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ABSTRACT: A divinyl cross-linker, 1-((1,2,2-trifluorovinyl)oxy)-4-vinylbenzene (TFVS), was synthesized and incorporated into a
triblock copolymer of styrene and isobutylene (SIBS). The block copolymer was prepared through living cationic polymerization
initiated with bifunctional cumyl ether in the presence of TiCl4, a strategy developed by Kennedy and co-workers. Sequential feeding
of monomers was applied in which isobutylene was polymerized in the first step, followed by the copolymerization of styrene and
TFVS. The two vinyl groups in TFVS exhibited remarkable selectivity during cationic polymerization: the styrenic moiety readily
copolymerized with styrene, while the trifluorovinyl moiety remained unreacted. The resulting triblock copolymer, poly(styrene-co-
TFVS)-b-polyisobutylene-b-poly(styrene-co-TFVS), hereafter referred to as SFIBSF, was subject to a cross-linking reaction during
molding at high temperatures (180−200 °C) through [2π + 2π] thermal cycloaddition between trifluorovinyl ether moieties in
polystyrene segments. The molded sample, Fx-SFIBSF, demonstrated superior mechanical properties due to the synergistic interplay
of physical and chemical cross-linking. It achieved a tensile strength of up to 30 MPa, an elastic recovery of 73.9%, and excellent
creep resistance, with a maximum reduction of creep strain of 80%. These findings pave the way for the development of a new
generation of polyisobutylene-based elastomers with enhanced performance and expanded application potential.

■ INTRODUCTION
Thermoplastic elastomers (TPEs) represent a class of triblock
(ABA-type) or multiblock ((AB)n type) copolymers compris-
ing a glassy A segment and a rubbery B segment. These
copolymers undergo microphase separation due to the
thermodynamic immiscibility of the constituent blocks. The
resulting equilibrium morphology is typically characterized by
the dispersed domains of glassy blocks within a continuous
phase of rubbery segments.1−7 These nanoscale domains serve
as physical cross-linking points, establishing an elastic network
by connecting rubbery blocks.8−10 One class of conventional
TPEs is the triblock copolymer of styrene, diene/isobutylene,
in which polystyrene (PS) serves as the glassy segment while
the rubbery segment may comprise polybutadiene (PB),4,6,10

polyisoprene (PI),9 and polyisobutylene (PIB).5,7,8 These
block copolymers are typically synthesized through living
anionic or cationic polymerization techniques. Specifically,

poly(styrene-b-isobutylene-b-styrene) (SIBS) was synthesized
through the living cationic polymerization of isobutylene and
styrene by sequential feeding of monomers. This technique,
developed by Kennedy and co-workers, utilized dicumyl
methyl ether as the initiator in conjugation with TiCl4 in the
presence of dimethylacetamide (DMAc) as an electron-
donating additive and 2,6-di-tert-butylpyridine (DtBP) as a
proton trap.11 The use of PIB as the rubber segment endows
the resulting materials with chemical stability due to its
saturated hydrocarbon structure.12−19
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SIBS has been assessed for biomedical applications and
proven to possess several desirable properties, including
biostability, hemocompatibility, and resistance to infection.
These characteristics make it suitable for use as an implant that
does not degrade through hydrolysis, enzymolysis, or oxidation
in vivo.20−23 SIBS has been applied successfully as the coating
for drug-eluting coronary stents, while other applications, such
as trileaflet polymeric prosthetic heart valves (PPHV), drainage
tube implants to treat glaucoma and spinal implants, are also
promising.24−29 However, one of the limitations of SIBS is its
poor creep resistance, which restricts its use in load-bearing
applications where long-term mechanical stability is crucial.
Pinchuk et al. developed a thermoset formulation of SIBS by
incorporating 4-vinylbenzocyclobutene as a cross-linker. This
modification allows SIBS to undergo cross-linking via the
Diels−Alder reaction between benzocyclobutene moieties
during thermocompression molding. This strategy significantly
enhances the mechanical properties of the molded sample,
while maintaining low thrombogenicity, making SIBS a viable
substrate for the development of PPHV.30

Trifluorovinyl ether (TFVE) is a functional group capable of
undergoing [2π + 2π] cyclodimerization upon heating without
the need for a catalyst.31−34 The reaction has been widely
utilized to synthesize polymers containing perfluorocyclobu-
tane (PFCB) units in their main chains, star arms, or networks
through polycondensation of bifunctional monomers34 or
multifunctional monomers.35. The resulting PFCB-containing
products exhibit exceptional properties such as thermal and
chemical stability, high hydrophobicity, and low dielectric
constants.36 In the context of chain growth polymerization,
(meth)acrylate monomers bearing PFCB moieties have been
synthesized and subjected to controlled radical polymerization
with the purpose of preparing a series of linear amphiphilic
block copolymers with PFCB as side groups, which were
suitable for self-assembly studies.37−42 Additionally, a TFVE-
containing (meth)acrylate monomer has been copolymerized
with methyl methacrylate to produce cross-linked poly(methyl
methacrylate) with enhanced thermal stability.43 Furthermore,

a variety of TFVE-functionalized organosiloxanes and poly-
hedral oligomeric silsesquioxanes (POSS) have been synthe-
sized for the development of linear, star, and cross-linked
organic−inorganic hybrid materials with low dielectric
constants.44−50 In another approach, poly(vinylphenol) was
cross-linked via the cyclodimerization of TFVE moieties
introduced through postmodification of the precursor.51 The
syntheses of TFVE-containing monomers and their polymer-
ization strategies were summarized and discussed in a
comprehensive review paper.52

In the present study, we synthesized a novel cross-linker, 1-
((1,2,2-trifluorovinyl)oxy)-4-vinyl-benzene (TFVS), to intro-
duce cross-links into polystyrene (PS) blocks of SIBS with the
purpose of enhancing the tensile property and creep resistance.
TFVS contains two distinct vinyl groups: a styrenic group and
a TFVE group. It was anticipated that the styrenic group would
undergo cationic polymerization, while there is no literature
information about the reactivity of the latter under the same
condition. Our experimental results confirmed the high
selectivity of the two vinyl groups during cationic polymer-
ization. Specifically, the styrenic group readily polymerized,
whereas the TFVS group remained intact. This selectivity
enables the preparation of vulcanizable SIBS by incorporating a
TFVE moiety into the glassy segment through the copoly-
merization of TFVS and styrene.

■ RESULTS AND DISCUSSION
The overall synthetic route for vulcanizable SIBS is based on
living cationic polymerization using 1-(tert-butyl)-3,5-bis(2-
methoxypropan-2-yl)benzene (DicumOMe) as the initiator
and TiCl4 as the catalyst.11 The polymerization was performed
in a mixture of dichloromethane (DCM) and methyl
cyclohexane (MeChx), with additives of DMAc as the
carbocation stabilizer and DtBP as the proton trap. The
functional group for cross-linking, i.e., trifluorovinyl ether, was
introduced by copolymerization of styrene and TFVS, as
shown in Scheme 1.

Scheme 1. Synthetic Route of Triblock Copolymer SFIBSF from Living Cationic Polymerization and the Subsequent Cross-
Linking to Form Fx-SFIBSF via Thermal Cycloaddition
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It is important that the trifluorovinyl ether group of TFVS
remains stable while the vinyl group undergoes cationic
(co)polymerization. We first synthesized TFVS and inves-
tigated the selectivity of the two double bonds toward the
cationic polymerization.

Synthesis of the Cross-Linker. The cross-linker TFVS
was synthesized through a three-step process starting from
nucleophilic substitution of 1,2-dibromotetrafluoroethane by
4-bromophenol and elimination of HF from the resulting
ether, followed by the Suzuki coupling reaction between
potassium vinyltrifluoroborate and the aromatic bromide, as
shown in Scheme 2. The synthesis of TFVS was previously
reported by Spraul and co-workers for the investigation of
substituent effects on the cycloaddition reactivity of the
trifluorovinylether group.53 To our knowledge, however, the
compound has not been used as a monomer for polymer-
ization. In the present study, we modified the synthetic process

by using an optimized method for each step as discussed below
and achieved an overall yield as high as 71%.

The nucleophilic substitution reaction was conducted in
DMSO at 50 °C in the presence of 1.5 equiv of Cs2CO3, a
condition optimized by Li and co-workers.54 The uses of
Cs2CO3 as the catalyst and DMSO as the solvent are critical to
avoid side reactions, giving high yield (∼98%) of the
etherification product, 1-bromo-4-(2-bromo-1,1,2,2-
tetrafluoroethoxy)benzene (BTFB), which was superior to
previously reported 61% using KOH and the mixed solvent of
DMSO/xylene.55 The product of the optimized condition can
be used directly in the following reaction without purification.

The elimination reaction of BTFB was performed in the
presence of a Grignard reagent, EtMgBr, at 0 °C in THF,
resulting in bromoaryl trifluorovinyl ether 1-bromo-4-((1,2,2-
trifluorovinyl)oxy)benzene (BTFVB). The use of EtMgBr for
elimination was reported by Hu and Liu in the synthesis of

Scheme 2. Synthetic Routes to 1-((1,2,2-Trifluorovinyl)oxy)-4-vinylbenzene (TFVS) in the Literature31,32,53 and in the
Present Study

Figure 1. 1H (left) and 19F (right) NMR spectra of the intermediate and final products in the synthesis of TFVS.
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various aryl trifluorovinyl ethers.56 The yield was around 95%
in contrast to that by the method using a zinc catalyst.55

The Suzuki coupling reaction was carried out using BTFVB
and potassium vinyltrifluoroboronate as the coupling agent.
The latter is commercially available, whereas the coupling
agent used in ref 54 (2,4,6-trivinylcyclotriboroxane) had to be
prepared separately. The yield of the coupling reaction was
76%, giving an overall yield of 71% for the three-step reaction.

Figure 1 shows the 1H and 19F NMR spectra of the products
during the synthetic process. The product of the nucleophilic
substitution shows two signals of aromatic protons at chemical
shifts δ = 7.13 and 7.53 ppm. Meanwhile, two signals for
fluorine atoms appear as singlets at −68.31 and −86.14 ppm,
respectively. After the elimination reaction, the aromatic
signals shift upfield to δ = 7.02 and 7.49 ppm, whereas three
signals for 19F peaks appear at δ = −134.62, −119.74, and
−126.28 ppm, all as a quartet, for −OCF�, �CFF (cis), and

�CFF(trans), respectively. The final product after Suzuki
coupling, TFVS, shows olefinic signals at δ = 5.24 (e), 5.72
(d), and 6.69 ppm (c) in addition to the aromatic signals at δ =
7.01 (b) and 7.40 (a) ppm, while the signals of 19F remain
almost unchanged. All of the integration values are consistent
to the molecular formulas. Furthermore, 13C NMR spectra of
TFVS also confirmed the successful synthesis of the target
molecule TFVS (Figure S1).

Homopolymerization of TFVS. Since TFVS has never
been used as a monomer for cationic polymerization, we first
investigated the reactivity of the two double bonds under
similar conditions to that in the subsequent block copolymer
synthesis. The living cationic polymerization was conducted
with the regulation of reversible activation/deactivation of
carbocationic species by TiCl4.

11 Dicumyl ether was used as
the initiator, while DMAc and DtBP were used as an electron-
donating additive and a proton trap, respectively, as shown in

Figure 2. (a) SEC curves of the PTFVS homopolymer terminated at 5 min; (b) 1H and (c) 19F NMR spectra of PTFVS.

Figure 3. (a) SEC curves of PIB and the triblock copolymer, SFIBSF-2; (b) 1H and (c) 19F NMR spectra of SFIBSF-2.
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Scheme S1. Upon addition of a dichloromethane solution of
TiCl4, the reaction mixture turned orange in color, indicating
the initiation of the polymerization. The conversion of the
styrenic group of TFVS, as determined by 1H NMR
spectrometry, reached nearly completion within 5 min (Figure
2b). Extending the reaction time to 10 min led to gelation of
the system. However, the result of 19F NMR spectrometry
shows that the trifluorovinyl group remained intact during
polymerization and gelation (Figure 2 and Figure S2), as the
19F signals δ = −133.56, −119.29, and −126.30 ppm remain
almost the same as those in the TFVS monomer. Therefore,
the gelation at the later stage of cationic polymerization of
TFVS is ascribed to the electrophilic reaction of the
carbocation living chain ends to the phenyl side groups.

Figure 2 and Table S1 show SEC results of TFVS cationic
polymerization products terminated at 5 min with different
feed amounts of the initiator. It is clear that all of the products
exhibit a single peak and the molecular weight is proportional
to the ratio of the monomer to initiator, indicating that the
polymerization proceeds via a controlled/“living” mode.

Synthesis of the Triblock Copolymer Poly(styrene-co-
TFVS)-b-polyisobutylene-b-poly(styrene-co-TFVS)
(SFIBSF). Sequential living cationic polymerization of IB and
styrene/TFVS initiated by DicumOMe was performed to
prepare the SFIBSF triblock copolymer. The reaction
conditions were similar to those previously reported for the
synthesis of SIBS.11 The polymerization and cross-initiation
were indicated by the color change from pale yellow to dark
red upon addition of styrene/TFVS to the polymerization of
isobutylene. The viscosity during the whole process increased
remarkably up to a soft gel-like substance with a deep color.
The reaction was quenched with methanol, accompanied by a
gradual change to a colorless solution.

The block copolymerization process was monitored by using
SEC and NMR analysis on samples taken from the system at
different times (Figure 3 and Figure S3). A clear shift of the
SEC peak is observed from the first block (PIB) at Mp =
92,800 to the final product at Mp = 139,000, indicating a living
character of the polymerization. The peak of PIB is narrow and
unimodal, while a shoulder is present in the peak of the final
product (Figure S3). The shoulder broadens the molecular
weight distribution of SFIBSF and is ascribed to chain
branching through electrophilic attack of the living cationic
chain ends to the side phenyl groups of styrenic repeating
units. The same phenomenon was reported for the preparation
of SIBS.5,7 The chain branching can be circumvented by
quenching the polymerization at an earlier time, e.g., 30 min
instead of 40 min.

In order to investigate the distribution of TFVS units along
the hard segment, a model copolymerization of styrene and
TFVS was conducted at the same monomer feed ratio as that
used in the synthesis of SFIBSF. The reaction was monitored by

1H NMR spectroscopy using toluene as the internal standard,
and the kinetic plots of both monomers are presented in Figure
S4. The polymerization proceeded in two stages. The first
stage was a rapid polymerization period within the initial 40 s,
followed by slower first-order consumption of monomers. This
particular kinetics is ascribed to larger ionization rates of the
initiator relative to that of the polymer chain end, as suggested
by Storey and Thomas in a study of the cationic
copolymerization of styrene and isobutylene.57 In both stages,
styrene was consumed faster than TFVS. The higher reactivity
of the former than the latter can be attributed to the electron-
withdrawing nature of the (trifluorovinyl)oxy substituent,
which reduces the reactivity of TFVS.33 This result indicates
a slightly tapered content of TFVS units along the chain.
Nevertheless, the distribution of TFVS is statistical so that it
will not have a significant effect on the mechanical property of
cross-linked SIBS products.

In 1H NMR of the final product (Figure 3b), the methyl and
methylene signals of the PIB segment are clearly observed at
1.14 (peak b) and 1.44 ppm (peak a). The methylene and
methine protons of the PS and PTFVS backbone were
observed at 1.49−1.70 ppm (peaks c + e) and 1.76−2.33 ppm
(peaks d + f). The broad peaks at 6.41−7.25 ppm were
assigned to the aromatic protons of the PS and PTFVS. In 19F
NMR spectra (Figure 3c), the fluorine signals are observed at
−133.43 (Fc), −127.13 (Fa), and −120.06 ppm (Fb), almost
the same as those in the monomer TFVS. No signal is present
for the virtually expected fluoroalkyl group formed by
otherwise possible polymerization of the trifluorovinyl moiety.

Three samples of SFIBSF were synthesized with similar
molecular weights (∼140,000 for the triblock and 92,000−
94,000 for PIB) and varying weight contents of trifluorovinyl
monomer feeding (2.0, 4.0, and 6.0% over the total feeding
weight of monomers), as listed in Table 1. For reference, a
sample of SIBS was synthesized under the same conditions but
without TFVS. The composition of the copolymer is roughly
estimated from the integrations of the aromatic and aliphatic
signals in the ranges of 6.4−7.2 and 0.8−2.3 ppm, respectively,
by the following equation:

W
M

M M

100%

A

A A APS PTFVS,NMR
St 5

St 5 IB 8

arom

arom aliph
3
5 arom

=
×

× + ×

×

+

(1)

in which WPS+PTFVS,NMR represents the weight fraction of the
hard segment (styrene and TFVS) and MSt and MIB represent
the molecular weight of the styrene and isobutylene,
respectively. Aarom and Aaliph represent the integration values
of the aromatic and aliphatic protons, respectively. The
contributions of styrene and TFVS units to the aromatic
signals are indistinguishable in 1H NMR. The calculated

Table 1. Triblock Copolymers SIBS and SFIBSF Prepared by Living Cationic Polymerizationa

PIB triblock

run sample Mp Mw/Mn Mp Mw/Mn WPS+PTFVS,NMR(%) TFVS feeding (wt %)

1 SFIBSF-2 92,800 1.08 139,000 1.16 36.9 2.0
2 SFIBSF-4 92,600 1.11 138,000 1.22 37.8 4.0
3 SFIBSF-6 94,000 1.13 141,000 1.24 38.6 6.0
4 SIBS 91,900 1.11 137,000 1.26 36.2 0

aReaction conditions: [IB]0 = 1.42 M, [I]0 = 1.29 mM, [DtBP]0 = 2.83 mM, [DMAc]0 = 1.29 mM, [TiCl4]0 = 51.6 mM, [St+TFVS]0 = 0.4 M for
runs 1−3, [St]0 = 0.37 M for run 4, in 60/40 (v/v) MeChx/DCM cosolvents, −80 °C.
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weight contents of the hard segment were around 37−38%,
which were close to the feeding contents of styrene and TFVS.

Thermal Cross-Linking Reaction of SFIBSF. The cross-
linking reaction was carried out by heating SFIBSF samples in a
press vulcanizer at 180−200 °C for 30−60 min under an
applied pressure of 5 MPa. Previous studies have reported that
the trifluorovinyl group undergoes [2π + 2π] thermal
cycloaddition at temperatures around 160 °C.34,53

The dimerization of the trifluorovinyl moiety via thermal
cycloaddition forms cross-linking points in the outer segments
of the triblock copolymer (Scheme 3). After being cured, the

samples were subjected to Soxhlet extraction to determine the
gel content. As summarized in Table 2, the gel contents
varying widely from 2.2 to 95.1% were obtained depending on
the original content of trifluorovinyl groups in the precursor as
well as the heating temperature and duration. A higher content
of trifluorovinyl ether, elevated temperature, and prolonged
heating period all contributed to an increased cross-linking
degree.

The cross-link density, Dc, defined as molar amounts of
cross-links per unit volume of the sample, is determined by
rheology measurement at 140 °C at the linear viscoelastic
region according to the following equation:

G D N kTc A= (2)

where G′ is the modulus at low frequency and T is the absolute
temperature. It can be seen from Table 2 that Dc increases with
the gel content yet not in a proportional way. It should be
noted, however, that Dcs obtained here are only apparent
values under ideal conditions of homogeneously distributed
cross-links along the chain and throughout the sample. In
comparison with the ideal scheme, the cross-links are localized
only on the outer block of the copolymer in the present study.
Therefore, the lengths of the elastic PIB strands between cross-
links are very close to each other and are almost independent

of the number of the cross-links because the outer blocks are
relatively shorter.

Thermal and Mechanical Properties. Thermal proper-
ties of Fx-SFIBSFs were analyzed using DSC. Two glass
transition temperatures, Tg, at −62 °C for the rubbery PIB
segment and 105 °C for the glassy PSF segment, were observed
for all samples, as shown in Figure 4. These results are

consistent to those of SIBS in this study and in the literature,11

indicating that phase separation occurred in all samples
including SIBS, SFIBSFs, and Fx-SFIBSFs. It is also noticed
from Figure 4 and Figure S5 that, upon cross-linking, the Tg of
the hard segment slightly increased from 104.6 to 107.6 °C,
while that of the soft segment increased from −64.9 to −62.2
°C. The unexpected increase in Tg of the soft segments may be
a result of entrapment of PIB blocks in the network formed
during the thermal curing process. We originally assume that
the cross-linking occurred only in the hard domain. However,
it turned out to be more complex because the cross-linking
temperature was higher than the phase separation temperature,
which may lead to a less well-developed morphology due to
fixation of chains (to some extent) before phase separation.

There have been literature reports on the effect of cross-
linking in hard blocks on the glass transition temperature of the
soft block in ABA-type block copolymers. To our knowledge,
their conclusions depended on the conditions of the cross-
linking process. Kawarazaki and co-workers observed that,
when the hard domain was cured at lower temperatures under
mild conditions such as photo-cross-linking, the Tg of the soft

Scheme 3. Dimerization of the Aromatic Trifluorovinyl
Ether Moiety through Thermal Cycloaddition

Table 2. Curing Reaction Conditions and Analytical Results of the Cross-Linked Samples

sample precursor temperature reaction time gel content (%) Dc (cross-linking density) (10−6 mol cm−3)
Fx-SFIBSF-2-180-30 SFIBSF-2 180 °C 0.5 h 2.2 24.0
Fx-SFIBSF-2-180-60 180 °C 1.0 h 7.6 24.9
Fx-SFIBSF-2-200-30 200 °C 0.5 h 9.4 25.1
Fx-SFIBSF-2-200-60 200 °C 1.0 h 18.3 30.4
Fx-SFIBSF-4-180-30 SFIBSF-4 180 °C 0.5 h 11.0 27.8
Fx-SFIBSF-4-180-60 180 °C 1.0 h 67.8 33.1
Fx-SFIBSF-4-200-30 200 °C 0.5 h 75.4 35.5
Fx-SFIBSF-4-200-60 200 °C 1.0 h 89.8 36.4
Fx-SFIBSF-6-180-30 SFIBSF-6 180 °C 0.5 h 42.5 29.7
Fx-SFIBSF-6-180-60 180 °C 1.0 h 71.9 36.8
Fx-SFIBSF-6-200-30 200 °C 0.5 h 83.2 37.7
Fx-SFIBSF-6-200-60 200 °C 1.0 h 95.1 45.5

Figure 4. DSC results of SIBS, SFIBSF-4, and the corresponding cross-
linked products, Fx-SFIBSF, prepared at 180 and 200 °C for 30 and 60
min.
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block was decreased, which was ascribed to the stretching of
the end part of the soft segment by the cross-linking.58 In
another study, an increase in Tg of the soft segment was
observed upon cross-linking of the hard block of an acrylic
triblock copolymer through a Diels−Alder reaction at 120
°C.59 Previously, McKenna and Park noticed that the size and
confinement effects on the glass transition behavior of
segments of block copolymers by cross-linking seemed to be
material- and condition-specific.60

The evolution of morphology before and after cross-linking
was analyzed using SAXS, as illustrated in Figure 5. All of the
samples are prepared by hot pressing of a fine powder of the
product after careful precipitation (slowly in methanol) and
drying. The 2D patterns of SIBS and SFIBSF-6 exhibit distinct
scattering rings, confirming the presence of microphase-
separated structures. For SIBS, the peak positions of q*,
√3q*, and √7q* suggest a hexagonally packed cylindrical
(HPC) morphology, although the expected peak at 2q* is
absent. In contrast, SFIBSF-6 displays peaks at q*, 2q*, 3q*,
and 4q*, indicative of a lamellar (LAM) morphology. The
domain spacing (d = 2π/q) of the microphase-separated
structures was calculated to be 57.88 nm for both SIBS and
SFIBSF-6, coincidentally. The observed difference in morphol-

ogies of SIBS and SFIBSF-6 may arise from slight compositional
variation or the incorporation of TFVS units in the latter. The
cross-linked sample, Fx-SFIBSF-6-180-30 (Figure 5c), exhibits,
however, only a broad peak at q* = 0.1115 nm−1. This suggests
that while microphase separation occurred, the development of
a well-defined morphology was hindered by the constraints of
the cross-linked network. The estimated domain spacing
decreased to 56.32 nm, which was slightly smaller than the
uncross-linked sample. This trend agreed with the literature
report for ABA-type block copolymers with cross-linked hard A
segments.61

The stress−strain curves of SFIBSFs and Fx-SFIBSFs are
presented in Figure 6. All of the samples exhibit typical stress
hardening behavior of an elastomer after passing a yield point
at approximately 20% strain. The plastic to rubber transition
was previously attributed to morphological changes in block
copolymers exhibiting the LAM phase, in which the yield
points correspond to the irregular deformation of the lamellar
domains involving shearing, destruction, and orientation of the
lamellae.62 The effect of cross-linking is obvious from the
improvement of the modulus of the hard phase and the yield
stress relative to the uncross-linked samples in the initial plastic
deformation stage. The network formation in the hard phase

Figure 5. 1D and 2D SAXS profiles of SIBS (a), SFIBSF-6 (b), and Fx-SFIBSF-6-180-30 (c).

Figure 6. Stress−strain curves of SFIBSFs and Fx-SFIBSFs cross-linked at 180 and 200 °C for 30 and 60 min (as indicated in the sample names) (a−
c) and variation of tensile strength of Fx-SFIBSFs along with different gel contents (d).
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therefore increases the overall tensile strength from, for
example, 20.5 MPa (for the reference, SFIBSF-6) to 28.8
MPa (for Fx-SFIBSF-6-180-30) after cross-linking. Similar
improvements have also been observed in the SFIBSF-2 and
SFIBSF-4 series. Further annealing of Fx-SFIBSF-6-180-60 at
110 °C for 48 h leads to a marginal increase in stress at break
from 27.2 MPa (without annealing) to 30.2 MPa (Figure 6c).
Nevertheless, the elongations of the cross-linked samples are
reduced to the range of 650−800% due to the fixation of the
hard segment.

It is also noted that the increase in tensile strength depends
on the cross-linking degree. There exists an optimal value of
degree of cross-linking, as indicated by the gel fraction (68%),
with the maximum stress at 30 MPa (Figure 6d). A further
increase in cross-linking leads to a decline in tensile strength
down to 23.8 MPa for 95.1% gel content. This is ascribed to
overcross-linking that disrupts the subsequent microphase
separation. The defects in microdomains in turn lead to earlier

fracture of the sample due to the stress concentration.
Therefore, cross-linking and microphase separation concur-
rently determine the mechanical property.

The mechanical hysteresis of Fx-SFIBSFs was investigated
through 10 cyclic tensile tests conducted at a stretch speed of
40 mm/min and a strain of 200%. As shown in Figure 7 and
Figures S6 and S7, significant hysteresis is observed primarily
in the first cycle, which is attributed mainly to irreversible
deformation of the lamellar glassy domain. In subsequent
cycles, the hysteresis gradually decreases, exhibiting behavior
characteristic of thermoplastic elastomers. This suggests that
the hard domain becomes dispersed in the rubber matrix.

Furthermore, the energy dissipation of the first cycle
approximately increases with the gel content (Figure 7f).
This trend stems from higher yield stress and greater residual
strain induced by a more densely cross-linked network, which
consequently enlarges the area between the stretching and
relaxation curves.

Figure 7. Mechanical hysteresis of 200% strain for 10 cycles of (a) Fx-SFIBSF-6-180-30, (b) Fx-SFIBSF-6-180-60, (c) Fx-SFIBSF-6-200-30, (d) Fx-
SFIBSF-6-200-60, and (e) SFIBSF-6; (f) energy dissipation in the first cycle for SFIBSF-6 and Fx-SFIBSF at various cross-linker contents, cross-linking
temperatures, and time periods as indicated in the sample names.

Figure 8. Curves of cyclic elastic recovery tests with progressive maximal strain from 25 to 200%. (a) Fx-SFIBSF-6-180-30, (b) Fx-SFIBSF-6-180-60,
(c) Fx-SFIBSF-6-200-30, (d) Fx-SFIBSF-6-200-60, and (e) SFIBSF-6 and (f) elastic recovery values of all samples during the tests versus maximum
strain from 25 to 200%.
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All samples were further subjected to elastic recovery tests,
in which the applied strains were incrementally increased to 25,
50, 75, 100, 125, 150, 175, and 200% at a velocity of 40 mm/
min, and released to an unstressed length in each cycle. The
results are given in Figure 8 and Figures S8 and S9. It is
evident that the elastic recovery property is governed by the
morphology, giving similar behavior for both the reference and
the cross-linked samples. The strain recovery is maximal in the
first cycle in the near-elastic region. Subsequent stretching
causes the yielding of the specimen, although the yield point
gradually diminishes, and the hysteresis loop increasingly
resembles that of a typical elastomer. This observation further
confirms destructive deformation within the plastic phase.
Notably, a higher cross-linking degree, achieved by higher
temperatures and longer heating times in the cross-linking
reaction, leads to decreased elastic recovery (Figure 8f). This
indicates that relaxation of the stretched chain is hindered by
the network. Interestingly, when the stretched specimen was
held for an interval between cycles for 1 and 5 min, the residual
strain further diminished and the elastic recovery was
enhanced, as shown in Figure S10. This indicates that part

of the stretched chains slowly relaxed to its initial state and
rebuilt part of the domains.

Storage and loss moduli (G′ and G″) measured via strain
sweeps are presented in Figure 9. The cross-linking causes
obvious increases in the former. For example, the cross-linked
sample, Fx-SFIBSF-6, exhibits a storage modulus in the range of
0.2−0.25 MPa, while the uncross-linked SFIBSF has G′ less
than 0.2 MPa. Similar results are obtained for the other two
series of samples, SFIBSF-2 and SFIBSF-4, before and after
cross-linking. When the cross-linking density is very high, such
as in Fx-SFIBSF-6-200-60, the sample is more like a
thermosetting material.

The creep tests were conducted at various temperatures
under a shear stress of 5 kPa and a duration of 10 min, a
condition ensuring a linear viscoelastic deformation deter-
mined via small-amplitude oscillatory shear strain scans
(SAOS) shown in Figure 9. The creep results are presented
in Figure 10 and Figures S11 and S12. Obviously, the uncross-
linked precursor, SFIBSF-6, exhibits the highest creep strain
(19%) at 150 °C among all samples (Figure 10a). All of the
cross-linked samples show diminished creep. The viscoelastic

Figure 9. Storage modulus (G′) and loss modulus (G″) as functions of oscillation strain for (a) SFIBSF-2, (b) SFIBSF-4, (c) SFIBSF-6, (d) Fx-
SFIBSF-2s, (e) Fx-SFIBSF-4s, and (f) Fx-SFIBSF-6s at 140 °C. The frequency is fixed at 1 Hz.

Figure 10. Creep−recovery results for all samples indicated in the figure. The tests are conducted at 150 °C with a shear stress of 5 kPa (a); creep−
recovery results of (b) Fx-SFIBSF-6-180-30, (c) Fx-SFIBSF-6-180-60, (d) Fx-SFIBSF-6-200-30, and (e) Fx-SFIBSF-6-200-60 at different measuring
temperatures.
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recovery increases for samples with a higher content of the
cross-linking agent, elevated cross-linking temperatures (180−
200 °C), and prolonged curing time. Samples containing 6% of
TFVS units exhibit nearly complete recovery (lower curves in
Figure 10a). In addition, for every sample, the creep became
more significant as the testing temperature was higher (Figure
10b−e). These results demonstrate that Fx-SFIBSFs possess
superior dimensional stability and creep resistance compared
to SFIBSF, owing to their chemically cross-linked network
structure.

■ CONCLUSIONS
A novel trifluorovinyl ether based cross-linker, TFVS, was
synthesized via an improved route and employed in the
preparation of SIBS elastomers for on-demand curing. The two
double bonds in TFVS are highly selective in cationic
polymerization and thermal cross-linking reaction. While the
vinyl group readily undergoes cationic polymerization, the
trifluorovinyl ether group remains intact.

Block copolymers were synthesized through sequential living
cationic polymerization of isobutylene and styrene/TFVS (at
varying ratios) using DicumOMe/TiCl4/DtBP/DMAc as the
initiating/regulating system at −80 °C. The resulting products,
SFIBSFs, underwent a cross-linking reaction via a [2 + 2]
thermal cycloaddition reaction between trifluorovinyl ether
moieties at temperatures ranging from 180 to 200 °C.

Compared to the noncross-linked SFIBSF reference, the
cross-linked products demonstrated superior tensile strength
and enhanced creep resistance, despite exhibiting higher
hysteresis energy. The mechanical improvements are attributed
to the formation of network, which endow a higher modulus to
the hard phase and higher yield stress of the materials.

Although cross-linked SFIBSF is not reprocessable, it holds
promise for biomedical applications where reprocessability is
not a critical requirement. Given the established biocompat-
ibility of SIBS, we anticipate that the strategy developed in the
present study will find practical utility in biomedical materials
development.

■ EXPERIMENTAL SECTION
Materials. All the materials used in this study were commercially

available and used as supplied, unless otherwise stated. 4-
Bromophenol (Adamas, ≥98%), 1,2-dibromotetrafluoroethane (Ada-
mas, ≥99%), cesium carbonate (Cs2CO3, Greagent, ≥95%), dimethyl
sulfoxide (DMSO, Adamas, anhydrous, ≥99%), EtMgBr (Adamas, 1.0
M solution in THF), diethyl ether (Et2O, Greagent, ≥95%),
potassium vinyltrifluoroborate (Adamas, ≥98%), potassium carbonate
(K2CO3, Greagent, ≥99%), [1,1′-bis(diphenylphosphino)ferrocene]-
dichloropalladium(II) (Pd(dppf)Cl2, Adamas, ≥98%), tetrahydrofur-
an (THF, Adamas, anhydrous, ≥99%), 5-tert-butylisophthalic acid
(Aladdin, ≥99%), methyl alcohol (MeOH, Adamas, anhydrous,
≥99%), sulfuric acid (H2SO4, Greagent, ≥95%), methylmagnesium
bromide (Adamas, 1.0 M solution in THF), dichloromethane (DCM,
Adamas, anhydrous, ≥99%), methylcyclohexane (MeChx, Adamas,
anhydrous, ≥99%), triethylaluminum (AlEt3; Adamas, 2.0 M solution
in hexane), titanium tetrachloride (TiCl4, J&K, 1.0 M solution in
DCM), 2,6-ditert-butylpyridine (DtBP, Adamas, ≥98%), N,N-
dimethylacetamide (DMAc, Adamas, anhydrous, ≥99%), and calcium
hydride (CaH2; Acros, ≥99%) were used as received. Isobutylene (IB,
Weichuang Gases) was dried through columns packed with CaSO4
and 4 Å molecular sieves; styrene (St, Adamas, ≥98%) and TFVS
were distilled over CaH2 in vacuum first and distilled over di-n-
butylmagnesium before using it; the initiator DicumOMe was
synthesized as the previously reported procedure.5

Measurements. 1H, 13C, and 19F NMR spectra were recorded on
a Bruker NMR instrument (400 MHz) using tetramethylsilane
(TMS) as the interior reference and CDCl3 as the solvent. Size-
exclusion chromatography (SEC) analysis was performed on a Waters
system equipped with a Waters 1525 binary HPLC pump, followed by
three TSK gel columns (pore sizes of 15, 30, and 200 Å) and a Waters
2414 refractive index detector. The SEC system was calibrated by
using narrow polystyrene standards. THF was used as the eluent, with
a flow rate of 1.0 mL/min at 35 °C.

Room-temperature tensile tests were performed on dumbbell-
shaped samples (ca. 35 mm × 2 mm × 1 mm) using an Instron 5966
tensile tester with a 1 kN load cell. The tensile speed was 40 mm/min.
To ensure the accuracy of the results, several sample strips were tested
for each sample. Cyclic tensile tests were performed at 40 mm/min
for 10 cycles, both loading and unloading to 200% strain. A series of
step cycle tensile tests was performed at a progressively higher strain.
In each cycle, as the specimen reaches the required strain, the strain is
gradually reduced at the same rate until the maximum stress is
reached. The next required strain is then reached at the same rate.
The elastic recovery (ER) values were obtained from the step cycle
tensile tests.

ER 100%R= × (3)

where ε is the applied strain and εR is the residual strain after
extension tests.

The dumbbell-shaped specimen was prepared as follows. For
example, SFIBSF-6 was dissolved in THF (10% g/g). The solution was
then cast slowly into a PTFE mold. After being cast, the mold surface
was then covered with a piece of aluminum foil perforated with small
holes to control the solvent evaporation rate. After ∼10 h, the
exfoliated film was dried in a vacuum oven at 60 °C for 24 h and then
hot pressed in a plate vulcanizer at 180 °C for 60 min. Fx-SFIBSF-6-
180-60 was obtained and annealed at 110 °C in a vulcanizer at a
pressure of 5 MPa for 48 h.

The gel content was determined by Soxhlet extraction. The samples
were placed in a stainless-steel mesh and immersed in toluene at 90
°C for 9 h. The extract was dried in a vacuum oven.

w
w

gel content 100%2

1
= ×

where w1 is the weight of the sample before extraction and w2 is the
weight of the sample after extraction.

The cross-link density was determined by amplitude sweeps of
rheology measurement. The cross-link density tests, small-amplitude
oscillatory shear (SAOS), and shear creep−recovery tests were
performed with a rotational rheometer (TA ARES-G2). The test was
conducted according to methodologies previously described.63,64

Thermal properties of polymers were measured by a differential
scanning calorimeter (DSC) (TA 250) under a nitrogen atmosphere
at temperatures from −90 to 140 °C at a heating rate of 10 K/min.

The morphology was measured by small-angle X-ray scattering
(SAXS). SAXS was carried out using a Xeuss 2.0 (Xenocs Co.)
equipped with both a one-dimensional (1D) and two-dimensional
(2D) detector. The sample-to-detector distance was 2500 mm. The
X-ray wavelength used at all sample-to-detector distances was 1.1541
Å.

The specimens for the SAXS measurement were prepared as
follows. For the reference, SFIBSF-6, the sample was prepared by
solvent casting (THF, 10% g/g) into a PTFE mold. The mold surface
was then covered with aluminum foil perforated with small holes to
control the solvent evaporation rate. After ∼10 h, the exfoliated film
was dried in a vacuum oven at 60 °C for 24 h and then annealed with
two steps, i.e., 140 °C for 15 min and 110 °C for 24 h, in a vulcanizer
at a pressure of 5 MPa. The above conditions did not cause cross-
linking as demonstrated by complete dissolution of the sample and an
almost identical GPC curve with the precursor.

For the cross-linking sample, Fx-SFIBSF-6-180-30 was prepared by
hot pressing a film of SFIBSF-6 obtained by solvent casting in a press
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vulcanizer at 180 °C for 30 min. The obtained film was annealed at
110 °C in a vulcanizer at a pressure of 5 MPa for 48 h.

Synthesis of the Cross-Linker. 4-Bromophenol (17.3 g, 100.0
mmol) and Cs2CO3 (48.9 g, 150.0 mmol) were combined in a 1 L
triple-neck flask; the system was pumped three times to replace it with
an argon atmosphere. After adding 200 mL of DMSO and stirring for
1 h, 1,2-dibromotetrafluoroethane (52.0 g, 200.0 mmol) was added
and the mixture was heated at 50 °C for 15 h. After completion of the
reaction was monitored by TLC, the system was cooled to room
temperature and 200 mL of deionized water was added. The mixture
was extracted with DCM (100 mL × 3), and the organic phase was
collected and washed with brine (100 mL × 3) and dried over
anhydrous Na2SO4. The solvent was filtered, concentrated, and
purified by column chromatography using petroleum ether as the
eluent. The solvent was then concentrated by rotary evaporation to
obtain BTFB as a colorless oil. Yield: 34.5 g (98%). 1H NMR (400
MHz, CDCl3, ppm): δ 7.53 (d, 2H, aromatic), 7.13 (d, 2H, aromatic).
19F NMR (376 MHz, CDCl3, ppm): δ −86.14 (t, 2F,
−PhOCF2CF2Br), −68.31 (t, 2F, −PhOCF2CF2Br).

BTFP (28.2 g, 80.0 mmol) and THF (160 mL) were added to a
three-neck flask, and the system was replaced with an argon
atmosphere by pumping and exchanging three times; then, EtMgBr
(120 mL, 150.0 mmol) was added dropwise at 0 °C. The mixture was
then stirred for 5 h. After the completion of the reaction was
monitored by 19F NMR, deionized water (200 mL) was added to the
mixture; then, the mixture was extracted with Et2O (100 mL × 3) and
the organic phase was collected and washed with brine (100 mL × 3)
and dried over anhydrous Na2SO4. The solvent was filtered,
concentrated, and purified by column chromatography using
petroleum ether as the eluent. The solvent was then concentrated
by rotary evaporation to obtain BTFVB as a colorless oil. Yield: 19.2 g
(95%). 1H NMR (400 MHz, CDCl3, ppm): δ 7.49 (d, 2H, aromatic),
7.02 (d, 2H, aromatic). 19F NMR (376 MHz, CDCl3, ppm): δ
−134.62 (dd, 1F, −PhOCFCF2), −126.28 (dd, 1F, trans-
CF2CFOPh−), −119.74 (dd, 1F, cis-CF2CFOPh−).

BTFVB (15.2 g, 60.0 mmol), potassium vinyltrifluoroborate (10.5
g, 78.0 mmol), Pd(dppf)Cl2 (2.2 g, 3.0 mmol), K2CO3 (24.9 g, 180.0
mmol), and THF/H2O (200 mL/20 mL) were added in a dry 500
mL round-bottom flask; after three freeze−thaw degassing, the
mixture was heated to 85 °C and stirred for 20 h under argon. After
cooling to room temperature, deionized water (200 mL) was added to
the mixture, and then, the mixture was extracted with hexane (100 mL
× 3) and the organic phase was collected and washed with brine (100
mL × 3) and dried over anhydrous Na2SO4. The solvent was filtered,
concentrated, and purified by column chromatography using
petroleum ether as the eluent. The solvent was then concentrated
by rotary evaporation to obtain TFVS as colorless oil. Yield: 9.1 g
(76%). 1H NMR (400 MHz, CDCl3, ppm): δ 7.40 (m, 2H, aromatic),
7.01 (d, 2H, aromatic), 6.69 (q, 1H, CH2CHPh−), 5.72 (d, 1H, cis-
CH2CHPh−), 5.24 (d, 1H, trans-CH2CHPh−). 19F NMR (376 MHz,
CDCl3, ppm): δ −134.02 (dd, 1F, −PhOCFCF2), −127.03 (dd, 1F,
trans-CF2CFOPh−), −119.56 (dd, 1F, cis-CF2CFOPh−).

Synthesis of PTFVS. A Schlenk tube was evacuated and heated
with an electric heat gun and then filled with argon, and the operation
was repeated three times to remove the water oxygen adhering to the
reaction bottles. The purified solvents (DCM, 2 mL, MeChx, 3 mL)
and TFVS (195 mg) were added to the Schlenk tube and cooled at
−80 °C. Then, DtBP (14 μL, 0.064 mmol), DMAc (3 μL, 0.032
mmol), and DicumOMe (9 mg, 0.032 mmol) were dissolved in 5 mL
of cosolvents (DCM, 2 mL, MeChx, 3 mL) and added to the Schlenk
tube; after stirring for 20 min, the co-initiators TiCl4 (1.2 mL, 1 M in
DCM, 1.2 mmol) were added to initiate polymerization. Five minutes
later, 2 mL of precooled anhydrous methanol was added to quench
the polymerization. The mixture was poured into excess methanol to
precipitate and filtered, and then, the polymer was dissolved with
toluene, followed by washing with a 10% NaOH solution; finally, the
polymer was washed with deionized water several times until it was
neutral, and then, the organic phase was added dropwise to excess
methanol to precipitate; then, the polymer was dried in a vacuum
oven.

Synthesis of SIBS. Four reaction bottles were connected serially
to the vacuum line: one as a debridement bottle, one as a reaction
bottle, one as an isobutylene collection bottle, and one as a styrene
stock bottle. Four bottles were evacuated and heated with an electric
heat gun and then filled with argon, and the operation was repeated
three times to remove the water oxygen adhering to the reaction
bottles. DCM (48 mL) and MeChx (72 mL) were added to the
decontamination bottle, followed by the addition of triethylaluminum
(6 mL, 2 M in hexane) for decontamination; after stirring for 30 min,
all the solvents were flashed from the decontamination bottle to the
reaction bottle and cosolvents (20 mL) were poured into the styrene
stock bottle to which the amount of styrene required for
polymerization was added. Then, the styrene stock bottle, the
reaction bottle, and the isobutylene collection bottle were all cooled at
−80 °C, and after opening the isobutylene gas valve to collect the
desired amount of monomer, it was poured into the reaction bottle,
which was subsequently filled with argon to positive pressure; then,
DtBP (80 μL, 0.356 mmol), DMAc (15 μL, 0.162 mmol), and
DicumOMe (45 mg, 0.162 mmol) were dissolved in 5 mL of
cosolvents (DCM:MeChx = 4:6) and were added to the reaction
bottle with a syringe; after stirring for 20 min, the co-initiator TiCl4
(6.5 mL, 1 M in DCM, 6.5 mmol) was added to initiate
polymerization. 50 min later, 2 mL of the reaction mixture was
withdrawn from the reactor and quenched in excess methanol for
determining the molecular weight of polyisobutylene, followed by the
addition of precooled styrene solution, and when the polymerization
was completed, it was quenched by the addition of precooled
anhydrous methanol. The mixture was poured into excess methanol
to precipitate and filtered, and then, the polymer was dissolved with
toluene, followed by washing with a 10% NaOH solution; finally, the
polymer was washed with deionized water several times until it was
neutral, and then, the organic phase was added dropwise to excess
methanol to precipitate; then, the polymer was dried in a vacuum
oven at 70 °C for 3 days.

Synthesis of SFIBSF. The synthesis procedure for the PIB segment
was the same as above; after the reaction of the PIB segment, the
mixture of precooled styrene and TFVS was added into the reactor.
When the polymerization was completed, it was quenched by the
addition of precooled anhydrous methanol. The mixture was poured
into excess methanol to precipitate and filtered, and then, the polymer
was dissolved with toluene, followed by washing with a 10% NaOH
solution; finally, the polymer was washed with deionized water several
times until it was neutral, and then, the organic phase was added
dropwise to excess methanol to precipitate; then, the polymer was
dried in a vacuum oven at 70 °C for 3 days.

Synthesis of Fx-SFIBSF. A sample (2.0 g) of the SFIBSF triblock
copolymer was placed between two fluorinated polyimide films, and
the films were placed between two flat metal plates. The resulting
structure was placed in a press vulcanizer (180−200 °C) for 30−60
min with 5 MPa pressure applied and then cooled to room
temperature, and the fluorinated polyimide films were removed
from the metal plates. A small piece of the heat-treated polymer was
placed in excess THF. The film remained insoluble overnight,
indicating that it cross-linked.
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