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The promise of ABC triblock terpolymers for
improving the mechanical properties of thermoplastic elastomers
is demonstrated by comparison with symmetric ABA/CBC analogs
having similar molecular weights and volume fraction of B and A/C
domains. The ABC architecture enhances elasticity (up to 98%
recovery over 10 cycles) in part through essentially full chain
bridging between discrete hard domains leading to the
minimization of mechanically unproductive loops. In addition,
the unique phase space of ABC triblocks also enables the fraction of hard-block domains to be higher (f},,.q & 0.4) while maintaining
elasticity, which is traditionally only possible with non-linear architectures or highly asymmetric ABA triblock copolymers. These
advantages of ABC triblock terpolymers provide a tunable platform to create materials with practical applications while improving
our fundamental understanding of chain conformation and structure—property relationships in block copolymers.

ABC Triblock Thermoplastic Elastomers

v' Superior recovery v Unique phase space v Tunable properties
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Thermoplastic elastomers (TPEs) derived from self-assembled
block copolymers are widely used materials due to their
synergistic combination of thermal processability and elasticity.
Applications range from sealants and adhesives to bio-implants
and flexible electronics.”” Conventional block-copolymer-
based TPEs leverage a linear ABA block sequence, e.g,
poly(styrene-b-butadiene-b-styrene), with glassy A domains
within a rubbery B matrix. On a molecular level, these
symmetric triblocks can adopt two different configurations of B
chains that yield very different mechanical performance:
bridging between discrete, hard A domains supports stress
and imparts elasticity, while any B chains that loop back into
the same A domain are mechanically less productive (Figure
1b) unless they physically entangle with other B chains that
bridge or loop to a different A domain.”* To quantify this
effect, dynamic viscoelastic measurements™ and dielectric
relaxation’ have been used to experimentally determine the
fraction of bridging to looping chains (@yg.) for linear ABA
triblock copolymers. This fraction has been shown to depend
on morphology with the theoretical value of @4, calculated
to be 0.40—0.45 for lamella, 0.60—0.65 for cylindrical, and
0.75—0.80 for spherical morphologies.”®” Strategies to over-
come these limitations and increase the bridging fraction to
~1.0 would, therefore, enhance mechanical properties™®™®
such as elastic recovery’” "' and improve the performance of
thermoplastic elastomers.

Initial theoretical and experimental efforts to increase
performance and the bridging fraction involved the design of
ABABA pentablock copolymers'>™'* or the synthesis of
compositionally asymmetric linear ABA’ triblocks'® and
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Figure 1. Illustration of (a) the ABC sequence leading to ~100%
molecular bridging between two chemically distinct hard domains (A
and C). In contrast, (b) both bridge and loop chain configurations
arise from an ABA triblock copolymer. Each color represents a
different block chemistry.

related nonlinear architectures.'*™'® While these strategies do
increase the bridging fraction of B blocks, significant loop
formation still occurs. To address this limitation, ABC triblock
terpolymers allow for microphase separation between the A
and C blocks/domains with minimal to no loops since A
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chains are not miscible with C domains and C chains are not
miscible with A domains (Figure 1a)."”'"™" The challenge
with ABC triblock terpolymers arise from introducing a third
block chemistry that complicates both synthesis and the
molecular design—two independent volume fractions (fy, fg;
fc=1—fg — f) and three Flory—Huggins parameters (y,p,
¥ac and ypc) must now be carefully selected. As a result,
significantly less work has been devoted to studying ABC TPEs
compared to their ABA analogs. In pioneering work,
Brinkmann-Rengel and co-workers synthesized poly(styrene-
b-butadiene-b-methylmethacrylate) (S-B-M) via anionic poly-
merization, but the weak segregation strength (y,cN) between
S and M resulted in mixing of the two hard domains.'” By
incorporating a semicrystalline end block, Abetz and co-
workers evaluated the influence of crystallization with
poly[styrene-b-(ethylene-stat-propylene)-b-ethylene] (S-EP-E)
compared to poly[styrene-b-(ethylene-stat-propylene)-b-styr-
ene] (S-EP-S).'® At low strains (<300%), S-EP-E showed
superior recovery, but at higher strains (>300%) the
semicrystalline blocks more easily dislodge from crystalline
domains, leading to irrecoverable deformation. Together these
papers highlight the potential advantages of ABC triblock
terpolymers for enhancing mechanical performance when
compared to traditional and widely studied ABA thermoplastic
elastomers.

Here, we showcase a novel strategy for the synthesis of high
molecular weight ABC triblock terpolymer TPEs via sequential
ring-opening polymerizations (ROP) and thermal atom-
transfer radical polymerization (ATRP). This use of
orthogonal polymerization methods expands the scope of
monomers that can be incorporated into block-copolymer-
based TPEs as traditional systems utilize anionic polymer-
ization that limits the range of ABC triblock terpolymers that
are synthetically accessible.'*~*' The ABC triblock terpolymers
described herein enhance elastic recovery, primarily through
full chain bridging with minimal looping due to distinct A and
C hard domains. In addition, the unique morphology of ABC
triblocks enables the incorporation of larger hard-block volume
fractions while maintaining elasticity, a feature that is typically
only associated with synthetically challenging non-linear
architectures (e.g,, asymmetric miktoarm star polymers)* or
asymmetric higher-order block copolymers.” These character-
istics of ABC triblock terpolymers highlight a promising
strategy for the design of polymeric materials with improved
performance while enhancing our fundamental understanding
of structure—property relationships.

A key design feature of this study is the ability to prepare ABC and
symmetrical ABA or CBC triblocks with similar morphologies and
hard-block content that allows for a direct comparison of mechanical
performance and, in turn, permits the fundamental role of molecular
architecture to be probed. In systematically addressing this
opportunity, three different triblocks were synthesized from common
synthetic precursors: poly(L-lactide-b-4-methylcaprolactone-b-styr-
ene) (L-C-S), poly(v-lactide-b-4-methylcaprolactone-b-L-lactide) (L-
C-L), and poly(styrene-b-4-methylcaprolactone-b-styrene) (S-C-S).
These materials were designed to include different glassy or
semicrystalline A/C domains while retaining the same rubbery B
segments: Ty =60 °C, T,; = 180 °C, Ty = —60 °C, and Ty = 100
°C.

While Hillmyer and co-workers have reported L-C-L previ-
ously,u’24 no literature exists for L-C-S and S-C-S. As a result, a
modified synthetic strategy to L-C-S triblock terpolymers with varying

377

volume fractions of the hard blocks (L and S, see Table 1) was
developed via sequential ring-opening polymerization (ROP)

Table 1. Molecular Characterization of Different
Thermoplastic Elastomers

Sample f i f g Myo”  M,s© M, " M,c° p?
L-C-8*8 0.09 0.09 100 9.5 11 80 1.47
L-C-§%° 0.10 0.10 103 10 13 80 1.41
L-C-S3! 0.16 0.15 120 18 22 80 1.35
L-C-s* 0.19 0.21 138 28 31 79 1.45
L-C-LY 0.17 103 20 83 1.30
L-C-L¥® 0.20 108 25 83 1.30
L-C-L¥ 0.29 124 41 83 1.36
S-C-SY7 0.17 95 16 79 1.50
S-C-§*° 0.20 99 20 79 1.50
S-C-§%° 0.30 113 34 79 1.50

“Refers to block sequence in triblocks with subperscripts denoting the
total volume percent of hard-block content. “Calculated using p; =
125 g em™, pe = 1.037 g cm™, and pg = 1.05 g cm™ at 25 °C.>%
“Determined using end-group analysis via '"H NMR and reported in
kg mol™". 9Chloroform SEC analysis with PS standards.

followed by atom-transfer radical polymerization (ATRP) (Figure
2). Starting from 2-hydroxyethyl-2-bromoisobutyrate, initial ring-
opening polymerization of 4-methylcaprolactone leads to a low T,
central block that can be used to initiate a second ring-opening
polymerization of iL-lactide to give the L-C diblock copolymer.
Significantly, the ATRP chain end is stable under ROP conditions,
which allows the diblock copolymer to subsequently initiate thermal
ATRP of styrene, leading to the desired L-C-S triblock terpolymers.
Size-exclusion chromatography (SEC) indicated successful chain
extension of each block as evidenced by a shift to lower retention
times while maintaining a symmetric peak shape and low dispersity
(Figures S2—S6). The corresponding S-C-S symmetrical triblock
analogs were similarly synthesized by initial ROP of 4-methylcapro-
lactone followed by esterification of the hydroxy chain end with 2-
bromo-2-methyl propionyl bromide to give a bis-ATRP macroinitiator
from which dual end-blocks of polystyrene can be grown (Figures
§7—S14). For the L-C-L triblock copolymer, 1,4-bis(hydroxymethyl)-
benzene was used as a difunctional initiator for sequential ROP of 4-
methylcaprolactone followed by L-lactide with the unique resonances
of the phenyl ring allowing for structural characterization and
molecular weight determination. For each series of triblocks, a
constant midblock molar mass (M, =~ 80 kg mol™") was targeted to
isolate the effects of end-block chemistry and length with all polymers
being synthesized in a nitrogen-filled glovebox to ensure high
molecular-weight blocks and chain-end fidelity. This allows a library
of triblock terpolymers to be synthesized with accurate control over
molecular weight and an approximately equal hard-block volume
fraction (e.g., fraq =f1 + fs & 0.20) to facilitate comparisons between
L-C-S, L-C-L, and S-C-S derivatives.

To simplify the analysis of phase behavior, Bailey classified triblock
copolymers into three groups based on the relative magnitude of
pairwise interaction parameters: type-I frustrated (yac < yas < XY8c),
type-1I frustrated (ya5 < ¥ac < ¥sc), and non-frustrated (a5 < ypc <
¥ac)” The non-frustrated category is particularly attractive for TPEs
since the A and C blocks form two distinct domains rather than more
exotic morphologies such as core—shell spheres or cylinders decorated
by rings.”*>” Here, L-C-S terpolymers were designed as a non-
frustrated system with self-assembly into three discrete domains at the
molecular weights under study based on previously reported values of
2(T) for ycp = 0.10,** yg; = 0.22,>® and our estimate of ycg = 0.08 (all
at 23 °C using a reference volume of 118 A® and the same ODT
predictions). The latter value was experimentally obtained by
measuring the order—disorder temperature (Topr) via rheometry
with volumetrically symmetric diblock copolymers that were prepared
using a variation of the above strategies (Figure S16a,b and Table S1).
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Figure 2. Synthesis of L-C-S triblock terpolymer via sequential ROP and ATRP.

An initial comparison of triblocks having 20 vol % hard-block
content (L-C-S*°, L-C-L*°, and S-C-S*°) (Figure 3) was
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L-C-S
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Figure 3. Structures of different triblock thermoplastic elastomers
synthesized in this study.

conducted on dogbone specimens that were heat pressed
above the melting temperature and immediately quenched (see
Supporting Information) to avoid crystalline breakout (Figure
S19a,b). Uniaxial stress—strain curves (Figure 4) indicate all
three triblocks exhibit comparable strains at break (L-C-S*° =

1700%, L-C-L*° = 1360%, and S-C-S** = 1650%) due to their
similar midblock molecular weights. L-C-S* yields an ultimate
toughness (73 J/cm®) between that of the symmetrical
semicrystalline L-C-L*° (138 J/cm®) and amorphous S-C-S*
(54 J/cm®) analogs. Together with the observation that L-C-
L* breaks at the highest stress (28 MPa), these mechanical
properties are dominated by the presence or absence of
semicrystallinity (Figure $20a,b).'****" Interestingly, compar-
ison of the Young’s moduli extracted from the stress—strain
curve (Table 2) and elastic moduli observed in dynamic
mechanical thermal analysis (DMA) (Figure S24) suggest that
the L-C-S* triblock is significantly softer than the correspond-
ing L-C-L*® and S-C-S* systems. We theorize that the change
in chain conformation (i.e., lack of loops) plays a role in
reducing the modulus of ABC triblocks due to fewer trapped
entanglements per volume within the poly(4-methylcaprolac-
tone) matrix. A lower density of trapped entanglements would
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Figure 4. Stress—strain curves in uniaxial extension of ABA (L-C-L, S-
C-S) and ABC (L-C-S) triblocks with fy;,,4 = 0.20.

Table 2. Summary of Mechanical Properties for
Thermoplastic Elastomers Presented in This Study

TPE* o (MPa)® ep (%)° Ur (J/em®)©  E (MPa)?
L-C-8' 1.8 +0.3 1370 + 40 12+1 0.7 +£ 0.2
L-C-§%° 13+2 1700 + 10 73 + 11 1.6 + 0.2
L-C-§*° 19 +1 1310 + 40 101 + 7 2.6+ 0.5
L-C-8% 22 +1 1180 + 40 144 + 10 1.7 £ 0.5
L-C-LY 1.8 +£0.3 1370 + 40 12+1 0.7 +£ 0.2
L-C-L¥ 28+ 1 1360 + 20 138 £ 2 7+3
L-C-L¥ 21+ 3 1020 + 90 86 + 13 23+7
S-C-SY7 04 + 02 190 + 40 0.8 + 0.4 2+1
S-C-8* 82+ 0.6 1650 + 70 54+ 8 6+3
S-C-§%° 7.9 + 0.6 1010 + 50 39+3 29 + 17

Refers to the triblock chemistry and the total volume fraction of hard
block. “Determined from uniaxial tensile testing to the breakpoint of
3 samples extended at 10 mm min~". “Calculated as the area under
the stress—strain curve. “Calculated from a linear fit at low strains
(<10%).
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be analogous to a larger midblock entan%Iement molecular
weight, which is known to soften materials. 431

Following these studies, the elastic recovery of L-C-S
triblocks across different volume fractions was compared to
both symmetrical L-C-L and S-C-S analogs through cyclic
loading experiments to 300% strain at 10 mm min~" for 10
cycles. Cyclic measurements were conducted in duplicate and
allowed to relax for an additional 10 min after removing the
applied stress. This additional dwell period was used to
compensate for slow relaxation of the glassy polystyrene block
(Figure S27a) due to reversible chain pullout from
unentangled micellar domains. Significantly, the ABC triblock
architecture resulted in superior elastic recovery (98% for L-C-
§?°) compared to L-C-L** (95%) and S-C-S** (90%),
highlighting the effect of molecular sequence on the
mechanical properties of thermoplastic elastomers (Figure ).

100
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> | A
% | A R L-C-L20
8 : A
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© 90 A
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Figure S. Elastic recovery determined for the fi, 4 = 0.20 triblock
series highlighting the effect of ~100% bridging on strain recovery.
The percent recovery is plotted over ten cycles after an initially
applied strain of 300%. Final recovery was obtained after removing
the applied stress following a dwell period of 10 min as calculated
using the final strain after the dwell period (see eq S1).

One of our goals in designing the homologous series of L-C-
S, L-C-L, and S-C-S triblocks involved correlating mechanical
properties without changing mesostructure. Although small-
angle X-ray scattering (SAXS) profiles of L-C-S** and L-C-L*
appear ordered and consistent with plane group p2mm
symmetry (e.g, alternating cylinders),”” the broad and
relatively sparse number of peaks prevent a definitive
assignment (Figure S22). Furthermore, the S-C-S*° scattering
data are featureless due to polystyrene (S) and poly(4-
methylcaprolactone) (C) having similar electron densities (S =
3.3 X 10 electrons cm™, C = 3.4 X 10% electrons cm™)
(Figure S21). To address this characterization challenge,
numerical self-consistent field theory (SCFT) simulations were
used to investigate phase stability of different candidate
morphologies (Figure 6). Building on comprehensive studies
from Morse for ABC triblock copolymers,”®”’ numerical
SCFT was used to simulate the phase behavior of ABC systems
along the isopleth f, = fc using volumetric degrees of
polymerization (N;) and y; parameters consistent with the L,
C, and S blocks studied herein (see the Supporting
Information, Figures $S30, S31). Notably, SCFT results support
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Figure 6. SCFT phase diagram that maps triblock terpolymer phase
behavior using the following Flory—Huggins parameters (y,cN =
120.0, ¥»gN = 60.0, and ypcN = 45.8) (see Supporting Information
for additional details) over the isopleth (f, = fc). Stable phases
include disordered (Dis), alternating spheres (Sp*), alternating
cylinders (Cy"), alternating gyroid (Gy"), and lamellae (LAM).
The tick marks indicate ABC triblock terpolymers synthesized in this
study.
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the conclusion from mechanical characterization experiments
that L-C-S%°, L-C-L*, and S-C-S* form discrete domains of
the A and C blocks, e.g., alternating cylinders and sphere
morphologies (f = 0.09—0.20). One important conclusion
from the SCFT simulations is a shift in the gyroid—lamellae
(Gy-LAM) phase boundary from f, &~ 0.32 in symmetric
triblocks to fy + fc & 0.36 for the ABC sequence. In principle,
this shift allows for an increased loading of the hard blocks by
volume fraction that is reminiscent of more complex
architectures.'*>**

Motivated by these SCFT predictions, L-C-S samples with
higher loadings of the L and S hard blocks (f,q = 0.18—0.40)
that would be expected to form discrete spherical or cylindrical
domains were synthesized and characterized. As plotted in
Figure 7a, ABC triblocks with larger hard-block volume
fractions are still extensible (900—1700%) and show strain-
hardening behavior typical of semicrystalline thermoplastic
elastomers. L-C-S with fy,.4 = 0.40 reverses this trend with a
modest decrease in the strain at break. All of the samples with
fLes < 0.40 show excellent elastic recovery (Figure 7b) despite
SCFT predicting fy,q = 0.31 and 0.40 to fall within the
alternating gyroid phase. One possible explanation is that L-C-
$*' and L-C-S* samples do not exhibit sufficient long-range
order as observed in many traditional gyroid phases. Without
long-range order, there might not be a truly bi-continuous
network that gives rise to the plastic-like mechanical behavior
of network phases but instead results in similar mechanical
properties to alternating cylinder and sphere samples.”*
Another possibility is dispersity or experimental uncertainty
in f, that could cause slight shifts in the expected phase
boundary or actual morphology. In contrast, stress—strain data
collected on symmetrical triblocks (Figure 8) with volume
fractions fy,.q4 > 0.29 exhibit irreversible plastic deformation
upon straining. This behavior is common for linear sym-
metrical thermoplastic elastomers where the upper bound of
hard-block content is approximately 28%.>° Above this value,
the cylinder—gyroid phase transition renders the material
plastic, not elastic. As predicted by SCFT and observed
experimentally, one way to circumvent this limitation is the use
of an ABC sequence with hard A and C blocks, which deflects

~
~
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Figure 7. (a) Stress—strain curves for L-C-S over a range of hard-block volume fractions (fij,q = 0.18—0.40). (b) Elastic recovery for L-C-S
samples over ten cycles to 300% strain. Final recovery was measured after removing the applied stress following a dwell period of 10 min.
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Figure 8. Stress—strain curves in uniaxial extension of ABA (L-C-L, S-
C-S) and ABC (L-C-S) triblocks with fy,.4 & 0.30. With increased
hard-block content, ABA triblocks exhibit irreversible plastic
deformation while ABC triblocks remain elastic.

order—order phase boundaries based on tunable self-assembly
parameters.

Through the development of a robust synthetic strategy to
access ABC triblock terpolymers via sequential ring-opening
and atom transfer radical polymerization, the importance of
molecular architecture on the mechanical performance of block
copolymer thermoplastic elastomers was highlighted. The
combination of high molecular weight and large chi-parameters
enables the design of ABC triblock copolymer sequences that
promote full chain bridging of the B block, which enhances
elastic recovery compared to symmetrical ABA and CBC
analogs. A shift in the of the phase behavior with the ABC
sequence also broadens the window of phase stability for
discrete cylindrical and spherical morphologies containing
larger A/C hard-block content up to fy,c ~ 0.40 while
maintaining >97% elastic recovery. These structural insights
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combined with a versatile synthetic platform will motivate
future studies into fundamental design principles based on
polymer sequence and architecture for next-generation
materials with new and improved properties.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acspolymersau.3c00012. All
curated data are available in the manuscript or the Supporting
Information. Raw data are available from a permanent online
repository at DOI: 10.25349/D99P6H.

Reagent information, size-exclusion chromatograms and
'H NMRs of homopolymer, diblocks and triblocks,
differential scanning calorimetry of materials, small angle
X-ray scattering, wide-angle X-ray scattering, rheological
measurements, thermomechanical data, uniaxial tensile
testing data, and supplementary SCFT calculations
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