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ABSTRACT
We elucidate the influence of composition (weight ratios of 89/11, 76/24 and 49/51)
and morphology (spherical, cylindrical and lamellar) on the dielectric and viscoelastic
properties in shear and elongation of anionically synthesized polystyrene-block-poly(4vinylpyridine) (PS-b-P4VP) diblock copolymers in the microphase-separated state. The
temperature dependence of the response in both experiments is compared. The
analysis of the linear regime shows the appearance of composition (superposition of
moduli) and interfacial effects caused by microphase separation (low frequency
shoulder, plateau and 𝜔𝜔1/2 regime for dynamic moduli and Maxwell-Wagner-Sillars
polarization in dielectric experiments). In shear and extensional flows with a constant
deformation rate, a pronounced strain-softening behavior in case of a cylindrical and a
lamellar morphology appears. For a high weight fraction of the majority phase and a
spherical morphology, respectively, strain-softening is observed to a lesser extent.
Consequently, strain-softening of diblock copolymer melts can be tuned by the
weight/volume ratio of the two blocks.
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1. Introduction
The influence of molecular structure on the macroscopic properties of polymers is a
key research topic of modern polymer science. In comparison to homopolymers, the
static and dynamic properties of block copolymers are associated with additional
phenomena, e.g., microphase separation.1-3 This phenomenon can be used for further
applications such as nanostructuring4 and membrane preparation5, 6 because of the
rich variety of block copolymer microstructures on the nanometer scale.7 Furthermore,
processing of polymers is intimately associated with the rheological properties in the
melt state or in solution. For example, preparation of polymer films using the technique
of film blowing requires polymers which show strain-hardening in melt elongation in
order to achieve films with a uniform thickness. Driven by high technological relevance
and fundamental interest, a variety of chemically and rheologically oriented studies
thus revealed the influence of long-chain branching of polyolefins on the rheological
properties in melt elongation.8-13 On the contrary, if a polymer depicts strain-softening
in melt elongation, it may be advantageous for preparation of open-celled foams.
During expansion of foam cells, a biaxial elongational flow in the polymer matrix exists.
The strain-softening property of the polymer favors break-up of the cell walls during
foaming. In previous publications, such a strain-softening behavior was observed for
some selected block copolymers with a cylindrical structure, e.g., for a polystyreneblock-poly(4-vinylpyridine) (PS-b-P4VP) diblock copolymer with a cylindrical
morphology.14, 15 Therefore microphase-separated block copolymers can have a high
impact for preparation of open-celled polymer foams. However, a systematic analysis
of the strain-softening potential of diblock copolymers is still missing, in particular for
different types of block copolymer morphologies.
A series of theoretical and experimental publications has been devoted to the static16,
17 and dynamic properties of block copolymers,2, 18-22 for example, in order to analyze
the influence of the molecular weight,23 the composition24 and, in case of triblock
copolymers, the block sequence25 on the rheological properties. Recently, bottlebrush
block copolymers were also studied which were characterized by a high mobility and
a fast ordering dynamics because of the low molecular weight side chains.26 In this
work, we focus on PS-b-P4VP diblock copolymers because of the high value of FloryHuggins interaction parameter 𝜒𝜒 for the pair styrene/4-vinylpyridine. Furthermore, in
contrast to the intensively studied polystyrene-polyisoprene (PS-b-PI) block

copolymers, the glass transition temperature 𝑇𝑇𝑔𝑔 of the P4VP component is larger than
the 𝑇𝑇𝑔𝑔 value of polystyrene, and the difference of Tg values for P4VP and PS is

significantly smaller than for PS and PI. In the previous works, the viscoelastic and
dielectric properties of polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP) and
polystyrene-block-poly(4-vinylpyridine) block copolymers were studied.27-29 Schulz et
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al. determined the phase behavior of PS-b-P2VP diblock copolymers with various
compositions using rheological and scattering techniques as well as transmission
electron microscopy.30 The volume fraction of the PS microphase ranged between 34
and 70%, and the number average of the molecular weight was below 20 kg/mol. The
rheological experiments of Schulz et al. were performed in the linear regime. Fang et
al. analyzed the influence of molecular weight on the rheological properties of PS-bP2VP diblock copolymers with a lamellar morphology.31 The dynamic moduli 𝐺𝐺′ and 𝐺𝐺′′

follow a power law relation as a function of angular frequency 𝜔𝜔 with a power-law
exponent in the order of 0.5. This value of the power law exponent was also
theoretically derived by Kawasaki and Onuki.32 The orientation of lamellae by large
amplitude oscillatory shear flow and the localization of functionalized multi-wall carbon
nanotubes in a PS-b-P4VP diblock copolymer was thoroughly studied by Wode et al.33
The rheological properties of poly(2-vinylpyridine) homopolymers were also the subject
of several publications. The influence of nanoparticle loading on the relaxation
behavior of poly(2-vinylpyridine) was studied by Holt et al.34 A main result of their work
is that the addition of nanoparticles does not slow down the overall chain dynamics.
For example, the glass transition temperature was not altered by the addition of the
particles, compare also the results of Handge et al.35 The experiments of Takahashi et
al. show that poly(2-vinylpyridine) and polystyrene (PS) have a similar zero shear rate
viscosity 𝜂𝜂0 whereas the plateau modulus 𝐺𝐺No and the elastic creep compliance 𝐽𝐽eo of

P2VP and PS slightly differ.36

Besides a large number of studies on the rheological properties of block copolymer
melts in shear flow, only a limited number has been devoted to the extensional
rheology of microphase-separated block copolymers. Takahashi et al. concluded that
strain-softening and strain-hardening of random and block copolymers is associated
with the damping function.37 In recent works, the morphology development of block
copolymers with a cylindrical morphology using scattering techniques was studied.3840 The initial orientation of the triblock copolymer had a strong influence on the flow
kinematics leading to a uniaxial deformation for cylinders which are aligned in parallel
to the flow direction and to a planar deformation for perpendicularly aligned samples.
The relaxation behavior was also studied in detail. If the Hencky strain in the elongation
interval exceeded a certain critical value, stress relaxation took place faster than for an
elongation up to a Hencky strain below this critical value.40
Broadband dielectric spectroscopy is a further tool to study the dynamical properties
of polymers.41 This method can give much insight into the relaxation behavior of the
different blocks of block copolymers and on interfacial relaxation. Several studies were
devoted to the dielectric properties of PS-b-P2VP and PS-b-P4VP diblock copolymers
and the corresponding homopolymers. The segmental dynamics of P2VP
3

homopolymers in nanopores were investigated by Serghei.29 The α-relaxation of P2VP
did not significantly change down to a pore diameter of 18 nm. In a similar manner, it
was shown that the glass transition temperature of a PS-b-P4VP diblock copolymer
with a symmetric composition was not altered, either, during capillary flow into
nanowires.29 The dielectric properties of a PS-b-P4VP diblock copolymer with a
cylindrical morphology in the bulk and confined in cylindrical nanopores were studied
by Maiz et al.42 In a confined geometry, a faster dynamics is observed. A major
outcome of the work of Sanno et al. is that the β-relaxation process of isotactic and
atactic poly(2-vinylpyridine)s can be attributed to the restricted rotation of pendant
pyridine rings accompanying a distortion of the main chains.43 The glass transition
temperature of thin and ultrathin P2VP films was measured by Madkour et al.44 The
authors did not find a shift of glass transition temperature down to a film thickness of
22 nm, either.
The objective of this study is to analyze the influence of composition and different types
of morphology on the rheological and dielectric properties of polystyrene-block-poly(4vinylpyridine) diblock copolymers and to compare the temperature dependence of
selected relaxation processes in both experiments. Several diblock copolymers with
varying composition and molecular weight were synthesized. Rheological experiments
in shear and elongation were performed and analyzed in order to elucidate the linear
and nonlinear material behavior. In addition, dielectric spectroscopic measurements
were carried out in order to achieve an almost complete view of the relaxation behavior
of these polymers. In contrast to previous studies, different types of microphaseseparated morphology are investigated in this work.
2. Experimental section
2.1. Materials
Styrene (≤99.5%, Sigma-Aldrich, Schnelldorf, Germany) was filtered through a
chromatography column filled with aluminum oxide powder (Al2O3, Macherey-Nagel,
Düren, Germany) in order to remove inhibitor and was transferred to a glass flask
containing di-n-butylmagnesium (1.0 M solution in heptane, Sigma-Aldrich,
Schnelldorf) under argon. Styrene was distilled before use under high vacuum. 4vinylpyridine (100 ppm hydroquinone as inhibitor, Sigma-Aldrich, Schnelldorf) was
purified from aluminum oxide column. Then 4-vinylpyridine was distilled through a
special glass column under distillation apparatus at a reduced pressure of
approximately 40 mbar at 95 °C and was subsequently transferred to a glass flask and
stirred over calcium hydride (99%, Sigma-Aldrich, Schnelldorf). The next step was the
purification and distillation (twice) from ethylaluminum dichloride (1.0 M in hexane,
Sigma-Aldrich, Schnelldorf). Tetrahydrofuran (THF, ≤99.9%, Merck, Darmstadt,
4

Germany) was used as a solvent. It was successively distilled from molecular sieves
and titrated with sec-butyllithium (s-BuLi, 1.4 M in hexane, Sigma-Aldrich, Schnelldorf)
obtaining a yellow color. For the polymerization, s-BuLi was used as initiator. For the
termination, a 10:1 v/v mixture of methanol (99.8%, Sigma-Aldrich, Schnelldorf) and
acetic acid (99.7%, Sigma-Aldrich, Schnelldorf) was used as termination agent.

Scheme 1: Synthesis of polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP) diblock
copolymers.
2.2. Synthesis
The polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP) diblock copolymers were
synthesized via sequential anionic polymerization. The day before the start of the
synthesis the solvent was distilled from s-BuLi and was titrated until the yellow color of
the solution remained stable for approximately 15 min at -20 °C. Afterwards, the
solution was heated up to room temperature so that the color vanished and finally was
evacuated.
The polymerization process is displayed in Scheme 1. The polymerization of styrene
was carried out at -78 °C for approximately 1 – 2 hours. Initially, the distilled styrene
was added with a syringe over argon into the polymerization flask. After polymerization
initiation with s-BuLi, the solution obtained an orange color which is characteristic of
the active living ends of the polystyrene chains. After a polymerization time of 1 – 2
hours, a small aliquot of the solution was extracted for characterization, while the
distilled 4-vinylpyridine monomer was also added to the solution and left to polymerize
overnight at -78 °C. The polymerization solution obtained a stronger yellow color
5

indicating the addition of the monomeric unit of P4VP on the polymer chain. On the
following day, the polymerization was terminated by insertion of a small amount of a
degassed methanol/acetic acid mixture into the polymerization solution. Then the
solution was left to equilibrate to room temperature by rigorous stirring, and the excess
of the solvent was removed by rotational evaporation at 60 °C. The synthesized diblock
copolymers were precipitated in water and dried under vacuum at 60 °C for several
days. For the polymers, the nomenclature PSx-b-P4VPyz is used, where x and y are
the weight fractions of PS and P4VP, respectively, and z is the total molecular weight
of the diblock copolymer in kg/mol.
The synthesis of the diblock copolymers was focused on producing polymers with a
ratio of PS/P4VP approximately equal to 90/10, 75/25 and 50/50 in order to achieve
different microphase-separated morphologies. However, since tetrahydrofuran is not a
good solvent for P4VP, the increase of the molecular weight of P4VP led to partial
solubility problems, which were indicated by an observed turbidity in the polymerization
solution. This was an indication of the increased molecular weight of the P4VP chains
that led to the partial insolubility of the polymer. For comparison a commercial P4VP
homopolymer (Polymer Source Inc., Dorval, Canada) with a number average of the
molecular weight of 42 kg/mol and a polydispersity index of 1.45 was used for
experimental analysis. As a further reference, a commercial polystyrene PS 158K
(BASF SE, Ludwigshafen, Germany) with a number average molecular weight of 113
kg/mol and a polydispersity index of 2.3 was used.15
2.3. Molecular and thermal characterization
The diblock copolymers were characterized by several analytic methods in order to
obtain information about the molecular weight distribution and the molecular structure
of the diblock copolymers. Molecular characterization was accomplished with the use
of gel permeation chromatography (GPC) in order to obtain the polydispersity index
and the molecular weight of the synthesized polymer as well as proton nuclear
magnetic resonance (1H-NMR). GPC measurements were performed at room
temperature in THF on a Waters instrument (Waters GmbH, Eschborn, Germany). The
GPC system was equipped with polystyrene gel columns of 10, 102, 103, 104 and 105
Å pore sizes and a refractive index (RI) detector. The GPC device was calibrated with
polystyrene standards of different molecular weights (PSS Polymer Standards Service
GmbH, Mainz, Germany). 1H-NMR was accomplished with the Avance 500
spectrometer (Bruker BioSpin GmbH, Rheinstetten, Germany), equipped with a 500
MHz magnet and a triple resonance inverse (TXI) probe. The experiment was done at
room temperature with deuterated chloroform as solvent and tetramethylsilane as
internal standard.
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Thermogravimetric analysis (TGA) was carried out using the apparatus TG 209 F1 Iris
(Netzsch, Selb, Germany). The experiments were done in a temperature range from
25 °C up to 1000 °C at a heating rate of 10 K/min. The measurements were performed
under an argon atmosphere. TGA-FTIR experiments were carried out using the
apparatus TGA/DSC2 Star (Mettler-Toledo, Gießen, Germany) coupled with a TGA-IR
spectrometer Nicolet iS 50FT-IR (Thermo Scientific, Braunschweig, Germany).
Isothermal experiments at temperatures of 140 °C and 270 °C were also carried out.
Differential scanning calorimetry (DSC) experiments were performed with the use of
the calorimeter DSC 1 (Mettler-Toledo, Gießen, Germany) in the temperature range
from 25 °C up to 250 °C. The heating rate was 10 K/min. The second heating interval
was used for the evaluation of the thermal properties. The measurement was
performed in a nitrogen atmosphere. Approximately 10 mg of the polymer were placed
in an aluminum pan of 10 µL.
2.4. Morphological characterization
The analysis of the morphology was done via transmission electron microscopy (TEM).
The samples were obtained from compression-molding as described below and molten
in the rheometer for 7 min at 240 °C. Subsequently, a shear deformation or an
elongation, respectively, for 10 s was applied with a shear or extension rate (Hencky
strain rate) of 0.1 s-1. The samples for the TEM analysis were quenched to room
temperature by opening the rheometer after the melting time of 7 min for the samples
which are denoted as “prior to deformation.” In order to investigate the change of
morphology during deformation, additional samples after deformation in shear or
extension for 10 s were obtained in the same manner. After quenching, the samples
were cut using an ultramicrotome EM UCT (Leica Microsystems, Wetzlar, Germany)
into slices with a thickness of approximately 50 nm. The ultrathin cuts were placed on
gold coated copper grids and stained with iodine for 1 hour in order to obtain good
electron density contrast. A Tecnai G2 F20 (FEI, Eindhoven, The Netherlands) was
used to obtain the TEM micrographs at 120 kV in bright field mode.
2.5. Rheological experiments
Cylindrical specimens with a diameter of 8 mm and a thickness of 1 mm for rheological
experiments in shear were prepared by compression-molding. Initially, the bulk
polymer powder was dried at 140 °C under vacuum overnight. Then the sample was
compression-molded using a laboratory press PW 10 (Paul-Otto Weber GmbH,
Remshalden, Germany) at 200 °C for approximately 9 min, applying a force of
approximately 60 kN and a vacuum of 10-2 mbar. Samples prepared by compressionmolding were also used for dynamic-mechanical-thermal analysis (DMTA) under
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tension and for melt elongational experiments. The samples for DMTA had rectangular
cross-sections with dimensions of approximately 26.0 x 4.5 x 0.25 mm3 and the
samples for extensional rheology 15.0 x 10.0 x 0.75 mm3. The samples of lower
molecular weight, PS74-b-P4VP2679 and PS49-b-P4VP5160, were prepared by
compression moulding with the MeltPrep device (MeltPrep GmbH, Graz, Austria) at
200 °C for 10 min and a pressure of 0.1 bar. After compression-molding the P4VP
homopolymer and the PS-b-P4VP diblock copolymers were kept at 140 °C in vacuum
for at least 24 hours.
Experiments in the extension mode were performed using the Solids Analyzer RSA II
(Rheometrics, Piscataway (NJ), USA) in a nitrogen atmosphere between 25 and 140
°C. The heating rate was 0.5 K/min, and the frequency 𝑓𝑓 was equal to 1 Hz. Before the
temperature-dependent experiment, a strain sweep at a temperature of 25 °C in the
interval from 0.02 up to 0.2% was carried out in order to determine the linear
viscoelastic range. For the temperature sweep experiment, the strain amplitude was
set to 0.1%.
The rheological experiments in shear were conducted using the rotational rheometer
MCR 502 (Anton Paar, Graz, Austria) in the oscillatory mode and at constant shear
rate, respectively. The temperature of the dynamic-mechanical-thermal analysis
(temperature sweep) in shear ranged from 240 to 120 °C. The cooling rate was set to
-0.5 °C/min, and the shear amplitude 𝛾𝛾0 was 0.5%. The frequency 𝑓𝑓 was equal to 1
Hz. The temperature equilibration time was 7 min.

Furthermore, linear viscoelastic shear oscillations were carried out in the temperature
range from 120 to 240 °C in increments of 20 °C. The angular frequency 𝜔𝜔 was varied
between 10-2 and 102 rad/s, starting from the highest frequency. Strain sweep
experiments were carried out before the frequency sweep experiments in order to
determine the linear viscoelastic regime. The strain amplitude 𝛾𝛾0 was 5%. In order to
probe the stability of the dynamic moduli with time, time sweeps with a constant angular
frequency 𝜔𝜔 = 0.10 rad/s and a shear amplitude 𝛾𝛾0 = 5% were performed.

The experiments at constant shear rate (so-called stress growth experiments) were
conducted with applied shear rates 𝛾𝛾̇ 0 of 0.01, 0.10 and 1.00 s-1 at a temperature of

240 °C. A plate-plate geometry with a plate diameter of 8 mm was used. The
measurements consisted of an interval with constant shear rate of 100 s and a
subsequent relaxation interval (shear rate equal to zero) of 100 s.
Rheological experiments in melt elongation were carried out using an SER tool (Anton
Paar, Graz, Austria) at a measurement temperature of 180 °C and 240 °C. After the
rectangular samples had been attached to the drums, a temperature equilibration time
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of 300 s was added. In the temperature equilibration interval, a low pre-torque of 10
µNm was applied according to the method of Aho et al. in order to minimize sagging
of the sample.45 The maximum Hencky strain 𝜀𝜀max was 4. The Hencky strain rate 𝜀𝜀̇0

was set to 0.01, 0.10 and 1.00 s-1, respectively.
2.6. Broadband dielectric spectroscopy

Dielectric spectroscopy measurements were performed using an Alpha-AN high
resolution dielectric analyzer (Novocontrol Technologies GmbH, Montabaur,
Germany). Films were obtained from compression-molding powder of the diblock
copolymers at 200 °C using the same procedure as the specimens for rheological
characterization, which led to films of approximately 180 μm thickness. After
compression-molding, the samples were dried at 140 °C under vacuum for at least 24
h. A second gold-coated brass plate was placed on top of the sample. Afterwards, the
two gold-coated brass plates containing the sample were inserted in the spectrometer.
The diameters of the brass plates were 40 mm for the lower plate and 20 mm for the
upper plate. Prior to the dielectric measurements the diblock copolymers were
annealed at 200 °C for 1 hour (180 °C for the P4VP homopolymer and 130 °C for the
PS homopolymer) in the device in order to improve the contact of the sample with the
surface of the electrode. The temperature of the frequency dependent measurements
ranged from -50 to 200 °C in increments of 5 °C for the homopolymers and from -50 to
250 °C for the diblock copolymers. The frequency ranged in the interval of 10-2 Hz up
to 107 Hz.
3. Results and discussion
3.1. Molecular characteristics of diblock copolymers
In this work, six PS-b-P4VP diblock copolymers with different compositions and
molecular weights were synthesized, see Table 1. Referring to the weight fraction of
both blocks and the theoretically proposed phase diagram of Bates and Fredrickson,46
one diblock copolymer is assumed to be associated with a spherical morphology, two
diblock copolymers with a cylindrical and three diblock copolymers with a lamellar
morphology, respectively.46 The number average molecular weight 𝑀𝑀𝑛𝑛 varied from 60
kg/mol to 150 kg/mol. The polydispersity index (Ð) was small which is characteristic for
anionic polymerization. Of special interest is the higher molecular weight diblock
copolymer with the symmetrical composition that exhibits a higher polydispersity index
than the other diblock copolymers. The reason for this effect is the solubility problem
of the synthesized P4VP block during polymerization, since tetrahydrofuran is not a
good solvent for P4VP. This explanation is also supported by the fact that the lower
molecular weight diblock copolymer with a composition of 50/50 (PS49-b-P4VP5160)
9

Polymera
PS89-b-P4VP11170
PS74-b-P4VP2679
PS76-b-P4VP24159
PS49-b-P4VP5160
PS48-b-P4VP52120
PS49-b-P4VP51131

ΦPS b
(vol%)
88.7
74.0
76.2
49.0
48.0
49.5

ΦP4VP b
(vol%)
11.3
26.0
23.8
51.0
52.0
50.5

𝑀𝑀𝑛𝑛 c
(g/mol)
170 000
79 000
159 000
60 000
120 000
131 000

Ðc
1.09
1.20
1.15
1.07
1.31
1.27

a

Lower-case numbers indicate the mass fraction of the corresponding block in %.
The upper-case number indicates the number average of the molecular weight in
kg/mol.
b Calculated based on 1H-NMR data.
c Determined by GPC calibrated with polystyrene standards and 1H-NMR.
Table 1: Physical properties of the PS-b-P4VP diblock copolymers of this study. The
volume fractions of the two blocks are denoted by ΦPS and ΦP4VP .
exhibits a lower Ð value than the diblock copolymer PS49-b-P4VP51131.
3.2. Thermal properties of diblock copolymers
Thermal gravimetric analysis (TGA) was applied in order to determine the thermal
stability of the diblock copolymers of this study. Figure 1(a) presents the relative mass
as a function of temperature for the diblock copolymer PS74-b-P4VP2679 and its
polystyrene precursor with a number average of the molecular weight 𝑀𝑀𝑛𝑛 of 64 kg/mol.

The data for a pristine P4VP with 𝑀𝑀𝑛𝑛 = 42 kg/mol are also shown. The comparison of
the two curves clearly reveals that the addition of the P4VP block to the polystyrene
precursor reduces the thermal stability. Whereas the polystyrene precursor has a mass
loss of 1% at a temperature of 374 °C, the corresponding temperature for the PS74-bP4VP2679 diblock copolymer is lower and equals 311 °C. The corresponding value for
pristine P4VP is 204 °C. Figure 1(b) presents the derivative of the relative mass as a
function of temperature and reveals that the P4VP block and homopolymer are
associated with a significant mass loss at lower temperatures than pristine polystyrene.
Further TGA measurements revealed that the diblock copolymers are generally stable
up to around 300 °C under heating with a rate of 10 K/min.
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(a)

(b)

Figure 1: (a) Relative mass and (b) its derivative as a function of temperature as
obtained by TGA experiments with a constant heating rate for the diblock copolymer
PS74-b-P4VP2679, its polystyrene precursor with a number average 𝑀𝑀𝑛𝑛 of the molecular
weight of 64 kg/mol and a pristine P4VP with a number average of the molecular weight
of 42 kg/mol. The heating rate was 10 K/min.
Polymer
PS
PS89-b-P4VP11170
PS74-b-P4VP2679
PS76-b-P4VP24159
PS49-b-P4VP5160
PS48-b-P4VP52120
PS49-b-P4VP51131
P4VP

𝑇𝑇𝑔𝑔, PS Prec
(°C)
104.5
103.6
104.7
101.2
103.9
104.1
-

𝑇𝑇𝑔𝑔, PS
(°C)
103.7
104.7
105.0
105.6
102.1
104.6
104.1
-

𝑇𝑇𝑔𝑔, P4VP
(°C)
145.2
146.0
152.8
150.0
152.5
153.0
146.9

Δ𝑐𝑐𝑝𝑝, PS
(J/(gK))
0.230
0.210
0.175
0.140
0.088
0.063
0.088
0

Δ𝑐𝑐𝑝𝑝, P4VP
(J/(gK))
0
0.018
0.043
0.031
0.085
0.053
0.062
0.220

Table 2: Glass transition temperatures 𝑇𝑇𝑔𝑔 and specific heat capacity Δ𝑐𝑐𝑝𝑝 of pristine
polystyrene, poly(4-vinylpyridine) and the PS-b-P4VP diblock copolymers of this
study.
The thermal transitions of the diblock copolymers were analyzed using differential
scanning calorimetry. The specific heat flux as a function of temperature as determined
by the second heating cycle is presented in Figure 2(a). The results of the DSC
experiments are also listed in Table 2. The curves are vertically shifted for clarity.
Because of the similar weight fraction of the PS and the P4VP blocks, two endothermic
processes can be most clearly seen at approximately 105 °C and 150 °C in the
thermograph of the PS49-b-P4VP51131 diblock copolymer. These two processes
correspond to the glass transitions of the PS and the P4VP blocks, respectively. The
change of the heat flux at around 105 °C for the diblock copolymers with polystyrene
as the majority phase (PS89-b-P4VP11170 and PS76-b-P4VP24159) is significantly larger
than the one at around 150 °C because of the higher fraction of the PS block in
11

comparison to the lower fraction of the P4VP block. The two distinct endothermic
processes at the predicted glass transition temperatures of each block indicate that the
microphase-separated diblock copolymers are associated with the strongly segregated
regime.
Figure 2(b) displays the measured value of the specific heat capacity Δ𝑐𝑐𝑝𝑝 versus the

weight fraction of the PS and the P4VP block. The prediction based on a linear mixing
rule and the specific heat capacity of pristine PS and P4VP are also shown. In case of
both glass transitions, the measured Δ𝑐𝑐𝑝𝑝 values of the diblock copolymers generally
range below the theoretical prediction of the linear mixing rule. This effect can be
explained by the contribution of the PS/P4VP interface where the chain segments are
less mobile and do not contribute to the Δ𝑐𝑐𝑝𝑝 value.

(a)
(b)
Figure 2: (a) DSC thermograms of PS-b-P4VP diblock copolymers of this study with
different compositions and a large molecular weight. The heating rate was 10 K/min.
For clarity, the curves are shifted vertically. The vertical lines denote the glass transition
temperatures of the homopolymers. (b) Specific heat capacity Δ𝑐𝑐𝑝𝑝 as a function of the

weight fraction ϕPS of PS and the weight fraction ϕP4VP of P4VP, respectively. The
circles correspond to ϕP4VP and the squares to ϕPS . The result of a linear mixing rule is

shown for PS as a solid line and for P4VP as a dashed line.
3.3. Morphological characterization

Transmission electron micrographs were prepared in order to study the initial
morphology and a possible change of morphology during shear and elongational flow
with a constant deformation rate. Generally, the method of sample preparation plays
an important role for the formation of microphase-separated structures. Structures with
a more elaborated long-range order can be obtained by casting block copolymers from
suitable solvents (preferentially non-selective solvents) such as chloroform,
tetrahydrofuran or N,N-dimethylformamide. Van Ekenstein et al. state that the FloryHuggins interaction parameter 𝜒𝜒S,4VP for PS-b-P4VP diblock copolymers ranges
between 0.30 and 0.35.47 In Table 3, the degree 𝑁𝑁 of polymerization for the PS and
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(kg/mol)

𝑀𝑀𝑛𝑛 of P4VP
(kg/mol)

𝑁𝑁S

PS89-b-P4VP11170

157

13

1509

124

572

PS74-b-P4VP2679

64

15

618

140

265

PS76-b-P4VP24159

128

31

1231

294

534

PS49-b-P4VP5160

23

37

221

360

203

PS48-b-P4VP52120

60

60

521

629

403

PS49-b-P4VP51131

64

67

616

635

438

Polymer

𝑀𝑀𝑛𝑛 of PS

𝑁𝑁4VP

𝜒𝜒𝜒𝜒

Table 3: Degree 𝑁𝑁 of polymerization and product of the Flory-Huggins interaction

parameter 𝜒𝜒 with 𝑁𝑁. The chosen value of the Flory-Huggins interaction parameter is

𝜒𝜒 = 0.35.47

the P4VP blocks (denoted by 𝑁𝑁S and 𝑁𝑁4VP ) and the product 𝜒𝜒𝜒𝜒 with the Flory-Huggins
interaction parameter 𝜒𝜒 = 𝜒𝜒S,4VP for the diblock copolymers are listed. The value of 𝜒𝜒𝜒𝜒

ranges between 203 and 572 and therefore is far above the limit of strong segregation.
The arrows in the transmission electron micrographs indicate the direction of shear or
extension, respectively. Since iodine was used to obtain a contrast, the PS
microphases appear bright and the P4VP microphases dark. Even though the P4VP
microdomains contain the major fraction of iodine, a partial diffusion of iodine into the
neighbored PS microphases might have been taken place. This effect possibly causes
the diameter of the P4VP microphases to appear slightly larger than their true value.
Regarding the results of the 1H-NMR analysis as well as the high degree of
polymerization, strong segregation of the microphases is expected for all three diblock
copolymers with the highest molecular weight.
Figure 3(a) depicts transmission electron micrographs of the compression-molded
PS89-b-P4VP11170 diblock copolymer before shear (i), after shear (ii) and after
elongation (iii). Neither shear nor elongational flow remarkably changed the
microstructure of the polymer. Next to the typically ordered spherical morphology, a
vast number of imperfections are perceptible which appear as poorly-ordered
cylindrical microstructures.
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(i)

(ii)

(iii)

(ii)

(iii)

(a)

(i)
(b)

(i)

(ii)

(c)
Figure 3: Transmission electron micrographs of (a) PS89-b-P4VP11170, (b) PS76-bP4VP24159 and (c) PS49-b-P4VP51131 diblock copolymers (i) before deformation, (ii) after
a shear deformation with a shear rate of 0.1 s-1 for 10 s and (iii) after melt elongation
with a Hencky strain rate of 0.1 s-1 for 10 s. The measurement temperature was 240
°C.
Transmission electron micrographs of the compression-molded PS76-b-P4VP24159
diblock copolymer prior to shear (i), after shear (ii) and after elongation (iii) are
presented in Figure 3(b). Neither shear nor elongational flow led to a significant change
of microstructure even though a slight trend of shifting in the shear direction is
recognizable. This result is possibly caused by the comparably long time during cooling
14

from 240 °C to a temperature below the glass transition temperature which was
achieved through opening the heating chamber and the use of a piece of cotton wool
(for quenching after elongation) which has been soaked in liquid nitrogen. The
micrographs show a cylindrical microstructure with a similar size of the P4VP
microdomains. However, the cylinders are not hexagonally packed in the observed
areas. For the PS49-b-P4VP51131 diblock copolymer, only shear experiments were
accomplished. It was impossible to analyze a sample that had been extended under
uniaxial loading due to brittle fracture. Nevertheless, the transmission electron
micrographs before and after shear depict a rather complicated microstructure. Next
to the presence of partially lamellar structures, large PS microspheres with a low P4VP
content and micellar structures are recognizable. In order to interpret these variant
microstructures, the results of GPC analysis and the sample preparation have to be
taken into account. The GPC measurements revealed that the PS49-b-P4VP51131
diblock copolymer exhibits a bimodal molecular weight distribution with a distinct peak
at a molecular weight of approximately 70 kg/mol corresponding to PS homopolymer.
A very rough estimate shows that 5 wt% of PS homopolymer is included in the PS-bP4VP diblock copolymer with a rather broad molecular weight distribution due to
varying P4VP chain lengths (caused by solubility problems of P4VP in THF) which led
to partial termination of polymerization after the addition of the second monomer.
Hereby, uncontrolled chain termination is accountable for the observed bimodal
distribution which is responsible for the mixture of a cylindrical and a lamellar
morphology. A partly comparable structure was found in the work of Krämer et al. on
nanoporous silica structures from polybutadiene-b-poly(2-vinylpyridine) diblock
copolymer templates.48 The authors described the microstructure as a micellar
structure close to the transition to a lamellar microstructure. Additionally, the sample
preparation which was used in the work of Krämer et al. did not let the sample to attain
an equilibrium state. The applied method of compression-molding for sample
preparation cannot be compared to sample preparation from solvent casting. In the
case of solvent cast films, the slow evaporation of a non-selective solvent for the
polymer leads to a film close to an equilibrium state. Nevertheless, in this work the
morphological and the rheological properties of the diblock copolymers are correlated
and therefore the compression molding was chosen as preparation method.
Furthermore, in case that a PS-b-P4VP diblock copolymer with a symmetrical
composition underwent a large amplitude shear oscillation experiment, a broken
lamellar structure occurred.33 This broken lamellar structure is similar to the structure
in Figure 3(c).
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(a)

(b)

(c)

Figure 4: Storage modulus 𝐺𝐺′ and loss modulus 𝐺𝐺′′ as a function of temperature 𝑇𝑇

obtained by dynamic-mechanical-thermal analysis (DMTA). The frequency was 𝑓𝑓 =

1 Hz.

3.4. Dynamic-mechanical-thermal analysis (DMTA)
A first impression of the influence of composition and morphology on the temperaturedependent dynamic moduli is given by the results of the dynamic-mechanical-thermal
analysis, see Figure 4. The diblock copolymers PS89-b-P4VP11170, PS76-b-P4VP24159
and PS49-b-P4VP51131 were selected for DMTA experiments because of their
comparable molecular weight and significantly different PS/P4VP ratios. Generally, the
storage modulus 𝐺𝐺′ decreases with temperature, see Figure 4. At room temperature,
below the glass transition temperature of the polystyrene block, the PS and the P4VP
blocks both are in the glassy state. Here the storage modulus 𝐺𝐺′ increases with the
mass fraction of P4VP, i.e. at a temperature of 25 °C one has 𝐺𝐺 ′ = 0.86 GPa for PS89-

b-P4VP11170, 𝐺𝐺 ′ = 0.92 GPa for PS76-b-P4VP24159 and 𝐺𝐺 ′ = 1.07 GPa for PS49-bP4VP51131. In the interval around 105 °C, the polystyrene block softens (glass transition

of PS) which is associated with a local maximum of the loss modulus 𝐺𝐺′′. At higher
temperatures, the entanglement plateau of the polystyrene block appears. In the
temperature interval between the glass transition temperatures of the PS and the P4VP
blocks, the rubbery PS microphase is mechanically reinforced by the glassy P4VP
blocks. In this regime, the storage modulus 𝐺𝐺′ also increases with P4VP fraction. In the

temperature interval around 150 °C, the glass transition of the P4VP block takes place.
The values of the dynamic moduli result from a superposition of the continuous
softening of the PS microphase and the glass transition of the P4VP block.
Consequently, a maximum of the loss modulus can be only anticipated for the diblock
copolymer with the highest mass fraction of P4VP, i.e. PS49-b-P4VP51131. At higher
temperatures, the dynamic moduli moderately decrease. This decrease of dynamic
moduli with temperature is mostly pronounced for the diblock copolymer PS89-bP4VP11170 with the largest PS fraction and the spherical morphology. The only slight
decrease of the dynamic moduli for the other two diblock copolymers is caused by the
16

Polymer
PS
PS89-b-P4VP11170
PS74-b-P4VP2679
PS76-b-P4VP24159
PS49-b-P4VP5160
PS49-b-P4VP51131
P4VP

𝐺𝐺No

(Pa)
1.74 x 105
2.67 x 105
7.61 x 105
6.31 x 105
2.67 x 104
7.19 x 104
2.75 x 105

𝜏𝜏e
(s)
25.0
25.0
10.0
15.8
-

𝑇𝑇∞
(°C)
54.8
51.4
73.4
67.8
127.7
116.6
53.8

𝑐𝑐1

6.2 ± 0.1
6.5 ± 0.1
5.0 ± 0.8
5.3 ± 0.3
5.0 ± 0.0
8.3 ± 0.4
13.4 ± 1.0

𝑐𝑐2
(K)
105.2 ± 1.0
108.6 ± 1.2
86.6 ± 8.9
92.2 ± 3.5
32.3 ± 0.0
43.4 ± 4.1
106.2 ± 12.0

Table 4: Plateau modulus 𝐺𝐺No , equilibration time 𝜏𝜏e at T = 120 °C and WLF parameters
𝑐𝑐1 and 𝑐𝑐2 of PS-b-P4VP diblock copolymers of this study. The reference temperature
𝑇𝑇ref for the WLF fit is 160 °C. The data for pristine polystyrene and poly(4-vinylpyridine)
are taken from Schulze et al.15
microphase-separated structure with a much larger interfacial area than the spherical
morphology, cf. the discussion of the master curves.
3.5. Frequency sweeps
Linear viscoelastic shear oscillations at a constant temperature allow for a quantitative
evaluation of the dynamic moduli 𝐺𝐺′ and 𝐺𝐺′′. The results of our investigations are shown
in Fig. 5 for a reference temperature of 160 °C. Figure 5(a) depicts the master curve
for the diblock copolymer PS89-b-P4VP11170 with a spherical morphology. At high
frequencies (corresponding to low temperatures), the transition to the glass transition
of the polystyrene block can be seen. A detailed inspection of the data of all diblock
copolymers reveals that the crossover of the storage and the loss modulus in this
regime is shifted to higher frequencies (i.e. corresponding to lower temperatures) for a
lower molecular weight, see the values of the equilibration time 𝜏𝜏e in Table 4. The value
of the equilibration time is given by 𝜏𝜏e = 2𝜋𝜋⁄𝜔𝜔c where 𝜔𝜔c is the crossover frequency of

𝐺𝐺′ and 𝐺𝐺′′ in the high frequency limit. This result is in qualitative agreement with the
Fox-Flory equation which describes the dependence of glass transition temperature

on molecular weight. Our data indicate that the crossover frequency 𝜔𝜔c is influenced
by the Rouse modes of the polystyrene block, and the molecular weight dependence

of the free volume and monomeric friction coefficient can be clearly seen from the 𝜔𝜔c
data. At intermediate frequencies, the entanglement plateau of the polystyrene block
appears. The viscoelastic behavior at even lower frequencies is strongly influenced by
the microphase-separated morphology. In case of the diblock copolymer with a
spherical morphology, a shoulder of the storage modulus at low frequencies appears
(Fig. 5(a)). This shoulder is an indication of increased elasticity which is caused by the
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(a)

(b)

(c)

Figure 5: Master curves of the dynamic moduli 𝐺𝐺′ and 𝐺𝐺′′ as a function of angular
frequency 𝜔𝜔. The reference temperature is 𝑇𝑇ref = 160 °C. The diblock copolymers are:
(a) PS89-b-P4VP11170 (spherical morphology). (b) PS74-b-P4VP2679 and PS76-bP4VP24159 (cylindrical morphology). (c) PS49-b-P4VP5160 and PS49-b-P4VP51131

(lamellar morphology).
interfacial tension between the PS and the P4VP microphases and the microphaseseparated structure.
Figure 5(b) shows the influence of the molecular weight on the dynamic moduli 𝐺𝐺′ and

𝐺𝐺′′ for two diblock copolymers with a similar PS/P4VP ratio (approximately 75:25). A

larger molecular weight leads to a larger entanglement plateau. In case of the diblock
copolymer with a cylindrical morphology, a plateau of the storage modulus at low
frequencies can be seen (Fig. 5(b)). The value of the storage modulus 𝐺𝐺′ in the low
frequency range is in the order of 104-105 Pa, in agreement with results of previous

studies.38 The value of 𝐺𝐺′ in this plateau regime also marginally depends on molecular
weight. The construction of a master curve for diblock copolymers with a lamellar
morphology is shown in Fig. 5(c). For the diblock copolymer PS49-b-P4VP5160 only the
temperatures of 160, 180 and 200 °C were used for the construction of the master
curve, since at higher temperatures morphological changes appeared. In case of the
diblock copolymers with a lamellar morphology, the crossover to the 𝜔𝜔1/2 regime can
be anticipated (Fig. 5 (c)).32 For both block copolymers with different molecular
weights, only imperfect master curves have been achieved for these diblock
copolymers with a symmetric composition. In the case of a symmetric composition,
both blocks equally contribute to the dynamic response leading to a more complex or
even an impossible shift behavior.
The plateau modulus 𝐺𝐺No was calculated based on the experimental data of 140 °C
according to the method of Wu which defines the plateau modulus as the minimum of

the loss tangent, i.e. 𝐺𝐺No = 𝐺𝐺 ′ (ω)tan 𝛿𝛿→minimum.49 The results of our analysis are listed in
Table 4. The plateau modulus 𝐺𝐺No increases with P4VP fraction. This result shows that
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the storage modulus in the entanglement regime is associated with a mechanical
reinforcement effect caused by the P4VP microdomains.
In Figure 6 the shift factor 𝑎𝑎 𝑇𝑇 as a function of temperature 𝑇𝑇 is plotted. The reference
temperature is 𝑇𝑇ref = 160 °C. By fitting the Williams-Landel-Ferry (WLF) equation
𝑐𝑐 (𝑇𝑇−𝑇𝑇

)
ref )

log 𝑎𝑎𝑇𝑇 = − 𝑐𝑐 1+(𝑇𝑇−𝑇𝑇ref
2

(1)

the parameters 𝑐𝑐1 and 𝑐𝑐2 and the Vogel temperature 𝑇𝑇∞ = 𝑇𝑇ref − 𝑐𝑐2 were determined
(see Table 4). The diblock copolymers PS89-b-P4VP11170, PS76-b-P4VP24159 and PS74b-P4VP2679 show a similar behavior and WLF parameters due to the dominant
influence of the PS matrix (cf. the curve for pristine PS). The 𝑐𝑐1 values of these diblock

copolymers are roughly similar. However, the value of 𝑐𝑐2 decreases with the molecular
weight of the polystyrene block. On the other hand, the diblock copolymers PS49-bP4VP5160 and PS49-b-P4VP51131 are significantly influenced by the viscoelastic
properties of the P4VP microphase and therefore the curves of the shift factor differ
significantly in shape. Because of the larger P4VP fraction with a glass transition
temperature in the order of 150 °C, the shift factor 𝑎𝑎 𝑇𝑇 decreases more strongly with
temperature than for the diblock copolymers with the polystyrene matrix.
Consequently, the WLF parameters show a pronounced composition effect. The
relevance of the contribution of the block with a higher 𝑇𝑇𝑔𝑔 was also observed for a
lamellar polystyrene-polyisoprene diblock copolymer.24 In the latter case, polyisoprene

has a very low value of 𝑇𝑇𝑔𝑔 and thus the shift behavior was dominated by the polystyrene

block with a higher 𝑇𝑇𝑔𝑔 than polyisoprene. In Fig. 6 the shift factor of the homopolymers

PS and P4VP obtained by broadband dielectric spectroscopy (BDS) are presented
which agree fairly well with the rheologically obtained shift factor. Consequently, the
temperature dependence of the rheologically and dielectrically obtained relaxation
times of the α-process (glass transition) are similar.

Figure 6: Shift factor 𝑎𝑎 𝑇𝑇 as a function of temperature 𝑇𝑇. The reference temperature is

𝑇𝑇ref = 160 °C. The data determined by broadband dielectric spectroscopy are denoted
by “BDS.”
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3.6. Shear and elongational viscosity at constant deformation rate
Whereas the shear oscillations were performed at a low shear amplitude (linear
viscoelastic regime), stress-growth experiments with a constant shear and extensional
rate, respectively, allow one to probe the nonlinear behavior. The results of our
measurements are depicted in Figures 7 and 8. In Figures 7(a) and (b), the transient
shear viscosity 𝜂𝜂(𝑡𝑡) is plotted for diblock copolymers with a cylindrical and a lamellar

morphology, respectively. In both cases, the molecular weight was also varied. An
increase of molecular weight yields an increase of time-dependent viscosity.
Furthermore, Figures 7(a) and (b) show that the shear viscosity at large times
decreases with shear rate which is called structureviscous (pseudoplastic) behavior.
In the subsequent relaxation interval (Figures 7(c) and (d)), the stress decays more
rapidly with increasing shear rate in the preceding shear interval.
In Figure 8, the transient shear viscosity 𝜂𝜂(𝑡𝑡) is multiplied with the Trouton ratio of 3 in

order to compare the shear viscosity data with the measured extensional viscosity
𝜂𝜂e (𝑡𝑡). The linear viscoelastic prediction is also shown as solid line. The linear
viscoelastic prediction was obtained by fitting a relaxation time spectrum {𝜏𝜏𝑘𝑘 , 𝑔𝑔𝑘𝑘 }1≤𝑘𝑘≤𝑚𝑚

(relaxation time 𝜏𝜏𝑘𝑘 with modulus 𝑔𝑔𝑘𝑘 ) with 𝑚𝑚 modes to the master curve for the dynamic
moduli 𝐺𝐺′ and 𝐺𝐺′′ using the software NLREG50, 51. Then the extensional viscosity 𝜂𝜂e (𝑡𝑡)
in the linear regime is given by

𝜂𝜂e (𝑡𝑡) = 3 ∑𝑚𝑚
𝑘𝑘=1 𝜏𝜏𝑘𝑘 𝑔𝑔𝑘𝑘 [1 − exp(−𝑡𝑡 ⁄𝜏𝜏𝑘𝑘 )]

(2)

Figure 8(a) shows the time-dependent extensional viscosity for the diblock copolymers.
Our experimental data show that a reasonable agreement of the threefold of the shear
viscosity and the measured extensional viscosity exists. This result indicates that
similar deformation processes take place in shear and elongation, even in the regime
of nonlinear deformations. In shear, the diblock copolymers are associated with a
structureviscous behavior which is also commonly seen for homopolymers. For
homopolymers, the structureviscous behavior is caused by disentanglement effects.
The structureviscous behavior is only moderately pronounced for the diblock
copolymer with a spherical morphology (PS89-b-P4VP11170). The structureviscous
effect can be much more seen for the diblock copolymers with a cylindrical and a
lamellar morphology, see Figures 8(b) and (c). The peak appears at a similar strain
value which can be explained with a rearrangement of morphology. Since the behavior
in shear and elongation is similar, we assume that similar morphological
rearrangements (i.e. a sliding of the microphase-separated domains) take place.
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(a)

(b)

(c)

(d)

Figure 7: Comparison of the transient shear viscosity 𝜂𝜂(𝑡𝑡) of the diblock copolymers
for (a) two diblock copolymers with a cylindrical morphology (PS74-b-P4VP2679 and
PS76-b-P4VP24159) and (b) two diblock copolymers with a lamellar morphology (PS49b-P4VP5160 and PS49-b-P4VP51131). In (c) and (d) the measured shear stress 𝜎𝜎𝑥𝑥𝑥𝑥 in the
subsequent relaxation interval is shown for these diblock copolymers. The
measurement temperature was 240 °C. The shear rates are indicated.

(a)

(b)

(c)

Figure 8: Transient shear (multiplied with the Trouton ratio of 3, closed symbols) and
extensional viscosity 𝜂𝜂e (𝑡𝑡) (open symbols) for the three diblock copolymers with the

largest molecular weight. The solid line is the linear viscoelastic (LVE) prediction of the
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extensional viscosity. The diblock copolymers are (a) PS89-b-P4VP11170, (b) PS76-bP4VP24159 and (c) PS49-b-P4VP51131.
A slightly less pronounced strain-softening of block copolymers has been also
observed by Takahashi et al. for poly(styrene-block-ethylene-butylene-block-styrene)
block copolymers.37
We also comment on the homogeneity of the sample during shear and elongation.
Generally, homopolymers deform more uniformly than filled polymers and block
copolymers. In oscillatory shear flow, edge fracture may occur at large deformations.52
The deformation of the diblock copolymer PS49-b-P4VP5160 at a shear strain of 𝛾𝛾 = 3.0

is shown in Figure 9(a). The applied shear rate was 𝛾𝛾̇ 0 = 0.10 s −1 and hence the video

image corresponds to a deformation time of 30 s. The figure clearly shows that the
deformation of the sample was uniform. In melt elongation, a uniform deformation is
also achieved up to a Hencky strain in the order of 1. Figures 9(b) and (c) present the
diblock copolymer PS76-b-P4VP24159 before deformation and after stretching up to a
Hencky strain of 1 at a Hencky strain rate of 0.1 s-1. A uniform deformation is observed.
At much higher values of Hencky strain, necking and failure of the sample occur. Such
analysis of failure modes has been recently performed for homopolymer melts.53
3.7. Broadband dielectric spectroscopy
In order to probe the relaxation behavior which is associated with the electric dipole
moment, broadband dielectric spectroscopy was performed and the complex
permittivity 𝜀𝜀 ∗ = 𝜀𝜀 ′ − 𝑖𝑖𝑖𝑖′′ was determined. These measurements give additional

information in temperature intervals where rheological data could not be achieved with
the available experimental setup (e.g., below a measurement temperature of 140 °C
for equal concentrations of P4VP and PS). Furthermore, the temperature dependence
of the relaxation processes measured by rheological and dielectric techniques,
respectively, was compared. The three diblock copolymers with different morphologies
and the highest molecular weight (PS89-b-P4VP11170, PS76-b-P4VP24159 and PS49-bP4VP51131) were chosen for these experiments. Figure 10 presents the dielectric loss
𝜀𝜀′′ as a function of temperature 𝑇𝑇 in the range from -50 to 250 °C at a frequency of 𝑓𝑓 =

10000 Hz for these diblock copolymers. The maxima of the dielectric loss 𝜀𝜀′′ can be

related to specific relaxation processes. The homopolymers PS and P4VP were
measured under the same conditions in the temperature range from -50 to 200 °C and

are also displayed in Figure 10. The temperature-dependent dielectric loss 𝜀𝜀′′ depicts
several relaxation peaks. A clearly pronounced maximum occurs at a temperature of
approximately 0 °C for the samples with a non-zero fraction of P4VP. The intensity
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(a)

(b)

(c)

Figure 9: Deformation of diblock copolymers: (a) Diblock copolymer PS49-b-P4VP5160
at a shear strain of 𝛾𝛾 = 3.0 at an applied shear rate of 𝛾𝛾̇ 0 = 0.10 s −1. (b) Diblock
copolymer PS76-b-P4VP24159 before the melt elongational test. (c) Diblock copolymer
PS76-b-P4VP24159 at a Hencky strain of 1.0. The Hencky strain rate was 0.1 s-1. The
measurement temperature in (a) to (c) was 240 °C.

Figure 10: Results of dielectric measurements for PS89-b-P4VP11170, PS76-bP4VP24159, PS49-b-P4VP51131, pristine PS and P4VP. The dielectric loss 𝜀𝜀′′ at a
frequency of 𝑓𝑓 = 10 kHz is plotted as a function of temperature 𝑇𝑇.

of the peak rises with increasing P4VP fraction. Maiz et al. investigated a PS-b-P4VP
diblock copolymer with a number average of the molecular weight of 69 kg/mol and a
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PS/P4VP ratio of 74/26.42 According to their work, this process at low temperatures
can be identified with the γ-relaxation of P4VP. It can be related to the mobility of P4VP
rings in poorly packed regions in P4VP homopolymers and at the interface between
PS and P4VP in diblock copolymers.42 Another distinct local maximum of the dielectric
loss 𝜀𝜀′′ appears at a temperature of approximately 140 °C for the pristine PS
homopolymer and the diblock copolymers. This relaxation process is associated with

the α-relaxation of the PS microphase, since the glass transition temperature of high

molecular weight polystyrene is about 105 °C (cf. the results of the DSC analysis). The
intensity of the maximum increases with the PS fraction of the diblock copolymers.
Additionally, Maiz et al. detected a maximum at slightly lower temperatures which is
interpreted as the β-relaxation.42 This process was not recognizable in the temperature
dependent presentation, but is observed and discussed in the context of the frequency
sweeps. Furthermore, a clearly visible maximum of the dielectric loss of pristine P4VP
and the diblock copolymers occurs at a temperature of approximately 185 °C which
can, in reasonable agreement with the results of the DSC analysis, be related to the
α-relaxation of the P4VP phase. As for the previously discussed relaxation processes,
the intensity of the maximum of the dielectric loss 𝜀𝜀′′ increases with P4VP fraction in
the diblock copolymers. In case of the P4VP homopolymer and the PS49-b-P4VP51131
diblock copolymer, the poor pronunciation of the peak can be explained with a
significant contribution of the direct current conductivity at high temperatures due to a
high P4VP content.
The results of isothermal measurements (frequency sweeps) are shown in Figure 11
which presents the dielectric loss 𝜀𝜀′′ as a function of frequency 𝑓𝑓 for the three diblock

copolymers. The γ-relaxation of the P4VP homopolymer and the three diblock
copolymers can be clearly seen at a frequency of 𝑓𝑓 = 1000 Hz at T = -25 °C (Figure

(13(a)). The peak position does not depend on the diblock copolymer composition.
However, the peak intensity increases with P4VP fraction. Furthermore, the γrelaxation is comparably weak and can only be detected at low temperatures, since it
is associated with local rearrangements, i.e. the dynamics of 4VP rings in poorly
packed regions. The β-relaxation process can be associated to the mobility of the
polymer backbones of P4VP chains below the glass transition temperature. As
displayed in Figure 11(b), it slightly differs in peak position and intensity. This behavior
can be attributed to the fact that the β-relaxation process is partially superimposed by
the α-relaxation process of the PS block. The influence of the PS fraction is discussed
in more detail with the analysis of the activation energy 𝐸𝐸𝐴𝐴 and the relaxation time 𝜏𝜏∞

at an infinite temperature. At a temperature of 130 °C (see Figure 11(c)), the αrelaxation of PS can be detected for pristine PS, PS89-b-P4VP11170 and PS76-bP4VP24159 at a frequency of approximately 𝑓𝑓 = 1000 Hz. The maximum of the
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dielectric loss 𝜀𝜀′′ of PS49-b-P4VP51131 cannot be observed at a first glance because of

the only comparably low weight fraction of PS. However, a closer examination (fit
procedure) of this curve indicates the existence of the α-relaxation at a similar position.
The linear increase of 𝜀𝜀′′ at low frequencies can be explained with

(a)

(b)

(c)

(d)

Figure 11: Dielectric loss 𝜀𝜀′′ as a function of frequency 𝑓𝑓 at temperatures 𝑇𝑇 of (a) -25
°C, (b) 75 °C, (c) 130 °C and (d) 190 °C for the three diblock copolymers PS89-bP4VP11170, PS76-b-P4VP24159 and PS49-b-P4VP51131 as well as the homopolymers PS
and P4VP. The results of the HN fits Eq. (5) are shown as solid lines.
the contribution of direct current in the PS melt and the upcoming relaxation process
of the P4VP phase. In comparison with the P4VP homopolymer at 190 °C, the αrelaxation of P4VP can be also detected at 𝑓𝑓 = 105 Hz for the diblock copolymers.
The intensity of the maximum qualitatively also increases with the P4VP fraction.
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Table 5: Results of the fit of the imaginary part 𝜀𝜀′′ of the Havriliak-Negami function Eq. (5) to the dielectric loss 𝜀𝜀′′ at isothermal
measurements in Figure 13 at a temperature of (a) -25 °C, (b) 75 °C, (c) 130 °C and (d) 190 °C (𝜏𝜏𝑘𝑘 = 𝜏𝜏HN,𝑘𝑘 ). In (c) and (d) the parameters
of the homopolymers are associated with the corresponding mode of the diblock copolymers.
(a)

(10-2)

(104 s)
0.05

𝛼𝛼1

1.00

𝛽𝛽1

0.17

Δ𝜀𝜀2

(10-4 s)

2.48

𝜏𝜏1

(10-3)

PS -b-P4VP11170

Δ𝜀𝜀1

5.64

𝜏𝜏2

1.95

𝛼𝛼2

0.75

0.36

PS -b-P4VP24159

253

10

0.59

0.88

13.20

2.29

0.38

0.84

PS -b-P4VP51131

244

10

0.64

0.98

20.70

1.60

0.34

1.00

P4VP

21.60

1.61

0.34

0.59

36.50

9.40

0.70

0.13

Polymer
89
76
49

𝛽𝛽2

(b)

(101)

(104 s)

1.00

Δ𝜀𝜀2

1.61

𝜏𝜏2

36.50

𝛼𝛼2

0.56

𝛽𝛽2

0.71

Δ𝜀𝜀3

(10-7 s)

1.00

𝛽𝛽1

(10-2)

6.43

𝛼𝛼1

(10-2 s)

0.10

𝜏𝜏1

(10-1)

PS -b-P4VP11170

Δ𝜀𝜀1

0.37

𝜏𝜏3

9.05

𝛼𝛼3

0.64

1.00

PS -b-P4VP24159

3.43

10.00

80

0.83

1.14

4.92

0.63

0.64

0.45

7.28

0.67

1.00

PS49-b-P4VP51131

4.23

10.00

0.71

0.90

1.01

39.30

0.39

1.00

2.98

0.99

0.25

1.00

P4VP

1.01

4.98

0.76

0.73

1.30

1.07

0.0.37

0.93

3.22

1.84

0.42

0.72

Polymer
89
76
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𝛽𝛽3

(c)

(103 s)

PS
PS -b-P4VP11170

Δ𝜀𝜀1
-

𝜏𝜏1
-

𝛼𝛼1
-

𝛽𝛽1

6.63

100

PS -b-P4VP24159

3.09

PS -b-P4VP51131

297

Polymer

89
76
49

-

Δ𝜀𝜀2

0.39

𝜏𝜏2

1.69

𝛼𝛼2

0.61

0.72

0.30

1.00

1.48

5.00

0.61

0.74

0.04

1.00

0.54

1.50

4.22

0.61

0.69

5.02

0.79

0.80

1.11

25.40

0.53

0.46

𝛼𝛼1

𝛽𝛽1

(10-1)

Δ𝜀𝜀2

(10-5 s)

(10-1) (10-4 s)

𝛽𝛽2

(d)
Polymer
PS -b-P4VP11170

𝜏𝜏1

Δ𝜀𝜀1

(10-2 s)

𝜏𝜏2

𝛼𝛼2

𝛽𝛽2

0.48

0.72

0.28

0.49

1.00

3.71

0.87

0.60

0.74

PS -b-P4VP24159
76

6.68

2.96

4.21

0.60

1.00

6.04

0.98

0.64

0.79

PS -b-P4VP51131
49

468

89.30

10.40

0.64

1.00

8.06

1.34

0.72

0.57

P4VP

63700

-

-

-

-

45.20

0.73

0.73

0.71

89
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𝜎𝜎0

(10-14 S/cm)

(a)

(b)

(c)

Figure 12: Relaxation time 𝜏𝜏max as a function of the inverse of absolute temperature 𝑇𝑇

of the (a) γ-relaxation of P4VP, (b) β-relaxation of P4VP and α-relaxation process of
PS and (c) α-relaxation process of P4VP for the homopolymers and the PS89-b-

P4VP11170, PS76-b-P4VP24159 and PS49-b-P4VP51131 diblock copolymers of this study.
The fits of Eqs. (6) and (7) are indicated as lines.
Furthermore, the data of pristine P4VP show a high conductivity at low frequencies,
whereas the diblock copolymer curves at low frequencies reveal a second local
maximum of 𝜀𝜀′′. This maximum can be related to Maxwell-Wagner-Sillars polarization
(MWS) at inner dielectric boundary layers which appear at the interface between the
PS and the P4VP microphases. The MWS polarization can be quantitatively discussed
using the MWS theory.54 In the frequency interval of MWS relaxation, one can
approximate the dielectric response of the block copolymers by assuming a direct
current (d.c.) conductivity 𝜎𝜎 and a real, frequency-independent dielectric permittivity 𝜀𝜀
for each microphase. Then the theory of heterogeneous media can be applied.54
Assuming this approximation, one finds a single-mode Debye relaxation process,
where the relaxation time 𝜏𝜏MWS is given by

𝜏𝜏MWS = 𝜀𝜀0 [𝜀𝜀PS − 𝑛𝑛(𝜀𝜀PS − 𝜀𝜀P4VP )(1 − ΦP4VP )]⁄[𝜎𝜎PS − 𝑛𝑛(𝜎𝜎PS − 𝜎𝜎P4VP )(1 − ΦP4VP )] (3)

with the shape factor 𝑛𝑛 and the permittivity 𝜀𝜀0 of the vacuum. The symbols 𝜀𝜀 and 𝜎𝜎
denote the real dielectric permittivity and the direct current conductivity of PS and
P4VP, respectively. Taking the values 𝜀𝜀PS = 2.6, 𝜀𝜀P4VP = 3.2, 𝜎𝜎PS = 3.0 × 10−11 S/m and

𝜎𝜎P4VP = 6.4 × 10−8 S/m and fitting a single mode Havriliak-Negami function with a d.c.

term for determining 𝜏𝜏MWS to the data of 190 °C one finds for the shape factor
𝜏𝜏MWS 𝜎𝜎PS ⁄𝜀𝜀0 −𝜀𝜀PS
)[𝜏𝜏
P4VP
MWS (𝜎𝜎PS −𝜎𝜎P4VP )⁄𝜀𝜀0 −(𝜀𝜀PS −𝜀𝜀P4VP )]

𝑛𝑛 = (1−Φ

(4)

𝑛𝑛 = 0.233 for ΦPS = 1 − ΦP4VP = 0.89, 𝑛𝑛 = 0.005 for ΦPS = 0.76 and 𝑛𝑛 = 0.000 for

ΦPS = 0.49. Consequently, the shape factor determined by Eq. (4) decreases in the
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order spheres – cylinders – lamellae for these block copolymers that were prepared by
film casting.
The fraction of PS and P4VP distinctly influences the dielectric loss of the diblock
copolymers in the range of the γ- and α-relaxation. The influence of the diblock
copolymer composition on the β-relaxation is attributed to the overlap with the αrelaxation process of polystyrene. In order to analyze the temperature dependence of
the identified characteristic relaxation times, the experimental data were fitted to the
imaginary part of the Havriliak-Negami (HN) function
ε∗HN (𝜔𝜔) = ε∞ + ∑𝑚𝑚
𝑘𝑘=1

Δε𝑘𝑘

𝛼𝛼 𝛽𝛽𝑘𝑘
�1+�𝑖𝑖𝑖𝑖𝜏𝜏HN,𝑘𝑘 � 𝑘𝑘 �

(5)

with 𝑚𝑚 modes and the parameters 0 < 𝛼𝛼𝑘𝑘 , 𝛽𝛽𝑘𝑘 ≤ 1. In Eq. (5) Δε𝑘𝑘 is the dielectric strength of

the 𝑘𝑘th mode, 𝜀𝜀∞ the permittivity in the high frequency limit and 𝜏𝜏HN,𝑘𝑘 the characteristic

relaxation time of the corresponding process. The parameter 𝛼𝛼𝑘𝑘 describes the

asymmetry and the parameter 𝛽𝛽𝑘𝑘 the broadening of the dielectric loss 𝜀𝜀′′ as a function
of angular frequency 𝜔𝜔 = 2𝜋𝜋𝜋𝜋. The results of the fit procedure for the three chosen

temperatures are shown in Figure 11 and listed in Table 5. In order to fit the
experimental data, a direct current contribution 𝜀𝜀 ′′ = 𝑖𝑖𝜎𝜎0 ⁄(𝜀𝜀0 𝜔𝜔) with up to three (𝑚𝑚 ≤
3) HN functions were used for the fit procedure. Here the direct current conductivity is

denoted by 𝜎𝜎0 . Each relaxation process that is described by the Havriliak-Negami
function is associated with a maximum of the dielectric loss which is located at a certain
frequency 𝑓𝑓max . This frequency 𝑓𝑓max at peak position is also evaluated by the fit

software. In Figure 12, the temperature dependence of the relaxation times 𝜏𝜏max =
1⁄(2𝜋𝜋𝑓𝑓max ) is presented. It has to be noted that specific relaxation processes partially

superimpose. According to the results of the temperature sweeps, only the γ-relaxation
of P4VP can be regarded as independent from other relaxation processes.
Furthermore, the α-relaxation of the PS block of the diblock copolymers could not be
determined quantitatively since it is located in the frequency interval between the βand the α-relaxations of the P4VP phase. By fitting the Arrhenius equation with the
universal gas constant 𝑅𝑅

𝜏𝜏max (𝑇𝑇) = 𝜏𝜏∞ exp[𝐸𝐸𝐴𝐴 ⁄(𝑅𝑅𝑅𝑅)]

(6)

the activation energy 𝐸𝐸𝐴𝐴 of the 𝛾𝛾 and the 𝛽𝛽 processes and by fitting the Vogel-Fulcher-

Tammann equation with temperature parameter 𝑇𝑇𝐴𝐴 and Vogel temperature 𝑇𝑇∞
𝜏𝜏max (𝑇𝑇) = 𝜏𝜏∞ exp[𝑇𝑇𝐴𝐴 ⁄(𝑇𝑇 − 𝑇𝑇∞ )]
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(7)

for the 𝛼𝛼 process to the experimentally determined relaxation times 𝜏𝜏max , the relaxation
time 𝜏𝜏∞ at an infinite temperature was determined, see Figure 12 and Table 6. In
general, the uncertainty of this method is approximately 10%.55
Polymer
PS

𝛾𝛾

𝛾𝛾

𝛽𝛽

𝛽𝛽

𝑇𝑇∞

𝛼𝛼
𝜏𝜏∞

𝐸𝐸𝐴𝐴

(kJ/mol)

𝜏𝜏∞

(s)

𝐸𝐸𝐴𝐴

(kJ/mol)

𝜏𝜏∞

(s)

(K)

(s)

-

-

-

-

328

4x10

-16

66

1x10-11

352

5x10-12

-15

70

6x10-13

383

5x10-11

-18

91

5x10-15

337

4x10-15

-17

67

6x10-13

366

1x10

PS89-b-P4VP11170

54

4x10

PS76-b-P4VP24159

47

9x10

PS49-b-P4VP51131

63

7x10

P4VP

57

7x10

-13

-12

Table 6: Activation energy 𝐸𝐸𝐴𝐴 , Vogel temperature 𝑇𝑇∞ and relaxation time 𝜏𝜏∞ at an
infinite temperature for the different relaxation processes determined by an Arrhenius
fit Eq. (6) to the data of the β− and γ− relaxation and by a Vogel-Fulcher-Tammann fit

Eq. (7) to the data of the α−relaxation process.
𝛾𝛾
In contrast to Maiz et al.42 the activation energy 𝐸𝐸𝐴𝐴𝛾𝛾 and the relaxation time 𝜏𝜏∞
of the γ-

process of the diblock copolymers do not remarkably differ from the one in the pristine

𝛾𝛾
P4VP homopolymer displayed in Figure 12(a). Whereas Maiz et al. found 𝜏𝜏∞
values of
𝛾𝛾
-17
-12
10 s for the P4VP homopolymer and 𝜏𝜏∞ values of 10 s for the diblock copolymer,

𝛾𝛾
in this work 𝜏𝜏∞
ranged between 10-18 s for PS49-b-P4VP51131 and 10-14 s for PS76-bP4VP24159. This small difference can be explained by varying sample preparation
techniques, since Maiz et al.42 cast the film from chloroform whereas the samples in
this work were produced by compression-molding.
𝛽𝛽
The activation energy 𝐸𝐸𝐴𝐴𝛽𝛽 and the relaxation time 𝜏𝜏∞
of the β-relaxation process do not

show a monotonic trend with P4VP fraction (Table 6). Since the β-relaxation process
of the P4VP phase and the α-relaxation process of the PS phase are located in

proximity to each other, these two processes mutually influence the position of the
related peaks. On the contrary, the α-relaxation process of the P4VP microphase of
the diblock copolymers is less influenced by other processes (Figure 12(c)). The values
of the Vogel temperature 𝑇𝑇∞ for PS76-b-P4VP24159, PS49-b-P4VP51131 and pristine P4VP

range between 337 and 383 K and consequently are slightly larger than the value of
𝛼𝛼
327 K of the rheological experiments. The relaxation time 𝜏𝜏∞
of the homopolymer P4VP
and of the diblock copolymers are in a similar time range. Only PS49-b-P4VP51131
stands out with a significantly lower relaxation time. The difference can be explained
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with a pronounced contribution of direct current conductivity of the P4VP microdomains
leading to a larger statistical error of the fit procedure. The dotted line in Fig. 12(c)
shows the WLF shift of the data in Fig. 6 using the rheologically obtained shift factor of
the α process polystyrene. The β and γ processes are local processes which are not
presented by our rheological data. Whereas the rheological shift behavior of the diblock
copolymers is dominated by the PS matrix (cf. Fig. 6), the shift behavior determined by
broadband dielectric spectroscopy (BDS) is dominated by the γ-process of P4VP.
4. Conclusions
This study elucidates the effect of composition (weight ratios of 89/11, 76/24 and 49/51)
and morphology (spherical, cylindrical and lamellar) on the viscoelastic and dielectric
properties of PS-b-P4VP diblock copolymers in the strongly segregated regime. The
diblock copolymers were prepared by anionic polymerization in order to achieve a
narrow polydispersity. In particular, the diblock copolymers are characterized by strainsoftening in shear and extensional flows which was shown for these three different
types of morphology (spherical, cylindrical and lamellar) in this work. Consequently,
both in shear and elongation similar deformation processes take place. The
viscoelastic properties of polystyrene-block-poly(4-vinylpyridine) diblock copolymers at
small and large deformations are strongly influenced by the composition and the
diblock copolymer morphology. The linear regime is determined by superposition and
interfacial effects. Whereas the spherical and cylindrical morphologies are mostly
determined by the PS microphase, the lamellar morphology is also strongly influenced
by the P4VP block. At high frequencies (i.e. at large values of moduli and applied
stress), the dynamic moduli result from a superposition of the properties of the two
blocks. At low frequencies, effects of the microstructure play a dominant role (interfacial
effects which are associated with microphase separation). Microstructural effects are
less pronounced in the case of a large fraction of the majority phase (spherical
morphology). A pronounced strain-softening behavior in shear and elongation
(nonlinear deformations) in the melt state appears for the diblock copolymers with a
cylindrical and a lamellar morphology. For a high weight fraction of the majority phase
and a spherical morphology, respectively, strain-softening also takes place, but to a
much lesser extent. Consequently, the degree of strain-softening of diblock copolymer
melts can be tailored by the weight/volume ratio of the two blocks. The dielectric
measurements reveal the superposition of different relaxation processes of the
homopolymers and in addition a MWS polarization in case of the diblock copolymers.
The appearance and the position of the glass transition of the two blocks in rheological
(dynamic-mechanical-thermal analysis, master curve of dynamic moduli) and dielectric
measurements results from a superposition of the relaxation processes of the two
blocks.
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