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ABSTRACT: Polyolefin thermoplastic elastomers are of funda-

Excellent mechanical

T
mental interest and practical importance. Herein, we report the Z hard block soft block | properties )

. . . . 40 2
copolymerization of ethylene (E) with three kinds of styrene * sy - T L
derivatives (ortho-methoxystyrene (0MOS), meta-methoxystyrene N O — g
(mMOS), and para-methoxystyrene (pMOS)) using two kinds of P £ »
heterocyclic-fused cyclopentadienyl scandium complexes 1 and 2. o o,

* v" Multiblock-like sequences |

E-oMOS copolymer products with glass-transition temperatures ¥ Thermoplastic elastomer
(Tg) higher than room temperature behave as hard plastics, while PYAroPhIiCOM * yarophilc lastomer | 0 B0 g s 1om
E-mMOS copolymers are thermoplastic elastomers with lower T, |~ =~ =~ 7 T T T T T T
values (=13 to —23 °C). E-mMOS copolymers have higher | Good surface A A A A n A
number-averaged molecular weight (M, 4.7-11.6 g mol™') and PRSI EDPE 1098 P1913° F2eR7 P3S4 PASLIT PSR
show excellent mechanical properties due to the unique multiblock-
like chain structures composed of relatively long crystalline E—E
segments as hard parts and short amorphous mMOS-mMOS sequences as soft parts. The chain and phase structures of E-mMOS
copolymers have been studied by nuclear magnetic resonance (NMR) spectra, atomic force microscopy (AFM), and wide-angle X-
ray diffraction (WAXD) analysis. Incorporation of mMOS groups endows materials with improved hydrophilic surface properties
and high mechanical properties.

B INTRODUCTION TPE-Os are the charming TPEs due to their high-
performance, resistance to chemicals, and sufficient supply of
olefin monomers (such as ethylene), and have been widely
used in the production of automotive components, building
and construction, cables, etc.'”" Commercially available
polyolefin elastomers (POEs) are ethylene/a-olefin copoly-
mers with random a-olefin distribution, and are the largest
volume of TPE-Os."” a-Olefin incorporation into polyethylene

Thermoplastic elastomers (TPEs) possess the classical elastic
characteristic like thermoset rubbers and can be easily
processed like thermoplastics, which is distinct with common
rubbers."” Traditional vulcanized rubbers containing chemical
cross-links are difficult to reprocess and reuse and have
brought large amounts of wastes into human daily life.”* TPEs

have a lot of advantages, such as recyclability, low density, high (PE) chains provides several soft segments, while residual long
chemical resistance, and ease of manufacture using common PE parts are hard segments.13 POEs are block-like copolymers,
processing techniques. They have become a potential but these random molecular microstructures form nonuniform
alternative to vulcanized rubbers to meet the requirements of soft and hard segments, and therefore, their mechanical
the sustainable circular economy for the new generation of properties are limited. Olefin block copolymers (OBCs)
synthetic elastomers.” Commercially available TPEs are an subsequently emerged via the copolymerization of ethylene
important class of polymeric materials and divided into several (E) and 1l-octene catalyzed by two different catalysts in the
categories based on their constituent elements, including presence of chain—trarllsfer agent (CTA) through the “chain-
thermoplastic polyurethanes (TPUs), styrenic block copoly- shutting” mechanism.'* These blocky molecular microstruc-

mers (SBCs, such as styrene-butadiene-styrene (SBS) copoly- tures give crystallizable (low content of 1-octene) and

mer), polyolefin thermoplastic elastomers (TPE-Os), etc.’

Despite the difference in their chemical components, TPEs are Received: April 9, 2025 Nacromolecules
blocky copolymers composed of “soft” segments (offering Revised:  June 18, 2025

elastic recovery) and “hard” snippets (providing physical cross- Accepted:  June 20, 2025

linked points) in principle.” TPUs consist of polylol parts Published: June 25, 2025

(soft) and polyisocyanate parts (hard),® while SBSs contain

polybutadiene segments (soft) and polystyrene ones (hard).”
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Scheme 1. Copolymerization of Ethylene and Functionalized Styrene Catalyzed by Transition Metal Complexes
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noncrystallizable (low content of ethylene) alternative
statistical hard/soft segments in a uniform fashion, and give
OBCs superior mechanical performances compared with
POEs."> Since then, many efforts have been devoted to
searching for new catalytic systems to create new multiblock-
like copolymers.'~>° However, the practical effects are limited
due to the difficulty encountered in finding new and efficient
catalyst combinations (two kinds of catalysts and CTA).
Design and synthesis of new TPEs with uniform multiblock-
like chemical microstructure by using one catalyst in a
controllable fashion is an attractive subject for both academia
and industry and has remained a challenge to date.

On the other hand, traditional POEs and OBCs consist of
only carbon and hydrogen atoms, leading to poor surface
properties, adhesion, dyeability, conductivity, and compatibility
with processing auxiliary reagents and other polar materials,
which restrict their application in specific environments.”' >
Then, hydrophilic modification was performed via the graft
functionalization of POEs using peroxides at harsh stirring
mechanical conditions under high temperatures in an
uncontrollable fashion.'”**™*” The direct coordination co-
polymerization of ethylene with hydrophilic monomers is, in
principle, the most straightforward, atom- and energy-efficient
methodology to synthesize hydrophilic TPEs compared with
other strategies. The coordination copolymerization of ethyl-
ene with polar monomers catalyzed by late transition metal
catalyst systems has been reported, but the polar olefins
incorporation was low,”® and most of the resultant copolymers
are not elastomers.”” Jian et al. reported the synthesis of a
series of ethylene/polar styrene copolymers by using a neutral
phosphine-sulfonate palladium complex (Scheme 1(a)). The
resultant copolymers have low polar styrene incorporation
(<6.3 mol %), and all of them are plastics.

Organo-scandium complexes could serve as eflicient
catalysts for the copolymerization of ethylene and heter-
oatom-containing styrene (St’) via heteroatom-assisted strat-
egy, giving copolymers with random, discrete {-EE(St’)EE-}
and alternating sequences {-E(St')E(St')E-} structures.’>’'
Moreover, the heterocyclic scandium complexes have exhibited
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better catalytic performance toward heteroatom-containing
olefins,>™>* because these novel ligands could change the
Lewis acidity of the central metal and thereby weaken the
poisoning effect of polar monomers on catalysts."’S However,
the resultant copolymers are also plastomers. Cui et al. made a
breakthrough and reported the synthesis of a new elastomer
containing hydrophobic groups via the copolymerization of
ethylene with fluorostyrene (Scheme 1(b)).>® These copoly-
mers were composed of soft ethylene-fluorostyrene segments
and hard crystalline ethylene—ethylene segments with the
isolated fluorostyrene on PE chains and exhibited excellent
mechanical properties. These results encouraged us to check
whether scandium catalysts could synthesize hydrophilic TPEs.

Herein, for the first time, we report the direct synthesis of
hydrophilic TPEs via the copolymerization of ethylene and
methoxystyrene (St°) catalyzed by heterocyclic-fused cyclo-
pentadienyl scandium catalysts (Figure 1), fielding E-St°
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Figure 1. Structures of thiophene-fused cyclopentadienyl scandium
complexes 1 and 2.

copolymers containing different lengths of ethylene segments
divided by short continuous St°—St° units. Different lengths of
ethylene segments show different crystallization behaviors
(showing two obvious T,’s) and are hard segments, while
short continuous St°—St° units are soft segments. These novel
multiblock-like hard/soft microstructures make copolymers
behave like TPEs at room temperature and show outstanding
mechanical properties. The microstructure analysis, morphol-
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Table 1. Copolymerization of Ethylene with ortho-Methoxystyrene Catalyzed by Scandium Complexes 1 and 2

X [Sc)/[PhsC][B(CeF5)s)/AlBus
= - X Yim
= + O\
Toluene (ONG
entry  Sc [M]/[Sc] yield (g)  Act”  fy© (mol %) M, (x10%)  M/M,? M, (x10) T/ (°C) T,/ (°C) T, (°C)

1 1 100 0.23 0.34 14.3 6.2 1.1 2.3 135
2 2 100 0.56 0.83 30.3 5.8 1.1 5.6 83 135 241
3 1 200 0.34 0.50 31.5 10.9 1.2 3.4 84 136 245
4 1 300 0.48 0.71 48.2 11.2 1.1 4.8 86 133 241
S 1 400 0.87 1.29 69.0 29.0 1.1 8.7 88 133 241
6 1 500 0.82 1.21 81.6 43.2 1.1 82 85 129 247

“General conditions: scandium complex 10 ﬂmol [Sc]/[Ph,C][B(CcFs),]/ [AlBu3] =1/1/10, E = 4 bar, toluene 10 mL, T = 40 °C, t = 40 min.
bGiven in 10° g molg. ™' h™". “Determined by 'H NMR and '*C NMR spectra. “Determined by GPC in 1,2,4-trichlorobenzene at 150 °C against a
polystyrene standard. °M,, ;4 = yield/(moles of initiator). /Determined by DSC.

Table 2. Copolymerization of Ethylene with meta-Methoxystyrene (or para-Methoxystyrene) Catalyzed by Scandium

Complexes 1 and 2

N [Sc]/[PhsCI[B(CeF 5)4)/AlBus " vm
Z + >
| \\ Toluene | SN
OMe \OM e
entry M Sc  [M]/[Sc] ¢ (min) yield (g) Act’  fyf (mol %) M7 (x10Y) M/ MY T7(°C) T, (°C) T, (°C)

1 mMOS 1 100 20 0.08

2 mMOS 2 100 20 0.60 (P1) 1.80 35 114 1.6 -16 106 131
3 mMOS 2 200 20 0.76 (P2) 228 59 116 15 -17 95 132
4 mMOS 2 300 20 0.77 (P3) 231 7.2 7.1 1.7 -15 87 130
5 mMOS 2 400 20 0.86 (P4) 2.58 9.8 7.3 1.7 -16 78 133
6 mMOS 2 500 20 0.77 (PS) 231 115 47 1.5 -23 58 134
7 mMOS 2 200 20 0.88 2.64 7.0 4.8 2.0 —14 95 125
8¢ mMOS 2 200 20 128 3.84 43 59 2.0 -13 112 132
9 pMOS 1 200 60 0.16 0.16 9.4 3.5 1.6 -10 82 132
10 pMOS 2 200 60 0.28 0.28 35 54 2.8 -5 102 134

“General conditions: Scandium complex 10 ymol, [Sc]/ [Ph3 1[B(C4F;),]/[AlBu,] = 1/1/10, E = 4 bar, toluene 10 mL, T = 40 °C. bGiven in 10°
g molg. " h™", CDetermmed by 'H NMR and *C NMR. “Determined by GPC in 1,2,4-trichlorobenzene at 150 °C against a polystyrene standard.

“Determined by DSC. T = 60 °C. €T = 80 °C.

ogies, and mechanical and surface properties of resultant E-St°
copolymers are also investigated.

B RESULTS AND DISCUSSION

Copolymerization of Ethylene with ortho-Methox-
ystyrene. Methoxystrene (MOS) exists as three isomers,
ortho-MOS (oMOS), meta-MOS (mMOS), and para-MOS
(pMOS). oMOS shows high activity and controllable
incorporation during its copolymerization with styrene by
using CGC rare-earth complex.37 First, we examined the
copolymerization of oMOS with E using 1 (or 2)
combination with [PhyC][B(C4F;),] and AI'Bu,. Representa-
tive results are summarized in Table 1. Complex 1 {(C,HS-
Me,)Sc(CH,SiMe;),(THF)} showed moderate activity (0.34
X 10° g molg. ™" h™") when [0MOS]/[Sc] feed ratio was 100:1
at 4 bar of E in toluene at 40 °C, yielding the copolymer with
14.3 mol % incorporation and a melting temperature (T,,) of
135 °C (Table 1, entry 1). The resultant copolymer showed a
high number-average molecular weight (M, 6.2 X 10* g mol™")
with narrow molecular weight distribution (M,,/M, 1.1). The
introduction of a phenyl and a trimethylsilyl group with large
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steric hindrance and electron-withdrawing properties in
complex 2 could endow the catalyst with better catalytic
performance, and gave the copolymer with higher incorpo-
ration (30.3 mol %) under similar conditions (Table 1, entry
2). To get E-oMOS copolymers with a wide range of
incorporation, we used complex 1 as the catalyst and carried
out the E/oMOS copolymerization under varying [oMOS]/[1]
feed ratios from 200:1, 300:1, and 400:1 to 500:1 under 4 bar
of E in toluene (Table 1, entries 3—6). Activity slightly
increased from 0.50 X 10° to 129 X 10° g molg, ™" h™'
However, the M,’s of the E-oMOS copolymers determined by
GPC were higher than the theoretical M, .,;4’s, which might be
attributed to the partial deactivation of complex 1 caused by
the poisoning effect of the polar monomer, especially at high
[oMOS]/[Sc] feeding ratios. Solvent extraction experiments
(2-butanone and tetrahydrofuran as eluents) and the narrow
distributions of the copolymers in the GPC curves confirmed
that all of the resultant products were E-oMOS copolymers
without homopolymers. The oMOS incorporation was
increased and ranged from 14.3 to 81.6 mol % (Table 1,
entries 1, 3—6). These copolymers showed glass-transition
temperature (T,) around 84—88 °C higher than room

https://doi.org/10.1021/acs.macromol.5c00949
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Figure 2. Aliphatic region of C NMR spectrum (100 MHz,
C,D,Cl,, 110 °C) of E-mMOS copolymer (Table 2, entries 2, 4, and
6).

temperature and two T,’s around 129—136 °C for continuous
PE segments on copolymers and 241-247 °C for long
continuous oMOS segments on copolymers and behave like
plastics, not elastomers.

The "*C nuclear magnetic resonance (NMR) spectrum of
the representative copolymers (Figures S2, S6, S12, and S14)
with oMOS contents of 14.3, 48.2, 69.0, and 81.6 mol %
indicates that they are diblock.’”*® Both long continuous
oMOS-o0MOS segments and long continuous ethylene—
ethylene sequences are hard chains, and then behave as
plastics (see the SI for detailed NMR analysis). The
competitive reactivity ratios (r,os = 6.06, ry = 0.21) were

calculated according to the Fineman—Ross equation at low
monomer conversion (<10%), which further explained that the
oMOS insertion into Sc—C bonds took place faster than
ethylene, and then favorably formed long continuous oMOS-
oMOS segments (Figure S68). The reason might be that the
self-activated phenomenon occurred during oMOS polymer-
ization. With the consumption of oMOS, longer continuous
E—E segments formed. Similar copolymers with gradient chain
structure were observed in scandium-catalyzed styrene
polymerization.”*~*

Ethylene/meta-Methoxystyrene and Ethylene/para-
Methoxystyrene Copolymerizations. If the MOS activity
becomes weak and matches with ethylene, then we could easily
regulate the micromolecular structure and probably obtain E-
MOS copolymers with soft/hard alternating microstructures
that are characteristic of TPEs. Methoxy groups located in
different positions of MOS could affect the intermolecular
coordination among O atom, vinyl group, and catalyst metal
center, which further influences the polymerization activity and
incorporation.*”** We studied the E/mMOS and E/pMOS
copolymerization subsequently (Table 2). Both complexes 1
and 2 show very low activity for mMOS and pMOS
homopolymerization in the absence of E (Table S1). Next,
we examined the copolymerization of ethylene with mMOS.
Complex 1 showed almost no activity for E/mMOS
copolymerization (Table 2, entry 1), which was different
from the result for E/oMOS copolymerization (Table 1, entry
1).

Switching to complex 2 with large steric hindrance and
electron-withdrawing groups, better results were found under
the same conditions. E-mMOS copolymer with higher activity
(1.80 x 10° g molg.™" h7'), lower polar monomer
incorporation (3.5 mol %), and high M, (114 x 10* g
mol™") were obtained when the [mMOS]/[2] feed ratio was
100:1 under 4 bar of E at 40 °C in toluene (Table 2, entry 2).
This further confirms that the coordination between the
methoxy group in the meta-position and the Sc center is
weaker. With [mMOS]/[2] feed ratios raising to 200:1, 300:1,
400:1, and 500:1 from 100:1, the comonomer incorporation
increased to 5.9, 7.2, 9.8, and 11.5 from 3.5 mol %, while the
M, decreased from 11.6 X 10* g mol™ to 4.7 X 10* g mol™
(Table 2, entries 3—6), indicating that chain transfer to

50 - (a) P3

Stress (MPa)

8401

Stress (MPa)

(b)

600 800 1000 1200
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0 200

100 150
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Figure 3. (a) Stress—strain curves measured at a speed of S0 mm min~". (b) Hysteresis curves of the copolymer P3. Ten cycles at successive

stretching with 200% strain were performed.
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Table 3. Mechanical Properties of E-mMOS Copolymers with Different Polar Comonomer Incorporation Ratios and POE of

8401
entry E-mMOS fu (mol %) T, (°C)
1 P1 3.5 106
2 P2 59 95
3 P3 7.2 87
4 P4 9.8 78
S Ps 11.5 58
6 POE-8401 14.7 80

M, (x10%) stress (MPa) strain (%) elastic modulus
114 31.7 £ 23 870 + 2.9 522 + 1.8
11.6 389 + 19 840 + 3.4 47.8 + 2.6

7.1 48.1 + 1.5 1073 + 3.8 28.6 + 2.4
7.3 293 £ 2.5 886 + 3.2 19.7 £ 3.9
4.7 114 + 4.3 770 £ 3.9 12.0 + 4.5
9.7 18.0 + 4.1 1268 + 6.5 315 + 5.2

comonomer possibly occurred at high mMOS feeding. Similar
results were found in the half-sandwich scandium complex
catalyzed styrene polymerization in the presence of anisoles.**
E-mMOS copolymers showed one T, and two T,,’s (Table 2,
entries 2—6). The T, values of E- mMOS copolymers ranged
from —15 to —23 OC The lower T,,; values of E-mMOS
copolymers decreased from 106 to 58 °C as the mMOS
incorporation increased from 3.5 to 11.5 mol %, and the higher
T, values remained almost unchanged (around 130 °C).
These T, and bis-T),s values are dlfferent from the previously
reported amorphous alternating® and pseudo-random’®***
ethylene-styrene derivates copolymer, which is due to the
fact that these new E-mMOS copolymers have special chain
structures and comonomer sequence distributions (see details
below). To investigate the temperature effect for copoly-
merization, we then carried out the E/mMOS copolymeriza-
tion at 60 and 80 °C (Table 2, entries 7—8). As the
temperature increased, the activities rose to 2.64 X 10° and
3.84 X 10° from 2.28 X 10° g molg. ™' h™' (Table 2, entries 3, 7,
and 8). The comonomer incorporation ratios showed a trend
of first rising (7.0 mol %) and then falling (4.3 mol %), which
also influenced the values of T, and T, E-mMOS copolymers
with various mMOS 1ncorporat10n (7 0, 4.3, and 5.9 mol %)
showed complicated T,, combinations 95/125, 112/132, and
95/132 °C (Table 2, entries 3, 7, and 8). This data indicates
that the T, values are not affected by the comonomer
incorporation but probably also by the comonomer sequence
distribution. The TGA of E-mMOS copolymers demonstrated
the thermal decomposition at Tsy, = 414—427 °C (T, defined
as the temperature of 5% weight loss in the TGA curve),
suggesting the homogeneity in chemical composition and
thermostability of the obtained copolymers with various
mMOS incorporations (Table 2, entries 2—6, Figures S63—
S67).

To get more information about the comonomer effect
toward polymerization, we carried out the E/pMOS copoly-
merization under similar conditions. Both complexes 1 and 2
showed a good catalytic effect during the copolymerization
process. Complex 1 yielded E-pMOS copolymer with higher
pMOS content (9.4 mol %) and lower M, (3.5 X 10* g mol™")
compared with 2 (3.5 mol % incorporation and M, 5.4 X 10* g
mol~!, entries 9—10 in Table 2). Low pMOS incorporation at a
certain range could lead to the formation of longer continuous
E—E segments, and then give higher T,,. Then, E-pMOS
copolymer produced by 1 shows lower T, (=10) and T, (82
°C) compared with 2 (T =5, T, 102 C entries 9—10). The
activity of E-pMOS copolymerlzatlon was the lowest in
comparison with E/oMOS and E/mMOS copolymerization
under similar conditions, because OMe on pMOS was far away
from the vinyl group and then showed the weakest activated
effect for polymerization. Complexes 1 and 2 showed low
activity and low M, for E/pMOS copolymerization, then we
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studied the structures and properties of E/mMOS copolymers
in detail.

To further get detailed chain structures, we analyzed the *C
NMR spectra of the representative E-mMOS copolymers with
various incorporations (3.5, 7.2, and 11.5 mol %) shown in
Figure 2 (Table 2, entries 2, 4, and 6). No signals are observed
at around 6 = 25.2 ppm (S/g; on {EE-St°-EE} umt) and 44.7
ppm (Ts on {-St°-E-St°-} and {-EE-St°-EE-} units),
indicating that the alternative and discrete structures for
mMOS are absent and hard to form during polymer-
ization.””****** The resonance at § = 29.7 ppm is attributed
to the methylene carbon atoms (S, Ss5) for a certain length of
E—E sequences, and the peaks at 5 = 43.8 ppm (Tj;) and 37.8
ppm (S,,) arise from continuous mMOS segments (St°),.
Moreover, the signals for the connection points of two blocky
segments (E)y and (St°), are also observed (Tps 45.8 ppm, S5
369 ppm, and Sg; 27.6 ppm), proving the formation of
multiblock-like structure. Competitive reactivity ratios for E/
mMOS copolymerization were calculated according to the
Fineman—Ross equation at low monomer conversion (<10%)
further illuminating that it is favorable to give block-like
structures, and the lengths of (E) are longer than those of
(St°), that is consistent with NMR analysis (rg = 2.6, r,nos =
1.1, Figure S69). In addition, the SSA-DSC curve of the E-
mMOS copolymer synthesized under low mMOS conversion
(7.3%) further proved that the hard segments were formed
during the whole copolymerization process, not when mMOS
had been depleted. E-mMOS are multiblock-like copolymers,
which is consistent with the reactivity ratios data (see details in
Figure S70). Therefore, these novel multiblock-like E-mMOS
copolymers are composed of short (St°), units and a series of
(E), segments with different lengths.

Mechanical and Surface Properties of E-mMOS
Copolymers. E-mMOS copolymers have T, values (—13 to
—23 °C) lower than room temperature and mlght behave as
TPE-Os. The stress—strain curves and mechanical properties
of E-mMOS copolymers (P1—PS in Table 2) and
commercially available POE 8401 are shown in Figure 3 (a)
and Table 3. P1 (3.5 mol % incorporation) showed a typical
feature of elastomer, exhibiting the mechanical property with a
high strain value at 870% under a stress-at-break value of 31.7
MPa. With the increase of mMOS incorporation ratios, P2 (5.9
mol % incorporation) and P3 (7.2 mol % incorporation)
showed closed (or better) strain values (840% for P2, 1073%
for P3) and elevated stress-at-break values (38.9 MPa for P2,
48.1 MPa for P3). P4 (9.8 mol % incorporation) showed
similar strain (886%) but poor stress-at-break (29.3 MPa)
compared with P1. PS (11.5 mol % incorporation) had the
worst mechanical properties (770% strain and 11.4 MPa stress-
at-break). To investigate the elastic recovery property, P3 was
subjected to hysteresis testing, in which each specimen was
extended to 200% elongation for ten cycles (Figure 3(b)). It
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Figure 4. (a) DSC traces of P1—PS determined after a successive self-nucleation and annealing (SSA) procedure. (b) Histogram of the distribution
and fraction of ethylene segment lengths (ESL) of P1—PS based on peak deconvolution of the SSA curves.
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Figure S. AFM phase and height images of the E-mMOS copolymers. AFM phase (a) and height (d) images of P1. AFM phase (b) and height (e)

images of P2. AFM phase (c) and height (f) images of P3.
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Figure 6. Wide-angle X-ray scattering (WAXD) profiles of the E-mMOS copolymers at 25 °C. (a) P1 (fy; = 3.5 mol %); (b) P2 (fy; = 5.9 mol %);

(c) P3 (fy = 7.2 mol %).

L O

(a) HDPE 109.8° (b) P191.3° (c) P2 88.7°
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Figure 7. Water contact angles (WCA) of HDPE and E-mMOS
copolymers. (a) HDPE; (b) P1 (fy = 3.5 mol %); (c) P2 (fy = 5.9
mol %); (d) P3 (fy = 7.2 mol %); (e) P4 (fp = 9.8 mol %); (f) PS
(fm = 11.5 mol %).

showed an excellent elastic recovery. We could find that there
was a certain amount of the unrecovered strain after the first
cycle in P3, followed by minimal deformation in the next nine
cycles, indicating that a permanent structural change happened
during the first cycle, after which better elastomer properties
were created. In order to make these results clear, we carried
out successive self-nucleation annealing (SSA) treatments on
P1-PS samples. SSA-DSC curves showed several obvious
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endothermal peaks, and the corresponding ethylene sequence
lengths (ESL) of P1—PS were calculated according to the
equation in Figure 4334

The ESLs of P1—PS copolymers are distinguishing (Figure
4). ESL values of P1 to PS5 decreased with the increase of
mMOS incorporation. P3 showed the best mechanical
properties, indicating that its ESL was the most suitable. P1
and P2 consisted of longer continuous ethylene segments, and
the major parts of their ESLs were around 26—30. P3 had
moderate ESL (10—26), and the distribution was almost
normal, resulting in the mutual matching between “hard
segments” (different lengths of ethylene segments) and “soft
segments” (short continuous mMOS-mMOS sequences),
which endowed it with high stress-at-break and high strain.
The mechanical properties of P1—P3 are superior to many
polyolefin-based TPEs having been reported,”~** and are
competitive to those of commercial ethylene-styrene interpol-
ymers (ESIs) (such as ES16, fg = 4.7 mol %, 31.7 MPa for
stress-at-break, 666% for strain).”” P4 and PS had shorter
average ESL values compared with P3, causing the decline in
the crystalline ability of ethylene segments as “hard segments*
and leading to lower strength. Compared with the hydrophobic
thermoplastic elastomer composed of soft ethylene-fluorostyr-
ene segments and hard crystalline ethylene—ethylene segments
(39.5 MPa stress and 774% strain-at-break),’® E-mMOS

https://doi.org/10.1021/acs.macromol.5c00949
Macromolecules 2025, 58, 6844—6853


https://pubs.acs.org/doi/10.1021/acs.macromol.5c00949?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c00949?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c00949?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c00949?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c00949?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c00949?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c00949?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c00949?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c00949?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c00949?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c00949?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c00949?fig=fig7&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.5c00949?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

copolymers with multiblock-like hard/soft microstructures
exhibit superior mechanical properties.

To study the phase structures of E-mMOS copolymers, we
carried out atomic force microscope (AFM, Figure 5) and
wide-angle X-ray scattering (WAXD, Figure 6) experiments for
P1-P3. The AFM images presented clear phase separation
arising from the incompatibility between short meta-methox-
ystyrene segments and different lengths of ethylene sequences.
In the WAXD profile, a strong diffraction peak appeared at
about 21.4° and a weak diffraction peak observed at
approximately 23.5° might be respectively assigned to the
(110) and (200) lattice planes of ethylene segments,so_53
while the shoulder peak observed at around 19.5° might be
arising from the amorphous region of consecutive meta-
methoxystyrene sequences.’®*® These characterizations of
copolymers’ microstructures reveal that the excellent mechan-
ical properties of E-mMOS copolymers are attributed to the
novel multiblock-like sequences which contain short consec-
utive meta-methoxystyrene (soft segments) and a series of
ethylene sequences with different lengths (hard parts).

The surface properties of these polymers were studied by
water contact angle (WCA) experiments, which showed that
the hydrophilicity of E-mMOS copolymers was significantly
raised due to the incorporation of polar groups (Figure 7).
Compared with pure polyethylene (WCA 109.8°), E-mMOS
copolymers showed smaller WCA values from 91.3° (P1) to
78.1° (PS). The high content of polar monomers in the
copolymers contributed to their much lower WCA values. This
result indicates that the insertion of polar monomer immensely
improves the surface properties of these polyolefin materials,
which may have great application prospects in adhesion,
dyeability, conductivity, and compatibility with other polar

materials.

B CONCLUSIONS

We have achieved, for the first time, controlled copolymeriza-
tion of ethylene (E) and meta-methoxystyrene (mMOS) by
using a heterocyclic-fused cyclopentadienyl scandium complex
such as 2. The copolymerization has led to the formation of
unique multiblock-like copolymers composed of relatively long
crystalline E—E segments (hard) and short amorphous
mMOS-mMOS sequences (soft). The copolymer products
behave as thermoplastic elastomers and show high mechanical
properties depending on their chain sequence structure
(mMOS incorporation and ethylene segments lengths
(ESLs)) and molecular weight, as demonstrated by P1-PS$
samples. P3 with suitable ESLs (10—26) and M, (7.1 X 10* g
mol ") has the highest tensile strength (48.1 MPa) and highest
toughness (1073%). These samples have T, (=15 to —23 °C)
lower than room temperature and two T,’s (58—106 and
around 130 °C) adjusted by their chain structures, whereas E-
oMOS copolymers behave as plastics. In addition, E-mMOS
copolymers show improved hydrophilic surface properties with
water contact angles ranging from 91.3 to 78.1° compared with
pure polyethylene (109.8°). The excellent properties, including
high elasticity, high toughness, and high hydrophilicity, along
with the ease of synthesis from readily available starting
materials may enable this series of new thermoplastic elastomer
materials to find a wide range of practical applications in the
future. Moreover, this work may also help design new catalysts
and new functional polyolefins.
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