the blends than in the neat state (by about 2
order of magnitude at the lowest temperatures investigated), and PEO segmental
relaxation times were found to be essentially the same for blends with 10, 20, and 30 wt%

114
PEO. The PEO segmental relaxation frequencies from Ref 28 for neat PEO (semicrystalline) and an amorphous 20% PEO/PMMA blend are plotted together with our data
in Figure 5.4. To a first order approximation these values can be connected with the
dielectric peak frequencies of the merged β+γ relaxation of neat crystalline PEO and the
β′ process of the 20% PEO blend, respectively. This lends further support to the
assignment of the β′ process as a PEO segmental process.
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Figure 5.9: Isothermal DRS spectra for an unaged M90 blend at 160 °C.

5.2.5 Origin of the α′ Process

One possible origin of the α′ process observed at high temperatures (see Figures
5.1 and 5.3) is electrode polarization, resulting from the blocking of charges at the

interface between the sample and electrodes. However, ε′ is expected to be in the range of
102 - 106 for EP,29 which is clearly not the case as demonstrated in Figure 5.9. However,
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the large upturn in ε′ and ε″der at the lowest frequencies is likely associated with electrode
polarization, particularly since the slope increases significantly from the plot of log ε″ to
that of log ε″der vs. log f, which is a characteristic of electrode polarization.29 Conduction
losses begin to appear in the neighboring higher frequency range, where the ε′ plot is
rather flat, while the ε″ plot turns up sharply and masks the α′ relaxation. The α′ process
is observed at temperatures above the αb relaxation where a relatively homogeneous
mixed phase is expected (although as noted above, the component dynamics can be very
different). Therefore, the α′ dispersion does not likely arise from Maxwell – Wagner Sillars interfacial polarization (See Chapter 1).
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Figure 5.10: Peak frequency vs T-1 for the high temperature DRS α′ process in aged
PMMA/PEO blends. Symbols: diamonds – M90; circles – M85; triangles – M80.
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PEO is a type-A polymer with a net dipole moment along its chain contour, and
thus it is possible that the α′ dispersion may arise from a normal mode relaxation,30
which has been widely observed in analogous polyethers such as poly(propylene oxide)
(PPO).e.g.31 The α′ relaxation shifts to higher temperatures and lower frequencies with
increasing PMMA fraction (Figure 5.10). Similar results have also been observed for the
normal mode of polyisoprene in its miscible blends with poly(vinyl ethylene), which has
a higher Tg than PI.32 The normal mode relaxation time is proportional to the friction
coefficient, ζ, assuming that other parameters such as the mean square end-to-end
distance, <R2>, and Kuhn length are constant for the various blend compositions.
Therefore, the temperature-frequency shift of the normal mode relaxation may indicate an
increasing ζ with increasing content of the higher Tg component. The normal mode is
observed at temperatures higher than the segmental process, and the relaxation time of
the former was observed to be less temperature sensitive than the latter in neat PI33 and
PI/PVE blends (comparing the PI normal mode data in reference 32 with the blend
segmental relaxation data in reference 34). Consequently, the two processes crossover at
low frequencies. It is believed that the correlation length of the segmental relaxation
expands to the order of magnitude of <R2>1/2 at the crossover point.32,33
Importantly, the strength of the α′ process increases with increasing PEO content.
All of the above evidence indirectly supports the assignment of the α′ process to the PEO
normal mode. However, as noted earlier, the α′ relaxation is so strong in the spectrum of
the M80 blend that it completely obscures the segmental process. This is perplexing when
considering that the PPO normal mode is only a weak shoulder on the segmental
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process.35 Therefore, this assignment must be viewed with some caution, and needs to be
verified by additional experiments.

5.3 Summary

Visualizing the dielectric loss data in ε″der form permits the observation of the
cooperative segmental relaxation of amorphous PMMA/PEO blends, αb, which are
mostly masked in ε″ spectra. DSC data demonstrate that blends with ≥ 80% PMMA
exhibit a single Tg, while the M70 blend exhibits what appears to be two Tgs. For all
blends, the breadths of the Tg intervals are much broader than that of neat PMMA. Upon
aging the blends at room temperature, an endotherm appears close to the PEO Tm and
shifts to higher temperatures with increasing aging time. However, X-ray diffraction from
PEO crystallites is absent. These findings are readily explained by physical aging of the
glassy blends at room temperature.
A process denoted as β′ was observed in the dielectric spectra of the amorphous
blends. We present evidence from this and other studies that it is associated with regions
of PEO partial order, formed to a rather small extent during initial sample preparation,
but to a greater degree during physical aging. Finally, a dielectric dispersion was
observed at temperatures higher than that of the αb process and its tentative assignment to
a PEO normal mode relaxation was discussed.
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Chapter 6
2,6-Dihydroxy Naphthalene/Poly(vinyl ethyl ether) Mixtures

6.1 Introduction

There has been considerable research on the dynamics of polymer solutions,1,2
and small molecules have been used to probe relaxation dynamics of both other small
molecules3 and polymers.4 Linkages between these glass-forming systems are being
sought.
In the last two chapters, segmental and local dynamics of globally miscible
polymer blends have been described. In order to gain deeper insight regarding the role of
intermolecular hydrogen bonding on component dynamics, as well as the nature of the
glass transition, in this chapter the influence of introducing a compound having low
molar mass into a polyether is investigated, with the former capable of forming two
hydrogen bonds per molecule with the latter host polymer. It will be shown that excellent
‘matching’ of the cooperative segmental relaxations of the two components can be
achieved through suitable intercomponent interactions and with the absence of selfconcentration effects due to chain connectivity.
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6.2 Results and Discussion

6.2.1 DSC

Figure 6.1: DSC thermograms of thermal capacity vs. temperature for neat PVEE and
DHN/PVEE mixtures. Heating rate is 10 °C/min.

Neat DHN does not display a visible glass transition below its melting point (222
°C), even in a rapidly quenched sample. Nevertheless, DHN in mixtures with PVEE
shows no signs of crystal melting and is consequently concluded to be in the amorphous
state. Generally, for glass formers, the ratio of the melting temperature (Tm, K) to the
glass transition temperature (Tg, K) has been estimated to be ~ 1.3.5 This suggests a DHN
Tg of ~108 ˚C, much higher than that of PVEE. A single Tg is observed in Figure 6.1 for
all mixtures, which shifts gradually to higher temperatures with increasing DHN content,
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in keeping with the DHN Tg estimated above. The transition interval does not change
with DHN content, within experimental error. The midpoint and onset Tgs are reported in
Table 6.1.

6.2.2 FTIR
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Figure 6.2: FTIR spectra at room temperature of DHN and two DHN/PVEE mixtures.
The relative absorbance has been adjusted to approximately the same levels for
presentation purposes.

Figure 6.2 shows FTIR spectra of DHN and two representative mixtures of DHN
and PVEE from 3620 to 3060 cm-1. The –OH stretching absorption is located in the
spectra of all mixtures at ~3310 cm-1, much lower than that of that of unassociated
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(‘free’) –OH located at >3520 cm-1.6,7 The highly ordered structure of the DHN crystals
leads to an intense –OH stretching vibration at an even lower frequency (~3260 cm-1)
(see Figure 6.2). The evidence strongly supports that the preponderance of DHN
molecules are hydrogen bonded with PVEE in all PVEE/DHN mixtures under
investigation (up to 20% DHN).

6.2.3 DRS
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Figure 6.3: Dielectric loss ε″ vs. frequency for the α process of: (a) PVEE and (b) D20.
The solid lines are only to guide the eyes.

The dielectric spectra of neat PVEE have been examined in some depth in earlier
studies.8 PVEE exhibits a cooperative segmental (α) relaxation above Tg, which is
broadened slightly toward higher frequencies, and follows the VFT expression.9 A local β
relaxation is also observed and is relatively weak. It has an Arrhenius temperature
dependence with an activation energy of 20 kJ/mol, similar to that found for the β process
of poly(vinyl methyl ether).10
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Figure 6.4: Arrhenius plots of log f vs. 1/T of the dielectric relaxations of PVEE and
DHN/PVEE mixtures: (a) α relaxation. The solid lines are VFT fitting results. (b) β
relaxation.
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PVEE and all DHN/PVEE mixtures in this work exhibit a single α process
(Figure 6.3). Its strength appears to decrease with increasing temperature for neat PVEE.
It is seen in Figure 6.4a that the α process gradually moves to lower frequency and higher
temperature with increasing DHN content, and become more temperature sensitive after
introduction of DHN. In contrast, the frequency-temperature location of the sub-Tg β
process is not affected by DHN within experimental error, as displayed in Figure 6.4b.
However, with the addition of DHN, especially at >5% DHN, the β loss peak broadens at
low frequencies, and the fraction of the relatively slow process becomes larger the lower
PVEE concentration. The results are similar to previous observations for miscible
poly(vinyl methyl ether) mixtures with model low molecular weight compounds that
hydrogen bond with PVME.11 It is proposed that the existence of some slowly relaxing
units is a result of the intermolecular hydrogen bonding of PVEE with DHN, as such
interactions can increase the energy barrier for –OCH2CH3 rotation, the motion
responsible for the PVEE β process. Suppression of a host polymer’s local relaxation was
also observed in a previous study of azo dye − PMMA solutions, which also involve
intermolecular hydrogen bonding between the guest molecules and side groups of the
host.12 The solid lines in Figure 6.4a represent best fits of the VFT expression, which has
been introduced in Chapter 1 (equation 1.24). It can be seen that the VFT expression fits
the experimental data well at all compositions.
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Table 6.1: VFT fitting results of DRS data, compared with those from DSC
Pure PVEE

D5

D10

D15

D20

B(K)

2150

2160

2150

2120

2090

T0 (°C)

181

186

191

199

205

Fragility, m

66

67

68

71

74

T(100 s) (°C)

-34

-28

-24

-17

-11

DSC onset Tg (°C)

-30

-26

-22

-21

-19

DSC mid-point Tg (°C)

-25

-22

-18

-16

-13

The best-fit VFT parameters are summarized in Table 6.1. The temperature at
which the DRS relaxation time reaches 100 s (T(100s)) is comparable to the DSC onset
Tg for neat PVEE assuming a relaxation time of 100 s,13 but the former becomes
increasingly higher than the latter as DHN content increases. For D20, T(100s) becomes
comparable to the mid-point temperature of the heat capacity change through the Tg
interval. In Chapter 4 it was noted that there was a very good correlation between DRS
T(100s) and DSC onset Tg (10 °C/min) in amorphous SHS/PEO blends containing 60 100% SHS.6 The chemical structures of SHS and PEO units are similar to those of DHN
and PVEE, respectively, and intermolecular hydrogen bonds form in both systems.
Consequently, it seems that the breakdown of this correlation in DHN/PVEE solutions is
associated with the fact that DHN is a relatively small molecule, and therefore contributes
differently to the onset Tg and the dipole moment change at T(100s).
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6.2.3.1 Fragility

The thermodynamic fragility, m, was introduced in Chapter 4 (see equations 4.4
and 4.5 and the related text). The calculated m for PVEE and mixtures with DHN are
reported in Table 6.1, and are seen to increase slightly with DHN content. According to
the usual classification,14 relatively rigid DHN and flexible PVEE can be classified as
fragile and strong glass formers, respectively. The gradually increasing fragility reflects
the combined contribution of both components, which greatly affect the dynamics of one
another due to the extensive miscibility, arising in part from intermolecular hydrogen
bonding. The same behavior has been observed for a number of intermolecularly
hydrogen bonding polymer blends.6 The similarity of the behavior of miscible polymer
blends and polymer/small molecule solutions suggests that, regardless of whether the
participating units are polymer segments or small molecules, as long as the units are
coupled, their chemical structures are the primary factor determining the fragility of the
multicomponent system.

6.2.3.2 DHN Influence on the Relaxation Time of PVEE

Lodge and colleagues have carried out detailed studies of the influence of
dissolved polymer on solvent dynamics, primarily using depolarized Raleigh scattering
and oscillatory electric birefringence experiments.1,15 They demonstrated that in a dilute
polymer solution the influence (I) of the polymer solute (component A) on the dynamics
of the small molecule solvent (component B) at a particular temperature, can be
represented by the change in the relaxation time of component B, τB, with the
concentration of component A, CA, in the form:
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IA =

The fraction

τ B (C A , T )

τ B(C A = 0, T )

 τ (C , T ) 
∂
ln  B A

∂C A τ B(C A = 0, T ) 

6.1

was interpreted as the average effective friction coefficient (=

ζB) of component B.15 Equation 6.1 was obtained from the observation that the
dependence of ζB on CA follows an exponential form. Gisser and Ediger further proposed
that:16
IA =

 τ (C , T ) 
τ A(C A → 0, T ) 
∂
ln  B A
 = Q log 

∂C A τ B(C A = 0, T ) 
 τ B(C A = 0, T ) 

6.2

where Q is an adjustable positive constant. In this case, B is a solvent molecule but
component A is extended to small molecules as well as polymers. This approach was
later extended to PI/PVE blends to scrutinize how the component polymers influence the
relaxation dynamics of one another.17 The mutual influence of the components on the
dynamics of PI/PVE blends was (re)analyzed along with additional experimental data in
reference 18. The relation in equation 6.2 was followed in both studies. The implication
is that equations 6.1 and 6.2 have general meaning for various miscible mixtures of
polymers and small molecules. Therefore, in the following discussion components A and
B are simply designated as the guest and host, respectively.

In the present work IA is used to characterize how DHN (guest A) influences the
segmental relaxation of PVEE (host B). It is assumed that the volume of the mixture is
that of the PVEE liquid phase, the density of which is 0.95 g/ml. Data for the α
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relaxations of PVEE, D5 and D10 were used in this analysis. Figure 6.5a displays the
results of these calculations, and the temperature dependence of IA is similar to that
reported previously for the influence of other higher Tg components (HTC) on the lower
Tg component (LTC).1,18
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Figure 6.5: (a) Temperature dependence of the modification (IA) on the segmental
relaxation times of PVEE by DHN. (b) Modification (IA) on the segmental relaxation times
of host molecules by guest molecules as a function of (T – Tg(HTC)): Solid line –
influence of DHN on PVEE, extrapolated from fit of experimental data to the VFT eqn.
Unfilled symbols: experimental data taken from the literature. Data from ref. 1 for the
influence of various polymers on the relaxation time of the small molecule Aroclor:
Triangles – polyisoprene; Circles – 1,4 – polybutadiene. Data from ref. 18: squares –
influence of PVE on PI; diamonds – influence of PI on PVE.

Above 50 °C, the frequency of the α relaxation exceeds the limit of the available
instrumentation. To further interrogate the mechanism of how a miscible guest modifies
the dynamics of a host, experimental data in previous publications was analyzed and an
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intriguing trend was noted for all IA data after normalizing the temperature by the Tg of
the HTC.19 As seen in Figure 6.5b, the influence of the guest (regardless of whether it is
the high or low Tg component) on the host approaches zero at ~60 - 100 °C above the
HTC Tg, corresponding to the widely recognized critical temperature (Tc).20,21 In a pure
glass former, as temperature approaches Tc from above, the movement of each segment
begins to be effected by spatially neighboring segments, which form a surrounding
‘cage’.22 In binary mixtures, such cage effects may emerge when the temperature
decreases below the Tc of the high Tg component, and modification of the dynamics of
the host molecules becomes apparent, i.e., the alteration of the cage conditions by the
other component speeds up or slows down the relaxations of the high and low Tg host
components, respectively. In addition, as equation 6.2 suggests, when the temperature
reaches Tc,

τ A(C A → 0, T )
~ 1. It is interesting to note that similar to the case of fragility,
τ B(C A = 0, T )

this conclusion is not affected by whether the components are small molecules or
polymers.
It has been reported that the α process follows VFT behavior until it merges with
the β process.5,23 For PVEE, the α/β merging temperature is ~110 °C, and it is even
higher for DHN/PVEE mixtures since the f-T location of the β process is invariant with
composition. Therefore the VFT relationship is used to estimate IA for DHN/PVEE
blends up to 110 °C. This is shown in Figure 6.5b by the solid line and the results also
reasonably follow the tendency for IA → 0 as temperature increases. That IA approaches
but does not appear to reach zero is reasonable for a miscible solution or blend, since the
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local environments of the components will be influenced by the other unless large scale
phase separation occurs.
Although the general effect of a guest component on the dynamics of a host can
be the same for different systems, the details depend on the experimental probe and the
modification can be very different for different pairs. Comparing the results from
depolarized Raleigh scattering1 and oscillatory electric birefringence15 experiments, high
molecular weight PS (90k) has almost negligible effect on the DRS relaxation time of
Aroclor (a chlorinated biphenyl), notwithstanding the large ∆Tg of ~130 K.24 A
comparatively larger effect was observed in mechanical relaxation spectra, however it is
still orders of magnitude smaller than the effect of high molecular weight PS on a styrene
oligomer, which has comparable τ and temperature dependences to Aroclor. This has
been explained by the different extent of intermolecular coupling in the two systems.
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6.2.3.3 Time Temperature Superposition
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Figure 6.6: Normalized loss plots of the α relaxation of: (a) PVEE, (b) D20 blend, (c) D1 blend.
(d) Comparison of PVEE and the various DHN mixtures. In (d) the temperatures are selected to
be approximately T(100s) + 30 °C, which are –5, 0, 5, 10, and 15 °C for PVEE, D5, D10, D15,
and D20, respectively.
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The segmental relaxation time distribution of neat PVEE is nearly independent of
temperature as shown in Figure 6.6a, indicating that TTS is followed. The addition of
DHN does not change the TTS behavior, and the normalized loss plots of the D20 and D1
mixtures are provided respectively in Figure 6.6b and 6.6c as representative examples.
Moreover, the DHN/PVEE mixtures have the same loss factor distribution as that of neat
PVEE (Figure 6.6d). The data were fitted with the Havriliak – Negami equation and a dc
loss contribution (see equations 1.23 and 2.2)25
The exponents a and b representing the breadth and asymmetry of the relaxation,
were found to be about 0.75 and 0.5, respectively.
For the most extensively investigated miscible polymer blend without strong
intermolecular interactions, polyisoprene / poly(vinyl ethylene) at PVE concentrations <
40 wt%, DRS experiments unambiguously demonstrate the presence of two distinct
cooperative segmental relaxation processes, with the low- and high- frequency α
processes associated with PVE and PI, respectively.26 At lower frequencies, the PI
normal mode relaxation was observed, and it moves to higher frequencies with
decreasing PI molecular weight. Assuming that the segment sizes of PVE and PI are
equal to the end-to-end distance of the PI molecules when the relaxation time of the PI
normal mode relaxation reaches those of the segmental relaxations of PVE and PI, Hirose
et al. obtained two different length scales for the α processes of PVE and PI (0.9 nm and
1.8 nm, respectively).26 These authors concluded that a single length scale model like that
for concentration fluctuations is consequently inappropriate, and a two length scale model
like the self-concentration model27 is more reasonable. Furthermore, recent computer
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simulations reveal that both intermolecular concentration fluctuation and selfconcentration effects are broadly distributed, and it was argued the effects should not be
considered through their mean values only, but through their distributions.28 Therefore it
is reasonable to describe the component dynamics in a binary system at particular
temperatures with two individual relaxation time distributions.
It has been generally accepted that the broad non-exponential loss function of a
single-component glass former consists of a distribution of responses with relaxation
times τ, a solid underpinning for which was obtained from the results of spectral holeburning experiments.29 This concept can be illustrated by the following expression:30

φ (t ) = exp[−(t / τ KWW ) β

KWW

∞

] = ∫ g (τ ) exp[−(t / τ ) β Intr ]dτ
0

6.3

The first equality in equation 6.3 is the stretched-exponential KWW function31 that
describes the macroscopic decay function in the time domain, φ(t). In the second
equation, a KWW-type relaxation with stretching parameter βKWW (0 < βKWW <1) was
modeled as a distribution of intrinsically non-exponential decays with exponent βIntr ≥
βKWW and probability density g(τ). The parameter βIntr has been found to be close to unity
for small molecules30 and ~0.85 for polymers.32 This means that every τ corresponds to a
local environment with near-exponential (Debye) relaxation behavior (i.e., βIntr near
unity). It is surmised that this scenario is suitable to describe the local environments of
each component in a binary mixture. Intermolecular interactions and self-concentration
effects may influence the local environment distribution of the individual components
and result in different degrees of ‘matching’ between the dynamics of the two
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components. Excellent ‘matching’ can be obtained in polymer/solvent systems with
suitable intermolecular interactions.
It is possible that the DHN molecules simply follow the cooperative relaxation of
PVEE segments because DHN exhibits no chain connectivity and these molecules are
associated with PVEE segments through hydrogen bonding. Therefore, DHN should be
distributed uniformly in the PVEE matrix, and have the same effect on the environment
in all regions of the PVEE matrix. Thus the characteristic τ values of each local
environment increase by equal amounts due to increased intermolecular friction, but g(τ)
and βIntr remain unchanged. This results in a constant shape of the loss function
accompanying the higher Tg.
The loss of thermorheological simplicity for segmental33 and terminal
relaxations34 is very common in miscible polymer blends without strong intermolecular
interactions, and the failure is also widely observed in polymer/solvent systems without
strong associations. For example, for concentrated solutions of chlorinated polyethylene /
bis(2-ethylhexyl) phthalate35 and poly(vinyl acetate) / toluene,2 the relaxation time
distributions of the solutions are significantly broader than the undiluted polymer and
display a systematic temperature dependence. This implies that without intermolecular
associations to facilitate close contact between the chemically different species, solvent
molecules may distribute non-uniformly in the polymer matrix and produce a set of g(τ)
and βIntri different from that of the neat polymer, and hence broaden the loss function. The
effect becomes more severe at lower temperatures and TTS fails. It has also been
observed that the dielectric loss of PS solutions in toluene is independent of composition
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and temperature at 30-70 wt% PS.36 However, based on the reported frequencytemperature location, the dispersion investigated in ref 36 appears to be the slow α
process of the two observed for toluene/PS solutions with comparable concentrations,37
where the slow and the fast α processes are associated with PS-rich and toluene-rich
regions, respectively. In molecular dynamics simulations of PS/benzene mixtures, it was
not possible to separate benzene molecules into tightly bound slow ones and free fast
ones.38 This can be rationalized by a somewhat stronger association between the benzene
rings of the two components in the absence of the toluene methyl group.
A single cooperative segmental relaxation has been observed for miscible PVPh PVEE blends containing 30 to 50 wt% PVPh, whereas blends with <30% PVPh display
two segmental processes.6 For the latter behavior the slow process was attributed to the
relaxation of intermolecular hydrogen-bonded PVPh and PVEE segments, while the fast
one was assigned to unassociated PVEE segments. But why do DHN/PVEE mixtures not
manifest such dual segmental relaxation behavior, even when containing as little as 1
wt% DHN (see Figure 6.6c)? The same non-stoichiometric behavior was observed in
miscible solutions of PVME with bis(4-hydroxyphenyl)-methane and 4-ethylphenol, the
Tg’s of which are higher and lower than that of PVME, respectively.11 The DHN
molecules can be considered to transfer between different local environments with the
relative motions of PVEE segments. This scenario is absent in PVPh/PVEE blends with
low PVPh content because the self-concentration arising from chain connectivity restricts
uniform distribution of PVPh segments at low concentrations. Only in a suitable
composition range where both components of the PVPh/PVEE blends distribute
uniformly with reference to one another and their segmental relaxations coupled via
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adequate intercomponent interactions, does a single segmental process arise. These
PVPh/PVEE blends exhibit thermorheological simplicity, with a relaxation breadth that
changes with composition but not with temperature.
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Figure 6.7: Dielectric ε″ and ε′ as a function of frequency for the α relaxation at 30 °C for
the D20 blend.

The above evidence demonstrates that suitable intermolecular interactions and the
absence of self-concentration effects can promote simple segmental relaxation behavior.
However, if intermolecular associations are so strong that they ‘fix’ a component onto
certain sites, then phase separation can occur and multiple segmental relaxations result.
Examples of such behavior are found in polymer electrolytes39 and ionomers.40

6.2.3.4 dc Conductance

The loss factor increases significantly at low frequencies and high temperatures,
and the slopes of log – log plots in this f/T range are near unity (Figures 6.6 (a-c) and
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6.7). High losses under such conditions could originate from dc conduction and/or

electrode polarization. For EP, however, the dielectric constant is typically in the range of
102-106,41 which is not the case here (see Figure 6.7). The dc conductivity has no
capacitive component and thus no contribution to ε′. It is concluded therefore that dc
conductance dominates in this f/T range where ε′ is essentially constant. It can be seen in
Figure 6.6 (a-c) that conduction losses superimpose for PVEE and all DHN/PVEE
mixtures under investigation, using the same shift factors as determined for the α process.
This has also been observed recently in PVME/4-ethylphenol mixtures.11 These results
are in keeping with the observation that ion transport in most polymers is highly coupled
to the segmental relaxation, and very significant efforts have been taken in an attempt to
decouple ion transport and polymer segmental motion in the quest for polymer
electrolytes remaining highly conductive below the Tg of polymer matrix.42

6.3 Summary

PVEE and its mixtures with up to 20 wt% DHN are amorphous, and exhibit a
single DSC glass transition. Tg gradually increases with increasing DHN, but the
transition width does not change within experimental uncertainty. All mixtures exhibit a
single DRS α process, fitted well by the VFT equation. The segmental process gradually
moves to higher temperature with increasing DHN content, while the f-T location of the
sub-Tg relaxation remains invariant.
The fragility increases with DHN content, reflecting the combined contribution
of both components. The similarity between the fragility behavior of miscible polymer
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blends and polymer/small molecule mixtures suggests that no matter whether the
participating units are polymer segments or small molecules, as long as their cooperative
relaxation is coupled, their chemical structures are the primary factor determining the
fragility of the multicomponent system.
The modification of the DRS relaxation time of the PVEE α process by DHN
was calculated. Together with published data, a general feature of the influence of the
guest molecules on the cooperative relaxation dynamics of the host in a miscible binary
system was observed. The influence approaches zero ~60 -100 °C above the Tg of the
high Tg component, corresponding to the widely recognized critical temperature.
Furthermore, this conclusion does not appear to be effected by the molecular weight of
components.
The breadths of the α relaxations were found to be independent of temperature
and composition. It is proposed that at a particular temperature both components in the
mixture possess their individual distribution of local environments. DHN molecules have
no contribution from chain connectivity and can closely contact PVEE segments through
intermolecular hydrogen bonding. Hence, they can be uniformly distributed in the PVEE
matrix, and have the same effect on every local environment of PVEE.
For all samples, the dc loss data at different temperatures can be superimposed
using the same shift factors as that of the α process. This is in keeping with previous
findings that ion transport in most polymers is highly coupled with the segmental
relaxation.
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Chapter 7
Conclusions and Suggestions for Future Work

7.1 Conclusions

At frequencies lower than those used in previous investigations of semi-crystalline
PEO, a dielectric γ′ relaxation is discovered between the PEO cooperative segmental and
local twisting processes. It is assigned to a segmental relaxation, but with reduced
cooperativity, in the interphase between ordered crystalline lamella and the disordered
amorphous phase. The unusual local character of the γ′PEO process is rationalized by
analogy to the fast process or primitive segmental relaxation in nanoconfined glass
forming systems.
In amorphous PMMA/PEO blends with ≥ 80 wt% PMMA, a relaxation at
approximately the same frequency-temperature location as that of the PEO γ′ relaxation is
observed in samples aged at room temperature, for which no evidence of large-scale
phase separation was observed. It is proposed that this process is associated with
nanoscale PEO regions exhibiting a degree of partial order comparable to that of an order
–disorder interphase.
In amorphous SHS/PEO blends with ≥ 80 wt% SHS, a unique relaxation is
observed, which is faster than the cooperative segmental process involving both
components. It is assigned to the segmental relaxation in PEO-rich local environments
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resulting from reduced inter-component hydrogen bonding and repulsion between SHS
styrene units and PEO segments.
The broadening of the cooperative segmental process in crystalline SHS/PEO
blends is explained by invoking a hydrogen-bonding stoichiometric effect and a
heterogeneous spatial distribution of amorphous segments. Amorphous SHS/PEO blends
exhibit a single cooperative segmental process, the width of which is insensitive to
temperature. However, the process becomes broader with decreasing SHS content.
Amorphous DHN/PVEE mixtures exhibit a single CSR insensitive to both temperature
and composition. The thermorhological simplicity observed for miscible DHN/PVEE
mixtures reflects ideal coupling between the cooperative relaxing units, with the absence
of chain connectivity in DHN and the presence of a suitable degree of intercomponent
interactions. The miscibility of a binary glass former is discussed based on two separate
relaxation time distributions of the individual components. The influence of guest
molecules on the cooperative segmental dynamics of the host is found to approach zero in
the vicinity of the critical temperature (~60 - 100 °C above Tg) of the high Tg component,
regardless if it is the guest or host.
For the amorphous SHS/PEO blends and DHN/PVEE mixtures, the fragility was
calculated for the cooperative segmental relaxation, which involves both components. It
is concluded that the fragility of a binary glass former reflects the combined character of
the participating components.
In contrast to the fast segmental process mentioned above, local process (the βS1
process) with somewhat greater cooperativity than the conventional ones is observed in
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SHS and its blends with PEO. Main evidences are the temperature dependences of
relaxation strength and relaxation time.
For SHS/PEO blends, calculated hydrogen bonding fractions were used to assign
the fast PEO segmental process at high SHS content, as well as explain the evolution of
the intensity and location of –OH stretching peaks in FTIR spectra. The activation energy
of the βS1 process decreases with increasing SHS content, due to the reducing ratio of
inter-/ intra- molecular hydrogen bonds, of which the former is stronger than the latter.

7.2 Suggestions for Future Work
1. In Chapter 5 it was proposed that partially ordered nanoscale PEO regions are formed

during room temperature aging of PEO/PMMA blends with high PMMA content. This
can in principle be verified with the aid of tapping mode atomic force microscopy
(AFM)1 or transmission electron microscopy,2 which provide a real space examination of
the morphology on the scale of nm. The soft domains in AFM phase images may
correspond to PEO. Blend samples with different aging time at room temperature can be
investigated.

2. In previous investigations of PEO crystallization carried out at Penn State,3 poly(vinyl

acetate) (PVAc) was utilized as a miscible amorphous diluent. It has a relatively low Tg
(~ 35 °C) and no strong interactions with PEO. However, the Tg of PVAc is still well
above that of PEO (~-55 °C) and the local dielectric relaxation in PVAc4 is not nearly as
strong as that of PMMA. Therefore, it will be fruitful to investigate the dielectric
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relaxation of amorphous PVAc/PEO blends. Segmental dynamic heterogeneity is
expected and perhaps the existence of a fast PEO segmental relaxation can also be
established.

3. Given the previous discussion of possible confinement by the high Tg component in

polymer blends, as well as the relative lack of experimental investigations on polymer
dynamics confined in layered silicate composites, an investigation of PVME dynamics in
layered silicate nanocomposites is recommended. It will be particularly interesting to
compare the results of this future study with the confined dynamics of PVME in
PS/PVME blends. 5

4. As noted elsewhere in this thesis, type-A polymers have the potential of displaying a

dielectric normal mode relaxation, which is related to the fluctuation of the end-to-end
vector of the chains.6 The relaxation time of the normal mode increases with increasing
molecular weight, while the segmental relaxation time is essentially insensitive to
molecular weight above a critical value. In addition, the former is less temperature
sensitive than the latter. Therefore, for a particular molecular weight, the relaxation times
of the two processes will coincide at a certain temperature, where the length scales of the
two processes are believed to be comparable. Since the mean square end-to-end distance,
<R2> can be estimated from the molecular weight, the size of segmental cooperative
rearranging region can subsequently be obtained. This has previously been used to
estimate the size of cooperative rearranging regions in neat polymers,7 and has very
recently been applied to blends of poly(isoprene) and poly(vinyl ethylene), as noted in
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Chapter 6.8 As an extension, the molecular weight of PI fractions can be adjusted so that
the segmental and normal mode processes converge at different temperatures (especially
those around Tg), where the CRR size of the former can be determined by <R2>1/2 of the
latter. Consequently the variation in the CRR size can be acquired and compared with
theoretical predictions. The potential limitation of this idea is that the molecular weight of
the PI fraction fulfilling the requirements may be too low to be realistically useful.

5. In a binary blend where intercomponent hydrogen bonding is important and the lower

Tg component is a type-A polymer, an investigation analogous to that proposed above can
undertaken to determine the influence of hydrogen bonding on CRR size and its
temperature dependence. A promising candidate for the type-A component is
poly(propylene oxide) (PPO). PPO of various molecular weights (beginning at ~1000,
and up to high molecular weight) are readily available, PPO has a low Tg, and does not
crystallize due to the atactic nature of the polymer. Previous studies have confirmed that
the hydroxyl groups of poly(vinyl phenol) (PVPh) are capable of forming hydrogen
bonds with the ether groups in PEO, PVME, and poly(vinyl ethyl ether)9 and it is
reasonable to expect similar behavior in PVPh/PPO blends.
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