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Abstract: In an effort to synthesize chemically recyclable
thermoplastic elastomers, a redox-switchable catalytic system was
developed to synthesize ftriblock copolymers containing stiff
poly(lactic acid) (PLA) end-blocks and a flexible poly(tetrahydrofuran-
co-cyclohexene oxide) (poly(THF-co-CHO) copolymer as the mid-
block. The orthogonal reactivity induced by changing the oxidation
state of the iron-based catalyst enabled the synthesis of the triblock
copolymers in a single reaction flask from a mixture of monomers. The
triblock copolymers demonstrated improved flexibility compared to
poly(L-lactic acid) (PLLA) and thermomechanical properties  that
resemble thermoplastic elastomers, including a rubbery plateau in the
range of -60 to 40 °C. The triblock copolymers containing a higher
percentage of THF versus CHO were more flexible, and a blend of
triblock copolymers containing PLLA and poly(D-lactic acid) (PDLA)
end-blocks resulted in a stereocomplex that further increased polymer
flexibility. Besides the low cost of lactide and THF, the sustainability
of this new class of triblock copolymers was also supported by their
depolymerization, which was achieved by exposing the copolymers
sequentially to FeCl; and ZnCIl,/PEG under reactive distillation
conditions.

Introduction

Over the past decade, switchable catalysis,[? where a
single catalyst can toggle between two or more catalytic cycles
through application of an external stimulus,®-2% has emerged as
a novel strategy to synthesize block copolymers. The temporal
control inherent to these reactions enables one-pot syntheses of
complicated multiblock copolymer structures from a mixture of
monomers with sequence that is defined by the time when the
external stimulus is applied.?%2¢! This aspect overcomes the
limitation of copolymerization reactions that are dictated by
reactivity ratios innate to monomers,?’-34 and circumvents the
tedious post-polymerization chain-end modifications often
required to obtain block copolymers.243'l Despite the complexity

and tunability that can be added to polymer structures, the use of
switchable polymerization for synthesizing engineering polymers
has remained underexplored.? Limited examples use switchable
catalysis to obtain thermoplastic elastomers (TPEs),“213%
pressure-sensitive adhesives, 53¢ or toughened plastics.
Previously, our group reported a redox switchable
polymerization system facilitated by a set of bis(imino)pyridine
iron alkoxide complexes (Scheme 1).°'% When this complex is in
the iron(ll) oxidation state (i.e., complex 1), L-lactide (L-LA) can
be polymerized with living characteristics into poly(L-lactic acid)
(PLLA). Upon oxidation, the cationic iron(lll) complex 2 is
generated, which arrests the conversion of L-LA and is activated
for epoxide polymerization. The orthogonal reactivity of 1 and 2
toward lactide and epoxide, respectively, enabled the synthesis of
poly(ester-b-ether) block copolymers.[®! While this example of
switchable catalysis demonstrated how redox-switchable
polymerization could be used to synthesize block copolymers, the
resulting copolymers did not have useful mechanical properties.
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Scheme 1. Redox switchable copolymerization catalyzed by bis(imino)pyridine
iron alkoxide complexes.



Inspired by research from Hillmyer and coworkers, who
synthesized triblock copolymers that were useful TPEsE
featuring semicrystalline PLLA end-blocks and flexible biobased
polyester mid-blocks, we targeted the synthesis of TPEs that
contained PLLA end-blocks using our redox-switchable
polymerization strategy. We identified poly(tetrahydrofuran)
(poly(THF)) as a potentially useful mid-block for a TPE because it
is a flexible polyether with high abrasion resistance.?-! It has a
glass-transition temperature (T,) of -83 °C*"), making it a useful
soft block in segmented polyurethane TPEs like Spandex.[“®!
While it has a T, of 41 °C, not ideal for a TPE soft block, we
envisioned that the crystallinity could be largely disrupted by
incorporating a small amount of a comonomer.# Moreover,
poly(THF) has a low ceiling temperature, and can be readily
depolymerized to THF using FeCl; as a catalyst.*® Given the
propensity for PLLA to undergo depolymerization under reactive
distillation conditions,%-55 we envisioned that chemical recycling
of both components of the TPE could be achieved under similar
conditions. Although polymers with low ceiling temperature have
been used as hard or soft segments in TPEs,[56-58 full
depolymerization of a triblock copolymer back to its constituent
monomers has never been reported. Considering that TPEs are
used for many single-use applications, developing a chemically
recyclable TPE derived from commodity monomers would be a
valuable step forward for a circular plastic economy.

Results and Discussion

Table 1. Molecular weight and composition of THF/CHO copolymer synthesized
at various feed ratios, solvents, and concentrations.?

BArf,
N pO/,/V(O OT\O N p_I

O o 7
OO —mimm e
solvent, r.t., 17 h X y
Entry [CHOJp: [THF],® Solvent [THF] (M) M, (kg/mol) £°  Fred  Yield (%)

1 2500:500 CHyCl, 0.25 216 246 012 76(84)
2 500:500 CH,Cl, 0.25 14.8 214 030 53(75)
3¢ 500:2500 CH.Cl, 0.50 1.7 218 041 12 (80)
4 5:25000 THF 12.3 83.8 260 078 20(72)
5 500:25000 CH,Cl, 6.16 19.6 192 079 22(77)
6 50:10000 CH,Cl, 6.16 8.50 1.73 092 18(71)
7 50:10000 PhMe 6.16 20.9 194 097 22(79)
8 50:10000 PhCI 6.16 258 172 094 24(76)
9 250:2500 PhCl 3.08 30.9 149 062 38(80)

[a] NpO = neopentoxy group, BArfs = tetrakis(3,5-bis(trifluoromethyl)phenyl)
borate. [b] Equiv relative to Fe complex (2). [c] Molecular weights and D values
were determined from the signal response of the refractive index (RI) detector
on a size exclusion chromatography (SEC) system relative to polystyrene
standards. [d] Mol fraction of polyTHF in the copolymer. [e] Reaction ran for 48
h. [f] Isolated yield (yield based on recovered starting material).

Considering that the iron(lll) complex 2 was active for
epoxide ring-opening polymerization in our original redox-
switchable polymerization system,® we thought it might be active
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for THF ring-opening polymerization. However, initial attempts to
polymerize THF without comonomer catalyzed by 2 failed.
Nevertheless, when cyclohexene oxide (CHO) polymerization
was carried out in THF as the solvent, the reaction mixture formed
a gel within an hour. Proton nuclear magnetic resonance
spectroscopy (*H NMR) revealed that the polymer was a
copolymer containing poly(CHO) and poly(THF). These results
indicated that poly(THF) formation required an epoxide as a
comonomer, a relatively common occurrence for THF
polymerization.#24359601 To avoid gelation, we next explored
CHO/THF copolymerization reactions in CH.Cl, (Table 1, Table
S1). A reaction run with an excess of CHO consumed both
monomers efficiently (solid lines, Figure 1), and resulted in a
moderate molecular weight polyether (M, = 21.6 kg/mol)
containing 12 mol% THF (Table 1, entry 1, Figures S1-2).
Increasing THF in the feed led to slower reaction rates (dotted
lines, Figure 1) and lower molecular weights but with substantially
more THF incorporation (Table 1, entries 2-3, Figures S3-7). All
the copolymers obtained had molecular weights that were not
linearly correlated with conversion and had broad molecular
weight distributions, suggesting uncontrolled chain polymerization,
similar to CHO homopolymerization catalyzed by 2.1
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Figure 1. Time course Studies of THF/CHO copolymerization were performed
in CD2Cl2 as solvent in J. Young tubes at rt. THF (blue circles) and CHO (red
squares) conversion over time at [CHO]: [THF] = 5:1 (solid symbols/solid line)
and 1:5 (open symbols/dotted line).

Attempting to synthesize THF-enriched copolymers, we next
performed the reaction in neat THF (Table 1, entry 4, Figures S8-
9). As expected, a gel formed 17 h after adding 5 equiv. CHO into
a THF solution containing 2. Although high conversion was
inhibited by the high viscosity of the reaction mixture, '"H NMR
analysis of the copolymer revealed 78% THF incorporation. The
low isolated yield was due to a large excess of unreacted THF,
which can be easily recycled by distillation. To lower reaction
viscosity, CH,Cl, was added to the reaction mixture while
maintaining relatively high THF concentrations ([THF]o = 6.16 M)
and a large excess of THF in the feed ([CHO]o: [THF]o = 1:50).
Satisfyingly, these conditions led to polymerization without
gelation, and the obtained copolymer incorporated nearly the
same amount of THF (79%) as the reaction carried out in neat
THF (Table 1, entry 5, Figure S10—-11). Compared to the reaction
in neat THF, the molecular weight of this copolymer was smaller
with a narrower dispersity. Maintaining the THF concentration
while increasing the feed ratio of [CHO]o: [THF], to 1:200 led to
even higher THF incorporation in the copolymer (Table 1, entry 6,



Figures S12-13). Finally, altering the solvent revealed that
toluene (PhMe) was the best solvent for high THF incorporation
(Table 1, entry 7, Figures S14-15), while chlorobenzene (PhCl)
led to the highest molecular weight copolymer compared with
other solvents (Table 1, entry 8, Figure S16-17). As was the case
in CHxCl,, the amount of THF incorporated in the copolymer
produced in PhCI could be modified by altering the THF
concentration and [CHO]o: [THF]o ratio (Table 1, entry 9, Figures
S18-19). Considering these findings, we reasoned that tuning the
molecular weight of the copolymer was best achieved by altering
the identity of the solvent, and controlling the composition in the
copolymer was best achieved by altering the feed ratio.

Having established a useful method to polymerize THF with
catalyst 2, we next set out to synthesize A-B-A’ triblock
copolymers containing PLLA end-blocks and a polyether mid-
block using redox-switchable polymerization. To do so, we
explored reactions containing a mixture of L-LA, THF, and CHO
(Figure 2, S20). Starting with iron(ll) complex 1, L-LA was
polymerized for 10 min to give a narrowly distributed PLLA block
without any evidence for THF or CHO conversion (M, = 7.9
kg/mol; £ = 1.17). The oxidant ferrocenium tetrakis(3,5-
bis(trifluoromethyl) phenyl) borate (FcBAr,) was then added to
the reaction mixture, which converted the catalyst into an iron(lll)
complex, halting L-LA polymerization and initiating CHO/THF
copolymerization. After 3 h, a polyether block derived from CHO
and THF was installed as the second block with an increase in
molecular weight and dispersity (M, = 14.1 kg/mol; D = 1.78).
Finally, the last block of the triblock copolymer was installed by
adding the reductant decamethyl cobaltocene (CoCp*;) to the
reaction mixture, which resulted in polymerizing the remaining L-
LA to produce the A-B-A’ triblock copolymer (M, = 18.5 kg/mol; B
= 1.68). Notably, isolation of the triblock copolymer and analysis
by diffusion-ordered spectroscopy (DOSY) showed a single
diffusing species consistent with the ABA triblock copolymer,
product (Figure S21).
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on the properties of triblock copolymers used as TPEs has been
well studied,®” we focused on synthesizing triblock copolymers
with various THF incorporation in the polyether segment while
keeping the relative length of each end-block to mid-block roughly
constant at ~1:2. Adapting the optimal conditions developed for
THF/CHO copolymerization from Table 1, we were able to
synthesize a small library of PLLA-b-poly(THF-co-CHO)-b-PLLA
(L-THF-L) triblock copolymers containing similar end-block: mid-
block ratios and polymer segment molecular weights but
significantly different THF incorporation in the mid-block (Table 2).
Polymerizations conducted in CH,Cl, allowed for the synthesis of
a triblock copolymer containing 30% THF repeating units in the
mid-block (Table 2, entry 1, Figures S22-27), but the synthesis of
a triblock copolymer with a THF-enriched mid-block of the desired
length was not possible in this solvent. We then moved to PhCl
for preparing triblock copolymers with high THF incorporation.
Notably, the necessity of high THF concentrations for high THF
incorporations in the mid-block led to complications due to the low
solubility of L-LA in THF/PhCI mixtures. To overcome this
obstacle, the L-LA required for the first block was reacted to full
conversion, and then a second portion of L-LA was added during
the third step of the reaction (Table 2, entries 2-3, Figures S28—
40). As expected, D-lactide (D-LA) could be included in the triblock
copolymer instead of L-LA without significant difference to give
PDLA-b-poly(THF-co-CHO)-b-PDLA (D-THF-D, Table 2, entry 4,
Figures S41-46).

Table 2. (A) Scheme of redox-switchable polymerization between THF, CHO
and L-LA. (B) Mn, and D after each step and FriF in the second step?®
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Figure 2. (A) Scheme of redox-switchable copolymerization of THF, CHO and
L-LA. (B) Monomer conversion vs. time (top), and M, and D vs. time (bottom).
The oxidation state of the catalyst in each step is represented at the top of each
plot with vertical lines indicating the addition of redox reagents in steps ii) and
ii). The neopentoxy group (NpO) in the polymer structure was from the iron
catalyst and the initiator.

Next, we targeted the synthesis of various A-B-A’ triblock
copolymers. Because the effect of the end-block to mid-block ratio

[a] Mn, sec values were determined by SEC equipped with a light scattering
detector; Mh, nvr values were determined based on end-group analysis using
the neopentyl end group signal. [b] THF mole fraction in mid-block copolymer,
determined by 'H NMR. [c] The conversion of L-LA was controlled at ~50% in
the 1%t step by letting it react for 10 min. The total equiv of LA added is shown in
the reaction scheme; cobaltocene (CoCpz) used as reductant. [d] L-LA was
added twice in the 1% and 3™ step. [e] Reaction performed in PhCl. CH2Cl. was
added in the 3™ step to reduce viscosity. [f] D-LA was added instead in the 1%
and 3" step. [g] D-LA was added instead in the 3rd step. [h] Isolated yield (yield
based on recovered starting material).

Coupling the sequential addition of lactide with the ability to
incorporate L-LA and D-LA, we synthesized an A-B-C triblock
copolymer  PLLA-b-poly(THF-co-CHO)-b-PDLA  (L-THF-D)
containing PLLA and PDLA end-blocks (Table 2, entry 5, Figures
S47-50). This polymer was interesting because it features end-
blocks that are expected to form stereocomplexes, a well-known
property displayed by mixtures of PLLA and PDLA.®" Notably,
the accessibility of the L-THF-D is enabled using the unidirectional,
redox-switchable polymerization method employed as opposed to



conventional bidirectional, telechelic techniques used to
synthesize triblock copolymers containing PLLA end-blocks."~
41,62-661 All copolymers were isolated on a multi-gram scale and
were confirmed to be triblock copolymers as determined by 'H
NMR, SEC, and DOSY spectroscopy (See Figure S22-50).

We next evaluated the thermal properties of the blend
between L-THF-L (Table 2, entry 3) and D-THF-D (Table 2, entry
4) along with L-THF-D (Table 2, entry 5) to see if they could form
stereocomplexes. Samples were prepared using similar methods
to those previously reported for PLLA/PDLA stereocomplexes.®”]
Thermal analysis revealed a higher melting temperature (Ty) in
the differential scanning calorimetry (DSC) thermograph (Figure
3) for the blend of L-THF-L and D-THF-D (T, = 224 °C) compared
to L-THF-L (T = 178 °C). The 46 °C increase in Tn, for the triblock
copolymer blend was similar to what has been observed in blends
of PLLA/PDLA.1 In comparison, L-THF-D displayed a lower
melting point (Tm = 213 °C) than the triblock copolymer blends,
but a higher melting point than pure L-THF-L. This outcome
indicated that the A-B-C triblock copolymer also formed a
stereocomplex, yet different than what was observed from A-B-A’
triblock copolymer blends. This may result from varying amounts
of D- and L-lactide repeat units in the A-B-C triblock copolymer,
where SEC results show a small excess of D-lactide units. The Ty,
value for the poly(THF-co-CHO) mid-block in the A-B-A’ triblock
copolymer blend (43 °C) and the A-B-C triblock copolymer (32 °C)
were slightly higher than pure L-THF-L or D-THF-D (26-27 °C).
This suggests that while the primary intermolecular interactions in
the triblock copolymer blends and A-B-C triblock copolymer are
between the PLA end-blocks, the mid-blocks were also affected.
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Figure 3. DSC thermographs of triblock copolymers and the stereocomplex
blend: L-THF-L is PLLA-b-poly(THF-co-CHO)-b-PLLA (Table 2, entry 3); D-
THF-D is PDLA-b-poly(THF-co-CHO)-b-PDLA (Table 2, entry 4), and L-THF-D
is PLLA-b-poly(THF-co-CHO)-b-PDLA (Table 2, entry 5). All polymers have a
295% enrichment of THF in the mid-block. DSC thermographs of L-THF-D and
the blend were from the 1% heating cycle at a heating rate of 20 K/min; others
were from the 2" heating cycle. Crystallization temperatures (Tc) were observed
in DSC thermographs of L-THF-L (T = 103 °C) and D-THF-D (T.= 101 °C) but
absent in the blend and L-THF-D.

With a library of triblock copolymers in hand, we assessed
the mechanical properties of these materials by uniaxial tensile
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testing and dynamic mechanical analysis (DMA) (Table 3, Figure
4). Compared with pristine PLLA, 38 the triblock copolymers had
a greater strain at break. This fact was true regardless of THF
content in the mid-block (c.f., entry 1 to entries 2—6). In contrast
to the polymer flexibility, Young’s moduli for the triblock
copolymers were consistently much lower than pristine PLLA, a
common observation when amorphous mid-blocks are inserted in
crystalline end-blocks in triblock copolymers.“® When the THF
fraction in the mid-block increased from 30% to 68%, the ultimate
tensile strain stayed around 30% elongation at break, while the
modulus decreased more than 100 times (entries 2-3). A
substantial change in material flexibility occurred when the THF
fraction in the mid-block was 95% or greater, where the triblock
copolymers showed more elastomeric behavior, reaching greater
than 150% elongation at break in most samples (entries 4-5). The
significant divergence in the mechanical behavior suggested that
the ratio between THF and CHO in the copolymer can be used as
a handle to tune the mechanical properties of the polymer.

Table 3. Comparison of mechanical properties between PLLA and triblock
copolymers.?

Entry Structure M, (kgimol)® Fre© o, (MPa) &, (%) E (MPa) Ur(MPa)
14 PLLA 100 N/A 50 33 2700
2 L-THF-L. 32-27-32 030 12+4 30+20 1300=80 570 = 370
3 L-THF-L 29-41-29 068 12+1 31+10 68+10 370 =120
4  L-THF-L 29-46-34 085 16+3 277 +36 021001 2600670
5 D-THF-D 31-46-34 096 19+2 15416 082+010 2110+ 380
6 Blend® 19+3 324+61 053+010 3800+ 930

[a] Entries 2-5 were the same polymer samples reported in Table 2, entries 1-4
in the same order. ov: tensile stress at break; &, tensile strain at break; E:
Young’s modulus; Ur: toughness calculated by the area below curves. [b]
Numbers represent Mn for each block of the copolymer in kg/mol as determined
from SEC equipped with a light scattering detector. [c] THF mole fraction in
copolymer, determined by 'H NMR spectroscopy. [d] Data obtained from ref 6,
[e] blend of polymers from entries 4 and 5.

Of note, there was some batch-to-batch variability in the
mechanical properties of the A-B-A' triblock copolymers
synthesized (e.g., Table 3, entries 4-5), likely due to the T, from
mid-blocks that was close to room temperature, such that small
changes in processing and measurement temperature affect the
results. Despite some variability, the trend is clear that high THF
content in these polymers affords flexible and tough TPEs, where
toughness (Ur) is indicated by the area under the stress-strain
curve. Moreover, the stereocomplex blend of copolymers (entry 6,
Figures S51-53) showed higher flexibility (&, = 324 + 61%) than
either of the components in the blend, making it comparable to
the properties of commercial melt processable rubbers."® While
a PLA stereocomplex would increase the processing temperature
required for these materials, studies on related PLA-based TPEs
have shown some advantages in mechanical properties over
TPEs with only PLLA hard blocks.""!  In contrast to the
translucent and flexible films from the A-B-A' triblock copolymer
films (L-THF-L or D-THF-D copolymers), the films of the A-B-C
triblock copolymer L-THF-D sample were opaque and brittle. The
films did not have suitable integrity to allow for mechanical
properties testing. We speculate that intramolecular
stereocomplexes possible with this A-B-C triblock copolymer
prevented complete dissolution before the drop-casting process
used to make the films, which resulted in opaque materials that



were too brittle to enable evaluation of their mechanical properties.

This may also explain the lower melting point observed.

The DMA results for all the triblock copolymers synthesized
had similar features to one another (Figures S27, 33, 40, 46, 53),
but the ranges of the transitions changed with varying THF
content in the mid-block. In samples with >95% THF content, two
transitions were observed in all samples, near -60 and 40 °C,
consistent with the T; from the middle and end-blocks. The
rubbery plateau, typically seen in TPEs,!” was observed between
-60 and 40 °C for these polymers. X-ray scattering studies of two
selected films (L-THF-L and D-THF-D) revealed a morphology
dominated by the phase separation of the semicrystalline PLLA
or PDLA blocks. Intracrystalline reflections of the crystalline PLLA
or PDLA segments were present in the wide-angle region, and the
intercrystalline long periods of PLLA and PDLA, related to the
averaged distance between PLLA or PDLA crystallites, were
present in the SAXS region (Figure S54). This morphology is
consistent with that of a similar triblock copolymer, PLLA-b-PEG-
b-PLLA, reported in the literature.[3
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— L-THF-L: 32-27-28, Fryr = 0.30 — L-THF-L: 29-41-29, Fre = 0.68
— L-THF-L: 29-46-34, Fryr = 0.95 — D-THF-D: 31-46-34, Frye = 0.96

— Stereocomplex blend: L-THF-L: 29-46-34 and D-THF-D: 31-46-34

Figure 4. Stress-strain curves from uniaxial tensile testing of A-B-A' triblock
copolymers L-THF-L with different THF incorporation in the mid-block and
stereocomplexed A-B-A' triblock copolymer blend. Numbers represent the
molecular weight of each block in kg/mol, as determined by SEC equipped with
a light scattering detector.

Finally, in an effort to demonstrate that the new TPEs could
be chemically recycled, we explored the depolymerization of L-
THF-L. Enthaler and coworkers®® reported poly(THF) with M, up
to 2.0 kg/mol can be depolymerized to THF at 160 °C with up to
90% yield using FeCl; as a Lewis acid catalyst.”®! Inspired by this
work, we investigated whether the high molecular weight
poly(THF-co-CHO) we synthesized could depolymerize in a
similar fashion. Using a reactive distillation setup to recover THF
from the depolymerization, initial attempts to depolymerize the
poly(THF-co-CHO) copolymer (Frue = 0.98, M, = 108 kg/mol, b =
1.52) were undertaken at 160 °C in the presence of 10 wt% FeCls
at 0.1 torr (Table S2, entry 1). Satisfyingly, this reaction resulted
in 82% recovery of THF after 2 h and a near quantitative mass
recovery (96%, including the 10 wt% FeCls; and small amounts of
non-volatile oligomers). 'H NMR analysis of the distilled product
revealed <5% of an undetermined product, which we
hypothesized came from CHO degradation. Lowering the reactive
distillation temperature to 100 °C did not affect THF yield, but

WILEY-VCH

further decreasing the reactive distillation to 50 °C led to
significantly diminished yields (Table S2, entries 2-3).

Encouraged by the success of mid-block depolymerization,
we were interested in depolymerizing the triblock copolymer L-
THF-L (Table S3, Figures S55-64). To begin with, we used FeCl3
as the Lewis acid catalyst at 160 °C (Figure 5, column 1). THF
yield was only slightly diminished compared to the polyether
copolymer alone, but only 20% L-LA was recovered from the
distillation. Recently, we discovered that the combination of
ZnCl,/PEG-600 (PEG = polyethylene glycol) can efficiently
depolymerize many polyesters, including PLLA under similar
reactive distillation conditions.[™* Therefore, we investigated the
possibility of carrying out the depolymerization of the triblock
copolymers in the presence of both catalysts (Figure 5, column 2).
Improved yields were obtained for the recovery of L-LA compared
to reactions catalyzed by FeCls, but THF yields were significantly
decreased. We hypothesized that the lower THF yield was due to
PEG-600, which is hygroscopic and able to coordinate to FeCls,
thereby tempering its reactivity. To further increase the yield of
both monomers during the reactive distillation reaction, the two
catalysts were added sequentially to the reaction (Figure 5,
columns 3-4). Extended reaction time (72 h) in the first step
involving ZnCl,/PEG-600 as the catalyst was required to achieve
high L-LA recovery and high THF vyield in the subsequent step
(column 3). However, inverting the sequence of the two catalysts
(i.e., FeCls followed by ZnCl,/PEG-600) was more effective,
resulting in similar yields as observed when using ZnCl,/PEG-600
first for both monomers but at significantly shorter reaction time
(Figure 5, column 4). Finally, instead of carrying out the
depolymerization in one pot, we isolated the polymer residue after
FeCl; treatment, and then treated the resulting polymer with
ZnCl,/PEG-600 (Figure 5, column 5). Using this procedure, 78%
of THF was isolated after FeCl; treatment; a more optimized
distillation setup would likely yield near quantitative THF recovery.
Moreover, 'H NMR analysis of the polymer residue after the first
step revealed pure PLLA without any evidence for poly(THF-co-
CHO) or any detectable loss in tacticity from epimerization.
Subsequent treatment of this polymer residue with ZnCl,/PEG-
600, resulted in 80% recovery of L-LA with similar optical purity
as the L-LA used in the polymerization reaction.

m THF L_EN

& Time (h)

Figure 5. Depolymerization of triblock copolymer L-THF-L under different
reactive distillation condition. Reaction time was controlled at 18 h (16 h for
PLLA depolymerization and 2 h for polyTHF depolymerization) or 74 h (72 h for
PLLA depolymerization and 2 h for polyTHF depolymerization).



Conclusion

In conclusion, a redox-switchable iron-based catalyst
enabled the synthesis of A-B—A’ and A—B-C triblock copolymers
containing PLA end-blocks and poly(THF-co-CHO) mid-blocks.
These unique polymers, derived entirely from commodity
monomers, had modular compositions that could be altered by
changing the ratio of monomers, the solvent used, and through
sequential redox-reagent and monomer additions. The
mechanical properties of the triblock copolymers demonstrated
characteristics of TPEs with high flexibility observed in triblock
copolymers that contained a high percentage of THF in the soft
mid-block. Stereocomplexes obtained from blends of triblock
copolymers containing PLLA and PDLA end-blocks further
increased the Ty, flexibility, and toughness of the polymers. The
triblock copolymers could be depolymerized under reactive
distillation conditions with recovered yields of the constituent
monomers exceeding 75% through sequential depolymerization
with FeCls; followed by ZnCl,/PEG-600 for the depolymerization of
poly(THF) and PLA, respectively. These results demonstrate how
redox-switchable polymerization reactions can be exploited to
synthesize polymers that are difficult to access through other
routes and illustrates how this polymerization method can be a
valuable tool for chemically recyclable materials.
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Thermoplastic Elastomer

Triblock copolymers containing poly(L-lactic acid) hard blocks and poly(tetrahydrofuran-co-cyclohexene oxide) soft blocks were
synthesized using redox-switchable catalysis. The polymers demonstrated improved flexibility and mechanical properties similar to
thermoplastic elastomers and underwent depolymerization under reactive distillation using Lewis acid catalysts, showing the material
can be chemically recycled for a circular plastics economy.



