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The effect of poly(ethylene oxide) (PEO) soft segment molecular weight (Mn ¼ 2000, 4600 and 8000 g

mol�1) on the glass transition, crystallinity, molecular mobility and segmental dynamics of a series of

aliphatic polyurethaneurea copolymers (PUU) with a constant hard segment content of 30% by weight

was investigated using differential scanning calorimetry and dielectric relaxation spectroscopy. The soft

segment (PEO) glass transition temperature increased with increasing molecular weight. Furthermore,

five different relaxations were observed in dielectric analyses of all copolymers. These included local

glassy state motions (g) and (b), segmental motion of the soft phase (a), conductivity relaxation, and

interfacial Maxwell–Wagner–Sillars (MWS) polarization. Local relaxations follow Arrhenius behavior and

their time scale is not affected by the soft segment molecular weight. a-Relaxation follows Vogel–

Tammann–Fulcher (VTF) behavior and is slower for the copolymer based on PEO-4600. Conductivity

relaxation and the interfacial MWS polarization also follow VTF behavior and have quite similar slopes

since both are related to the same phenomena. Unexpectedly, the interfacial MWS polarization is not

affected by the soft segment molecular weight. Although this result suggests that the soft segment

molecular weight does not affect the microphase separation in these copolymers, we believe that no

safe conclusions can be extracted for this system due to the high complexity and the presence of many

phases with different conductivity. However, significant differences were observed in the conductivity

relaxation, which is much faster for the copolymer based on PEO-2000, due to its lower crystallinity

when compared with others.
1. Introduction

Segmented polyurethaneurea copolymers (PUU) consist of
alternating so and hard segments chemically linked together
along a linear macromolecular backbone. Due to their versatile
chemistry and interesting combination of properties, PUUs can
be utilized in a wide range of applications, such as coatings,
biomaterials and textiles bers.1–4 In general, so segments (SS)
are hydroxyl or amine terminated aliphatic polyethers,
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polyesters, polycarbonates, polyisobutylene and poly-
dimethylsiloxane oligomers with glass transition temperatures
(Tg) well below room temperature. Hard segments (HS) consist
of strongly hydrogen bonded urethane and/or urea groups,
which are obtained by the reaction of diisocyanates with diol or
diamine chain extenders. They mainly serve as stiff, physically
cross-linked domains with a Tg or Tm well above the service
temperature range. Availability of a large selection of starting
materials provides opportunities for the preparation of a wide
range of PUU backbone structures with different properties.
PUUs display composition dependent microphase morphol-
ogies or nanostructures and interesting combination of bulk
and surface properties.1–4 However, microphase separation,
crystallization, molecular mobility and segmental dynamics are
quite complex due to the presence of large number of param-
eters which need to be controlled during PUU synthesis, pro-
cessing and thermal annealing. These parameters mainly
include chemical structure, size and distribution of sequence
lengths and HS/SS ratio, which leads to various equilibrium
morphologies ranging from mixed amorphous SS/HS phases to
RSC Adv., 2017, 7, 40745–40754 | 40745
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well microphase separated morphologies. Therefore, a good
understanding of the relationships between microphase sepa-
ration, segment crystallization, molecular mobility and
segmental dynamics is of particular interest to tailor the nal
properties of PUUs.

Fairly large number of studies3,4 have been, and continues to
be, carried out on the investigation of the structure-
morphology-property behavior of segmented PUUs. Interest-
ingly, number of systematic studies focusing on the molecular
mobility and segmental dynamics in PUUs are considerably
limited in the literature.5–9 Furthermore, segmented copolymers
with a relatively narrow range of so segment molecular
weights (generally, up to 2000 g mol�1) and urethane type
(rather than urea) hard segments were utilized in most of these
studies. More specically, although widely used in the design
and synthesis of segmented PUUs, to the best of our knowledge,
the molecular mobility and segmental dynamics of
poly(ethylene oxide) (PEO) based PUUs have not been investi-
gated in detail as a function of so segment molecular weight.
From this perspective, here, we mainly focused on the molec-
ular mobility and segmental dynamics of a series of PEO-based
segmented PUU copolymers with an identical hard segment
content of 30 wt%, using differential scanning calorimetry
(DSC) and dielectric relaxation spectroscopy (DRS). DSC is
a well-known technique to investigate the thermal properties of
polymeric materials.10,11

On the other hand, DRS12 is a powerful technique to inves-
tigate the dynamics of complex polymeric systems over a very
broad range of frequencies. Thus, morphology dependent
dynamic processes taking place in polymers, which are on
multiple length scales and different time scales can be identi-
ed in an effort to understand the structural states of these
materials.13–28 To date, various polymeric materials have been,
and continues to be, analyzed by DRS.13–20 In polyurethanes, this
technique is mainly used to investigate the local dynamics,
dynamic glass transition and indirectly, crystallinity and
microphase morphology.21–28 Combination of DSC and DRS
enables us to gain a complete understanding of the structural
variables, such as so segment type and molecular weight and
hard segment structure and content on the molecular mobility
and segmental dynamics in polyurethanes.

PEO is a convenient choice for the design of the so segments
in PUUs due to the following reasons; (i) availability of reactive
PEO oligomers with a wide range of molecular weights, (ii)
conformational properties of the ethylene oxide units and
molecular weight dependent crystallization of PEO blocks
leading to various physical states in PUUs, (iii) amphiphilic
nature of PEO chains due to the presence of hydrophobic
methylene groups and hydrophilic oxygen atoms that can
participate in hydrogen bonding, and (iv) presence of extensive
literature data on the folding and crystallization behavior of PEOs
as a function of chain length.29–35 Therefore, the use of PEOs with
various molecular weights allows for the preparation of PUUs
with different morphologies. However, PEO based PUUs also
present some challenges due to their structurally and dynami-
cally heterogeneous building blocks. One of these challenges is
the investigation of the molecular mobility and segmental
40746 | RSC Adv., 2017, 7, 40745–40754
dynamics of these copolymers due to high conductivity of PEO. In
this study, we focus on the effect of PEO molecular weight on the
glass transition, crystallinity, molecular mobility and segmental
dynamics in PEO based PUU copolymers.

2. Experimental
2.1. Materials

Poly(ethylene oxide)glycol oligomers (PEO) with hMni values of
2000, 4600 and 8000 g mol�1 were purchased from Merck.
Bis(4-isocyanatocyclohexyl)methane (HMDI) was provided by
Bayer and had a purity better than 99.5%. Chain extender,
2-methyl-1,5-diaminopentane (MDAP) was supplied by DuPont.
Dibutyltin dilaurate (DBTDL) was obtained from Witco and was
used as catalyst by diluting to 1% by weight in tetrahydrofuran.
Reagent grade 2-propanol (IPA), tetrahydrofuran (THF) and
dimethylformamide (DMF) were obtained from Merck. All
chemicals were used as received.

2.2. Synthesis of segmented poly(ether–urethane–urea)
copolymers

PUUs were prepared by prepolymer method outlined in our
previous studies.4,36 Reactions were carried out in three-neck,
round bottom, Pyrex reaction asks equipped with an over-
head stirrer, thermometer and an addition funnel. Isocyanate
terminated prepolymer was prepared in THF (50% solids by
weight) at 60 �C by reacting PEO and HMDI, under the catal-
ysis of 150 ppm of DBTDL. Progress and completion of the
prepolymer reaction was monitored by FTIR spectroscopy. Aer
the completion of prepolymer reaction in about 1 h, the solu-
tion was cooled down to room temperature and diluted to 25%
by weight of solids using DMF. MDAP was dissolved in DMF
(about 10% by weight) and added dropwise from the addition
funnel into the reaction mixture until the complete disappear-
ance of the isocyanate peak at 2260 cm�1. The viscosity increase
during the chain extension reaction was controlled by adding
DMF into the reaction ask. Chemical structure of the PUU
copolymers is shown in Fig. 1.

2.3. Preparation of polymer lms

Polymer lms were prepared by solution casting in a Teon
mold. Solvent was rst evaporated at room temperature over-
night in a fume hood, followed by drying in an air oven at 60 �C
for 24 hours. Complete removal of the solvents was achieved by
drying the lms in a vacuum oven at 60 �C until constant
weight. This was also conrmed by thermogravimetric analyses
of the lm samples (data not shown in the study). Samples
based on PEO-2000, 4600 and 8000 with 30 wt% urethane–urea
HS were denoted as PU-2, PU-5 and PU-8, respectively. Aer
annealing at 60 �C for 24 hours the lms were kept at room
temperature in a desiccator for a week, to achieve equilibrium
morphologies.

2.4. Characterization techniques

Gel Permeation Chromatography (GPC) analyses were per-
formed using a Viscotek GPCmax VE-2001 instrument equipped
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Chemical structure of PUUs based on PEO, HMDI and MDAP.
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with D 5000-D 3000-D 1000-D Guard columns and RI, LS, DP
detectors. DMF was used as the solvent and analysis was per-
formed at 55 �C with a ow rate of 1 mL min�1. Polymer solu-
tions were prepared in DMF at a concentration of 2 mg mL�1.
The samples were ltered using VMR PTFE syringe lters with
average pore size of 0.45 mm before measurements. Average
molecular weights were determined using calibration curves
obtained from polystyrene standards. PU-2, PU-5 and PU-8 have
weight average molecular weights of 100 000, 232 000 and
309 000 g mol�1, and number average molecular weights of
68 000, 164 000 and 209 500 g mol�1 with molecular weight
distributions of 1.48, 1.42 and 1.47, respectively.

X-ray diffraction (XRD) studies of the lm samples (an
average thickness of 0.2 mm) were performed on a Bruker D8
Advance X-ray Diffractometer using Ni-ltered Cu-Ka radiation
(l¼ 0.1542 nm). All measurements were performed from 5 up to
90� with a step size of 0.01�. The results were plotted as
a function of the scattering angle 2q without applying any tting
procedure.

Stress–strain analyses were performed on dog-bone type
specimens punched out of thin lms using a standard die
(ASTM D 1708). Measurements were made on a Zwick Z100
model tester under ambient temperature and humidity condi-
tions with a crosshead speed of 25.0 mmmin�1 (Lo ¼ 24.0 mm).
At least ve specimens were tested for each material.

Differential Scanning Calorimetry (DSC) analyses were per-
formed on a TA Q2000 instrument calibrated with indium
standard and equipped with Tzero functionality that signi-
cantly improves the baseline via compensating resistance and
capacitance imbalances. All measurements were performed in
the range of �160 and 250 �C at a heating and cooling rate of
3 �C min�1 under nitrogen atmosphere. Glass transition
temperature (Tg) and the heat capacity change at Tg (DCp at Tg)
were determined by the inection point and the tangent
methods, respectively. The degree of crystallinity (crystalline
fraction – Xc) is calculated using the melting enthalpy normal-
ized by the weight fraction of the hard segment, assuming that
it does not contribute to the crystallinity of the so segment:

Xc ¼ DHm

ð1� XHSÞ � DH100%;PEO

� 100%

where DHm is the melting enthalpy obtained from the area of
the melting peak, XHS is the weight fractions of the hard
segment. Themelting enthalpy for the 100% crystalline polymer
is considered to be equal to that of pure PEO (DH100%,PEO),
which is denoted as 196.8 J g�1.34

Dielectric Relaxation Spectroscopy (DRS) studies were con-
ducted on a Novocontrol Alpha Analyzer. Samples were placed
between two brass electrodes, forming a capacitor of known
area and thickness equal to the thickness of each sample. The
This journal is © The Royal Society of Chemistry 2017
complex dielectric function 3* was studied in the frequency
range of 10�1 to 106 Hz. Temperature was varied from �150 �C
to 20 �C for PU-2 and PU-5 and from �60 �C to 20 �C for PU-8.
The relaxations are evident as peaks in the dielectric loss 300

spectra, which can be described using the Havriliak–Negami
(H–N) function:37

300ð f Þ ¼ Im

"
D3

½1þ ðif =fHNÞa�b
#

where (fHN) is a characteristic frequency related to the frequency
of maximum loss (fmax), (D3) is the relaxation strength and (a)
and (b) are shape parameters. Temperature dependence of the
time scale of the dielectric response can be followed through
the Arrhenius plot (plot of the logarithm of the frequency of the
dielectric loss peak against reciprocal temperature) and can be
further analyzed by tting appropriate equations. The Arrhe-
nius equation is common for describing local dynamics,38

fmaxðTÞ ¼ f0 exp

�
� Eact

kT

�

where (fmax) is the frequency of 300(f) peak, (T) the temperature,
(f0) a pre-exponential constant, Eact the activation energy of the
relaxation and (k) the Boltzmann's constant. The Vogel–Tam-
mann–Fulcher (VTF) equation, characteristics of cooperative
processes, was used to describe the time scale dependence on
temperature,38

fmaxðTÞ ¼ f0 exp

�
� B

T � T0

�

where (B) is the apparent activation energy, (f0) the pre-
exponential frequency factor and (T0) the Vogel temperature.
The strength parameter was calculated as D ¼ B/T0 and the
fragility as m ¼ 16 + 590/D.39

Another formalism we can use is that the electric modulus
(M), dened as M* ¼ 1/3*, which has been proven effective in
analyzing ionic conductivity and interfacial effects in amor-
phous materials.40 Conductivity and conductivity effects were
analyzed in terms of ac conductivity (sac) calculated as sac ¼
2pf30300(f), where (30) is the permittivity of free space.40

3. Results and discussion

To provide a clear overview on the dynamics of PU copolymers,
it is important to know the structural characteristics of PU
copolymers along with their microphase morphologies and
nal properties. For this reason, before going into the results
and discussion of dielectric studies, we report the results ob-
tained from XRD, DSC and stress–strain analyses of the samples
under investigation. Fig. 2 shows the room temperature XRD
patterns of PUU samples. The XRD results basically suggest that
RSC Adv., 2017, 7, 40745–40754 | 40747

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra08007g


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
A

ug
us

t 2
01

7.
 D

ow
nl

oa
de

d 
on

 4
/6

/2
02

6 
9:

52
:3

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
PEO matrix in PU-2 is mainly amorphous, while those in PU-5
and PU-8 are semi-crystalline at room temperature.

As shown in Fig. 2, PU-5 and PU-8 display typical X-ray
diffraction patterns widely observed for monoclinic crystal
structure of helical PEO chains,29,31,34 whereas PU-2 shows an
amorphous halo. The scattering angles of the main XRD peaks
observed in PU-5 and PU-8 for crystalline PEO segments are in
good agreement with those reported in the literature for the
helical model of the crystalline PEO along with their hkl
indexing and lattice parameters of the monoclinic unit cell
listed as (a): 0.805 nm, (b): 1.304 nm and (c): 1.948 nm with b ¼
125.4� (the oblique angle between the a- and c-axis).28,30,33 The
(120) reections (2q ¼ 19.3�) taken along the [001] zone axis
have information about interchain separations and chain
conformations, i.e., the orientation of the helix, whereas the
(112) reections (2q ¼ 23.2�) contains structural information
along the c-axis, i.e., the helicity of PEO macromolecules.41 This
may be a convenient framework to investigate the presence of
a “secondary structure” in crystalline parts of so domains in
PU-5 and PU-8 in a further study.

Thermal properties of PUs are strongly dependent on the
annealing conditions. In this study, all samples were annealed
for 24 hours at 60 �C and then kept at room temperature in
a desiccator for a week, to achieve equilibrium morphologies.
DSC thermograms of PU copolymers are provided in Fig. 3. The
results obtained from the thermal analyses of the samples are
listed in Table 1. As can be seen in Fig. 3 and Table 1, PU-2
copolymer shows a well-dened glass transition at �57.2 �C
with a heat capacity change (DCp at Tg) of 0.485 J g�1 K�1, fol-
lowed by a small exotherm between �50 and �25 �C and an
endotherm at 19.9 �C. PU-5 and PU-8 copolymers, which are
highly crystalline when compared to PU-2, display very weak
glass transition temperatures at�51.9 and�48.9 �C with DCp at
Tg values of 0.113 and 0.058 J g�1 K�1, followed by sharp
endotherms at 42.1 and 51.2 �C, respectively. The glass transi-
tions at �57.2, �51.9 and �48.9 �C are assigned to the PEO so
segments of PU-2, PU-5 and PU-8 copolymers, respectively. As
expected, Tg of PEO so segment increases with increasing
molecular weight.42 As listed in Table 1, the endothermic peaks
at 19.9, 42.1 and 51.2 �C are attributed to the melting points
(Tm) of PEO so segment crystals in PU-2, PU-5 and PU-8,
Fig. 2 XRD patterns of PU-2, PU-5 and PU-8.

40748 | RSC Adv., 2017, 7, 40745–40754
respectively. The degree of so segment crystallinity (Xc)
values are calculated as 32.6, 43.5 and 56.4% for PU-2, PU-5 and
PU-8, respectively. Tm and Xc values also increases with
increasing molecular weight. No other high temperature
exothermic and/or endothermic transitions are observed for any
samples. As listed in Table 1, a decreasing trend in the DCp at Tg
is observed. In line with the increasing trend in Tg, the
decreasing trend in DCp at Tg indicates the restriction imposed
on the chain movements due to increasing so segment crys-
tallinity as a direct result of increasing so segment molecular
weight. It should be also noted that the magnitude of DCp at Tg
is signicantly higher in PU-2 copolymer when compared with
those of PU-5 and PU-8. This is due to that PEO so segments in
PU-5 and PU-8 are inherently more crystalline when compared
with PU-2. These results are in accordance with the results ob-
tained from XRD analyses of the copolymers as given in Fig. 2.
To clarify, one should note that the melting endotherm
observed in PU-2 copolymer is below room temperature, and
thus, X-ray diffraction pattern shows an amorphous halo. In
contrast, the melting endotherms observed in PU-5 and PU-8
are far above room temperature. Therefore, their XRD
patterns clearly display the characteristic peaks of PEO crystals
as described earlier.

In addition to the results obtained from XRD and DSC
analyses, the stress–strain properties of the copolymers are also
provided in Table 2. As listed in Table 2, the tensile test results
clearly demonstrate the formation of high strength elastomers,
with ultimate tensile strength values around 30 MPa, under the
applied processing condition. Since the HS content is constant
for all the copolymers reported in here, no signicant difference
is observed in the ultimate tensile strengths. The elastic
modulus values of the copolymers increase with increasing PEO
molecular weight. In line with XRD and DSC results, the
modulus of PU-5 and PU-8 with highly crystalline PEO matrices
are signicantly higher than the one of PU-2 with an amorphous
PEOmatrix at room temperature. Accordingly, the elongation at
break value of PU-2 is remarkably higher than the ones of PU-5
and PU-8 copolymers due to the presence of highly mobile
amorphous matrix phase in this copolymer. In addition, the
elongation at break values decrease with increasing PEO
molecular weight.
3.1. Dielectric relaxation spectroscopy (DRS) studies

Five different relaxations were observed in dielectric analyses of
all copolymers: local glassy state motions (g and b), segmental
motion of the so phase (a), conductivity relaxation (CR), and
interfacial Maxwell–Wagner–Sillars (MWS) polarization. All of
them are discussed in detail in the following sections along with
the room temperature measurements.

3.1.1. Glassy state motions. In the glassy state, PU-2, PU-5
and PU-8 have two local molecular motions: b-relaxation (at
low frequencies) and g-relaxation (at high frequencies). The g

peak has been associated particularly with the cranksha
motions of the ether oxygen containing segments.5,7,26 The
b-relaxation is known to be related to the reorientational
motions of water molecules and/or local motions of polymer
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 The glass transition region in DSC thermograms of PU-5 and PU-8 (left) and complete DSC thermograms of PU-2, PU-5 and PU-8 (right)
in the range of �75 and 75 �C.

Table 2 Tensile properties of PU-2, PU-5 and PU-8

Sample code Modulus (MPa)
Tensile strength
(MPa) Elongation (%)

PU-2 5.0 � 0.5 30 � 1 1000 � 40
PU-5 140 � 14 29 � 1 620 � 20
PU-8 360 � 15 27 � 2 430 � 30
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chain segments attached to the water molecules, which is
widely observed in hydrated materials and/or polyurethanes
reported in the literature.5,7,27,28 This is mainly because of the
strong interaction between the polar hard segments and ether
linkages of the PEO segments and some residual water present
in these materials containing highly hydrophilic PEO matrices,
even though they were well dried prior to analyses. The dielec-
tric losses at two selected temperatures (�80 and �60 �C) are
representatively shown in Fig. 4 for all three samples.

As can be seen in Fig. 4, two peaks are observed at �80 �C.
The peak at low frequencies corresponds to the b-relaxation,
whereas the one at high frequencies is attributed to the
g-relaxation. As expected, these two peaks are shied to the
higher frequencies by increasing the temperature due to the
thermally activated polarization phenomena. This can also be
clearly seen in the spectra recorded at �60 �C in Fig. 4. More-
over, the frequency of the peaks is the same for all three
samples. Thus, the relaxation times of the g and b relaxations
are not signicantly affected by PEOmolecular weight. It should
also be noted that the relative heights of these two peaks are
different for PU-5 compared to the other two samples.

To quantify the results, Arrhenius plots are provided for
these two relaxations in Fig. 5. For each isotherm, one Havri-
liak–Negami function was tted to b and g relaxations.
Temperature–frequency pairs of the relaxation peaks were
determined when they started to converge during the tting
process.37 It should be noted that PU-8 was not systematically
measured at low temperatures compared to PU-2 and PU-5 since
the local relaxations (b and g) were at the same frequency for all
three samples as shown in Fig. 4. For this reason, the Arrhenius
plot for b and g relaxations provided in Fig. 5 is constructed
using the data obtained from the analyses of PU-2 and PU-5. As
expected, both of the relaxations (b and g) follow a straight line,
which is characteristic for local motions.38
Table 1 Thermal properties of PU-2, PU-5 and PU-8

Sample Tg (�C) DCp at Tg (J g
�1 K�1) Tm (�C)

PU-2 �57.2 0.485 19.9
PU-5 �51.9 0.113 42.1
PU-8 �48.9 0.058 51.2

This journal is © The Royal Society of Chemistry 2017
Activation energies calculated for these two relaxations from
Fig. 5 are listed in Table 3. The activation energy for b-relaxation
(0.67 eV z 64.7 kJ mol�1) is almost double of that of g-relaxa-
tion (0.38 eV z 36.7 kJ mol�1), even though these two relaxa-
tions have similar time scales. This is counterbalanced by the
high value of (f0) for the b-relaxation. The parameter (f0) is
related with lattice vibrations. The unexpectedly high value of f0
reects some cooperativity in this relaxation.38 In general, the
activation parameters of the b-relaxation show a scattering in
the literature,26,28,43 most probably reecting different hydration
levels of the samples studied.

3.1.2. Segmental relaxation. Aforementioned, PEO SS glass
transition temperatures for PU-2, PU-5 and PU-8, respectively,
were recorded as �57.8, �51.9 and �48.4 �C by DSC analyses.
Thus, during the dielectric measurements, one should expect to
observe the a-relaxation or the dynamic glass transition around
the glass transition temperatures obtained from the calorim-
etry.24 However, a jump in the magnitude of 300 values, which is
mainly due to the overall increase of the conductivity regarding
to increasing temperature, was observed around the calori-
metric glass transition temperatures, the peak of a-relaxation
was not entered into the frequency window. This can be clearly
seen from the different isotherms given in Fig. 6.

The isotherms given in Fig. 6 clearly indicate that a more
complex analysis is needed for a better understanding of the
DSCDHm (J g�1) normalizedDHm (J g�1) Xc (%)

44.9 64.1 32.6
59.9 85.5 43.5
77.6 110.9 56.4
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Fig. 4 Dielectric losses at �80 �C and �60 �C for PU-2, PU-5 and
PU-8. Two local relaxations, b and g, are within the frequencywindows
in these temperatures.

Fig. 5 Arrhenius plot for the b and g relaxations in PU-2 and PU-5.

Fig. 6 Spectra of dielectric losses for PU-5 as a function of frequency,
in the temperature range of �140 �C to �20 �C.
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segmental relaxation and dynamic glass transition behavior in
this system. The high conductivity of the PU-urea samples
originates from PEO and, in previous studies on PU nano-
composites based on the much less conductive poly(tetra-
methylene glycol) (PTMG) as so segment, the a-relaxation was
clearly observed in the 300 spectra.43 Analysis based on the
frequency derivative of 30, which is known to result in curves
similar to 300 without the contribution of dc-conductivity,44 did
not reveal the a-relaxation. This stresses the fact that the
phenomena that hide the peaks of 300 are not related to dc-
conductivity but rather to some Maxwell–Wagner–Sillars
(MWS) polarization,27,40 or conductivity relaxation.24,45 For this
reason, we followed another analysis approach. The isothermal
data were re-plotted into the isochronal diagrams, which are
Table 3 Activation energy and f0 values for b and g relaxations ob-
tained from Arrhenius plot

g b

Eact

log(f0)

Eact

log(f0)(eV) (kJ mol�1) (eV) (kJ mol�1)

0.38 36.7 14.4 0.67 64.7 18.1

40750 | RSC Adv., 2017, 7, 40745–40754
provided in Fig. 7 and Fig. 8, where the change in dielectric
losses as a function of temperature are plotted at constant
frequency of 1 MHz, where the peak is clearly apparent and the
conductivity effects are minor. Positions of a-relaxation peaks,
which are related to the glass transition temperatures of the
materials, are provided in Fig. 7. The a-relaxation seems slightly
slower for PU-5 compared to PU-2 and PU-8, which have similar
time scales.

Isochronal diagrams of dielectric losses versus temperature
for PU-5 and PU-8 are provided in Fig. 8. For frequencies higher
than 0.5 kHz, two peaks are observed for PU-5 in Fig. 8a, one at
low temperature, which is a superposition of b and g relaxa-
tions, and the other at temperatures higher than �50 �C with
peak values of 300 in the order of 10�1, due to a-relaxation. Both
peaks move to higher temperatures with increasing frequency,
as expected for the thermally activated molecular polarizations.
Although it is not visible in the isothermal plots, the tempera-
ture range and the height of the peak in the isochronal
diagrams validate our assumption. To provide a better
comparison, a-relaxation peak was plotted for PU-8 in Fig. 8b.
The peak was rst observed above 0.5 kHz around �50 �C as
a rather weak one and then shied to the higher temperatures
and became much more apparent as the frequency increased.

To provide a better overview, we provide the Arrhenius plot
in Fig. 9, for all three samples. As can be seen in Fig. 9, these
Fig. 7 The isochronal diagrams for PUUs at a frequency of 1 MHz. The
peak of the PU-5 is slightly shifted to higher temperatures compared
to the other two copolymers (PU-2 and PU-8).

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 (a) Isochronal diagram of dielectric losses versus temperature for PU-5. Two peaks are apparent, one ca. �120 �C and one ca. �25 �C, at
1 MHz. The one at low temperatures is the sum of b and g relaxations whereas the one at high temperatures is attributed to a-relaxation or
dynamic glass transition. (b) Isochronal diagram of dielectric losses versus temperature in the temperature range of a-relaxation for the PU-8.
The experimental points are noted as dots and are connected with lines. Peak moves to higher temperatures with frequency.
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curves are not linear (as it was for b and g relaxations given in
Fig. 5) but concave. This is a typical feature of the segmental
dynamics and a-relaxation38 and conrms our assumptions
about the origin of the peak. By looking at the Arrhenius plot for
the a-relaxation (Fig. 9), we can see that the time scale of the
relaxation for PU-2 and PU-8 is the same (at least at high
temperatures) but it is slightly slower in the case of PU-5. In
addition, the curves of PU-2 and PU-8 have different shape that
basically indicates different cooperativity. Furthermore, the
a-relaxation follows a VTF temperature dependence. The
equivalent time of the relaxation for the DSC is s ¼ 100 s, so by
translating this into frequency in the Arrhenius plot, we can
predict the glass transition temperature for each sample. By
tting the VTF model to the points of the Arrhenius plot, here
we obtained some interesting results. The tting parameter of
VTF equation for the a-relaxation and the predicted glass
transition temperature were listed in Table 4.

The Vogel temperature (T0) and the predicted glass transi-
tion temperature is increasing with increasing so segment
molecular weight as does the Tg determined from calorimetric
measurements. This mainly suggests that the effect of
Fig. 9 Arrhenius plot for a-relaxation for PU-2, PU-5 and PU-8.

This journal is © The Royal Society of Chemistry 2017
increasing degree of crystallinity dominates the behavior.
Interestingly, f0 (frequency of lattice vibrations), B (apparent
activation energy) and D (fragility), do not follow a systematic
change with the so segment molecular weight. The highest
and lowest quantitative values of these parameters were ob-
tained for PU-5 and PU-8, respectively. Values for PU-2 were in
between the other two samples. It should be noted that there is
an additional uncertainty in the analysis: a single a-relaxation
was tted to the data, although there some evidences about the
existence of a slower and weaker contribution to the a-relaxa-
tion in polyurethanes, arising from so segments in close
proximity to hard segments.27 However, this is not the case in
this system. Furthermore, the behavior of a-relaxation in PU-8 is
rather interesting. As it can be seen in the Arrhenius plot
(Fig. 9), it is basically similar to the one in PU-5 at low
temperatures, and to the one in PU-2 at high temperatures.

3.1.3. Conductivity relaxation and interfacial Maxwell–
Wagner–Sillars polarization. It is well-known that the conduc-
tivity in polymers is mainly associated with translation of ions
whereas it is not related to the free electrons. In general, the
conductivity is implemented through the diffusion of ions in
the glassy matrix at temperatures below glass transition. Above
glass transition, the movement of ions towards hopping over
a barrier, leading to higher absolute values of conductivity. On
this basis, the decrease of conductivity is usually associated
with decrease in the polymer dynamics. In semi-crystalline
polymers, the crystallinity restricts the movement of polymer
chains, which have an impact on the overall conductivity.46

On the other hand, differences in dielectric permittivity or
conductivity of the phases lead to interfacial polarization, which
Table 4 Fitting parameter of VTF equation for the a-relaxation
together with predicted and DSC glass transition temperatures

Sample log(f0) B (K) T0 (K) Tg (K) Tg (�C)
DSCTg (�C) D

PU-2 9.3 324 207 218 �55 �57.8 1.6
PU-5 9.4 360 208 220 �53 �51.9 1.7
PU-8 8.6 185 217 224 �49 �48.4 0.9

RSC Adv., 2017, 7, 40745–40754 | 40751
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can be described as the accumulation of space charges at the
interfaces between the various phases, in heterogeneous
materials like phase separated polymers. The accumulating
charges behave like a dipole giving rise to the formation of
a peak in the dielectric loss spectra, which is generally referred
as Maxwell–Wagner–Sillars (MWS) polarization.7,12 More
specically, this interfacial polarization is originated from
mobility and accumulation of charges at the interfaces of so
and hard domains of polyurethanes due to the differences
between their respective dielectric constants and conductivities,
which also affect the frequency and intensity of the MWS
process.7 Therefore, the interfacial MWS polarization can be
examined for a better understanding of micro-phase separation
in polyurethanes.

As mentioned earlier, the dielectric analysis, particularly
following the a-relaxation, was quite challenging in this system
due to high conductivity of PEO. For this reason, we tried to
apply a better approach to the system by comparing diagrams of
different quantities obtained using different formalisms, such
as the (30) and (300), their ratio (tan d), the conductivity (sac), the
imaginary part of the electric modulus (M00) and the frequency
derivative of (30). From these plots, it is possible to correlate
different curves to various phenomena, such as interfacial
Maxwell–Wagner–Sillars (MWS) polarization, conductivity
relaxation, etc.40 The multi-plots of dielectric the losses (300), the
electric modulus (M00) and the conductivity, (sac) for PU-2 and
PU-5 are given in Fig. 10a and b, respectively. In the spectrum of
electric modulus (M00), the peak at low frequencies is related to
a conductivity relaxation, i.e. the transition from conductivity
DC (which is frequency independent) to conductivity AC (which
increases linearly with frequency in a log–log plot). By
comparing the spectra of electric modulus and conductivity, it
should be noted that the peak of (M00) is slightly higher than the
“knee” of the conductivity.24

For this system, at temperatures higher than �20 �C, inter-
facial MWS polarization dominates the spectrum of (300). To
provide a clear overview on the conductivity relaxation and
interfacial MWS polarization, the Arrhenius plot was recon-
structed by using the Havriliak–Negami model for the peaks of
(M00) for all three samples in Fig. 11.
Fig. 10 Multi-plots for (a) PU-2 and (b) PU-5 in order to compare the die

40752 | RSC Adv., 2017, 7, 40745–40754
As can clearly be seen in Fig. 11, all the samples under
investigation (PU-2, PU-5 and PU-8) display quite similar
behaviors, and thus, similar activation energies in terms of
interfacial MWS polarization. Although these results indicate
that the microphase separation is not signicantly affected by
the so segment molecular weight, it should be noted that no
safe conclusions can be extracted here due to the complexity of
the system and the presence of many phases with different
conductivity. For this reason, the interfacial MWS polarization
will not be further discussed.

On the other hand, signicant differences were observed in
the conductivity relaxation, which is much faster for PU-2
(Fig. 11). This is mainly related to the amorphous/crystalline
nature of the samples. As the conductivity decreases with
increasing crystallinity, which is due to the restrained mobility
arisen from the presence of the crystalline regions, the
conductivity relaxation is expected to be slower for the samples
with high crystallinity values. Since PU-2 copolymer is mainly
amorphous, there is no notable restriction on the mobility,
particularly in comparison to other two crystalline materials
under investigation (PU-5 and PU-8), its conductivity relaxation
becomes faster than those of PU-5 and PU-8. Besides, the shape
of the Arrhenius curves for the interfacial MWS polarization and
conductivity relaxation is similar to each other (Fig. 11). Parallel
lectric losses (300), the electric modulus (M00) and the conductivity (sac).

Fig. 11 Arrhenius plot derived from the electric modulus diagrams for
the MWS polarization and the conductivity relaxation.

This journal is © The Royal Society of Chemistry 2017
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traces of these two processes for each sample mainly imply
similar activation energies. In addition, both of the processes,
i.e., MWS polarization and conductivity relaxation, follow VTF
behavior, which is typical for the conductivity relaxation above
glass transition temperature, basically indicating cooperativity
in the system.

4. Conclusions

The effect of so segment molecular weight on the molecular
mobility and segmental dynamics of a series of PEO-based
polyurethaneurea copolymers with identical hard segment
contents (30% by weight) were investigated using differential
scanning calorimetry and dielectric relaxation spectroscopy.
DSC analyses showed that PEO SS glass transition temperature
increased with the so segment molecular weight. This was
supported by the results obtained from DRS analyses. Further-
more, as widely observed in polyurethanes, these copolymers
also display rich dielectric relaxation behavior, where ve
different relaxations were observed in dielectric analyses of all
copolymers. These were local glassy state motions (g and b),
segmental motion of the so phase (a), conductivity relaxation
(CR) and interfacial Maxwell–Wagner–Sillars (MWS) polariza-
tion. Local relaxations follow Arrhenius behavior and their time
scale is not affected by the so segment molecular weight.
Interestingly enough, the a-relaxation was not visible in the
spectra of dielectric losses versus frequency, but became
apparent aer re-plotting the data into isochronal diagrams. It
follows VTF behavior and interestingly is slower for the copol-
ymer based on PEO-4600 (PU-5) when compared with those
based on PEO-2000 (PU-2) and PEO-8000 (PU-8). The conduc-
tivity relaxation and the interfacial MWS polarization also
follow VTF behavior and have quite similar slope basically
indicating cooperativity and similar activation energies,
respectively. Very interestingly, the interfacial MWS polarization
is not affected by the so segment molecular weight indicating
that microphase separation is not signicantly affected by the
PEOmolecular weight for this system, which is unexpected. Due
to the highly complex structures of the samples having many
phases with different conductivity, we should note that no safe
conclusions can be extracted for the microphase separation in
this system based on the interfacial MWS polarization.
However, signicant differences were observed in the conduc-
tivity relaxation, which is much faster for PU-2 copolymer when
compared with PU-5 and PU-8. This is explained by an increase
in the degree of crystallinity of the PEO matrix with an increase
in the PEO molecular weight in these copolymers, as demon-
strated by XRD and DSC studies.
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