2222 Helmholtz-Zentrum
st :s Geesthacht

Zentrum fiir Material- und Kiistenforschung

Final Draft

of the original manuscript:

Schulze, M.; Handge, U.A.; Rangou, S.; Lillepaerg, J.; Abetz, V..
Thermal properties, rheology and foams of polystyrene-block-
poly(4-vinylpyridine) diblock copolymers

In: Polymer (2015) Elsevier

DOI: 10.1016/j.polymer.2015.06.005



Thermal properties, rheology and foams of polystyrene-block-poly(4-
vinylpyridine) diblock copolymers

Maria Schulze®, Ulrich A. Handge®”, Sofia Rangou®, Jelena Lilleparg®, and VVolker Abetz?

! Helmholtz-Zentrum Geesthacht, Institute of Polymer Research,
Max-Planck-Strasse 1, 21502 Geesthacht, Germany

2 University of Hamburg, Institute of Physical Chemistry,
Grindelallee 117, 20146 Hamburg, Germany

* Ulrich A. Handge (Corresponding author)

e-mail: ulrich.handge@hzg.de

Tel: +49 4152 87 2446

Fax: +49 4152 87 2499

Abstract

In this study, the thermal and rheological properties of polystyrene-block-poly(4-vinylpyridine)
(PS-b-P4VP) diblock copolymers are investigated in order to get information about the optimum
foaming temperature. Foams of these diblock copolymers were prepared using the technique of batch
foaming with carbon dioxide as environmentally-benign blowing agent. The tailored PS-b-P4VP
diblock copolymers with different molecular weights and a cylindrical morphology were prepared
and analysed regarding their thermal stability. High-pressure differential scanning calorimetry
exposes the plasticising effect of the blowing agent which yields a decrease of the glass transition
temperature of the polystyrene and the poly(4-vinylpyridine) blocks. Sorption measurements were
performed in order to measure the uptake of carbon dioxide in the diblock copolymer. Additionally,
rheological experiments in the oscillatory mode were conducted which confirmed a
microphase-separated structure of the PS-b-P4VP diblock copolymers by a plateau of the storage and
loss moduli in the temperature range of processing. In shear and melt elongation, the transient shear
viscosity and the transient elongational viscosity were much smaller than the linear viscoelastic
prediction. The analysis of the foam morphology revealed that the foam density of the diblock
copolymers as measured via Archimedes™ principle exhibits the lowest foam density at a molecular

weight in the order of 160 kg mol™.
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1. Introduction

Block copolymers have attracted much interest as promising materials due to their ability of
microphase separation. These materials combine the characteristics of thermoplastic polymers and
the possibility of creating self-assembled structures on the microscopic level [1-4]. By employing the
technique of living anionic polymerisation, the design of tailored block copolymers with a defined
molecular weight and a small polydispersity is realisable [5-7]. Hence, block copolymers can be
applied in numerous fields in industry, e.g., as insulation, absorbants or membranes [8, 9]. The
covalent bonding of different types of monomers in block copolymers allows for combining different
properties, e.g., for enhancing the toughness of polymers by incorporation of a soft block or for the
compatibilisation of polymer blends [10-13]. In addition, the phenomenon of microphase separation
enables the design of an isoporous active layer in membranes [14] and the preparation of structured
cell walls in polymer foams [15]. The effect of block copolymer micelles on nucleation of foam cells
in thermoplastic polymers was also explored [16]. A systematic study on the influence of blends of a
styrene-co-acrylonitrile copolymer and a poly(2,6-dimethyl-1,4-phenylene ether) on the foaming
properties was performed in Ref. [17].

New ways for fabrication of high-performance polymer foams has aroused large interest due to the
wide range of applications, e.g., in membrane technology or tissue engineering [18-21]. In the field of
membrane technology, new environmentally-benign methods, especially foaming of thermoplastics,
are of high interest [22-24] since the common fabrication of membranes by applying the phase
inversion process for polymer solutions requires a high amount of organic solvents [25, 26]. Two
main methods for manufacturing polymer foams have been established: batch foaming and foam
extrusion [27-29]. Generally, both processes allow the use of physical blowing agents in order to
generate a cellular structure. Polystyrene has been widely used in research studies of the foam
extrusion process to understand the complexity of extrusion parameters and the influence of specific
polymer properties [30-33]. To achieve a homogenous and well-defined foam structure it is important
to investigate and optimise the processing parameters such as foaming temperature and time [34]. A
suitable candidate as blowing agent to foam polymers is carbon dioxide (CO,) because of its
environmental-friendliness and plasticisation abilities for thermoplastics combined with a reduction
of viscosity [35-38].



The effect of carbon dioxide on the viscoelastic properties of the polymer can be determined by
rheological measurements in shear and elongation providing information in regard with the foaming
behaviour. The decrease of the steady-state viscosity of polystyrene melts caused by loading with
carbon dioxide was experimentally investigated by several authors [39, 40]. Viscosity measurements
in elongational flows were performed by Wang et al. [41]. In the work of Chaudhary and Jayaraman
[42] rheological experiments in melt elongation and foaming of polypropylene clay nanocomposites
were performed. The authors showed that an increasing degree of strain-hardening along with slower
crystallization of polypropylene was associated with a smaller cell size and a larger cell density. In
Ref. [43], the reduction of the transient shear viscosity and the plasticisation effect, respectively, in
polystyrene melts caused by carbon dioxide was investigated. In general, homopolymers and blends
of homopolymers have been studied more in depth compared to block copolymers. By way of
example, polylactides showed an increase in viscosity and shear sensitivity by modifying the
homopolymer through chain extenders for foam applications [44, 45]. The same effect was observed
for different polypropylene homopolymers [46] and blends of them with thermoplastic olefins [47].
In addition, the influence of strain-hardening was examined which resulted in an optimised cell
structure of the foams. This effect was studied in detail by Stange et al. [48] for various
polypropylenes with a different molecular structure. Whereas in previous studies the relation between
thermal and viscoelastic properties and foams of homopolymers has been elucidated, fundamental
research on the foaming behaviour has been executed considerably less for diblock copolymers. In
particular, the influence of molecular parameters (e.g., molecular weight) on the foam properties
needs to be investigated further. So far, the influence of the morphology and molecular architecture
of block copolymers on the viscoelastic properties has been investigated by several groups on
systems such as polystyrene-block-poly(methyl methacrylate), polystyrene-block-polyisoprene or
polystyrene-block-polyisoprene-block-polystyrene block copolymers [15, 49, 50].

The present study focuses on the influence of thermal and rheological properties of PS-b-P4VP
diblock copolymers on their foaming ability. The diblock copolymers were chosen because of the
high value of Flory-Huggins interaction parameter and their ability to create isoporous structures
from precisely ordered and aligned morphologies in order to manufacture membranes [51, 52].
Therefore, tailored PS-b-P4VP diblock copolymers with number average molecular weights between
50 kg mol™ and 220 kg mol™ are synthesised using anionic polymerisation. Information about the

thermal properties of the diblock copolymer such as thermal stability and the influence of the blowing
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agent CO, on the glass transition temperature of the microphases is revealed. Besides, sorption
measurements are performed to determine the diffusion coefficient and the uptake of carbon dioxide.
These data and rheological properties are related to the foam density to reveal the influence of the
molecular weight on the foaming ability and the characteristics of the foams. Additionally, the

optimum foaming temperature is determined by analysing the foam density.

2. Experimental section
2.1 Synthesis of PS-b-P4VP diblock copolymers

PS-b-P4VP diblock copolymers were synthesised via sequential anionic polymerisation of styrene
and 4-vinylpyridine [51, 53]. All reactants were purified by the following procedures:
Tetrahydrofuran (THF) (Th. Geyer, Renningen, Germany) was successively distilled under argon
atmosphere. Styrene (Sigma Aldrich, Taufkirchen, Germany) was purified with dibutyl magnesium
(MgBuy) and lately distilled before use. 4-vinylpyridine (Sigma Aldrich) was distilled and kept on
calcium hydride (CaH,). After purifying twice with ethylaluminum dichloride (EtAICI,),
4-vinylpyridine was distilled once again.

The reaction was carried out at -78 °C with THF as solvent and sec-butyl lithium (sec-BuL.i)
(Sigma Aldrich) as initiator. THF was put into the reaction vessel with lithium chloride (LiCl) (Sigma
Aldrich) and stirred overnight. The first block was polymerised by adding styrene in a first and sec-
BuLi in a second step to the solution. This was left under stirring for 4 h. After adding
4-vinylpyridine, the mixture was stirred further overnight. To terminate the reaction, the solution was
quenched with purified methanol. Finally, THF was removed under reduced pressure and the polymer

solution was precipitated into water before filtering and drying the obtained polymer powder.

2.2 Molecular and morphological characterisation

In order to determine the composition of the diblock copolymers, *H nuclear magnetic resonance
spectroscopy (*H-NMR) was carried out using a Bruker AV-300 FT-NMR spectrometer (Bruker
Biospin, Rheinstetten, Germany) at 500 MHz. The solvent was deuterated chloroform (CDCI3) with
the internal standard tetramethylsilane (TMS).



The number and the weight average of the molar mass (M, and M,,) and the polydispersity (PDI)
were analysed using size exclusion chromatography (SEC). The measurement was performed at
50 °C with dimethylacetamide (DMAC) in the presence of LiCl as solvent and a flow rate of
1.0 mL min? (VWR Hitachi L2130 pump) using a pre-column and two main columns (PSS Gran
1000 A 10 um and PSS Gran 3000 A 10 um). Polystyrene standards were employed for calibration
and a Shodex R1-101 refractive-index detector for analysis.

The molecular weight M, of the diblock copolymer was calculated using the molecular weight of
the polystyrene precursor and the evaluated composition of the diblock copolymers from *H-NMR
data. The polydispersity PDI is given by the ratio of the weight average (M,;) and the number average
(M,) of the molecular weight. Furthermore, the degree of polymerisation N was given by the ratio of
the number average (M,) of the molecular weight and the molar mass of the monomers (My) for each
block. The sum of both is the total degree of polymerisation N.

Information about the morphological structure of the diblock copolymers was obtained by
transmission electron microscopy (TEM) on a FEI Tecnai G®> F20 (FEI, Eindhoven, The
Netherlands). Therefore, samples of the diblock copolymer with a cylindrical shape (preparation see
Section 2.4) were cut in sections of approximately 50 nm thickness at room temperature using a Leica
Ultramicrotome EM UCT (Leica Microsystems, Wetzlar, Germany) equipped with a diamond knife.
The sections were stained with iodine vapour to selectively contrast the P4VP microdomains. The
measurements were performed at 120 kV in bright field mode. The diameter and the distance of the

centres of approximately 50 P4VP microphases were evaluated based on the micrographs.

2.3 Thermal and sorption characterisation

Information about the thermal stability of the PS-b-P4VP diblock copolymers was obtained by
thermal gravimetric analysis (TGA) was accomplished using a TG 209 F1 Iris instrument (Netzsch,
Selb, Germany). The temperature range was set from 25 °C up to 900 °C with a heating rate of
10 K min™! in an argon atmosphere.

The glass transition temperature (Tg) of the PS and P4VP blocks of the diblock copolymer was
analysed via differential scanning calorimetry (DSC) using a calorimeter DSC 1 (Mettler Toledo,
GieRen, Germany). Approximately 7 mg of polymer were transferred into a 40 uL aluminum pan

with a monoperforated lid. The heating rate was 10 K min™ in a temperature range between 30 °C
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and 250 °C in a nitrogen atmosphere due to the expected glass transitions of approximately 105 °C
for polystyrene and 150 °C for poly(4-vinylpyridine). A heating-cooling-heating cycle was applied,
and the value of T4 was determined using the second heating interval.

Besides conventional DSC, high-pressure differential scanning calorimetry (HP-DSC) was
conducted on a calorimeter HP-DSC 1 (Mettler Toledo) to investigate the influence of the blowing
agent carbon dioxide (COy) on the diblock copolymer. Therefore, approximately 7 mg of polymer
were placed in a 40 pL aluminum pan with a multiple perforated lid. The measurement was carried
out under COj-atmosphere, whereupon the CO,-pressure was varied (1 bar, 10 bar, 20 bar). The
sample was heated from 30 °C up to 250 °C at a heating rate of 10 K min™ and then cooled down to
50 °C. CO,-pressure was applied and the temperature was set isothermal at 50 °C for 2 h with a flow
rate of 60 mL min™ before the sample was heated up again to 250 °C under CO,-pressure without
flow. The duration of 2h was large enough to guarantee complete saturation of the diblock
copolymer powder at 50 °C. Since a single powder particle has an approximate radius of R = 200 um
and the time scale of saturation is given by t = R¥/D with the diffusion coefficient D ~ 107 cm?/s,
tsat roughly is 1.1 h and thus smaller than 2.0 h, see also Ref. [43].

To evaluate the uptake of CO, in the PS-b-P4VP diblock copolymers and to calculate the diffusion
coefficient D, sorption measurements of CO, were performed using a gravimetric sorption analyzer
IsoSORP® Static (Rubotherm, Bochum, Germany) [54]. The available equipment allowed
determining the gas phase nonidealites, i.e. the true density, through the weighing in situ of an inert
sample. The pressure accuracy was 0.006 bar. Casted and pre-dried films of PS-b-P4VP diblock
copolymers with a thickness between approximately 250 um and 500 um were evacuated at 80 °C
overnight to remove dissolved fluids. The sorption equilibrium data were determined at 30 °C and a
pressure of 40 bar. The specific uptake of CO, was analysed considering gas buoyancy [55]. For the
evaluation of the diffusion coefficient D, the kinetic sorption curve was fitted using the theory of

Fickian diffusion for values M{/M,, < 0.6:

M, |Dt
AR (1)

where M is the amount of gas adsorbed in the polymer at time t, M,, is the mass of gas adsorbed at

equilibrium (t—oo) and | is the thickness of the sample [56]. The saturation time was estimated by



tsat = 0.202 12/D with the thickness | of the sample and the experimentally obtained value of the
diffusion coefficient D [43].

2.4 Rheological measurements

To prepare samples for rheological experiments, cylindrical samples of the dried diblock copolymer
were compression moulded at a temperature of 180 °C using a pillar press PW 10 H (W/O/Weber,
Remshalden, Germany) to assure a defined geometry (diameter d = 8 mm, thickness h =2 mm). In
this regard, the diblock copolymer powder was prepressed at room temperature and afterwards
molten at 180 °C under slight pressure for 180 s before applying vacuum for 90 s and increasing the
pressure up to 45 kN for 300 s. By applying vacuum and a temperature of 180 °C during compression
moulding, the remaining solvent (THF) was totally removed. The compression-moulded tablets were
cooled down for at least 30 min. All samples were additionally dried in a vacuum oven at 50 °C.

The rheological measurements were performed using the rotational rheometer MCR 502 (Anton
Paar, Graz, Austria) in the oscillatory mode to receive information about the viscoelastic properties of
the PS-b-P4VP diblock copolymers. A plate-plate geometry was employed with a plate diameter of
8 mm. The gap was set slightly smaller than the thickness of the sample at room temperature
(approximately 2 mm) in order to guarantee a complete contact between the plate and the sample.
The experiments were carried out under nitrogen purge, with a strain amplitude y, of 5% and an
angular frequency « ranging between 10%and 10°rads®. The temperature varied
from 140 °C to 220 °C in steps of 20 °C. Throughout the measurements the temperature was kept
constant. The experimental results were analysed using the software LSSHIFT developed by
Honerkamp and Weese [57] to obtain master curves by applying the time-temperature superposition
principle. To determine the region of linear viscoelasticity, amplitude sweeps were conducted in the
range from yo = 1% to 10% at an angular frequency « of 10 rad s™.

Dynamic-mechanical thermal analysis (DMTA) was performed using the PSgo-b-P4VP,,**° diblock
copolymer with a molecular weight of 220 kg mol™. A plate-plate geometry with a plate diameter of
8 mm was applied. The measurements were carried out in the temperature range from 100 °C to
300 °C in a nitrogen atmosphere. The measurement was started at the highest temperature of 300 °C
with a cooling rate of 0.5 Kmin™. The angular frequency was o =0.02rads” and the shear

amplitude was yo = 10%.



In order to investigate the behaviour of the diblock copolymer under steady shear flow,
stress-growth experiments were conducted additionally using the rotational rheometer MCR 502
(Anton Paar). Therefore, the same geometry of samples and tools were used as well as working under
nitrogen purge. The experiments were carried out at 220 °C, varying the shear rate from 0.1s™ to
1s™

The apparent elongational viscosity n,. ~in elongation under uniaxial loading was determined

,app
using the UXF tool (Anton Paar). Compression-moulded samples with a thickness of 0.8 mm, a width

of 10.0 mm and a length of 25.0 mm were used for the investigations. The measurements were
performed at a temperature of 220 °C. Three different Hencky strain rates &, were chosen, i.e.
£y = 0.01,0.10 and 1.00 s~1. The maximum Hencky strain was &,,,,=2.0 and the melting time was 8
min. The measured data in elongation were compared with the results of shear viscosity
measurements (see Fig. 7) assuming a Trouton ratio of 3 (i.e. multiplication of the transient shear
viscosity with a factor of 3) as well as with the linear viscoelastic prediction. The linear viscoelastic
prediction was obtained by fitting a relaxation time spectrum to the data using the software NLREG
[58, 59].

2.5 Preparation and characterisation of diblock copolymer foams

The technique of batch foaming was applied, where cylindrical tablets, prepared like the samples
for rheological measurements, were provided into the high pressure reaction vessel highpreactor
BHM-500 (Berghof, Eningen, Germany). The sorption of the diblock copolymer with the blowing
agent CO, (Linde Gas, Pullingen, Germany, purity of 99.995%) was maintained at a gas pressure of
40 bar and a temperature of 30 °C for a loading time of 5 days. To examine the loading pressure and
temperature, a BTC-3000 device (Berghof) was utilised. The foam structure was generated by a
pressure drop down to ambient pressure and a contemporaneous temperature raise to the foaming
temperature which varied between 90 °C and 120 °C.

After batch foaming, the vacuum dried samples were characterised with respect to the density
applying Archimedes™ principle using a density determination kit (Mettler Toledo, Greifensee,
Switzerland). The auxiliary liquid for the measurement was the perfluoro-compound FC-77 (3M
Pharmaceuticals, St. Paul, Minnesota, USA). The density of the auxiliary liquid was calibrated before

the measurements of the foams were performed.



Besides the evaluation of the foam density, scanning electron microscopy (SEM) investigations
were performed using a Leo Gemini 1550 VP (Zeiss, Oberkochen, Germany) to obtain information
about the distribution of the cells and their sizes as well as the characteristics of the cell wall surface.
The foams were broken under cryogenic conditions and then fixed with a conductive paste on a
sample holder before they were sputtered with an approximately 2 nm thick platinum coating. The
cross sections of the foams were investigated at an acceleration voltage between 5 kV and 20 kV. The
cell diameters were determined by converting the micrographs into black and white images and
afterwards using the software analysis (Olympus) to evaluate minimum 50 cells per sample.
Furthermore, the cell density N was calculated using N = (n/A)*? [42] where n is the number of cells
and A is a defined area of the SEM micrograph.

3. Results
3.1 Diblock copolymer characterization

The composition, the number average molecular weight M, the polydispersity index PDI and the
degree of polymerisation N of the diblock copolymers are summarised in Table 1. Two groups of
diblock copolymers were synthesised: The first group had a composition of 80 wt% polystyrene (PS)
and 20 wt% poly-4-vinylpyridine (P4VP) with a molecular weight M, between 50 kg mol™ and
220 kg mol™, whereas the second group had a composition of approximately 77 wt% PS and 23 wt%
P4VP with a molecular weight M, between 50 kg mol™ and 134 kg mol™.

Table 1. Synthesised diblock copolymers and the results of molecular characterisation.

iblock copolymer wt% wt% n [kg mol

Diblock | a PS [Wt%]  P4VP [wt%] M, [k I PDI N
PSgo-b-P4VP, *° 80 20 50 1.05 479
PSgo-b-P4VP,, 184 80 20 164 1.06 1572
PSgo-b-P4VP,, 18 80 20 183 1.07 1754
PSgo-b-P4VP, 2% 80 20 220 1.15 2108
PS76-b-P4VP,, %0 76 24 50 1.05 479
PS77-b-P4VP,, 1% 77 23 106 1.09 1016
PS7g-b-P4VP,, 116 78 22 115 1.08 1111
PS,7-b-P4VP,, 13 77 23 134 1.09 1284

% Subscript numbers indicate the weight percentage of each block and superscript numbers indicate the total

number averaged molecular weight in kg mol™.



Expectedly, the polydispersity of the diblock copolymers is close to unity due to the synthesis
mechanism of living anionic polymerisation which does not allow tuning the degree of
polymerisation. This is indicated by a narrow distribution of the molecular weight and thus, a similar
length of polymer chains for each diblock copolymer. However, the PDI of the diblock copolymer
with the highest molecular weight of 220 kg mol™ is slightly higher than the PDI of the other diblock
copolymers.

The morphological structure of four PS-b-P4VP diblock copolymers with a molecular weight
between 106 and 220 kg mol™ was investigated by transmission electron microscopy (TEM) (Fig. 1).
It was aimed to achieve diblock copolymers with a cylindrical morphology. In Fig. 1, the bright part
is the PS matrix and the dark parts are the P4VP domains. The micrographs of the three diblock
copolymers with molecular weights of 106, 134 and 164 kg mol™ confirm a cylindrical structure
without long-range order in agreement with the phase diagram of Matsen and Bates [60], whereas the
diblock copolymer with the highest molecular weight created a structure on the threshold between
cylindrical and spherical morphology with a stronger tendency to assembly in a cylindrical structure.
The slight difference in morphology of the 220 kg mol™ diblock copolymer is most probably caused
by the long relaxation time. Hence the diblock copolymer had not enough time to order relax

completely in an equilibrated cylindrical morphology.
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Fig. 1. Transmission electron micrographs of PS-b-P4VP diblock copolymers with a number
average molecular weight of a) 106, b) 134, ¢) 164 and d) 220 kg mol™. P4VP microphases appear

dark, whereas the PS microphase appears bright.

Furthermore, the analysis of the TEM micrographs proves that an increase of the molecular weight
leads to larger P4VP microphases in the PS matrix. Figure 2(a) presents the average diameter of the
P4VP microphases and Fig. 2(b) the distance of the centre of the P4VP microphases which were
determined using the two-dimensional sections. The examined results for the diameters are 30, 42, 47
and 59 nm for the PS-b-P4VP diblock copolymers with a molecular weight of 106, 134, 164 and
220 kg mol™, respectively. Noticeable is the fact that the diblock copolymer with a molecular weight
of 220 kg mol™ has the highest deviation by the reason mentioned earlier. A similar trend is
observable for the distance of the centre of the P4VP microphases. This distance (long-period)
increases with the molecular weight from approximately 60 nm (M, = 106 kg mol™) to 126 nm (M, =
220 kg mol™).
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By fitting the evaluated distances with a power-law relationship yields a power-law exponent of
0.87 + 0.11 (Fig. 2(a)). Former studies on the relation between the diameter of the domains and the
molecular weight revealed power-law exponents of 0.643 for high molecular weight diblock
copolymers with a similar composition of both blocks [61] and 0.58 for cylindrical and spherical
structures [62]. Additionally, the power-law relationship differs with the conformation of the polymer
chains. It was found that highly entangled polymer chains have a power-law exponent of 1/3 whereas

elongated polymer chains have a power-law exponent of 1 [62].
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Fig. 2. a) Diameter of the P4VP microphases in the PS matrix and b) distance of the centre of P4VP
microphases as a function of the molecular weight of the diblock copolymer determined by analysis

of the two-dimensional ultrathin sections.

3.2 Thermal behaviour and sorption properties

The synthesised diblock copolymers were analysed using thermal gravimetric analysis (TGA) in
order to get information about the stability and the suitable processing parameters for foaming. In
general, the PS-b-P4VP diblock copolymers are stable up to 300 °C (Fig. 3). At higher temperatures,
decomposition of the P4VP blocks started which was observable by a change of mass which
approximately corresponds to the calculations based on the *H-NMR data. At around 400 °C, the PS
microphase decomposed until the sample was completely converted into the gaseous state at 450 °C.
All samples showed a change of mass of less than 3% at approximately 130 °C which may be a result
of remaining water in the P4VP microphase because of its hydrophilic properties even if the samples
were vacuum dried at 40 °C for at least one week before the measurement.
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Fig. 3. TGA thermogram under inert atmosphere of a PS-b-P4VP diblock copolymer with a
molecular weight of 164 kg mol™ and its decomposition of the P4VP microphase (first step) and the

PS microphase (second step). The heating rate was 10 K/min™.

The influence of the physical blowing agent CO, on the glass transition temperature Ty was
investigated by applying conventional DSC and high-pressure DSC (HP-DSC) (Fig. 4). Three
PS-b-P4VP diblock copolymers with molecular weights of 50, 134 and 220 kg mol™ were analysed.
For comparison, the data for a pristine PS homopolymer (Polystyrene PS 158K, BASF SE,
Ludwigshafen, Germany, M, =120 kg mol™) and a pristine P4VP homopolymer (Sigma Aldrich,
M,, = 60 kg mol™) is shown as well. The evaluation of the Tg for the diblock copolymers was only
feasible for the PS microphase up to CO,-pressures of 20 bar due to weak signals at higher CO,-
pressures. The glass transition temperature Ty for the P4VP microphase in the diblock copolymers
was not analysable because of the lower P4VP fraction compared to the PS fraction in the diblock
copolymer.

The value of T, of the PS microphase decreased when increasing the pressure of the
CO,-atmosphere from ambient pressure to 20 bar. Considering the results, CO; acts as a plasticiser by
causing softening of the diblock copolymers. Especially pristine PS shows this effect at which the Ty
value dropped down from 105.5 °C at ambient air to 90 °C at 20 bar whereas the Ty drop for the
diblock copolymers was from approximately the same T as the pristine PS down to around 93.5 °C

for the two diblock copolymers with 20% wt% P4VP and 95 °C for the diblock copolymer with
13



23 wt% P4VP. At 20 bar CO, pressure, the value of Ty increased with the molecular weight of the
diblock copolymer. Consequently, with increasing molecular weight of the diblock copolymer the
plasticising effect of CO, is more visible [63]. The pristine P4VP showed a reduction of Ty from
approximately 150 °C down to 134 °C. This information is important for the adjustment of the

loading temperature in batch foaming and the optimum foaming temperature.
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Fig. 4. Glass transition temperature Ty as a function of pressure p in a CO-atmosphere of a) the
polystyrene microphase for three PS-b-P4VP diblock copolymers with molecular weights of 50, 134
and 220 kg mol™ and pristine PS and b) pristine poly(4-vinylpyridine) using high-pressure DSC
measurement.

The measurements with the sorption balance (see Table 2) exhibited an average specific CO,-
uptake of 6.4 wt% CO; in each diblock copolymer with a standard deviation of 0.15 wt% which
means that the amount of dissolved CO, in the diblock copolymer was constant in the range of the
investigated molecular weight within experimental scatter. Compared with the pure homopolymers
with specific CO,-uptakes of 5.9 wt% for PS and 7.2 wt% for P4VP, respectively, the amount of
adsorbed gas results from a rule of mixture of the values of the homopolymers dependent on the
composition of the diblock copolymer.

A similar trend was observable for the diffusion coefficient of the diblock copolymers since the
values were all in the same magnitude between 0.45 x 107 cm? s™ (M, = 220 kg mol™) and 2.00 x 10"
"em?st (M, = 50 kg mol™). With an increase in molecular weight of the diblock copolymer, the

density of the diblock copolymer decreases due to the increase of the free volume. However, it seems
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that a lower molecular weight of the diblock copolymer leads to a higher diffusion coefficient. A
reason might be the faster swelling, a separation of the polymer chains initiated by the penetration of
COz-molecules, of a low molecular weight diblock copolymer compared to high molecular weight
diblock copolymer caused by the plasticization effect of CO, [64]. The diffusion coefficients of the
pure homopolymers are in the same range of magnitude as well, 0.72x 107 cm?s* for PS
and 0.43 x 107 cm2s™ for PAVP. These values correlate with the literature where the diffusion
coefficients are 0.58 x 10" cm2 s™ for PS (at 25 °C) [56] and 0.13 x 10" cm2 s™* for P4VP (35 °C and
8.25 bar) [65]. The diffusion coefficient of the diblock copolymers is larger than the values for the
pristine homopolymers which does not indicate the validity of a simple mixing rule for the diffusion
coefficient.

The saturation time employing an average diffusion coefficient of 1.07 x 107 cm2s™ is 21.1 h, i.e.
less than one day. With regard to the evaluated saturation time, the loading time of five days for batch

foaming guarantees a complete saturation of the samples.

Table 2. Specific uptake of carbon dioxide in the diblock copolymers and diffusion coefficient of
the diblock copolymers at a pressure of 40 bar and a temperature of 30 °C. For comparison,

measurements of pure PS and P4VP are shown.

. Densit Specific CO,-uptake Diffusion coefficient
Diblock copolymer o cm %/] [Wt%)] [107 cm2 5]
PS76-b-P4VP,, > 1.0967 6.21 2.00
PS77-b-P4V/P,5 1% 1.0950 6.72 1.03
PS,7-b-P4VP,, 13 1.0917 6.33 1.32
PSgo-b-P4VP,, %4 1.0897 6.46 0.90
PSgo-b-P4VP,, 18 1.0883 6.45 0.45
PSgo-b-P4VP,, 220 1.0840 6.48 0.68
PS100-2° 1.0708 5.89 0.72
PAVP ;0% 1.1884 7.18 0.43

® Determined via Archimedes” principle.
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3.3 Rheological properties of the diblock copolymers

The results of the DMTA measurements are presented in Fig. 5. The measurements were performed
in the range from 300 °C (start temperature) to 100 °C (end temperature). Because of the plate-plate
geometry, measurements at a lower temperature could not be performed due to insufficient adhesion
between plates and sample. At the temperature of approximately 100 °C, the pronounced decrease of
storage modulus G' and the maximum of the loss modulus G" can be anticipated which correspond to
the glass transition of the polystyrene block. At higher temperatures, the dynamic moduli decrease
and the rubbery plateau of the polystyrene matrix appears. In the temperature range from
approximately 110 °C to 140 °C, the polystyrene microphase reacts rubbery and the poly(4-
vinylpyridine) domains are in the glassy state. The maximum of G" at a temperature of 144 °C
indicates the glass transition of the poly(4-vinylpyridine) block. At higher temperatures, G' and G" do
not change with temperature. At these high temperatures, we do not observe the terminal flow regime
for homopolymers (Maxwell fluid behaviour). On the contrary, the data of Fig. 5 reveal that the
diblock copolymers of this work are in the microphase-separated state up to a temperature of 300 °C.
This result agrees with the determination of the order-disorder transition temperature in previous
studies [66].
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T[°C]
Fig. 5. Results of dynamic-mechanical thermal analysis: Storage modulus G' and loss modulus G"
as a function of temperature T of a PS-b-P4VP diblock copolymer with a molecular weight of

220 kg mol™. Measurement was performed at a frequency w of 0.02 rad s™.
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Small amplitude shear oscillations were performed at several test temperatures in order to probe the
frequency-dependent response of the PS-b-P4VP diblock copolymers of this study. Diblock
copolymers consist of two different types of monomers which are associated with different time-
temperature shift factors. Therefore, the time-temperature superposition principle is generally not
valid for this class of polymers. However, if the shift factor for the homopolymers of these two
different monomer species are approximately equal (e.g., if the glass transition temperatures of the
two homopolymers are similar), then "imperfect™ master curves can be created. The difference of the
Ty values of both blocks is approximately 40 °C. Furthermore, since the major component
polystyrene is associated with a weight fraction in the order of 80 wt% and consequently strongly
influences the temperature-dependent response, the existence of such “imperfect” master curves
(which mask the mismatch of the moderately different Ty values) is not surprising. Figure 6 presents
the results of the application of the time-temperature superposition of two PS-b-P4VP diblock
copolymers with different molecular weights (M, =50 kg mol™ and 183 kg mol™). The reference
temperature was 160 °C. The contribution of the rubbery plateau of the polystyrene matrix can be
clearly seen. The molecular weight of the diblock copolymer strongly influences the width of this
entanglement regime. At lower frequencies, a transition regime appears. At the lowest experimentally
accessible frequencies the plateau caused by the phenomenon of microphase separation can be clearly
seen, see also the work of Gil Haenelt et al. [49]. A close inspection of the master curve indicates that
we only deal with an "imperfect" master curve such that the time-temperature superposition principle
is not valid in a strict sense for this class of materials. Analysis of the data at the lowest accessible
frequency indicates that a lower molecular weight of the diblock copolymers leads to a higher value
of the storage modulus.
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Fig. 6. Master curves of G' and G" as a function of angular frequency w of two different PS-b-
P4VP diblock copolymers with molecular weights of a) 50 kg mol™ and b) 183 kg mol™. The
reference temperature was 160 °C and the shift factor is denoted by ar. The entanglement plateau is

mainly caused by the contribution of the PS microphase.

The frequency sweeps were performed in the linear viscoelastic regime. In order to probe the flow
properties in the nonlinear range, stress-growth tests with a constant shear rate were performed. The
applied shear rate varied between 0.1 s and 1.0 s™. The data for one selected PS-b-P4VP diblock
copolymer with a molecular weight of 134 kg mol™ are shown in Fig. 7. Figure 7(a) shows the time-
dependent viscosity for different shear rates. At low times, the viscosity increases with time because
of the viscoelastic response of the diblock copolymers. At larger times, a steady-state value of
viscosity is achieved. Figure 7(a) clearly shows that the value of the steady-state viscosity decreases
with shear rate.

The influence of molecular weight on the transient viscosity is shown in Fig. 7(b). The data
demonstrate that the steady-state viscosity increases with increasing molecular weight for all applied
shear rates. The pronounced shear thinning at such a low shear rate of 0.1 s™ (indicating a still
microphase-separated morphology) suggests that the shell of polystyrene chains which are covalently
bonded to the cylindrical poly(4-vinylpyridine) blocks strongly influences the value of the steady-

state viscosity.
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Fig. 7. Results of stress-growth tests with a constant shear rate: Transient viscosity # as a function
of time t for a) a selected diblock copolymer with a molecular weight of 134 kg mol™ and b) as a

function of the molecular weight for two different shear rates.

The steady-state value of the viscosity as a function of shear rate is shown in Fig. 8. Two power-
law functions with an exponent of -1 and -0.5 are also shown. A clear inspection of the data reveals
the trend that the power-law behaviour of the stationary viscosity varies with molecular weight. At
low molecular weights, the power-law exponent -1 describes the trend of the data, whereas at the
largest molecular weight the power-law exponent of -0.5 corresponds to a better fit.

The rheological results in oscillatory and in steady shear can be explained in the following way, see
Fig. 9. At low deformation and deformation rates, the elastic interactions caused by the microphase-
separated morphology dominate. At higher stresses, the shells of polystyrene chains which are
covalently bonded to the poly(4-vinylpyridine) blocks slide on each other. The size of the shell
increases with molecular weight, and the interactions caused by the polystyrene chains dominate the

VISCOUS response.
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Fig. 8. Steady-state value of the shear viscosity as a function of shear rate y,. The test temperature
was 220 °C.

Shear flow

. . ' P4VP cylinder
“‘I"l,
® : <

4 \J
i

N

,
I\

Shell of PS blocks
Fig. 9. Scheme of the deformation of the morphology during shear flow. The cylindrical domains of
the P4VP blocks are surrounded by a shell of PS blocks. At high shear rates, the cylinders with the

shell slide on each other. This deformation mechanism dominates the viscous response.

During expansion of foam cells, a biaxial elongational flow is created in the polymer shell which
surrounds an expanding foam bubble. Consequently, the rheological properties in melt elongation are
highly relevant for polymer foaming. Figure 10 presents the time-dependent apparent elongational

viscosity 7, app of two different diblock copolymers at a temperature of 220 °C. The results of the

shear viscosity measurements (cf. Figure 7) which are multiplied by the Trouton ratio of 3 are also
presented. Furthermore, the linear viscoelastic prediction of the elongational viscosity is shown.

The transient elongational viscosity depicts a similar trend for the diblock copolymers of this study.
Because of the plateau of the storage modulus G’ at low frequencies (see Fig. 6), the linear
viscoelastic prediction does not lead to a steady-state elongational viscosity, but continuously
increases with time in the investigated time interval. The measured shear viscosity (multiplied by a
factor of 3) nearly agrees at low times with the linear viscoelastic prediction, but then achieves a
constant value at larger times. The experimental data of the extensional viscosity nearly agree with
the shear viscosity data up to the point of rupture in elongation. The agreement of the measured
extensional and transient shear viscosity data indicate that similar morphological rearrangements take
place in shear and elongation. At larger times, the transient shear viscosity and the elongational

viscosity attain lower values than the linear viscoelastic prediction. In particular, the extensional
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viscosity does not depict a pronounced strain hardening as observed for longchain branched

polyethylenes.
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Fig. 10. Apparent elongational viscosity 7, ., as a function of time for three different Hencky
strain rates &, and two diblock copolymers of this study ((a) PS77-b-P4VP»5'* and (b) PSgo-b-
P4VP??* diblock copolymers). The measurement temperature was 220 °C. The linear viscoelastic
prediction of the elongational viscosity (LVE) and the results of the transient shear viscosity
measurements (multiplied by the Trouton ratio) are also shown. The solid symbols are the data in

elongation and the open symbol correspond to the shear data.

3.4 Batch foaming

The principle of the batch foaming process is illustrated in Fig. 11. Generally, batch foaming is a
two-step process where the first step is the saturation of the polymer with a blowing agent (here CO5)
and the second step is the foaming of the polymer by nucleation of foam cells and expansion of the
dissolved gas through pressure drop and/or increase in temperature. Therefore, the processing
parameters were chosen to guarantee a saturation of the sample with CO, at a pressure of 40 bar

provided by the gas source.
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Fig. 11. Scheme of a two-step batch foaming process with the processing parameters Ty as loading
temperature, po as saturation pressure, At as loading time, Tram as foaming temperature, Ap as

pressure drop down to ambient pressure and tsam as foaming time.

The achieved density of the PS-b-P4VP diblock copolymer foams strongly depends on the foaming
temperature and the molecular weight of the foamed diblock copolymers (Fig. 12). Low densities in
the order of 0.15 gcm™ are obtained for diblock copolymers with a high molecular weight at a
foaming temperature of 110 °C. Foaming temperatures of 100 °C and 105 °C lead to relatively low
densities of 0.4 g cm™ down to 0.3 g cm™ as well whereas diblock copolymers which were foamed
below 100 °C and above 110 °C show higher densities of more than 0.4 g cm™. Especially diblock
copolymers with a low molecular weight such as 50 kg mol™ exhibit high densities of more than
0.7 g cm™ at foaming temperatures between 90 °C and 120 °C. Consequently, at the chosen foaming
temperatures a larger molecular weight yields a lower foam density. This effect can be explained as
follows: A larger molecular weight leads to a larger domain spacing. At a larger molecular weight,
foam cells which are nucleated in the PS microphase can grow to a larger extent without being
hindered by the P4VP domains. The expanding foam cells deform the microphase-separated
structure. In the case of a low molecular weight this deformation of the microstructure requires more
energy.

The cell density of the foams in Fig. 12 was analysed using the scanning electron micrographs. For
our experimental parameters, the cell density of the PS;;-b-P4VP,; diblock copolymer with a
molecular weight of 106 kg/mol was approximately 28.7 x 10° cells/cm®. An increase of the

molecular weight to 164 and 220 kg/mol led to lower cell densities of 0.5 x 10° and 2.0 x 10°
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cells/cm® for the two PSgo-b-P4VP, diblock copolymers, respectively. This effect is associated with

the larger average diameter of the foams with a molecular weight of 164 and 220 kg/mol.
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Fig. 12. Foam density of the PS-b-P4VP diblock copolymers as a function of the foaming
temperature for the block copolymers with (a) a PS fraction of 77 wt% and (b) a PS fraction of 80

wt%. The number average M, of the molecular weight is indicated.

Furthermore, investigations of the foam structure and the surface of the cell walls using scanning
electron microscopy (SEM) give information about the quality of the foamed diblock copolymers.
SEM micrographs of the foam structure (Fig. 13(b)) reveal that a foaming temperature of 110 °C led
to the most regular distribution of the cells with a rather smooth surface. In contrast, the foams
prepared at 100 °C and 120 °C (Fig. 13(a) and (c)) exhibit a more irregular distribution of the cells
with a slightly rougher surface at 100 °C and a very rough surface at 120 °C. The high standard
deviation for the samples foamed at 100 °C resulted from the combination of diffusion of CO, off the
matrix and the high viscosity (i.e. long relaxation times of the diblock copolymer) leading to a less
controllable process. The time-dependent expansion of foam cells is strongly affected by the
relatively slow time-dependent increase of viscosity at low times (cf. Fig. 7) and the fast diffusion of
CO, and consequently is strongly sensitive to fluctuations at 100 °C.

The effect of the foaming temperature on the cell structure is confirmed by evaluation of the cell
size distribution of the foamed diblock copolymers. Figures 14(a) to (c) shows the cell size
distribution of the PS-b-P4VP diblock copolymer with a molecular weight of 220 kg mol™ with
regard to the foaming temperature. The polymer foamed at 120 °C developed small cells (mean cell

diameter d. =42.1 um) with a narrow distribution whereas the polymers foamed at 100 °C and
23



110 °C display a broader distribution with larger mean cell diameters of 73.3 um and 83.9 um,
respectively. The cell size distribution of the sample foamed at 100 °C is broader than the sample
foamed at 110 °C. In summary, the foaming temperature influences the viscosity of the melt during

expansion of foam cells.

) {PS, -b-P4VP '
) m o~ gp. v~

Fig. 13. Scanning electron micrographs displaying i) the influence of the foaming temperature on a
164 kg mol™ PS-b-P4VP diblock copolymer foam with temperatures of a) 100 °C, b) 110 °C, c)
120 °C and ii) the influence of the molecular weight of PS-b-P4VP foams with d) 106 kg mol™, b)
164 kg mol™, e) 220 kg mol™ at a foaming temperature of 110 °C.

The molecular weight of the foamed diblock copolymers led to differences in the foam structure.
As seen the SEM micrographs, the diblock copolymer with a molecular weight of 164 kg mol™ (Fig.
13(b)) generated on the average larger cells in contrast to the diblock copolymer with a molecular
weight of 220 kg mol™ (Fig. 13(e)). In contrast, the block copolymer with a molecular weight of
106 kg mol™ (Fig. 13(d)) exhibited small cells. The comparison of Figs. 14(b) and (d) reveals the
influence of the molecular weight at a foaming temperature of 110 °C. It is clearly seen (Fig. 14(b))
that a higher molecular weight (here 220 kg mol™) led to a more narrow cell size distribution in
comparison to a broader cell size distribution of the diblock copolymer with a molecular weight of
164 kg mol™ (Fig. 14(d)). Remarkably, both investigated diblock copolymers had a similar foam

density at a foaming temperature of 110 °C (see Fig. 12).
24



Whereas the effect of foaming temperature is clearly seen by its influence on melt viscosity and
foam density, the explanation of the effect of molecular weight is less obvious. Our rheological
experiments in shear and elongation suggest that it is not the macroscopic viscosity which influences
the final foam density, but the microrheological deformation of the cylindrical structure which
appears when a gas bubble expands in the microphase separated structure. Such a microrheological
analysis is beyond the scope of this study.
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Fig. 14. Cell size distribution of PS-b-P4VP diblock copolymer foams with molecular weights of
(a)-(c) 220 kg mol™ and (d) 164 kg mol™ processed at foaming temperatures between 100 °C and

120 °C indicated in the graphs. The mean cell diameter d. and its deviation are denoted.
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4. Conclusions

The present study elucidates the influence of thermal and rheological properties on the foaming
behaviour of PS-b-P4VP diblock copolymers using CO, as blowing agent. The synthesis via living
anionic polymerization led to diblock copolymers with defined molecular weight and composition
and allows the investigation of the impact of morphology on the foaming process. DMTA
experiments and transmission electron microscopy confirmed the microphase separated structure of
the diblock copolymers.

The plasticising effect of CO, on the glass transition temperature T, was revealed by high-pressure
DSC measurements. As a result, the viscosity of the diblock copolymer is reduced which plays an
important role to adjust the processing parameters of the applied foaming methods. Furthermore,
sorption experiments showed an average CO,-uptake of 6.4 wt% CO, at 30 °C and a pressure of
40 bar in each diblock copolymer independent of the investigated range of the molecular weight. The
influence of the molecular weight on the foam structure of the diblock copolymers was observable by
analysis of the foam density. The foam density decreased with higher molecular weight due to larger
cell sizes determined by scanning electron microscopy. A larger molecular weight is associated with
larger domain spacing and thus foam cells which are nucleated in the PS microphase can expand
more easily. Besides the molecular weight, the foaming temperature played an important role in order
to generate large cell structures. The optimum foaming temperature for PS-b-P4VP diblock
copolymers of this study is 110 °C with the lowest foam density and a regular cell size distribution.

In conclusion, in spite of the microphase-separated structure diblock copolymers with a cylindrical
morphology can be utilised for foam applications with similar low densities as homopolymers. The
advantage of using diblock copolymers is the complexity of the system resulting in a variety of
tailored properties which can be employed for the fabrication of high-performance polymer foams,
e.g., insulations with water vapour permeability or isoporous membranes fabricated without the use

of solvents.
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