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One route to melt processing of high glass transition temperature polyelectrolytes, such as disulfonated
poly(arylene ether sulfone) (BPS), involves mixing a plasticizer with the polymer. In this study, poly(-
ethylene glycol) (PEG) was used as a plasticizer for BPS. BPS and PEG are miscible, and the effect of PEG
molecular weight (in the range of 200e600 g/mol) and concentration on the Tg of BPS/PEG blends was
investigated. As PEG molecular weight decreases and concentration increases, the blend Tg is depressed
significantly. Based on isothermal holds in a rheometer at various temperatures and times, the PEG
materials considered were thermally stable up to 220 �C for 10 min in air or 250 �C for at least 10 min
under a nitrogen atmosphere, which is long enough to permit melt extrusion of such materials.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Reverse osmosis (RO) is a dominant technology for desalinating
water [1,2]. Currently, polyamide (PA) thin film composite mem-
branes are widely used in RO because of their good transport
properties and stability over a wide range of pH [3,4]. However,
these PA membranes have poor resistance to aqueous chlorine,
which is often added as a disinfectant to prevent membrane
fouling, so feed water must be de-chlorinated before contacting the
membrane to avoid serious membrane degradation [1,3,5]. This
additional step increases operation costs. Additionally, desalination
membranes are produced via solution processing methods [6]. For
example, the PA thin film composite membranes mentioned above
aremade by interfacial polymerization of monomers at an oil/water
interface [4,6]. Large volumes of volatile, flammable hydrocarbon
solvents are used in this process.

Sulfonated polysulfones have been of interest for desalination
because of their good chlorine resistance over a broad pH range,
potentially making the de-chlorination step in desalination pro-
cesses unnecessary [3,5,7,8]. Such membranes can be formed by
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typical solvent casting processes [3,5,8]. However, with appropriate
plasticizers, sulfonated polysulfone membranes might be prepared
by a melt extrusion process, avoiding the use of organic solvents in
processing. Interestingly, sulfonated polysulfone can be plasticized
using low molecular weight, water soluble poly(ethylene glycol)
(PEG) [9,10]. This plasticizer can potentially be removed from the
membrane by water extraction following melt processing.
Furthermore, composite membranes could be formed by lami-
nating the sulfonated polysulfone layer to a porous support or even
using a coextrusion step wherein the support layer could be
rendered porous by some means such as stretching [11]. Moreover,
extruded membranes may have interesting properties compared to
those of solution cast membranes, since morphology and transport
properties of such materials are known to be sensitive to thermal
processing history [7,12].

Bebin et al. proposed extruding post-polymerization sulfonated
polysulfone (sPSU) films for proton exchange membrane fuel cells
(PEMFCs) and compared proton conductivity and life span of
extruded films to those of solvent cast films [13,14]. Sanchez et al.
studied the effect of various plasticizers on the glass transition
temperature and rheological behavior of post-polymerization sul-
fonated polysulfone to optimize extrusion conditions for PEMFCs
[15e19].

In this study, we report results of studies whose long-term
objective is to prepare melt extrudable formulations of disulfo-
nated poly(arylene ether sulfone)s with PEG plasticizers. This paper
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Table 1
Characteristics of BPS polymer.

Material Mw
a

[g/mol]
IVa

[ml/g]
Tg

b [�C] Water permeabilityc

[L mm m�2 h�1 bar�1]
NaCl
rejectionc [%]

BPS-20K 33,900 48.2 273 0.03 99.2

a Determined by SEC using NMP with 0.05 M LiBr at 50 �C.
b Measured by DSC, 20 �C/min.
c Table 1 from Ref. [3].

Table 2
Properties of PEG oligomers.

Material Average Mn

[g/mol]
Data obtained
in this study

Literature data

Tg
a [�C] Tm

a [�C] Tg
b [�C] Tm

c [�C] Densityc at
20 �C [g/cm3]

PEG 200 200 �83 e �86 �65 1.124
PEG 300 300 �76 �15 �78 �15w�8 1.125
PEG 400 400 �72 2 �78 4e8 1.126
PEG 600 600 �69 17 �60 17e22 1.130

a Measured by DSC, 20 �C/min.
b PEG 200 from Ref. [14], PEG 300 from Ref. [22], PEG 400 from Refs. [15,16], PEG

600 from Ref. [23].
c Data reported in SigmaeAldrich product documentation [24e27].
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summarizes the miscibility of PEG with the sulfonated polysulfone,
the influence of PEG molecular weight and concentration in the
blend on the glass transition temperature, and the thermal stability
of PEGs at temperatures that would be required for the processing.
A subsequent paper will report rheological properties of such
plasticized sulfonated polysulfone materials.

2. Experimental

2.1. Materials

A disulfonated poly(arylene ether sulfone) random copolymer
(BPS-XY) was used in this study (see Fig. 1) [3,5,7,8]; X indicates the
molar percentage (mol%) of disulfonated monomer, and Y denotes
the cation associated with the sulfonated groups and is either H
(acid form) or K (potassium form). BPS-20K, having 20 mol%
disulfonated monomer in the polymer backbone, was the focus of
our studies. The BPS polymer was synthesized in the potassium
form by Akron Polymer Systems (Akron, OH) following the syn-
thetic procedure established by McGrath et al. [3,7,20,21] and was
used as received. The acid or H form can be obtained by boiling BPS-
K in sulfuric acid solution and then in de-ionized (DI water) [7].
Table 1 summarizes some characteristics of BPS-20K.

2.2. Plasticizer

Table 2 lists the physical properties of the PEG samples used in
this study. These PEGs were purchased from Sigma Aldrich (PEG
200 Cat# P3015, PEG 300 Cat# 202371, PEG 400 Cat# 202398, PEG
600 Cat# 87333, St. Louis, MO) and were used as received.

2.3. Blend preparation

2.3.1. Solution casting method
For some of the studies reported here, solution casting was used

as a convenient way to form films. A desired amount of BPS-20K/
PEG was dissolved in N,N-dimethylacetamide (DMAc, Sigma
Aldrich, Cat# 39940) to prepare a solution with 10 wt% solids. This
solution was poured onto a glass plate and kept in an oven for 24 h
at 60 �C and then in a vacuum oven for another 48 h to evaporate
most of the DMAc [3,5,7]. Residual solvent was extracted by soaking
this film in deionized (DI) water for 24 h and vacuum drying at
120 �C for 24 h [7]. Transparent films of uniform thickness (30e
50 mm) were obtained and used for further characterization. To
facilitate removal of the films from the glass plate, the glass plate
was pretreated using a solution of chlorotrimethylsilane (Sigma
Aldrich, Cat# 92361) and toluene (Sigma Aldrich, Cat# 650579)
(70% by volume toluene) to render the surface of the glass
hydrophobic.

2.3.2. DSM micro-compounding and compression pressing
Extruded samples of BPS-20K/PEG blends were prepared using a

5ml twin screwmicro-compounder (DSMXplore, the Netherlands)
and molded in a compression press (Wabash Metal Products Inc.,
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Fig. 1. Chemical structure of disulfonated poly(arylene ether sulfone) random copolymer: fo
K (potassium salt form).
Wabash, IN) to form films. The processing temperature was set to
be at least 50e100 �C higher than the Tg of the blend and lower than
the degradation temperature, Td, and it was in the range of 170e
210 �C. The desired quantities of BPS-20K and PEG were well mixed
prior to feeding to the compounder and were extruded under an
extra dry nitrogen atmosphere (99.9%, Matheson Tri-Gas, Austin,
TX) to minimize degradation.
2.4. Thermal analysis

2.4.1. Differential scanning calorimetry (DSC)
DSC (Q100, TA Instruments, New Castle, DE) was used to mea-

sure the glass transition, Tg, and melting, Tm, temperatures of the
various mixtures and components. For a typical experiment, a 5 mg
sample of polymer was sealed in an aluminum pan, and a DSC
thermogram was recorded under ultra high purity nitrogen (UHP
99.999%, Air Gas, Austin, TX) purge using a heating rate of 20 �C/
min over the temperature range from�150 �C to 400 �C. The Tg was
recorded as the midpoint of the heat capacity step change.
2.4.2. Dynamic mechanical analysis (DMA)
DMA (Q800, TA Instruments, New Castle, DE) was used to

determine the Tg and the secondary transitions of the polymer
systems. A film tension clamp was used with rectangular films of
uniform thickness. The storage and loss moduli (G0, G00) and
damping factor (tan d) were recorded over the temperature range
from �150 �C to 400 �C at a heating rate of 2 �C/min and a fre-
quency of 1 Hz under an ultra high purity nitrogen atmosphere.
S O O *
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r BPS-XY series, X ¼ mol% of disulfonated monomer (0 < X < 100), Y ¼ H (acid form) or
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Fig. 2. Weight change of BPS-20K and BPS-20H as a function of temperature. The TGA
scan was run in a nitrogen atmosphere with a ramp rate of 5 �C/min.
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The Tg (�C) was determined as the temperature of the maximum
loss tangent (tan dmax).

2.4.3. Thermogravimetric analysis (TGA)
TGA (Q500, TA Instruments, New Castle, DE) was used to

investigate sample weight changes as a function of time and tem-
perature under an ultra high purity nitrogen atmosphere at a flow
rate of 40 ml/min. A heating rate of 5 �C/min was used for the
temperature ramp over the range from 25 �C to 600 �C. Isothermal
scansweremade by ramping the temperature to 230 �C at a heating
rate of 20 �C/min and holding at this temperature for up to an hour.

2.5. Other characterization

2.5.1. Fourier transform infrared spectroscopy (FT-IR)
Attenuated Total Refection (ATR) FT-IR (Nicolet 6700 FT-IR

Spectrometer, Thermo Scientific, Waltham, MA) was employed to
probe for chemical structural changes after thermal treatment of
PEG 200. For each measurement, 256 spectra were collected at a
resolution of 4 cm�1.

2.5.2. Proton nuclear magnetic resonance (1H NMR)
1H NMR spectra were recorded using a Varian DirectDrive

spectrometer (Agilent Technologies, Santa Clara, CA) operating at
400 MHz to characterize chemical structure, number average mo-
lecular weights ðMnÞ of the PEGs, degree of sulfonation of the BPS-
20K, and concentration (wt%) of the PEGs in the BPS-20K/PEG
blends. NMR samples were prepared by dissolving 20 mg of ma-
terial in 2 cm3 of (CD3)2SO, dimethyl sulfoxide-D6 (99.9%, Cat#
DLM-10, Cambridge Isotope Laboratories, Andover, MA). 1H NMR
data were recorded under the following conditions: numbers of
scans ¼ 8, relaxation delay ¼ 2 s, spin rate ¼ 20 Hz.

2.5.3. Electrospray ionization (ESI)
ESI (Agilent 6530 Accurate-Mass QTOF LCMS, Agilent Technol-

ogies, Santa Clara, CA) in the positive mode was used to determine
number ðMnÞ, and weight ðMwÞ average molecular weight, as well
as polydispersity (PDI) of the PEGmaterials. The carrier solvent was
methanol, and the ion source temperature was 250 �C.

2.5.4. Sulfur elemental analysis
Sulfur elemental analysis was conducted at Galbraith Labora-

tories, Inc. (Knoxville, TN) to determine the polysulfone content in
extruded blends with PEG. ASTM D4239-12 was used to measure
the sulfur content in these samples.

3. Results and discussion

Themelt processing temperature of a glassy polymer is typically
at least 50e100 �C higher than its Tg and lower than temperatures
that would result in significant polymer degradation during the
time that the material was being processed. Based on this rule of
thumb, since the Tgs of BPS polymers are in the range of 220e320 �C
depending on the sulfonation level and ionic form [20], the mini-
mum extrusion temperature range would be around 270e420 �C.
However, because the sulfonated groups are susceptible to thermal
degradation and the degradation temperature decreases with
increasing sulfonation level [20], BPS polymers cannot be melt
extruded. Therefore, extrusion of BPS requires a suitable plasticizer
to lower the processing temperature range to well below the
decomposition point.

Since PEG oligomers have been reported to be miscible with BPS
[23], these materials are potentially attractive as plasticizers.
Additionally, such oligomers are water soluble, which could permit
water extraction of the PEG after melt extrusion [15,16]. The
following results confirm the miscibility of PEG oligomers and BPS
and explore a number of other questions (e.g., thermal stability,
volatility of low molar mass PEG oligomers, etc.) related to extru-
sion of such blends.
3.1. Selection of BPS form

The potassium form of the sulfonated polysulfone, or BPS-K, was
selected for use in this study. While the BPS-H form has a some-
what lower Tg than BPS-K [20], the acid form has a much lower
degradation temperature than BPS-K. The better thermal stability
of the K form in the potential melt processing temperature range
(180e230 �C) is evident from the TGA scan presented in Fig. 2.
Substantial weight loss in the BPS-H sample, presumably related to
the onset of thermal degradation, begins at approximately 230 �C,
which is much lower than the onset of significant weight loss in the
BPS-K sample, which occurs above 400 �C.

BPS-20K (ion exchange capacity ¼ IEC ¼ 0.92 meq/g) was
selected for this initial study since it has a good balance of thermal
stability and membrane performance [3,5,8,20]; selected proper-
ties are listed in Table 1.
3.2. Thermal analysis of PEG

3.2.1. Plasticizer selection
PEGs are available with number average molecular weights

spanning a very large range. However, low molecular weight PEGs,
with Mn between 200 and 600 g/mol, are of particular interest for
this study because they can depress the Tg of BPS-20K to the 100e
150 �C rangewith relatively small amounts (<30wt%) of plasticizer,
and, being relatively small, they should be more rapidly removed,
via leaching into water following melt processing, than higher
molecular weight PEG materials. Furthermore, higher molecular
weight PEGs are less effective for Tg depression, may be far more
difficult to extract from the extruded blend with water owing to
their large molecular size, and would contribute significantly to the
blend viscosity.
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3.2.2. PEG Glass transition behavior
Estimation of the glass transitions of BPS/PEG blends requires

accurate values of the Tg of each PEG considered. There is some
literature on the Tg of PEGmaterials; however, the available data do
not include all of thematerials of interest to this study. Some papers
report Tg values for PEG 200, 300 and 400 [14e16,22,28,29].
However, different methods to obtain Tg data were used in each
report, so a consistent database cannot be assembled from the
available literature sources for all of thematerials considered in this
study. Thus, we characterized the Tgs of the PEG 200e600materials
using DSC.

Fig. 3 presents first scan DSC thermograms of the PEG 200e600
materials. The sample preparation methods to obtain these data
varied somewhat depending on the material. With no special
sample preparation, PEG 200 and PEG 300 samples exhibit distinct
glass transitions, and PEG 300 has a crystallization peak on heating
above its Tg. However, with no special sample preparation, the PEG
400 and PEG 600 (or higher molecular weight PEG) samples do not
show a distinct glass transition by DSC owing to their high level of
crystallinity [28].

Therefore, the following procedure was used to obtain clear Tg
values fromDSC for the PEG 400 and 600materials. Samples of PEG
400 and 600 were sealed in aluminum DSC pans at room temper-
ature (i.e., above their melting points) and rapidly quenched in
liquid nitrogen to prevent crystallization to the largest extent
possible. Nevertheless, due to the extremely high crystallization
rate of these materials, samples with some crystallinity were pro-
duced by this procedure; similar observations have been reported
for torsion pendulum and NMR studies [28,30]. However, this
technique does reduce the crystallinity enough to make a glass
transition observable by DSC. After 1 h in liquid nitrogen, the
samples were quickly moved to the DSC cell where the temperature
had already been equilibrated at �150 �C, and a scan was run
between �150 �C and 30e50 �C at a heating rate of 20 �C/min. The
Tg was reported as the midpoint of the heat capacity step change
during the first heat cycle. In the case of PEG 400 and 600 s and
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Fig. 3. First scan DSC thermograms of PEGs. The thermograms have been displaced
vertically for clarity. The arrows denote the location of the glass transition
temperatures.
third cycles do not reveal any detectable glass transitions since all
samples become highly crystalline after the first cycle; whereas, for
PEG 200 and 300, the subsequent cycles overlap with the first cycle.
Strong recrystallization exotherms are observed for PEG 400 and
600 in Fig. 3 at about �61 �C and �57 �C, respectively, and the
beginning of a recrystallization exotherm is also observed in the
PEG 300 sample.

The Tg and peak crystalline melting temperature, Tm, values
from the first scan DSC thermograms are summarized in Table 2.
The Tgs measured here are in a good agreement with the previous
literature [14e16] and are used to predict the Tgs of BPS/PEG blends
using the Fox equation [31]. After the glass transition (shown by the
arrows in Fig. 3), crystallization occurred for PEG 300e600, fol-
lowed by melting. The melting peaks are not shown in Fig. 3;
however the Tm values detected here are similar to those given in
the product literature, as shown in Table 2 [24e27].

In general, glassy polymers show a monotonic increase in Tg
with increasing molecular weight up to a plateau value at high
molecular weights [32,33]. As shown in Fig. 3, the PEG 200e600
samples exhibit this trend at least qualitatively. Faucher and others
reported that higher molecular weight PEGs (greater than 4000 g/
mol) do not follow this relation and have a maximum Tg at around
6000 g/mol [28,30]. This behavior is attributed to high crystallinity
in these PEG materials, which restricts chain mobility in the
amorphous phase, thereby influencing Tg. PEG crystallinity reaches
a maximum in the range of 4000e30,000 g/mol [34], and above
this range, the crystallinity drops significantly [28].

3.3. Glass transition of BPS-20K/PEG blends

The glass transition temperatures of BPS-20K/PEG blends were
measured using both DSC and DMA. Before each DSC run, extruded
BPS-20K/PEG blend samples were placed in aluminum DSC pans
and kept under a nitrogen atmosphere at Tg þ 10e20 �C for 10 min
to remove any previous thermal history. Following this, the sample
was cooled to �90 �C and scanned to 75e185 �C, depending on the
blend composition, at a rate of 20 �C/min. This thermal cycle was
repeated 3 times. The Tg (�C) was taken as the midpoint of the heat
capacity step change during the third (and final) thermal cycle. In
the case of DMA, the Tg (�C) was determined as the temperature of
the maximum loss tangent (tan dmax). DMAwas used in addition to
DSC because it is a sensitive method to verify Tg, as well as the
secondary transitions of polymer segments, that might not be
easily observable in DSC scans [30,35].

Thermograms of a mixture where one component is an amor-
phous polymer and the other is a semi-crystalline oligomer can
reveal useful information about the physical state of the mixture
such as the state of mixing in the amorphous phase and any crys-
tallinity. Here the traditional criteria of a single Tg located between
the Tgs of the individual components is adequate evidence for
miscibility [36e38]. On the other hand, Lodge et al. claimed that
somemiscible blends such as PEO/PMMA containing lowmolecular
weight PEG show two Tgs using DSC [22,29]. Other secondary
transitions due to the water (�35 �C), etc. [30,39] can be seen as
well and will be mentioned later.

Fig. 4 shows exemplary DMA and DSC scans for a series of BPS-
20K/PEG 600 blends; similar data were observed for blends con-
taining PEG samples with different molecular weights. The tan
d peak with the greatest intensity in the DMA scans, or the step
change in heat capacity in the DSC scans, is associatedwith the Tg or
a transition of the polymer mixtures. Both DSC and DMA scans
exhibit a single composition-dependent Tg for the PEG concentra-
tions considered (i.e., up to 40 wt%). The Tgs detected by DSC and
DMA agree with each other within differences expected from these
techniques and their characteristic time scales [35].
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Fig. 4. [a] Dynamic mechanical analyses scans for BPS-20K/PEG 600 mixtures.
(Frequency ¼ 1 Hz, ramping rate ¼ 2 �C/min) [b] Differential scanning calorimetric
thermograms (final scan) of BPS-20K/PEG 600 blends. The DSC thermograms have
been magnified vertically (magnification is different for each thermogram for easier
viewing) and displaced along the vertical axis for clarity. The arrows identify the
transitions selected as the glasserubber transition in each blend.

Table 3
The onset, mid- and end- temperatures of heat capacity step change (DSC) and the
temperatures where loss modulus (G00) and tan d reach their maximum (DMA) at the
glass transition of BPS-20K/PEG 600 blends. The mid temperature is used to report
the Tgs of the blends for DSC. In the case of DMA, the Tg was determined as the
temperature of the maximum loss tangent (tan dmax).

PEG 600
[wt%]

DSC DMA

Onset temp
[�C]

Mid temp
[�C]

End Temp
[�C]

DTg
a

[�C]
Temp at
G00
max [�C]

Temp at
tan dmax [�C]

0 256 273 288 32 273 299
20 122 132 147 25 112 131
30 64 75 94 30 58 93
40 38 43 54 16 eb 58

a DTg [�C] ¼ Tend temp � Tonset temp.
b Not distinguishable.
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The pure BPS-20K (i.e., BPS-20K/PEG 600 0 wt%) has a Tg of
about 273 �C by DSC and 299 �C by DMA (see Table 3), and these
values are somewhat higher than the previously reported values
[20,23]. This difference can be explained by the different sample
preparation procedures, and a similar observation has been re-
ported by Xie et al. [7]. In our measurement, residual solvent was
removed by soaking in DI water and vacuum drying; however, in
the previously reported measurements, this solvent extraction
process was not employed so some residual solvent may have
remained in the sample, which would have lowered the Tg. More-
over, processing history (i.e., thermal treatment, filtering, etc.) as
well as measurement method (i.e., ramp rate, sample size, etc.) can
affect properties such as Tg [7,12,40].

Fig. 4a shows the storage moduli for all BPS-20K/PEG 600 0e
40 wt% blends, with values in the range of 3000e5000 MPa at low
temperatures, followed by a sharp decrease, characteristic of a
glass-to-rubber transition, while a corresponding maximum in
tan d occurs in the same range. As the PEG concentration (wt%)
increases, the characteristic decrease in storage modulus and the
peak in tan d progressively shift to lower temperature, indicating Tg
depression as expected for a plasticizer [23,41e43].

Interestingly, the tan d peak for the mixture containing 20 wt%
PEG 600 is quite sharp. However, as more PEG is added to the blend,
the peak decreases in height and becomes broader in width. This
flattening and broadening effect has been reported for a number of
polymer blends and plasticized polymers including poly(vinyl
chloride) (PVC) and polystyrene (PS), etc. [36,44,45]. This broad-
ening has been attributed to local concentration fluctuations
[36,37,41,44e49]. Since the time scale of these fluctuations is longer
than the time needed for chain segmental motion, the relaxing
segments are likely to encounter varying local environments and,
thus, relax at different rates. As a result, the DMA profile reflects a
broad range of local relaxation processes [36,37].

Some secondary or sub-Tg relaxation processes are evident in
the range between�50 �C and�25 �C. This transition is not seen in
pure BPS-20K but appears in all mixtures with PEG 600. At 20 wt%
PEG, this relaxation is very small. However, as more PEG is added to
the blend, the intensity of this tan d peak increases and seems to
shift to the lower temperatures. This peak may be related to
moisture absorbed by the hygroscopic PEG and/or to some relax-
ation associated with PEG [30,39,49e53].

Table 3 presents the onset, mid- and end- temperatures of the
heat capacity step change (DSC) and the temperatures where the
tan d reaches its maximum (DMA) at the glass transition of BPS-
20K/PEG 600 blends as described in Fig. 4.

Fig. 5 summarizes the effect of PEG concentration andmolecular
weight on the Tgs of BPS-20K/PEG blends. The Tgs determined by
DSC were used for this analysis since the PEG Tgs were detected
with DSC because of difficulties when measuring liquid samples
using DMA [30], so it was consistent to employ DSC Tgs for further
analysis. As the PEG concentration increases, the blend Tg is
depressed (see Fig. 5a). Two potential reasons for this decrease are:
(1) the PEG adds more free volume to the polymer matrix, which
would reduce interchain restrictions on polymer segmental
mobility, and (2) PEG interactions with the ionic groups in BPS
could reduce ionic interactions of the sulfonated groups in BPS-20K
[23,41,43]. The dashed lines, shown in Fig. 5a, represent the pre-
diction of the Fox equation [36]:

1
Tg

¼ w1

Tg1
þ w2

Tg2
(1)

where w1, Tg1, w2 and Tg2 are the weight fractions and glass tran-
sition temperatures of BPS-20K and PEG, respectively [31]. As
shown in Fig. 5b, at a fixed PEG concentration, the blend Tg is
slightly lower at lower PEG molecular weight. This result is



PEG Concentration [wt%]

0 10 20 30 40 50 60

0

50

100

150

200

250

300

T
g
 
[
°
C

]

PEG400(     )

PEG600(    )

PEG300(     )  

Fox Equation Estimate

PEG200

    (   )

[a]

0 200 400 600 800

20

40

60

80

100

120

140

160

20wt%

30wt%

40wt%

[b]

PEG M
n

 [g/mol]

T
g
 
[
°
C

]

Fig. 5. Effect of PEG Mn and concentration on Tg of BPS-20K/PEG blends. Tgs were
measured using DSC: [a] effect of PEG concentration (wt%) and [b] effect of the PEGMn

(g/mol) on Tg of BPS-20K/PEG blends. Dashed lines are the Fox equation estimates. In
[a], dashed lined are the Fox equation estimates of BPS-20K/PEG 200 (lower) and BPS-
20K/PEG 600 (upper). The Fox equation estimates for PEG 300 and PEG 400 lie be-
tween those of PEG 200 and PEG 600 and are not shown for easier viewing.

Time [minute]

0 20 40 60

W
e

i
g

h
t
 
[
%

]

99.95

99.96

99.97

99.98

99.99

Isothermal hold for 60 min at 230 °C

100.00

Fig. 6. Weight change of BPS-20K as a function of time under nitrogen atmosphere.
The sample was heated from ambient to 230 �C at a heating rate of 20 �C/min and was
then held isothermally at 230 �C for 60 min. The dashed line represents the time with
the temperature reached 230 �C.

H.J. Oh et al. / Polymer 55 (2014) 235e247240
reasonable given the influence of PEGmolecular weight on the Tg of
PEG (see Table 2) [48]. The dashed lines in Fig. 5b are also pre-
dictions of the Fox equation, calculated using the knownTg values of
the BPS-20K and PEG as well as their concentrations in the blend.

3.4. Thermal stability of BPS-20K during extrusion conditions

Based on the Tg values obtained in the blends and the rule of
thumb that melt processing is performed 50e100 �C above the Tg,
the highest melt processing temperature needed would be in the
range of 230 �C, based upon the Tg of BPS-20K plasticized with
20 wt% of PEG 600 (see Fig. 5b). Of course, the melt processing
temperature could be lower, if more plasticizer or lower molecular
weight plasticizer was used. Consequently, it was of interest to
explore the thermal stability of these BPS-20K/PEG blends.

BPS-20K exhibits good thermal stability at the temperature of
interest. For example, Fig. 6 presents the mass loss of a sample of
BPS-20K as a function of time in a TGA experiment. In this partic-
ular experiment, the temperature of the sample was increased at
20 �C/min to 230 �C and then held at 230 �C for 60 min under ni-
trogen atmosphere. There is a slight mass loss initially, which may
well be due to traces of water remaining in this hydrophilic ma-
terial. However, the mass is very nearly constant during the
isothermal hold at 230 �C.
3.5. Thermal stability of PEGs: TGA

There is a significant literature on the thermal and chemical
stability of PEGs for applications in various fields, including energy
storage materials, biomedical engineering, and archeology [54e
57]. The time scale of thermal stability in these applications is
much longer (a week to several years) relative to extrusion, which
takes only a few minutes. Thus, the temperature range, PEG mo-
lecular weight, and environmental conditions considered in pre-
vious studies of thermal and chemical stability were quite different
from the relevant conditions in this study [57e63]. Therefore, the
thermal stability of low molecular weight PEGs of interest for this
study was investigated.

At high temperatures in air, the hydroxyl groups in PEG are
readily attacked by oxygen to form hydroperoxide radicals. Random
chain scission then proceeds, producingmany oxygenated products
[54,55,58,59,61,62]. For this reason, lower molecular weight PEG
materials degrade faster since more hydroxyl groups exist per unit
mass, and, thus, peroxides are formed faster. For the non-oxidative
thermal degradation, depolymerization or decomposition takes
place when the main chain backbone is broken by ether cleavage,
leading to radical or non-radical scission [57]. In either case, the
hydroxyl groups are susceptible to degradation.
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Oneway to probe the thermal stability at elevated temperatures
is via TGA experiments. The weight change of PEG materials as a
function of temperature is shown in Fig. 7a. As molecular weight
increases, the temperature where the mass loss becomes signifi-
cant increases. However, this mass loss could result from either
degradation or evaporation. Similar observations apply when the
PEGmaterials are held isothermally at 230 �C for 30min in the TGA,
as shown in Fig. 7b. PEG 200 mass decreases to 50% of the initial
value during the temperature ramp to reach 230 �C mainly because
of evaporation, as will be discussed further below. Consequently, it
is difficult to determine themass loss due to degradation during the
hold at 230 �C. As a result, methods other than TGA are needed to
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Fig. 7. Mass loss of PEGs of various molecular weights in a nitrogen atmosphere. [a]
The weight change as a function of temperature at a ramp rate of 5 �C/min. [b] The
weight change as a function of time. The temperature was ramped from ambient to
230 �C at 20 �C/min and then held at 230 �C. The vertical dashed lines shows the time
when the temperature first reached 230 �C.
assess the thermal stability of PEGs at various temperatures and
times.

3.6. Thermal stability of PEG 200

PEG degradation, with or without oxygen, may cause random
chain scission and result in low molecular weight products. As a
result, the chemical structure is changed, the molecular weight is
decreased, polydispersity (PDI) is increased, and the Tg, Tm and heat
of fusion are reduced [30,54,55,57,58]. A major difference between
oxidative and non-oxidative degradation of PEG lies in the products
formed [30,57,58]. These aspects were tested by different charac-
terization techniques to understand the thermal stability of PEG
200 at extrusion conditions.

PEG samples were held at high temperatures, in the range of
170e250 �C, for times ranging from 10 to 30 min, in a rheometer
(AR2000EX from TA Instruments, 25 mm EHP parallel plate, gap
distance of 1 mm) in both nitrogen and air atmospheres. A
rheometer was used since it offered accurate control of isothermal
hold and environmental conditions. Aminimum time of 10minwas
chosen since the approximate sample residence time at high tem-
perature in the compounder and compression press used to pre-
pare the blend samples was less than 10 min. PEG 200 is the least
stable of the PEGs of interest, so it was selected for study. If PEG 200
is stable under the most aggressive thermal conditions of interest
for this study, other higher molecular weight PEG materials should
be stable as well. Characteristics such as number averagemolecular
weight ðMnÞ, molecular structure, polydispersity (PDI), etc. after the
isothermal hold were investigated to ascertain thermal stability.

3.6.1. Thermal stability under nitrogen

3.6.1.1. FT-IR: chemical structure. FT-IR was used to detect chemical
structural changes by tracking characteristic absorption bands.
Fig. 8 shows the FT-IR spectra (4000e500 cm�1) of PEG 200 after
holding isothermally for 10e30 min at temperatures ranging from
220 to 250 �C under nitrogen.

No significant changes were observed in the PEG 200 spectra
after holding at 230 �C for 30 min or at 250 �C for 10 min. However,
after holding for 30 min at 250 �C, a stretching vibration for
carbonyl groups at 1710e1750 cm�1 appears (shown by the arrows
in Fig. 8), which is likely due to aldehyde formation. Similar
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rows denote a stretching vibration for carbonyl groups at 1710e1750 cm�1.



H.J. Oh et al. / Polymer 55 (2014) 235e247242
observations were reported by Pielichowski et al. using TG/FT-IR
and TG/MS; in the early stages of non-oxidative thermal degrada-
tion (350e410 �C), the main absorption bands are from C]O
stretching (from aldehyde, 1750 cm�1) along with other volatile
products such as C]O (from CO2, 2320 cm�1), C]C (from alkenes,
1600 cm�1), and OH groups (from alcohols and ethers, 1140 cm�1)
[57]. However, here the absorbance associated with the carbonyl
stretching is small, so no characteristic band other than this
stretching was seen. This result is reasonable because the
isothermal hold temperature was only 250 �C, which is 100e150 �C
lower than the degradation temperature mentioned in the litera-
ture. In subsequent 1H NMR studies, this sample does not exhibit
any characteristic peaks from aldehydes, and the molecular weight
is in a similar range to that of as-received PEG 200. (Details will be
explained in the subsequent section.)

Based on the FT-IR analysis, PEG 200 seems stable up to 230 �C
for 30 min or 250 �C for 10 min in a nitrogen atmosphere.

3.6.1.2. 1H NMR: molecular structure and Mn. 1H NMR was
employed to verify the molecular structure of PEG 200 and to
calculate the Mn before and after holding isothermally at various
temperatures for various times. The peak assignments of PEGs in
(CD3)2SO are presented in Fig. 9 and numbers next to each peak are
the integrated ratios of the proton peaks. For PEG 200, the Mn was
determined by the ratios of proton peaks at: (a) d¼ 4.56 ppm (2H,e
OH groups), (b) d ¼ 3.39 ppm and (c) d ¼ 3.46 ppm (4H, external
CH2eCH2eO), (d) d ¼ 3.49 ppm (4(n � 2)H, internal e(CH2eCH2e

O)n�2e). Therefore, the integral Hb (d ¼ 3.39 ppm) should be
identical to the integral Hc (d ¼ 3.46 ppm), and it should be twice
the integral Ha (d ¼ 4.56 ppm). Based on this relationship, the
ppm

3.43.64.44.6
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Fig. 9. 1H NMR spectra of as-received PEG 200. The numbers next to each peak are the
integrated ratios of proton peaks.
number of repeat units, n, in the polymer chain was calculated as
follows:

n ¼

8>><
>>:

�Z
Hd þ

Z
Hc

�
�
Z

Hb

4

9>>=
>>;

þ 2 (2)

Mn was calculated as follows:

Mn ¼ ðn� 44Þ þ 18½g=mol� (3)

Based on this analysis, as-received PEG 200 has aMn value of 210 g/
mol.

Table 4 presents the Mns determined by 1H NMR for an as-
received PEG 200 sample and for samples exposed, under nitro-
gen, for two times (i.e., 10 and 30 min) at two different tempera-
tures, 230 �C and 250 �C. After holding under nitrogen, the Mn is
slightly increased with longer time and higher temperature expo-
sure. This change is likely due to the selective evaporation of small
molecular weight components and details will be explained with
ESI and DSC results in the following section. The 1H NMR spectra of
these samples, which are not shown for the sake of brevity, were
quite similar to that of the as-received sample.

After holding PEG 200 at 250 �C for 30 min under nitrogen, a
stretching vibration for carbonyl groups is observed in FTIR at
1710e1750 cm�1 (see Fig. 8). However, there is no evidence of
aldehyde or other oxygenated products by 1H NMR. The amount of
by-product may be very small so it could not be detected by 1H
NMR, considering the sensitivity of two different techniques [64].
Even though the amount of by-product is very small, extrusion
conditions involving holding a sample at 250 �C for 30 min will not
be included in future studies to prevent any possible degradation.
3.6.1.3. ESI and DSC: Mn, PDI and Tg. When PEG degrades, random
chain scission reduces the polymer chain length and produces low
molecular weight products. Therefore, Mn is decreased, and the
polydispersity (PDI) is broadened. The low molecular weight
products also lower Tm and the heat of fusion, as much as 13 �C and
32 J/g, respectively [54,57]. The Tg is also reduced by thermal
degradation since the polymer chain length is shortened, and low
molecular weight products act as plasticizers. For example, in
HDPE, after 3 days of aging at 120 �C in air, the Tg is depressed
from �106 �C to �116 �C [30].

However, Bigger et al. reported that by DMA, PEG
(Mn ¼ 100,000 g/mol) exhibits little change in Tg after holding in air
for 26 h at 120 �C. A noticeable increase in the area under the tan d

curve appears as oxidization proceeds because this area indicates
the amorphous portion of the polymer, but Tg was only slightly
changed. They explained these observations in terms of the
competing effects of chain scission and crosslinking, which shift the
Table 4
Mn , PDI and Tg of as-received PEG 200 and PEG 200 following isothermal holds at
various temperatures and times in a nitrogen atmosphere.

PEG 200 Mn
a

[g/mol]
Highest intensity
Mn

b [g/mol]
Mn

b

[g/mol]
PDIb Tg

c [�C]

As-received 210 190 230 1.04 �83
230 �C, 10 min, N2 210 240 260 1.04 �81
230 �C, 30 min, N2 230 240 260 1.04 �80
250 �C, 10 min, N2 230 240 250 1.04 �79
250 �C, 30 min, N2 260 280 270 1.03 �79

a Determined by 1H NMR.
b Determined by ESI.
c Determined by DSC, 20 �C/min.
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Tg in opposite directions. Still large scale crosslinking, i.e., forming a
microgel, was not observed, so they suspected a loose crosslinked
network might form due to oxidation [30]. In contrast, PEG aged at
60 �C (below its Tm) changes from a free-flowing powder to a waxy
solid, suggesting a decrease in Tg owing to random chain scission
[30,65]. Although many previous studies agree that thermal
degradation leads to chain scission and produces low molecular
weight products, it is also important to confirm whether cross-
linking occurs under the extrusion conditions of interest for this
study.

Since PEG 200 does not exhibit a Tm, its glass transition after
thermal exposure was measured using DSC, and Mn was calculated
from 1H NMR and ESI data. The Mn s measured using both ap-
proaches are usually in good agreement. Since ESI also gives the
relative intensities of different molecular weight species in a
sample, the PDI can be estimated. If crosslinking occurs during
thermal treatment, high molecular weight products should be
observed, so ESI analysis provides a tool for assessing crosslinking.

Fig. 10 shows the ESI spectrum of as-received PEG 200. A stan-
dard ESI result provides the relative intensity (area) versus mass-
to-charge (m/z) as shown in Fig. 10. From this data, Mn, Mw and
PDI are calculated as follows:

Mn ¼
P

Mi$NiP
Ni

(4)

Mw ¼
P

M2
i $NiP

Mi$Ni
(5)

PDI ¼ Mw

Mn
(6)

whereMi is calculated asm/z e 23, since z is usually 1 and the mass
of Naþ, an adduct ion, should be subtracted, and Ni corresponds to
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Fig. 10. Electrospray ionization (ESI) spectrum of as-received PEG 200. The peak at m/
z ¼ 217 corresponds to 4 repeat units, (i.e., n ¼ 4), which corresponds to a molecular
weight of 194 g/mol. For clarity, signals from noise were not included in this plot.
the relative intensity. From this equation, Mn and Mw were deter-
mined to be 230 g/mol and 240 g/mol, respectively, so the PDI is
1.04.

PEG 200 has a nominal molecular weight of 200 (the average
number of repeating unit is 4e5; if n ¼ 4, Mn ¼ 194 g/mol, if n ¼ 5,
Mn ¼ 238 g/mol) based on the manufacturer’s specification. TheMn

values determined by 1H NMR (210 g/mol) and ESI (230 g/mol) are
consistent with this specification within the uncertainty of the
measurements. The PDI is around 1.04, meaning a narrow molec-
ular weight distribution typical of a living polymerization method
[66].

Fig. 11 presents DSC thermograms of PEG 200 after isothermal
holds in nitrogen, and Table 4 summarizesMn, PDI and Tg, measured
by 1H NMR, ESI and DSC, respectively. After isothermal holds, the
Mn and Tg are observed to increase slightly with longer time or
higher temperature exposure, while the PDI remains low (1.03e
1.04). This is due to the evaporation of lowmolar mass constituents
and is confirmed by comparing ESI spectra after isothermal holds.

Fig. 12 shows ESI spectra for PEG 200 after isothermal holds
under a nitrogen atmosphere. The intensities of different molecular
weights are normalized by the highest molecular weight (238 g/
mol) to compare the relative ratio of each molecular weight con-
stituent between samples. As shown in Fig. 12a, when PEG 200 was
held at 230 �C, the molecular weight distribution shifts somewhat
to highermolecular weights, most likely because the lowmolecular
weight oligomers evaporate during the isothermal hold. Fig. 12b
shows an enlargement of the molecular weight range between 100
and 200 g/mol. The amount of low molecular weight materials is
sharply reduced after the isothermal holds compared to that of as-
received PEG 200.

The results are consistent with selective evaporation of low
molar mass constituents. NMR and FT-IR do not show any strong
changes in chemical structure upon exposure to these temperature/
time combinations under nitrogen. Mn increases somewhat with
longer time or higher temperature exposure, which is consistent
with the loss of low molecular weight species during the
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Fig. 11. DSC thermograms of PEG 200 after the isothermal holds at various tempera-
tures and times in a nitrogen atmosphere. The thermograms have been displaced
vertically for clarity. The arrows denote the location of the glass transition
temperatures.
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isothermal hold. The Tg increases slightly, which would also be
consistent with loss of low molecular weight molecules via evap-
oration. The PDIs remain similar (1.03e1.04) or perhaps become
slightly smaller at the highest temperature and longest exposure
time, which would also be consistent with the selective evapora-
tion of low molecular weight species. While some longer chain
species may also evaporate, it is presumed that the smaller species
would evaporate more rapidly, and the results are consistent with
this hypothesis.

Therefore, chain scission is not significant for PEG 200 during
isothermal holds in a nitrogen atmosphere. Also crosslinking is not
likely to occur since no highermolecular weight species were found
in the ESI spectra, PDI values were changed little, and theMn was in
a similar range of 230e270 g/mol (although there was a slight in-
crease due to selective evaporation as mentioned earlier). All of
these results suggest little, if any, degradation for the PEG 200 at
these conditions. (Still, the extrusion condition of 250 �C for 30 min
will not be included for future studies due to the FT-IR results.)

3.6.2. Thermal stability in air
3.6.2.1. FT-IR: chemical structure. Following thermal exposure in
air, shown in Fig. 13, the change in the spectrum is more obvious
because of oxidation. Because PEG 200 was held at higher tem-
peratures and for longer times, the intensity of the C]O stretching
peak (1710e1750 cm�1) becomes greater, which may originate
from degradation-induced formation of aldehyde or other
oxygenated products containing ketone [54,57,58]. Based on the FT-
IR analysis, PEG 200 seems stable up to 220 �C for 10 min in air.

3.6.2.2. 1H NMR: molecular structure and Mn. The 1H NMR spec-
trum after holding a sample in air at 220 �C for 10 min is also
identical to the spectrum of as-received PEG 200 (see Fig. 9).
However, as shown in Fig. 14, after holding at 250 �C for 30 min in
air, many additional peaks can be seen in the spectrum. In the FT-IR
of the sample held at these conditions, a distinct C]O stretching
peak appeared. The chemical structure was no longer identical to
that of as-received PEG 200 and, thus,Mn cannot be calculated from
the NMR results. Oxygenated by-products may have been gener-
ated [30,57,58]; further investigation would be required to identify
these by-products and this is not an objective of this study.

3.6.2.3. ESI and DSC: Mn, PDI, and Tg. Fig. 15 presents DSC ther-
mograms of PEG 200 after isothermal holds in air and in nitrogen,
and Table 5 summarizes Mn, PDI and Tg, measured by 1H NMR, ESI
and DSC, respectively. Similar to the results under nitrogen, the Mn

and Tg values increase slightly while PDI exhibited little change,
indicating the selective evaporation of low molar mass
constituents.

For the temperature range of 220e230 �C, there is no difference
in terms of the molecular structure, Mn, Tg and PDI between PEG
200 that was isothermally held for 10 min in air and in nitrogen.
This implies good potential thermal stability during melt process-
ing of PEG 200 at temperatures up to 220 �C for at least 10 min
without a nitrogen blanket.
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Fig. 14. 1H NMR spectra of PEG 200 after isothermal holding at 250 �C for 30 min in air.

Table 5
Mn , PDI and Tg of PEG 200 after isothermal holds at various temperatures and times
under nitrogen atmosphere and in air.

PEG 200 Mn
a

[g/mol]
Highest intensity
Mn

b [g/mol]
Mn

b

[g/mol]
PDIb Tg

c [�C]

As-received 210 190 230 1.04 �83
230 �C, 10 min, N2 210 240 260 1.04 �81
220 �C, 10 min, Air 210 240 260 1.03 �81

a Determined by 1H NMR.
b Determined by ESI.
c Determined by DSC, 20 �C/min.
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Based on results from these studies, PEG 200 is stable up to
250 �C for 10min or 230 �C for 30min under a nitrogen atmosphere
and up to 220 �C for 10 min in air. Accordingly, higher molecular
weight PEGs, such as PEG 300e600, should be stable within this
temperature/time ranges as well.

3.7. Thermal stability of PEG 200 following compounding and film
pressing

BPS-20K/PEG 200 blends were prepared using a DSM micro-
compounder and a compression press using the processing
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Fig. 15. DSC thermograms of PEG 200 after isothermal holds at various temperatures
and times under nitrogen atmosphere and in air. The thermograms have been dis-
placed vertically for clarity. The arrows denote the location of the glass transition
temperatures.
temperature range identified. To confirmwhether blending or melt
processing induced any thermal degradation, the molecular struc-
ture, the PEG Mn, and the PEG content of the extruded samples
were analyzed using 1H NMR and sulfur elemental analysis.

1H NMR was used to determine the molecular structure of PEG
and BPS-20K (especially the degree of sulfonation), the PEGMn and
the PEG concentration (wt%) in the extruded samples. All extruded
samples were analyzed by 1H NMR. However, in Fig. S1 (see
Supplemental Material), only the BPS-20K/PEG 200 60 wt% sample
is shown since the sample containing 60 wt% PEG is expected to be
the least stable among the extruded samples in terms of the
evaporation and thermal degradation during melt processing.

The molecular structure of PEG 200 is not changed, as shown in
Fig. S1-a, and no peaks for oxygenated products are observed. The
PEG Mn was determined using the method previously discussed
and was found to be 210 g/mol. The PEG concentration (wt%) was
calculated using the ratio of the aromatic proton integral,R
HBPS�20K to the PEG proton integral,

R
HPEG 200, and it was found

to be 59.5 wt% based on the spectrum in Fig. S1-c.
Any molecular structural changes for BPS-20K during extrusion

were carefully checked by verifying the sulfonation level (mol%) of
BPS, since sulfonated groups are susceptible to thermal degrada-
tion. According to Wang et al., T5% (�C), the temperature for 5%
weight loss (by TGA), decreases with increasing sulfonation level
[20]. Lee et al. reported thermal desulfonation of BPS polymers at
temperatures of 375e420 �C [23]. Although the desulfonation
temperature is higher than the potential extrusion temperature,
BPS polymer could show aweaker thermal stability in the presence
of PEG. To eliminate this possibility, the BPS thermal stability at
potential processing temperatures needed to be confirmed. To
determine the degree of sulfonation, we used the method reported
in the literature with peak assignment as shown in Fig. S1-b [21].
The calculated sulfonation level is 22 mol%, which is similar to the
target of 20 mol%, meaning BPS-20K polymer is thermally stable
during the extrusion process. Note that as-received BPS-20K poly-
mer shows a sulfonation level of 20e22 mol% by 1H NMR. Based on
the 1H NMR analysis, all extruded BPS-20K/PEG 200 blends are
thermally stable during extrusion.

To complement the 1H NMR analysis, elemental analysis was
also performed. The elemental analysis was used to determine the
PEG concentration in the extruded samples, and sulfur (S) was
chosen as a reference element because it is only found in the BPS
polymer. The S content in the BPS/PEG blends compared to that of
the neat BPS polymer is proportional to the BPS concentration in
the blends, and, thus, the PEG concentration can be estimated. As
shown in Table 6, the calculated PEG concentrations correspond to
the target amount of PEG and the results of 1H NMR analysis.

Table 6 summarizes comparisons between the target amount of
PEG 200 and the actual amount of PEG 200 in extruded films after
compounding and pressing into films. In all cases, the actual
amount of PEG 200 corresponds to the target amount of PEG 200,
and, thus, PEG 200 loss by evaporation or thermal degradation was
insignificant during extrusion. The molecular structure of PEG 200



Table 6
PEG 200 concentration in the extruded BPS-20K/PEG 200 blends after micro-
compounding and compression pressing. PEG 200 concentrations were deter-
mined by 1H NMR and S (sulfur) elemental analysis.

Intended amount
of PEG 200 [wt%]

Processing
temperature
[�C]

Actual amount of PEG 200 [wt%]

1H NMR S (sulfur) elemental
analysis

Average

0 e 0 0 0
20 210 23.3 19.3 21.3
30 200 31.2 33.1 32.2
40 200 42.3 43.0 42.7
50 180 53.8 50.1 52.0
60 160 59.5 62.9 61.2
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remains unchanged, and the Mn remains near 200 g/mol. The
calculated PEG concentrations by the different techniques agree
well with each other and confirm that melt processing, within this
temperature range, does not lead to thermal degradation or evap-
oration of the plasticizer.

4. Conclusions

In this work, a disufonated poly(arylene ether sulfone) (BPS)
synthesized from the sulfonated monomer combined with a plas-
ticizer, poly(ethylene glycol) (PEG) was used to melt extrude films.
PEGs with molecular weights ranging from 200 to 600 g/mol were
chosen since they can be conveniently removed bywater extraction
after membrane extrusion.

BPS and PEG are miscible, and the effect of PEG molecular
weight and concentration on the Tg of BPS/PEG blends were
investigated. As PEGmolecular weight decreases and concentration
increases, the blend Tg was depressed significantly. Based on the
PEG 200 characterization after isothermal holds at various tem-
peratures and times, these PEGs were found to be thermally stable
up to 220 �C for at least 10 min in air or 250 �C for at least 10 min in
nitrogen.
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