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ABSTRACT: Processing ionomers is complicated by their ability to exhibit brittle
fracture even in the melt state. This work introduces a new strategy for providing
ionomers with good flowability, extensibility, and superior strain hardening. Diamine-
neutralized entangled poly(styrene-co-4-vinylbenzoic acid) ionomers were studied
using small-amplitude oscillatory shear and nonlinear uniaxial extension measurements.
The parent molecule, poly(styrene-co-4-vinylbenzoic acid), has a molar mass of 85,400
g/mol, well above the entanglement molar mass of polystyrene (13,300 g/mol).
Neutralization was performed using “Jeffamine” type diamines with different molar
masses. The resulting neutralized ionomers presented relaxation processes similar to
entangled polymers but with faster terminal relaxation, suggesting negligible ionic
cluster formation and indicating a diluting effect of the introduced diamines. This
feature provides the ionomers with good flowability and facilitates their processing. In
extensional measurements, these ionomers displayed superior strain hardening
compared to the parent molecule, which also proved to be adjustable via changing
diamine length. The stress growth curves showed a maximum stress, followed by stress overshoot and steady state at larger strain.
The stress maximum and overshoot were correlated with ionic sticker disassociation, as evidenced by phase separation-induced color
change during filament stretching. At high stretch rates, the stickers disassociate abruptly to accommodate the strain, so that the
sticker disassociation time decreased with increasing stretch rates. Good extensibility (up to Hencky strain 7) was achieved via ionic
sticker reassociation and entanglements.

■ INTRODUCTION

Ionomers are a class of polymers with a small number of
bonded ionic species attached to a relatively nonpolar
backbone.1 They have been used in a variety of applications
such as membranes, packaging and films, compatibilizers,
shape memory materials, and self-healing materials.1,2 Most
previously studied ionomers are polysulfonic or carboxylic
acids neutralized by metal or ammonium counterions.
However, depending on the ion concentration,3,4 counterion
species,3−6 and degree of neutralization,7,8 their structure and
rheological properties vary significantly.
A distinctive feature of ionomers is the formation of ionic

clusters by ion-dipole interactions, which act as physical
crosslinks inside the material. This behavior has been
confirmed via dynamic mechanical analyses, which showed
the presence of a pseudo-rubbery plateau above the glass
transition temperature (Tg), as well as a second mechanical
loss process at an elevated temperature.9−11 The persistence of
ionic clusters gives ionomer melts a higher viscosity and longer
relaxation time than their nonionic parent polymer, even
though melt fluidity is enabled by “ion hopping”: that is, ion
pairs hopping from one cluster to another.12−14 As a
consequence, ionomers are generally difficult to process even

at high temperatures. For example, the polyether-ester-
sulfonate copolymer ionomer melts investigated by Shabbir
et al. exhibited brittle fracture at Hencky strain below unity at
fast extension.15,16

Compared to the extensive research on the linear viscoelastic
(LVE) behaviors of ionomers,9,17−19 their nonlinear viscoe-
lastic properties have received much less attention. Never-
theless, ionomers exhibit fascinating properties in both
nonlinear shear and extensional rheology. Unlike highly
entangled macromolecules, which exhibit a spectrum of
relaxation times, ionomers react rapidly upon large shear
deformation and heal quickly due to ionic interactions, even
though the backbone of the ionomer has a molar mass well
below the entanglement molecular weight.12 Shear thickening
behavior has been observed for both ionomer solutions and
melts20−23 and has been attributed to increased inter-chain

Received: October 23, 2020
Revised: January 16, 2021
Published: February 16, 2021

Articlepubs.acs.org/Macromolecules

© 2021 American Chemical Society
2306

https://dx.doi.org/10.1021/acs.macromol.0c02408
Macromolecules 2021, 54, 2306−2315

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 C

A
T

H
O

L
IQ

U
E

 D
E

 L
O

U
V

A
IN

 o
n 

Ja
nu

ar
y 

17
, 2

02
2 

at
 1

2:
50

:3
5 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wendi+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeppe+Madsen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Natalja+Genina"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ole+Hassager"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anne+L.+Skov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qian+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.macromol.0c02408&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c02408?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c02408?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c02408?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c02408?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c02408?fig=abs1&ref=pdf
https://pubs.acs.org/toc/mamobx/54/5?ref=pdf
https://pubs.acs.org/toc/mamobx/54/5?ref=pdf
https://pubs.acs.org/toc/mamobx/54/5?ref=pdf
https://pubs.acs.org/toc/mamobx/54/5?ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.0c02408?ref=pdf
https://pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org/Macromolecules?ref=pdf


associations at the expense of intra-chain associations.
Ionomers also exhibit quite different extensional rheology
properties compared to entangled macromolecules. For
example, Ling et al.13 reported an increasing modulus with
strain rate for alkali metal-neutralized sulfonated oligostyrene
ionomer melts; they also observed a maximum stress at low
Hencky strain, which they attributed to a catastrophic failure of
the physical ionic network. Shabbir et al.15 reported a
decreasing strain hardening trend with increasing extension
rates for poly(tetramethylene glycol) and poly(ethylene oxide)
copolymer ionomers. The presence of high solvating poly-
(ethylene oxide) enabled the ionic groups to move freely to
adjust chain conformation, thereby adding ductility to the
brittle ionomer. In a more recent study, Wu et al. reported a
systematic method for improving ionomer ductility,24 attribut-
ing high stretchability to a strain-induced reorganization of the
ionic stickers, which they termed “pseudo-yielding”.
However, because it is difficult to separate relaxation

mechanisms due to chain entanglements and ionic interactions,
most extensional rheology ionomer studies focus on
unentangled polymer chains.13,15,24 Stadler et al.25 reported
elongational rheology of entangled telechelic polybutadiene
with acid end groups neutralized by alkali metal ions and found
that strain hardening was related to the cohesive strength of
the ionic cluster. They also observed reduced relaxation time,
likely due to the break-up of ionic clusters during extensional
deformation. The relation between chain entanglements and
ionic interactions during relaxation remains unknown.
This work aims to develop a strategy for designing ionomers

with good flowability, extensibility, and superior strain
hardening by studying the relaxation mechanisms of entangled
ionomer melts under elongational flow. To achieve good
flowability, it is vital to shorten the relaxation time by avoiding
the formation of ionic clusters. Two main factors can be
adjusted for this purpose when preparing ionomers: (i) ion
concentration: for polystyrene (PS)-based ionomers contain-
ing sulfonated or carboxylated ionic units, no ionic clusters are
detected below ca. 6 mol % ion content.10,26 In addition,
carboxylated ionomers tend to exhibit weaker intermolecular
interactions compared to sulfonated ionomers with the same
backbone;23,27 (ii) counterion species: ammonium can be used
as an alternative to metal ions, and the strength of ammonium
ionic interactions can be tuned via the molar mass of the
amines used.5 Strain hardening manifests as higher stress above
the corresponding LVE envelope. Ionic interaction leads to
superior strain hardening compared to the nonionic parent
polymer. Extensibility signifies how much the material can be
stretched without fracture.28 Enhanced extensibility is
ultimately ensured by the double-dynamic network which
consists of ionic interactions and chain entanglements,
enabling network stretching to continue even after the ionic
bonds have been broken.25

In this study, entangled poly(styrene-co-4-vinylbenzoic acid)
with 5 mol % acid was neutralized using diamines of different
molar mass. The diamines used were Jeffamines, which are
PEO−PPO copolymers. Compared to random sulfonated
ionomers,29 the ionic interactions in our system tended to
distribute homogeneously along the polymer backbone. Using
longer-chain ammonium as a counterion prevented ionic
cluster formation, resulting in reduced relaxation time and
facilitating ionomer processing. The LVE behavior and
nonlinear extensional behavior of the ionomer were studied,

and the relaxation mechanism under extensional flow was
elucidated.

■ EXPERIMENTAL SECTION
Materials. Diamine series Jeffamine ED600, ED900, and D2000

were purchased from Huntsman and used as received. Their molar
mass and composition can be found in the Supporting Information.
PS was prepared using a bifunctional naphthyllithium initiator in
accordance with the literature.30,31 Styrene oligomer was bought from
Sigma-Aldrich. The molar mass and dispersity of all materials were
measured, and the results are listed in Table 2.

Poly(styrene-co-4-vinylbenzoic acid) (PS-co-PVBA) with 5 mol %
4-vinylbenzoic acid was synthesized according to the methods
described in our previous work.32 The resulting weight-averaged
molar mass Mw is 85,400 g/mol, corresponding to 6.4 entanglements
per chain (entanglement molecular weight, Me = 13.3 kg/mol33).

Neutralization. About 2 g of poly(styrene-co-4-vinylbenzoic acid)
was first dissolved in tetrahydrofuran (THF); Jeffamine ED600,
ED900, and D2000 were then added in parallel at a stoichiometric
ratio of the two functional species: for example, amine and carboxylic
acid. Detailed quantities are listed in the Supporting Information. The
mixture was rotated on a set of rollers for 1 h to ensure full reaction.
The resulting viscous solution was transferred to a polypropylene vial
and allowed to evaporate in a fume hood overnight. Finally, the
polymer film was placed in a vacuum oven at 70 °C for 24 h.

Preparation of PS Solution. Two PS solutions were prepared as
control samples with the following compositions (see Table 1):
PS77kOS2k-68 was prepared by solvent evaporation, while
PS77kOS2k-82 was prepared by precipitation as described in ref 34.
The concentrations of both PS solutions were determined by
integrating the peak areas of the bimodal curve using size exclusion
chromatography (SEC).

Nuclear Magnetic Resonance Analysis. Nuclear magnetic
resonance spectroscopy was performed on a Bruker 300 MHz
spectrometer. Jeffamine (60 mg; ED600, ED900, or D2000) was
dissolved in 0.6 mL of CDCl3. After acquisition of spectra, 0.05 mL of
trifluoroacetic acid was added to each sample, and the spectra of the
protonated samples were acquired immediately after. All spectra were
acquired using 128 scans.

Size Exclusion Chromatography. SEC was carried out on a
chromatographic system consisting of a Viscotek VE 2001 GPC
solvent/sample module connected to a Viscotek TriSEC model 302
triple detector array (RI, light scattering, viscometer). The columns
were a PL Guard and two PL gel mixed D columns from Polymer
Laboratories, connected in series; this column combination provides
good resolution up to 300,000 Da and was calibrated with narrow
molar mass polystyrene standards (PSS, Mainz, Germany). All
samples and calibration standards were analyzed using a flow rate
of 1 mL/min. Sample solutions were made up to 5 mg/mL in THF;
when needed, another 10 μL of acetic acid was added to suppress
interactions. Toluene was used as an internal flow rate marker.

Fourier Transform Infrared Spectroscopy Analysis. Fourier
transform infrared (FTIR) spectroscopy was carried out using a
Nicolet iS50 FTIR spectrometer (Thermo Fisher Scientific, USA).
The wavenumber between 400 and 4000 cm−1 was recorded for each
sample in either transmission mode or attenuated total reflection
mode.

Differential Scanning Calorimetry. Differential scanning
calorimetry (DSC) measurements were performed on a Discovery
DSC (TA Instruments, USA) in a nitrogen atmosphere with a heating
and cooling rate of 10 °C min−1. The tested samples weighed around
2−5 mg. All samples were heated well above the glass transition

Table 1. Sample Compositions for Two PS Solutions

sample constituent 1 w1 % constituent 2 w2 %

PS77kOS2k-68 PS77k 68 OS2k 32
PS77kOS2k-82 PS77k 82 OS2k 18
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temperature to eliminate sample history, cooled, and finally heated to
200 °C. Glass transition temperatures (Tg) were determined from the
second heating curve.
Mechanical Spectroscopy. The LVE properties of the polymer

melts were obtained from small-amplitude oscillatory shear measure-
ments. An 8 mm plate−plate geometry was used on an ARES-G2
rheometer (TA Instruments). Measurements were performed at
temperatures between Tg + 25 °C and Tg + 65 °C under nitrogen
protection. For each sample, the data were shifted to build a master
curve at reference temperature Tref.
Extensional Stress Measurement. Nonlinear rheological

behavior in extensional flow was studied above Tg using a filament
stretching rheometer (VADER, Rheo Filament ApS) under constant
strain rate, ε,̇ where both normal force, F(t), and diameter evolution,
2R(t), were measured. Prior to measuring, all samples were molded
into cylindrical specimens with a fixed radius, R0 (2.7 mm). The initial
sample length, L0, was controlled by sample amount, yielding an
aspect ratio (Δ0 = L0/R0) of around 0.5. All tests were carried out at
Tref under nitrogen protection.
The Hencky strain of the mid-filament plane is calculated as

t R t R( ) 2ln( ( )/ )H 0ε = −

With a small aspect ratio, an extra shear contribution may add to
the measured extensional force during the start-up flow due to the no-
slip condition at the two ends of a filament. The corrected stress, with
respect to this shear component in the extensional flow, is calculated
as35

F t

R t

R t R

( )

( )
1

1 ( ( )/ ) exp( )/(3 )

zz rr

mg
2

2

0
10/3

0
3

0
2

σ σ
π

⟨ − ⟩ =
−

×
+ −Δ Δ

where m is the sample weight and g is the gravity constant.
The extensional stress growth coefficient is defined as η+ = ⟨σzz −

σrr⟩/ε.̇

■ RESULTS AND DISCUSSION
Neutralization. The resulting synthesized ionomers were

transparent and were checked by FTIR spectroscopy. Figure 1
shows that the carbonyl stretch around 1700 cm−1 (unimer
and dimer of carboxylic acid) almost disappears upon addition
of Jeffamine. Jeffamine bonds are also clearly seen in the
ionomers around 1100 cm−1. The molar mass and dispersity of

Table 2. Data for Materials Used in This Study: Parent Polymer, Neutralized Ionomers, Jeffamines, and Control Samples

material Mw (SEC) [g/mol] Mw/Mn (SEC) Tg [°C]
b remark

PS0.95A0.05 85,400 1.22 105 parent polymer
PS0.95A0.05 + ED600 81,100a 1.27 76 ionomer under investigation
PS0.95A0.05 + ED900 87,700a 1.18 66 ionomer under investigation
PS0.95A0.05 + D2000 85,000a 1.27 25 ionomer under investigation
Jeffamine ED600 656 1.08 ionomer component
Jeffamine ED900 940 1.22 ionomer component
Jeffamine D2000 2144 1.18 −70 ionomer component
PS77k 77,000 1.10 control sample component
OS2k 1900 1.10 control sample component
PS77kD2000 blend 77,000/2144 1.10/1.18 −67/81 control sample
PS77kOS2k-68 77,000/1900 1.10/1.10 87 control sample
PS77kOS2k-82 77,000/1900 1.10/1.10 97 control sample

aThe neutralized ionomers show nonmonotonous change in Mw and dispersity; the actual normalized chromatograms are added to show the small
instrumental variation, as can be seen in Figure S4. bFor Jeffamines, the glass transition temperature is only measured for sample D2000 in order to
identify the PS77kD2000 blend composition on DSC.

Figure 1. IR absorption spectra from 400 to 2000 cm−1 for neutralized ionomers, parent polymer, and Jeffamines (spectra from 400 to 4000 cm−1

are available in the Supporting Information).
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the resulting diamine-neutralized poly(styrene-co-4-vinylben-
zoic acid) are listed in Table 2.
Thermal Properties. The DSC traces in Figure 2a indicate

that incorporating Jeffamine produces a decrease in Tg with
increasing Jeffamine length and that the transition seems to
broaden. The diamine chains behave as an internal plasticizer,
and the Tg decreases linearly as the molar mass of Jeffamine
increases (see Figure 2b). A similar decrease in Tg has also
been observed for flexible diamine-modified epoxy resins,36

ammonium-neutralized sulfonated PS ionomers,5 and poly-
ester−sulfonate ionomers with ionic liquid counterions,37

potentially related to weaker ion-dipole interactions and an
increase in chain mobility. The Tg values for this series of
neutralized ionomers are also summarized in Table 2. It is
noted that some changes of the ionomers may occur at high
temperature (the upturn of DSC traces at high temperature in
Figures 2 and S5), so the temperature is deliberately kept low
for rheological measurements, and the phenomenon is not
further investigated as it is outside the scope of this work.
Importantly, only a single glass transition is observed for

ionomers, suggesting that the synthesized materials are
homogeneous; moreover, due to ionic interaction, phase
separation is not detected.38−40 A previous study by Weiss et
al.39 also confirms that the miscibility of PS and poly(alkylene

oxide) blends is enhanced by specific intermolecular
interactions between amine and sulfonic acid, while a study
by Yang and Han.41 demonstrated that two polymers with
specific interactions are miscible, even though the difference in
component glass transition temperature (ΔTg) between blends
can be as large as 199 °C. A control sample consisting of a
simple blend of PS 77 kg/mol and Jeffamine D2000 appears
white and displays two glass transitions in the DSC curve, as
shown by the green dashed line in Figure 2a, suggesting the
phase separation that was not observed in the ionomers.

Linear Rheology. Figure 3a shows the storage modulus,
G′, and loss modulus, G″, of these materials as a function of
angular frequency, ω. For each sample, both frequency and
modulus are normalized by the second crossover point (ωc and
Gc) in order to compensate for the Tg difference (non-
normalized master curves are available in the Supporting
Information, Figure S7). The Rouse relaxation time of the
parent polymer is 8.25 s and is calculated as τR = Z2τc (where Z
is the number of entanglements per chain calculated by M/Me
and τc is the relaxation time of one entangled strand, estimated
as 1/ωc; the entanglement molar mass of pure PS (Me = 13.3
kg/mol) is used for the parent polymer since hydrogen
bonding is demonstrated not to be active at high temper-
ature32). Similar to their parent polymer, all ionomer melts

Figure 2. (a) DSC traces: second heating cycle used to assess Tg, heat/cool rate: 10 °C/min; (b) Tg as a function of Jeffamine molar mass [the
black line represents linear fitting (R2 = 0.99)].

Figure 3. (a) LVE data after normalization to the modulus and angular frequency at the high-frequency crossover point (closed symbols for G′,
open symbols for G″; the solid lines are drawn to guide the eyes). (b) Fitting of shift factor aT to the Arrhenius equation; the activation energy is
indicated in the figure as kJ/mol.
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display relaxation processes typical of entangled linear
polymers. The four normalized curves overlap at high
frequency, indicating an identical Rouse relaxation process.
At medium and low frequency range, the terminal relaxation
time is observed to decrease with increasing diamine length,
indicating no/negligible effect of ionic clusters inside the
ionomers. Since the ion-dipole interaction becomes weaker by
increasing counterion size, chances of forming ionic clusters
become less, and the Jeffamine chains also have the plasticizing
effect. This finding is in contrast to the sticky Rouse/Reptation
dynamics exhibited by unentangled ionomers.15,42,43 Further-
more, the diamines show a diluting effect on the long chains,
which can be visualized by comparing the activation energy, Ea,
which is obtained by fitting experimental data to the Arrhenius

equation (
Ä
Ç
ÅÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑÑ( )a T( ) exp E

R T TT
1 1a

0
= − , where aT is the shift

factor, R is the gas constant, and T and To are the test and
reference absolute temperatures, respectively). Plotting ln(aT)
as a function of 1/T, it is clear that the activation energy also
decreases with increasing Jeffamine length (see Figure 3b),
indicating less flow resistance and thus a faster relaxation; this
both significantly facilitates processing and differentiates the
materials studied here from entangled random ionomers that
usually display either a double plateau of stickers and
entanglements or a prolonged terminal relaxation.19,44

Nonlinear Rheology. Figure 4 shows the nonlinear
extensional behavior of the four studied samples. Sample
PS0.95A0.05 was stretched faster than the inverse Rouse time,
resulting in oriented and stretched polymer chains. The other
samples were stretched at a constant stretch rate to match the
maximum normalized stress of the parent polymer. Due to the
difference in glass transition temperature between samples, it
was necessary to measure the nonlinear extensional behavior at
different stretch rates at reference temperatures. The data
presented here have been normalized by Gc and ωc for
comparison. In Figure 4a, all samples display strain hardening
behavior, as the normalized stress growth coefficients are well
above the LVE envelope. The degree of strain hardening can
be compared by strain hardening factor (SHF), which is
defined as the ratio of the stress growth coefficient to the
respective LVE value (see Figure S10). For these samples

having similar normalized stress as can be seen in Figure 4b,
the SHFs of both samples PS0.95A0.05 + ED600 and PS0.95A0.05
+ ED900 are higher than their parent polymer with a lowerWi,
indicating an effectively stronger strain hardening as a result of
ionic interaction. Sample PS0.95A0.05 + D2000 had a similar
SHF as sample PS0.95A0.05 + ED900 but higherWi, likely due to
the strain hardening effect being compromised by the presence
of the longest diamine chain, D2000. (Samples PS0.95A0.05 +
ED900 and PS0.95A0.05 + D2000 are also stretched at the same
τc based Weissenberg number as the parent polymer, and the
effect of different Jeffamines are clearly seen in Figure S9.) In
Figure 4b, at a larger strain, the samples containing ionic
interaction displayed a stress overshoot, which was found to be
repeatable, as demonstrated in Figures S11 and S12. More
interestingly, sample PS0.95A0.05 + D2000 exhibits an under-
shoot after the stress overshoot, which can be related to sticker
reassociation (see the discussion below). Finally, all the
ionomer melts reached the same steady stress at the Hencky
strain close to 6.
The rest of this section will focus on answering three

questions which could help to elucidate what happens during
extension: (i) the role of ionic interactions (stickers) in the
start-up extensional flow; (ii) the role of stickers at a large
strain; and (iii) the influence of stretching on sticker
disassociation time.

Role of Ionic Interaction (Stickers) in the Start-up
Extensional Flow. As discussed in the linear rheology section
above, the diamines have a diluting effect on the long chains
PS-co-PVBA. To determine the extent of this dilution, two PS
solutions consisting of short and long PSs were prepared (see
Table 1): sample PS77kOS2k-68 had the same weight fraction
of long chains as sample PS0.95A0.05 + D2000 and served as an
extreme sample in which all diamine chains act as solvents;
sample PS77kOS2k-82 had a higher weight fraction of long
chains and thus a slightly higher number of entanglements than
sample PS77kOS2k-68. The normalized LVEs of both PS
solutions were compared with PS0.95A0.05 + D2000, as can be
seen in Figure S13. Sample PS77kOS2k-68 displayed a faster
terminal relaxation than the ionomer, whereas PS77kOS2k-82
had a very similar terminal relaxation with the ionomer. This
suggests that the diamine chains are attached to the backbone
at equilibrium and that they connect different chains while

Figure 4. Comparison of normalized extensional behavior across all the four samples: (a) normalized extensional stress growth coefficient as a
function of time; (b) normalized stress as a function of Hencky strain. The strain rate for PS0.95A0.05 at 140 °C is 0.3 s−1; the strain rate for
PS0.95A0.05 + ED600 at 105 °C is 0.085 s−1; the strain rate for PS0.95A0.05 + ED900 at 100 °C is 0.109 s−1; and the strain rate for PS0.95A0.05 + D2000
at 70 °C is 0.114 s−1. The corresponding Weissenberg numbers (Wi = ε/̇ωc) are 0.06, 0.03, 0.043, and 0.074, respectively.
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simultaneously keeping them separate from each other (see
Figure 8a). The following discussion will focus on sample
PS0.95A0.05 + D2000 since Jeffamine D2000 had the most
obvious stress overshoot effect among the three neutralized
ionomers studied.
At the onset of strong extensional flow (the green curve in

Figure 4), the connected diamine chains are stretched together
with the backbone. However, when the force reaches a
sufficient magnitude, the stickers can start to disassociate. This
disassociation is visible as a filament color change during
stretching, as can be seen in Figure 5 (recorded videos are also
available in the Supporting Information). The melt stretched at
0.114 s−1 and 70 °C is initially transparent before gradually
turning opaque, especially close to maximum stress. For
comparison, the same melt was also stretched at a lower rate of
0.009 s−1, for which the stress overshoot is not apparent (see
Figure 6d). Figure 6b shows a transparent filament stretched at
0.009 s−1 at the same strain as in Figure 6a. Finally, a blend of
PS77k and Jeffamine D2000 (control sample) was also

stretched and compared with the previous two samples (Figure
6c). The blended filament appeared white throughout the
stretching process, indicating a total phase separation of two
constituents. While we suggest that the stress maximum and
overshoot presented in entangled ionomer melts are related to
sticker disassociation and a resulting micro-phase separation,
future studies, for example, in situ scattering, may be required
to fully understand the underlying physics of the phase
separation. Similarly, a maximum stress in extension for alkali
metal-neutralized sulfonated oligostyrene ionomer melts is
likely associated with chain pull-out from ionic clusters.13

Role of Stickers at Large Strain. As can be seen in Figure 5,
when sample PS0.95A0.05 + D2000 was stretched at 70 °C, 0.114
s−1, the filament turned from opaque to transparent again at
larger Hencky strain, suggesting a reassociation of sticker pairs
via ionic interaction. During continued extensional flow, it is
easier for a sticker to find a neighbor sticker rather than a
remote one. To check this idea, the corresponding PS solution,
PS77kOS2k-82, which has overlapping LVE with PS0.95A0.05 +

Figure 5. Filament color change during extension measurement of sample PS0.95A0.05 + D2000 stretched at 70 °C, 0.114 s−1: the filament is initially
transparent and then gradually turns opaque before becoming transparent again. The color change could be related to the transition from ionic
sticker association (left) to disassociation (middle) to reassociation (right).

Figure 6. (a−c) Capture of filament stretching at Hencky strain 2.8. (a) PS0.95A0.05 + D2000 stretched at 70 °C, 0.114 s−1 (the same as the left
photo in Figure 5); (b) PS0.95A0.05 + D2000 stretched at 70 °C, 0.009 s−1; (c) PS77kD2000blend stretched at 110 °C, 0.114 s−1; and (d) stress−
strain response for PS0.95A0.05 + D2000 stretched at 70 °C, 0.114 s−1 and 0.009 s−1.
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D2000, was stretched at the same Wi. The normalized stress−
strain curves of the two samples are compared in Figure 7:
both melts reach the same normalized steady stress around
Hencky strain 4.5 (green and pink curves), suggesting
reassociation of ionic stickers in the ionomers. Indeed, since
these two samples have the same normalized LVEs and steady
stress, the stress maximum and overshoot are necessarily
related to sticker disassociation. Sticker reassociation can also
be confirmed from the reproducible undershoot in stress−
strain curves (as can be seen in Figure S11) and stress
relaxation test.
In the stress relaxation test, the flow was stopped at Hencky

strain 2.8 and kept at the same temperature while maintaining
the same deformation at the mid-filament plane. As can be
seen in Figure 9, the filament turns from opaque to transparent
again, suggesting sticker reassociation and finally a return to
equilibrium.
It should also be noted that the ionomers studied display

good extensibility due to their double-dynamic network
structure: although the stickers dissociate in the strong flow
at high rates, the entanglements still continue to contribute to
the stress and allow sticker reassociation. While a pure ionomer

would exhibit brittle fracture as reported by Shabbir et al.16

with the aid of entanglement network, our ionomers have a
chance to dissipate energy and thus the fracture can be avoided
(see Figure 8b).

Influence of Stretching on Sticker Disassociation Time.
To investigate the influence of chain stretching on sticker
disassociation time, sample PS0.95A0.05 + D2000 was stretched
at different rates, ranging from 0.066 to 0.5 s−1 (see Figure 10a,
two lower stretch rates are also included). Both maximum
stress and stress overshoot existed for all stretch rates, except
for the fastest stretch rate of 0.5 s−1, at which the sample failed
during stretching. Note that the stress overshoot and
undershoot were observed to be strong for stretch rates faster
than 0.2 s−1 as a result of an experimental issue: namely, the
online rheometer control engages when there is a small
deviation in diameter, as can be seen in Figure S14. As
discussed previously, the decrease in stress after reaching its
maximum is the result of sticker disassociation. It would
therefore be interesting to study different parameters, such as
stress, strain, and time, at maximum stress.
The plots in Figure 10b show that maximum stress increases

monotonically with strain rate. In Figure 10c, the Hencky
strain at which the maximum stress locates (εmax) is plotted as
a function of stretch rate. The data falls into two distinct
regimes: at low rates, the ionic stickers can exchange pairs prior
to the point of massive disassociation such that εmax is rate-
dependent and increases with stretch rate; at higher rates, εmax
reaches a steady value and becomes relatively independent of
stretch rate. It is possible that the fast flow (ε ̇ > 0.114 s−1) does
not allow ion pair reorganization before considerable
disassociation, so that the stickers disassociate abruptly to
accommodate the strain. Figure 10d plots time, tmax, where the
maximum stress locates as a function of stretch rate. The
influence of chain stretching on sticker disassociation time
becomes clearer: at low rate, the sticker disassociation time
approaches the sticker lifetime from LVE measurement (see
the Supporting Information). At higher rates, the sticker
network survival becomes dependent on the overall strain,
whereby the sticker disassociation time becomes inversely
proportional to the rate. To the best of our knowledge, the
influence of chain stretching on sticker disassociation time has
not been reported previously.
The advantages of the ionomer system proposed here are

clear: ionomer melts possess superior strain hardening
behaviors at a Weissenberg number lower than the nonionic
parent polymer. The proposed system can also bear higher
stress compared to solutions with the same LVE and displays
high extensibility, with the potential to reach a maximum
Hencky strain of 7 due to its double-dynamic network
structure of ionic interactions and entanglements. Finally, the
neutralized ionomers studied here can be processed at lower
temperatures and stretching rates compared to their nonionic
parent polymer, thereby providing more environmentally
friendly processing conditions for entangled ionomer melts.

■ CONCLUSIONS
We neutralized poly(styrene-co-4-vinylbenzoic acid) using
relatively long-chain diamines to produce ionomers. The
resulting ionomers showed lower Tg than their parent polymer,
and Tg decreased with increasing diamine molar mass as a
result of increasing chain mobility. In addition, these
neutralized ionomers displayed a single transition in DSC
traces and obey time−temperature superposition, indicating a

Figure 7. Comparison of normalized stress as a function of Hencky
strain for PS solution and ionomers; sample PS77kOS2k-82 is
stretched at 120 °C, 0.142 s−1.

Figure 8. Schematic representations of a diamine-neutralized
poly(styrene-co-4-vinylbenzoic acid) ionomer melt: (a) at equilibrium
and (b) during extension at large strain.
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homogeneous material with ionic interaction acting as a
compatibilizer. The relaxation time of the ionomer melts

decreased with increasing diamine chain length, as confirmed
via LVE measurements. Ionic cluster formation is prevented by

Figure 9. Stress relaxation at Hencky strain 2.8 of sample PS0.95A0.05 + D2000 stretched at 70 °C, 0.114 s−1: from left to right, the photos
correspond to 0 s, 10 s, 1 min, and 9 min after stopping the stretching.

Figure 10. (a) Extensional stress growth coefficient as a function of time for PS0.95A0.05 + D2000 stretched at different rates. The stretch rates are
indicated in the above figure [s−1]. (b) Maximum stress as a function of stretch rate. (c) Hencky strain, where the maximum stress locates (εmax) as
a function of stretch rate. (d) Time ([s]), where the maximum stress locates (tmax) as a function of stretch rate.
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the use of a low ion concentration as well as the use of
ammonium as a counterion, which significantly enhances the
entangled ionomers’ flowability.
By investigating the nonlinear extensional properties of this

entangled ionomer system, we successfully differentiated
relaxation mechanisms due to entanglements from those due
to ionic interactions, thereby providing guidance for future
attempts to improve ionomer properties. The strain hardening
behavior of the ionomers can be adjusted to match the parent
molecule by using different diamines at a lower Weissenberg
number than that of the parent polymer. Introducing stickers
of different lengths thus provides the ability to tune the
materials’ degree of strain hardening. A stress maximum and
overshoot appear in the stress−strain response and are related
to sticker disassociation, as evidenced by the transition to
opacity during filament stretching. After the maximum stress,
the stickers tend to reassociate, resulting in a final steady stress
similar to that of a PS solution. The sticker reorganization,
together with the contributions from entanglements, enable
excellent ionomer extensibility. This study provides a roadmap
for the design of new easily processed, extensible ionomers
with superior strain hardening.
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