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Multigraft copolymer superelastomers consisting of a poly(n-butyl acrylate) backbone and polystyrene side
chains were synthesized and the viscoelastic properties of the non-sulfonated and sulfonated final materials
were investigated using extensional rheology (SER3). The non-linear viscoelastic experiments revealed
significantly increased true stresses (up to 10 times higher) after sulfonating only 2—-3% of the copolymer
while the materials maintained high elongation (<700%). The linear viscoelastic experiments showed that

the storage and loss modulus are increased by sulfonation and that the copolymers can be readily tuned
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backbone. In this way, we show that by tuning not only the molecular characteristics of the multigraft

DOI: 10.1035/c7ra08641e copolymers but also their architecture and chemical interaction, we can acquire thermoplastic
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Introduction

Thermoplastic elastomers (TPEs) exhibit the properties and
performance of cross-linked rubber but can be processed as
thermoplastics. They are low modulus, flexible materials that
can be stretched repeatedly to at least twice their original length
at room temperature and return approximately to their initial
length and shape upon stress release. The typical design of TPEs
is based upon an ABA triblock copolymer architecture with the
hard phase formed by component A (which behaves as a phys-
ical crosslinker), dispersed in the soft rubbery phase of
component B. Most common TPEs include polystyrene—poly-
(butadiene)-polystyrene (SBS) (e.g. Styroflex®) and polystyrene-
poly(isoprene)-polystyrene (SIS) (e.g. Kraton® D SIS series)
which are widely used in combinations with other ingredients
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superelastomer materials with desired viscoelastic properties.

(paraffinic oils, polyolefins, tackifying resins) in applications
such as tire treads, adhesives, sealants, paving, footwear,
packaging and many others.*™*

Multigraft copolymers®” with a rubbery backbone and glassy
side chains have emerged as a new class of TPEs, so-called
superelastomers, with superior elongation at break and low
residual strains as compared to conventional TPEs. Mays et al.
synthesized a series of well-defined poly(isoprene-g-styrene)
multigraft copolymers with trifunctional, tetrafunctional and
hexafunctional branch points.®* These studies showed that
topology of the multigraft copolymers and the number of
junction points per molecule can be two major parameters for
adjusting their mechanical properties.”™*

The use of diene-based TPEs is, however, limited by the poor
oxidation and UV resistance of the polydiene backbone and the
relatively low upper service temperature (<100 °C) in relation to
the glass transition temperature of polystyrene. Efforts have
been made to overcome these drawbacks by substituting the
polydiene block with acrylates, such as poly(n-butyl acrylate)
(PnBA) and other poly(alkyl acrylates), and the polystyrene block
with methacrylates, such as poly(methyl methacrylate)
(PMMA)**** but the ultimate tensile properties of these triblock
copolymers were poor as compared to the traditional diene-
based TPEs. Depending on the alkyl substituent of the ester
groups in polyacrylates and polymethacrylates, glass transition
temperature can be tuned within a much larger temperature
range (e.g. from —89 °C for poly(n-nonyl acrylate) up to 259 °C
for poly(adamantyl methacrylate)).’® Furthermore, synthesizing
multigraft superelastomers via a macromonomer approach
using free radical or emulsion polymerization is compatible

This journal is © The Royal Society of Chemistry 2018
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with these acrylic monomers, reduces the polymerization time,
and minimizes the complexity of the synthetic route. Recently
developed procedures allowed for the synthesis of PS-g-PI and
all-acrylic multigraft copolymers showing very good thermal
and mechanical properties.””>° The macromonomer approach
is a very useful method to synthesize multigraft copolymers
since it readily controls the molecular weight and polydispersity
of the side chains as well as the desired average number of
branch points.”* The combination of this method with free
radical polymerization provides a scalable and facile polymeri-
zation procedure with relatively good control of the molecular
characteristics of the final multigraft copolymers.

In an effort to also improve the tensile strength and the
thermal stability of thermoplastic elastomers, post-
polymerization modifications on hydrogenated SBS and SIS
copolymers have been widely performed.***” Sulfonation of the
polystyrene block is a very versatile chemical modification that
has been utilized not only to enhance microphase separation
but also to mechanically reinforce the final material by intro-
ducing ionic interactions within the polymer chain networks.
Sulfonation results in a significant increase of the Flory-

sec-B

O

View Article Online

RSC Advances

Huggins x value and it has been shown®*® that even low
sulfonation levels can improve or alter microphase separation.
Moreover, there is a critical value of sulfonation level (approxi-
mately 15-20% depending on the MW of the PS block),*** above
which the polymer becomes non-thermally processable, poorly-
soluble in most commonly used solvents and very brittle due to
the highly ionically cross-linked networks. Thus, for a thermo-
plastic multigraft superelastomer, it is crucial to control the
degree of sulfonation and find the fine line between increased
tensile strength, high elongation, elasticity, and processability.

This study describes the synthesis and characterization of
polystyrene-g-poly(n-butylacrylate)  multigraft  copolymers
(abbreviated as PSm-PnBA) comprising of PnBA backbones and
lightly sulfonated PS side chains synthesized by a macro-
monomer approach. The PS macromonomer (PSm) was
synthesized by living anionic polymerization and high vacuum
techniques,*® while conventional free radical polymerization
was employed for the synthesis of the final multigraft copoly-
mers (Scheme 1). The effects of the molecular weight, number
of branch points and volume fraction on the properties of the
final materials were investigated.
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(a) Synthesis of the PS macromonomer and (b) synthetic route and post-polymerization sulfonation of the multigraft copolymers.
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Experimental
Materials

The PS macromonomer was synthesized in evacuated, n-butyl-
lithium washed and benzene rinsed glass vessels. Detailed
descriptions of the high-vacuum technique as well as the puri-
fication procedures for styrene (Sigma Aldrich, =99%), benzene
(Sigma Aldrich, =99%) and sec-BulLi (initiator, Acros, 1.3 M in
cyclohexane/hexane 92/8) required for anionic polymerization
have already been reported in the literature.*® 2,2’-Azobisiso-
butyronitrile (AIBN) (Sigma Aldrich, 98%) was purified by crys-
tallization from methanol, while an activated alumina (Sigma
Aldrich, basic) column was utilized to remove the inhibitors
from toluene (solvent, Fisher Chemical) and n-butyl acrylate (n-
BA) (Sigma Aldrich, =99%). N,N’-Dicyclohexylcarbodiimide
(DCC) (Sigma Aldrich, 99%), 4-(dimethylamino) pyridine
(DMAP) (Sigma Aldrich, =99%), 4-vinylbenzoic acid (Sigma
Aldrich, 97%), dichloroethane (DCE) (Fisher Chemical), acetic
anhydride (Sigma Aldrich, =99%) and sulfuric acid (Sigma
Aldrich, 95-98%) were used as received.

Macromonomer synthesis

The synthetic procedure for the PS macromonomer is shown in
Scheme 1a. In an n-butyllithium/benzene rinsed glass appa-
ratus equipped with break-seals, 40 g of styrene were introduced
into 400 ml of benzene solution with 4 mmol of sec-butyllithium
as initiator under high vacuum and the polymerization was left
to proceed in room temperature. After 16 hours, 1.5 ml of
ethylene oxide were added to the living polystyrene anion
solution and the color turned from orange to transparent within
1 min. The reaction was kept at room temperature for 24 hours
and was terminated with high vacuum sealed MeOH. The
resulting hydroxyl terminated polystyrene (PS-OH) was precip-
itated three times in large excess of MeOH and dried under
reduced pressure at 40 °C for 48 hours. 39.3 g of PS-OH were
recovered and dissolved into 400 ml of anhydrous THF with
16 mmol of DCC and 16 mmol of DMAP. A 10 ml THF solution
with 16 mmol of 4-vinylbenzoic acid were added to the solution
and it was kept at room temperature. After 6 days, the polymer
solution was precipitated in excess of MeOH three times in
order to remove any excess of 4-vinylbenzoic acid and catalyst.
The resulting PS macromonomer with polymerizable styrene
end group was dried under reduced pressure at 40 °C for 48
hours and characterized with MALDI-TOFF.

Multigraft copolymer synthesis and sulfonation

All copolymerizations were conducted in high vacuum sealed
round bottom flasks at 60 °C in toluene using AIBN as initiator.
The PS macromonomer was always the minority component
while the amount of initiator was tailored depending on the
desirable final molecular weight and number of branching
points. More specifically, for the synthesis of PSm-PnBA-1
multigraft copolymer, 0.651 g of PS macromonomer, 3.52 g of
n-BA and 22 mg of AIBN (0.134 mmol) were introduced in
a round bottom flask containing 30 ml of toluene and were
degassed in the high vacuum line twice. Then, the solution was
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put in an oil bath at 60 °C and the polymerization was left to
proceed for 40 hours. After the completion of the polymeriza-
tion, the flask was put in an ice bath and precipitated in 200 ml
of MeOH, filtered and dried in a vacuum oven for 2 days. For the
sulfonation procedure, 0.72 g of the dried PSm-PnBA-1 multi-
graft copolymer and 15 ml of DCE were added in a round
bottom flask exhibiting a side arm sealed with a rubber septum.
The flask was attached in the high vacuum line, degassed twice,
removed from the high vacuum line and placed in an oil bath at
60 °C. A solution of 15 ml of DCE, 0.113 ml (1.2 x 10 mol) of
acetic anhydride and 0.03 ml (6 x 10~ mol) of sulfuric acid was
mixed and left to react for 10 minutes at 0 °C. The mixture was
then introduced with a syringe into the flask containing the
PSm-PnBA-1 sample and the reaction was allowed to proceed for
5 hours under stirring at 60 °C (change of color solution to light
brown). MeOH was added to terminate the reaction and the
final sulfonated multigraft copolymer was precipitated in excess
of MeOH, filtered, washed thoroughly with DI H,O and MeOH
three times, dried in a vacuum oven for 3 days and stored at
—20 °C. Both the synthesis and sulfonation procedures for the
multigraft copolymers are shown in Scheme 1b.

Instrumentation
Molecular characterization

Size exclusion chromatography (SEC) was carried out at 40 °C
using a Polymer Laboratories GPC-120 unit equipped with
a Precision Detectors PD 2040 (two-angle static light scattering
(TALLS) detector), a Viscotek 220 differential viscometer and
a Polymer Laboratories differential refractometer. A Polymer
Laboratories PLgel; 7.5 x 300 mm; 10 y; 500, 10°, 10 x 10° and
10 x 10° A column set was employed and the calibration range
was 600-7 500 000 g mol ' using PS standards. The mobile
phase was THF at a flow rate of 1.0 ml min~". "H-NMR was
carried out on a Varian Mercury 500 instrument. All samples
were dissolved in deuterated chloroform (CDCly).

Thermal analysis

Differential scanning calorimetry (DSC) was used to investigate
the thermal properties of the samples. A TA Instruments Q2000
was utilized in temperatures ranging from —140 °C to 160 °C at
a heating rate of 10 °C min~" with a 2 minute isothermal hold at
the maximum and minimum temperatures. Reported glass
transition temperatures are those measured on the second of
two heating runs.

Morphological characterization

Small angle X-ray scattering (SAXS) measurements were carried
out in transmission geometry on a three pinhole collimated
system equipped with a Rigaku rotating anode (CuKea. radiation
X = 1.542 A, operating at 4.2 kW), an Osmic multilayer mirror
for higher proton flux and a MARCCD 2D detector (average pixel
size 78.7 x 78.7 um). The sample to detector distance was 1.72
m and calibration was carried out using Ag-Behenate as the
standard. All patterns were background corrected and normal-
ized with respect to thickness and subsequently were radially

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra08641e

Open Access Article. Published on 29 January 2018. Downloaded on 1/25/2026 3:52:34 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

averaged yielding 1D SAXS patterns of I(g) vs. g. The setup of the
instrument enabled a resolvable range of 0.05 nm " =< g =
2 nm~". The bulk films were prepared by solution casting the
polymers from a non-selective solvent (toluene) for 4 days in
a porcelain crucible and then by annealing them in a vacuum
oven at 130 °C (above the T, of PS) for 3 more days. All films were
quenched into liquid nitrogen after they were removed from the
annealing oven in order to “trap” their thermodynamic state.

Extensional rheometry and dynamic mechanical analysis
(DMA)

Uniaxial extension experiments of the samples were carried out
on an HR2 rheometer (TA Instruments) using the SER3 fixture
while an RSA-G2 dynamic mechanical analyzer (TA Instru-
ments) was used for complimentary temperature ramp experi-
ments. The specimens for the tests were prepared by solution-
casting the polymers in a Teflon Petri dish. Rectangular sheet-
like specimens were cut out from the film by a razor blade
and removed from the Teflon surface with the aid of dry ice. All
the uniaxial extension and DMA experiments were performed
with constant Hencky strain rates.

Results and discussion

Synthesis of lightly sulfonated multigraft acrylate-based
copolymers

The molecular characteristics of the PS macromonomer (PSm) as
well as the multigraft superelastomers are presented in Table 1.
The results show well-defined final products with narrow poly-
dispersity for PSm (1.03) and controlled molecular weight, M, =
10 300 g mol " (Fig. S1%). The PS macromonomer serves as the PS
side chain of the multigraft copolymers. The free radical
copolymerization of PS macromonomer with n-butyl acrylate at
high monomer concentrations with an appropriate molar ratio of
AIBN (4 mg of initiator per one ml of monomer) resulted in
controlled molecular weights and number of branches for the
final copolymers. Higher amounts of AIBN and solvent produced
much shorter polymer chains for the n-butyl acrylate backbone,
thus lower number of branches and lower molecular weights for
the branched copolymers. Consequently, it was crucial to regulate
the amount of AIBN needed, in order to achieve highly branched
copolymers and high conversions of the monomers. Although the
exact targeted final molecular weights for the multigraft copoly-
mers are difficult to achieve using free radical polymerization, we
were able to achieve final molecular weights with values very close
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Fig. 1 (a) *H-NMR spectrum and (b) SEC chromatogram of the PSm-
PnBA-1 multigraft copolymer.

to the targeted theoretical molecular weights by adjusting the
appropriate ratio of AIBN/n-butyl acrylate/solvent.

"H-NMR in combination with SEC (Fig. 1a and b respectively)
was used to characterize the molecular weights of the final
copolymers, their PS content, the average number of branch
points and the sulfonation degree. The content of PS glassy side
chains was kept at ~20 wt% since previous studies®** showed
that the highest modulus with the highest elongation rates were
obtained with a glassy side chain composition of approximately
20 wt%. The sulfonated derivatives of the two PSm-PnBA mul-
tigraft copolymers are labelled as PSSm-PnBA followed by their
respective numbers (1 and 2).

Fig. 1b shows the SEC chromatogram corresponding to PSm-
PnBA-1 multigraft copolymer exhibiting a monomodal peak.
The absence of any other peaks in lower molecular weights
verifies that there is no unreacted PS macromonomer present in
the final multigraft copolymer. The relative "H-NMR (Fig. 1a)

Table 1 Molecular characterization results for the synthesized multigraft copolymers

MESmacro Miotala PS weight Number of Sulfonation
Sample (kg mol™) (kg mol ™) PDI fraction f branch points degree” (mol%)
PSm-PnBA-1 10.3 195.0 1.75 0.20 13.5
PSm-PnBA-2 10.3 125.4 1.80 0.20 3 13.5

“ Determined by using SEC equipped with TALLS and dn/dc™"8™® = fi. x dn/dc®™ + fonga x dn/dc™™54 with dn/dc™ = 0.187 ml g~* and dn/dc™54 =

0.060 ml g~ . * Determined by using "H-NMR spectroscopy.

This journal is © The Royal Society of Chemistry 2018
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peaks corresponding to PS aromatic rings (6.3-7.3 ppm) and to
PnBA backbone acrylate group (methylene next to ester, 4 ppm)
respectively, confirm the successful random copolymerization
of the monomers.

In order to calculate the branching points of the multigraft
copolymers, we used the final molecular weight of each multi-
graft copolymer, the “fixed” molecular weight of the PS mac-
romonomer and the final weight fraction of each component
calculated by 'H-NMR spectroscopy. For both multigraft
copolymers, the PS weight fraction is 20%, thus the total
molecular weight of PS content is 195k x 20/100 = 39k and
125.4k x 20/100 = 25.08k for PSm-PnBA-1 and PSm-PnBA-2
respectively. By dividing the total molecular weight of PS
content for each of the two multigraft copolymers with the
molecular weight of the PS macromonomer, we get the average
number of branching points for PSm-PnBA-1 and PSm-PnBA-2
respectively. This indicates that PSm-PnBA-1 sample exhibits
mostly 4 branching points per chain while PSm-PnBA-2 exhibits
2 and 3 branching points per chain.

The sulfonation degree of PS side chains (20% of the total
molecular weight) was kept at 13.5% in order to maintain
processability which gives ion exchange capacity (IEC) of
0.26 mmol g~ '. During sulfonation, controlling the molar ratio
of acetyl sulfate/styrene is very important for achieving the
desired sulfonation level, and in this study the ratio was kept at
0.5 (i.e. [acetyl sulfate]/[styrene] = 0.5). The sulfonation level of
each multigraft copolymer (SL%) was calculated by using 'H-
NMR and the following equation:**

Integr. of arom. rings of sulf. copolymer

SLY% = -
& Integr. of arom. rings of non-sulf. copolymer

1)

DSC measurements were performed for both PSm-PnBA-1
and PSm-PnBA-2 as well as for their relative sulfonated
samples PSSm-PnBA-1 and PSSm-PnBA-2. For all samples, only
one glass transition temperature was observed (Fig. S2a and bi).
This suggests that the rapid cooling rate in DSC did not provide
sufficient time for microphase separation to occur, which is
consistent with observed results in other experiments with
similar graft copolymers.**** Since poly(n-butyl acrylate) is the
majority component, the glass transition temperature is shifted
towards lower temperatures and closer to the T, of PnBA.
Sulfonation of the PS block shifts the T, towards higher
temperatures, increasing it from —46 °C for PSm-PnBA-1 to
—40 °C for PSSm-PnBA-1 (sulfonated) and from —42 °C for PSm-
PnBA-2 to —39 °C for PSSm-PnBA-2 (sulfonated).

The increase of Ty is associated with the ion content and the
ionomeric effect which is caused by regions with restricted
mobility that act as physical cross-links.***! The T, of both non-
sulfonated samples is slightly lower than expected, which can
be possibly attributed to small traces of solvent trapped in the
copolymer, even though the samples were dried thoroughly.
Also from Fig. S2a and b, it is observed that the curve indi-
cating the glass transition, occurs over a relatively broad range
of temperatures and thus, it may introduce an error of £2-3 °C
in the measurements.
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Viscoelastic properties

Extensional rheometry (SER3) at room temperature was used to
determine the non-linear viscoelastic properties of the multi-
graft copolymers and to investigate the impact of sulfonation on
these properties. The linear viscoelastic characterization was
performed by small amplitude oscillatory shear.

Sulfonation has a significant impact on the linear viscoelastic
response for PSm-PnBA-1 and PSm-PnBA-2 (Fig. 2a and b). In the
case of PSm-PnBA-1, storage and loss modulus are increased by
approximately two orders of magnitude at room temperature
after sulfonation. The change of slope is due to the change from
liquid-like to solid-like behavior after sulfonation. The crossover
for the PSm-PnBA-1 before sulfonation is associated with the
relaxation behavior of the system and the sample is liquid-like at
low frequencies and solid-like at high frequencies. For PSm-
PnBA-2, G’ and G’ increase by one order of magnitude with
sulfonation. Before sulfonation, the loss and storage modulus of
PSm-PnBA-1 are lower than those of PSm-PnBA-2 which is caused
by the longer distance among the PS side chains and the less
dense packing of those chains due to the higher molecular weight
of the PnBA backbone of the PSm-PnBA-1 multigraft copolymer.
On the other hand, after sulfonation, the loss and storage
modulus of PSSm-PnBA-1 are much higher than those of PSSm-
PnBA-2 since there are more sulfonated PS side chains per
macromolecule in PSSm-PnBA-1. The sulfonated PS chains act as
physical crosslinks forming ionic bonds between the pendant
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Fig.2 Linear viscoelastic data in room temperature for (a) PSm-PnBA-
1 and (b) PSm-PnBA-2 copolymers before and after sulfonation.

Storage and loss modulus increase drastically after sulfonation for both
samples.

This journal is © The Royal Society of Chemistry 2018
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-SO; H' groups which dominate the dynamics of both systems.
Increasing the number of branching points only by 1 (from 3 to 4)
storage and loss modulus increase drastically.

In a recent study,*” Filippidi et al. investigated a similar
mechanism where they introduced strong iron charges (Fe*")
into a loosely cross-linked amorphous epoxy network with
high catechol content in order to form dynamic iron-catechol
cross-links. They showed that this mussel inspired system
enhances stiffness and toughness without trading off elas-
ticity, due to the incorporation of ionomeric nanodomains
into a cross-linked network. The non-linear viscoelastic
measurements for PSm-PnBA-1 and PSSm-PnBA-1 copolymers
were conducted at three different strain rates 0.1, 1 and 10 s
(Fig. S3a and bf). The true stress is significantly increased after
sulfonation for all strain rates without sacrificing elongation
(true strain) very much. Fig. 3 shows the notable increase in
true stress after sulfonation for each one of the three strain
rates measured. For 0.1 s~ " (Fig. 3a), true stress for PSm-PnBA-
1 is 0.365 MPa while after sulfonation true stress reaches
10.6 MPa for the same true strain value (¢ = 2). Both PSm-
PnBA-1 and PSSm-PnBA-1 (sulfonated) samples follow the
same trend for the rest of the strain rates (Fig. 3b and c). True
stress increases from 1.74 MPa to 33.9 MPa and from 5.86 MPa
to 84.9 MPa for 1 s ' and 10 s~ ' respectively for ¢ = 2. The
elongation (true strain) at break before sulfonation for
PSm-PnBA-1 was at 2060% (¢ = 3) for strain rates 1 s~ and
10 s~ " and at 1380% (e = 2.6) with strain rate equal to 0.1 s~ *,
while after sulfonation the elongation at break was decreased
(but still remained significant) to ~700% (¢ = 2) for all three
strain rates tested. Similar behavior is observed for the PSm-
PnBA-2 sample and its sulfonated derivative PSSm-PnBA-2
where true stress increases as the strain rate increases for
both samples (Fig. S4a and b}). On the other hand, elongation
(true strain) at break for both PSm-PnBA-2 and PSSm-PnBA-2
remains similar for all strain rates tested. Fig. 4 shows the
increase in true stress after sulfonation for all three different
strain rates. The low degree of sulfonation does not alternate
significantly the elongation of both PSm-PnBA-2 and PSSm-
PnBA-2 and the materials maintain their elasticity while true
stress increases 2 to 4 times more than the non-sulfonated
case. For 0.1 s~ (Fig. 4a), true stress for PSm-PnBA-2 is
1.71 MPa while after sulfonation true stress reaches 4.1 MPa
for the same true strain value (¢ = 2.2). Both PSm-PnBA-2 and
PSSm-PnBA-2 samples follow the same trend for the rest of the
strain rates (Fig. 4b and c), where the true stress increases
from 4.8 MPa to 15.1 MPa and from 16.2 MPa to 36.1 MPa for 1
s~' and 10 s~ respectively. Sulfonation has a greater impact
on the non-linear viscoelastic properties of PSm-PnBA-1 than
those of PSm-PnBA-2, which can be explained by the fact that
the PS side chains of PSm-PnBA-1 form more ionic bonds per
macromolecule as compared to the lower average numbers of
-SO; H' groups in PSm-PnBA-2. Sulfonating one more PS
branch in combination with the increase of the total molecular
weight of the PSm-PnBA-1 multigraft copolymer, gives
a much higher increase of true stress after sulfonation as
compared to PSm-PnBA-2. This increase in true stress for both

PSSm-PnBA-1 and PSSm-PnBA-2 multigraft copolymers

This journal is © The Royal Society of Chemistry 2018
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indicates the significant impact on the viscoelastic properties
caused by sulfonating only a very small fraction (2-3%, IEC
~0.26 mmol g ') of the final material (ie. sulfonating
13.5 wt% of the PS chains which occupy 20 wt% of the whole
multigraft copolymer). Slightly altering the properties of the
glassy side chains, i.e. tuning the PS chemical structure by
adding -SO; H' groups that can form ionic bonds, and
changing the number of branching points of the copolymers
will allow one to take advantage of the favourable branched
architecture and manipulate the thermoplastic and elastic
properties of the copolymer towards a desired direction.
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Morphology

Fig. 5 shows the SAXS patterns of PSm-PnBA-1, PSSm-PnBA-1,
PSm-PNBA-2 and PSSm-PnBA-2 (Fig. 5a-d respectively). All
samples (non-sulfonated and sulfonated) were annealed at
130 °C and they appear to exhibit no long range order since no
scattering peaks are observed. In all cases, the total volume
fraction of PS block is ®ps = 0.19 (calculated from the equation
D) = fuda/(fada + fds), where dy = dps = 1.05 g ml™ " and dy =
dpnpa = 1.087 g ml™" and f, = 0.2 and f; = 0.8 are the weight
fractions of PS and PnBA, respectively, determined by "H-NMR
spectroscopy). It is well-known** that the product of the
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2 and (d) PSSm-PnBA-2 multigraft copolymers.

Florry-Huggins interaction parameter x with the degree of
polymerization N and in combination with the volume fraction
@ can provide information about the predicted morphology of
a given block copolymer. The values of xsp for a block
copolymer with A and B blocks can be estimated by the molar
volumes and the solubility parameters of the two components
via eqn (2):

Vi % |64 — 03]

—m~7A 8 2
XAB RT [ )

where V,, is the total molar volume, 6, and 0y are the solubility
parameters of PS and PnBA respectively, R the gas constant equal
to 8314 (J K" mol ") and T the temperature (298 K). The
molar volumes of PS, PnBA and PSS are 99.2, 118.7 and
103.2 (em® mol ") respectively while the solubility parameters for
PS, PnBA and PSS are 18.66, 18.5 and 19.26 (J cm )" respec-
tively.*** The above numbers of molar volume and solubility
parameter for the PSS segment correspond to 10% sulfonation,*
which is very similar to the degree of sulfonation in this study. The
total molar volume V,, is given by the expression (V, x Vg)*?,
where V, and Vj are the molar volumes of PS and PnBA respec-
tively. Furthermore, the total degree of polymerization N for the
multigraft copolymers is given by the following equation:

NlOl
T G)

where [ is the number of branches of the multigraft copolymer
and N*' is the total degree of polymerization of the two
components equal to N°°* = N + Ng, where N, and Ny, are the
degrees of polymerization of PS and PnBA respectively. Table 2
summarizes the x and yN values calculated using eqn (2) and (3)
for PSm-PnBA-1, PSm-PnBA-2, PSSm-PnBA-1 and PSSm-PnBA-2.
It is evident that the Flory-Huggins interaction parameter for

Nmulti _
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Table 2 Summary of xN values for the synthesized multigraft copolymers

Sample Dps Florry-Huggins interaction parameter x Degree of polymerization® N™! XN
PSm-PnBA-1 19 0.0011 325 0.36
PSm-PnBA-2 19 0.0011 279 8.38
PSSm-PnBA-1 19 0.0258 325 0.31
PSSm-PnBA-2 19 0.0258 279 7.19

“ Calculated using eqn (3), where N*°* = N, + Np = (My>/Mg) + (MR"®*/M®*) and My' = 104 g mol ™" and Mp™* = 128.17 g mol .

the PS/PnBA system is very low (xps/pnea = 0.00111) while for the
PSS/PnBA system is increased due to the introduction of
higher polarity through the sulfonated pendant groups
(xpss/pnBa = 0.0258). However, the xpss/pnpa value is still very
low, which indicates that PS and PnBA should not phase sepa-
rate in a long range order, even after sulfonating a small
amount of polystyrene chains. The presence of the branches in
such high molecular weight copolymers dramatically hinders
reptation necessary for improved ordering. In addition, the
randomness of the position of the branch points further
reduces long range order. Our system is asymmetric, since it
exhibits only 19% of polystyrene, and due to the grafting
architecture, it follows different behavior than a symmetric
linear diblock copolymer. According to theoretical studies*®
using the reciprocal-space self-consistent field theory (SCFT),
the phase diagrams of graft copolymers are highly asymmetric
and the boundaries of order-order transitions shift due to the
variations in the chain stretching energy. As a result, it is
calculated that for xN = 14 and for ¢ps = 25, no long range
order is expected, which is in agreement with our experimental
observations through SAXS. On the other hand, previous
studies*”*® on thermoplastic multigraft copolymers have shown
that materials of this molecular weight and chemical compo-
sition should microphase separate, even though they do not
exhibit long range order. In order to validate that, we conducted
temperature ramp experiments from —100 to 160 °C using an
RSA-G2 dynamic mechanical analyzer (TA Instruments) and an
HR2 rheometer (TA Instruments) and the results of storage and
loss modulus for PSm-PnBA-2 and PSSm-PnBA-2 are shown in
Fig. S5 and 6.1 At low temperatures (—100 to 20 °C) and close to
the T, of PnBA, both non-sulfonated and sulfonated samples
exhibit a very prominent change in their storage and loss
modulus corresponding to the PnBA phase (Fig. S5a and
bi respectively). This change shows that the soft PnBA segment
undergoes a transition from the glassy state to the rubbery state,
indicating that the multigraft copolymers are phase separated
in soft and hard domains even though they do not exhibit any
long range order. If the samples exhibited only one homoge-
neous phase, that slope change would not have been so intense
and we would rather observe a smoother decrease of storage
modulus over the whole temperature range tested rather than
a vast change near the glass transition temperature of PnBA. As
the temperature increases above 20 °C, both PSm-PnBA-2 and
PSSm-PnBA-2 show no significant observable change of the
slope. The lack of a clear transition near the T of polystyrene is
probably due to the low content of polystyrene hard segment in

This journal is © The Royal Society of Chemistry 2018

the copolymer. It rather suggests the presence of a weak phase
separation by also considering that these graft copolymers flow
near the T, of polystyrene (Fig. S6a and b} respectively).

Conclusions

In conclusion, the concept of synthesizing a PS macromonomer
(side chains) through anionic polymerization and then copoly-
merizing it with n-butyl acrylate using free radical polymeriza-
tion proves to be very efficient since the strategy does not
require tedious multi-step anionic polymerization or any frac-
tionation or separation. The overall time for the synthesis of the
multigraft copolymers with controlled molecular weight and
number of branches was significantly reduced and the method
could be readily adoptable in industry. Slight sulfonation of
PS-g-PnBA multigraft superelastomers (2-3 wt% total) shows
that we can further improve their viscoelastic properties and
increase true stress significantly, while maintaining high elon-
gation, not only by tuning their molecular characteristics but
also by altering their chemical structure. On the other hand
sulfonation of PS side chains does not seem to have any
significant impact on the morphology of the multigraft copol-
ymers, which remain weakly microphase separated but do not
exhibit any long range order.
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