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ABSTRACT: The synthesis of well-defined degradable block copolymers from mixtures of monomers is one of the foremost challenges in

the sustainable plastics industry. For example, the currently available one-pot strategies for preparing poly(ester-co-carbonates)—which

combine two commonly used degradable polymers—are energy- and material-intensive, requiring high-pressure CO: gas and elevated tem-

peratures. Here we report an atom-economical, scalable method for block copolymerization of O-carboxyanhydrides and epoxides to prepare
functionalized poly(ester-b-carbonates) with high molecular weights (>200 kDa) and narrow molecular-weight distributions (P < 1.1) by
using a single Lewis acidic zinc complex at room temperature in the absence of pressurized COx. Kinetic studies showed that the first stage of

the process, ring-opening polymerization of the O-carboxyanhydrides, exhibited zero-order kinetics, suggesting that the polymerization rate

was independent of monomer concentration and thus allowing for a sharp switch in mechanism without tapering effect. The obtained de-

gradable poly(ester-b-carbonates) showed better toughness than their corresponding homopolymers and outperformed some commodity

polyolefins.

INTRODUCTION

The synthesis of sequence-defined copolymers, such as block
copolymers, enables the material properties of the constituent ho-
mopolymers to be combined in single copolymers with new sets of
features.” However, synthesizing sequence-defined copolymers
from monomer mixtures is widely regarded as one of the para-
mount challenges in polymer chemistry.” Traditional strategies for
polymerizing two mechanistically incompatible monomers into a
single block copolymer involve using bifunctional initiators® or
catalysts® or changing the active species upon formation of the first
block® (Figure 1a). Recently, the emergence of switchable / tan-
dem polymerization strategies in which a single catalyst is used to
access and switch between catalytic cycles of ring-opening
polymerization (ROP) and ring-opening copolymerization
(ROCOP) has opened a realm of auto-tandem catalysis processes
for preparing sequence-controlled block copolymers (Figure 1b).°
The copolymer sequences generated in this way can be precisely
controlled by external stimuli, such as changes in gas pressure,’
changes in redox state,® and electricity.” Such strategies have been
used for switchable polymerization chemistry focusing on the prep-
aration of poly(ester-co-carbonates) from various combinations of
renewable monomers including lactones, anhydrides, epoxides, and
CO.."? By combining the properties of their respective homopoly-
mers, the obtained aliphatic poly(ester-co-carbonates) show im-
proved thermal and mechanical properties relative to those of the
homopolymers." Nevertheless, the currently available methods for
switchable polymerization reactions involving organometallic cata-
lysts are energy-intensive: the reactions often require elevated tem-
perature (50-120 °C) and high CO, pressure (5-20 bar).”!*!
Switchable / tandem polymerization reactions involving organo-
catalysts, such as bifunctional organoborons'> and Lewis pairs,"
also require high temperature (50-100 °C) and pressurized CO;
(~10 bar) and provide copolymers that have molecular weights

(MWs) of less than 100 kDa and broad MW distributions (D >
1.2). Finally, the monomers that have been used for switchable /
tandem polymerization have a restricted functionality window—
most of the monomers have no functionality other than simple
pendant alkyl side chains. Therefore, the search for milder, more
energy-efficient methods for controlled tandem polymerization to
afford high-MW functionalized poly(ester-co-carbonates) is ongo-
ing.

Among the monomers most commonly explored for the synthe-
sis of functionalized polyesters are O-carboxyanhydrides (OCAs)
with pendant functional groups. These compounds, which are pre-
pared from renewable resources (amino or hydroxy acids), are
highly active and afford readily diversifiable polymers.'* We recent-
ly reported the use of OCAs for stereoselective synthesis of high-
MW polyesters (>200 kDa) that exhibit better ductility and tough-
ness than commodity low-density polyethylene (LDPE)." The
incorporation of functional-group-bearing OCAs into switchable
polymerization reactions has been explored. For example, the Wil-
liams group recently reported ground-breaking work showing that
OCAs and epoxides can be copolymerized by a dinuclear Zn com-
plex (Figure 1c).'® In these reactions, the CO2 molecule released
from ROP of the OCA is recycled into a ROCOP reaction between
the epoxide and CO; to produce poly(ester-b-carbonates) (b,
block) with high atom economy. Similarly, switchable polymeriza-
tion has also been achieved with organocatalysts.” Notably, the
dinuclear-Zn-complex-catalyzed copolymerizations reported by
Williams et al. require a high temperature (80 °C), whereas the
same reactions involving organocatalysts can be carried out at room
temperature. However, both of these one-pot methods for the tan-
dem copolymerization give polymers with low MWs (< 20 kDa)
and relatively broad MW distributions (P ~ 1.2), and excess epox-
ide is required. Thus far, a facile method for preparing high-MW
functionalized poly(ester-b-carbonates) has not been achieved, and



the lack of such a method limits access to these degradable block
copolymers, which show promising thermal and mechanical prop-
erties.
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Figure 1. Strategies for synthesis of high-molecular-weight (MW) functionalized poly(ester-b-carbonates). (a) Synthesis of block copolymers by
sequential addition of epoxides/CO: and lactides. (b) Mechanism-switchable anhydride/epoxide/lactone/CO> ring-opening copolymerization with
catalysis by a single metal complex. (c) Mechanism-switchable O-carboxyanhydride (OCA)/epoxide polymerization to afford low-MW copolymers
with broad MW distributions. (d) Scalable tandem OCA/epoxide copolymerization at room temperature to afford high-MW functionalized block

copolymers, as reported in this paper. The pros and cons of the various strategies are indicated in blue and red type, respectively.

In this study, we identified a Zn complex that mediates strikingly
selective one-pot tandem polymerizations of OCAs and epoxides at
room temperature to afford high-MW (>200 kDa) functionalized
poly(ester-b-carbonates) with narrow MW distributions (P < 1.1),
using a remarkably simple and scalable experimental setup (Figure
1d). Our mechanistic studies uncover unusual zero-order kinetics
that provides a unique strategy for achieving precise sequence con-
trol in a mixture of co-monomers. The obtained copolymers have
high tensile stress (fracture stress > 20 MPa) and excellent ductili-
ties (fracture strain > 400%), outperforming commodity polyole-
fins such as LDPE and polypropylene. The copolymers can be se-
quentially and efficiently degraded to the corresponding monomers
for recycling.

RESULTS AND DISCUSSION

Identification of Conditions for Zn-Mediated Tandem Copol-
ymerization. We began by studying (BDI)Zn complexes (BDI =
B-diiminate) as catalysts for OCA/epoxide copolymerization.
These versatile complexes have been used for stereoselective ROP
of lactones™ and OCAs" and can also mediate epoxide/CO;
ROCOP* and epoxide/anhydride ROCOP.” We initially focused
on the copolymerization of cyclohexene oxide (CHO) and OCA 2
mediated by various (BDI)Zn complexes at room temperature in
THEF ([2]/[CHO]/[Zn] = 100/100/1; Figure 2a). Much to our
dismay, catalysts Zn-4 and Zn-5, which have an electron-
withdrawing cyano group and are active for CHO/CO: and
CHO/anhydride copolymerization,*** did not initiate CHO/CO>
copolymerization after the 2 was consumed. Previous studies of
ROCOP catalysts demonstrated that increasing the Lewis acidity of
a catalyst by changing the ligand structure improves epoxide activa-



tion.”* Indeed, we found that Zn-7, which has two electron-
withdrawing CF; groups in the BDI ligand backbone,* mediated
2/CHO copolymerization at room temperature, resulting in 100%
OCA conversion and 90% CHO conversion after 12 h. The ob-
tained copolymer had a M, of 29.9 kDa and a P of 1.01 (expected
MW = 32.0 kDa). We reasoned that the Zn-7 outperformed Zn-4
and Zn-$ because the electron-withdrawing CFs group has a higher

value of electronegativity of 3.49 (Pauling scale) compared with the
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Figure 2. Zn-mediated block copolymerization of O-carboxyanhydride 2 and cyclohexene oxide (CHO). (a) Identification of the reactive Zn-7
complex that enabled efficient 2/CHO copolymerization at room temperature with high monomer conversion. Detailed polymerization data are
provided in Table S2.*, Zn-8 had the initiating group of -Et instead of -N(TMS):. (b) Diffusion-ordered (DOSY) NMR spectrum of poly(2-b-CHC)
('H, 1°C, and two-homopolymer-mixture DOSY NMR spectra are shown in Figures S1 and S3). (c) Representative kinetics data for monomer con-
version as determined by real-time 'H NMR spectroscopy. The peak shifts due to conversion of 2 to the poly(2) block and conversion of CHO to the
poly(CHC) block are highlighted in blue and red, respectively.

(2.77). The substituent on the N-aryl group of the (BDI)Zn
complex also affected the polymerization outcome (compare the
results for Zn-7 with those for Zn-6 and Zn-8 in Figure 2a).
Screening of other metal complexes that have been used to catalyze
polyester and polycarbonate synthesis did not yield results compa-
rable to those obtained with Zn-7 (Table S1), and neither did Zn

complexes with tridentate ligands (Table S2). Notably, the Rieger
group reported that epoxide/CO, ROCOP mediated by the Lewis
acidic Zn-7 complex requires a relatively high temperature (50 °C)
and pressurized CO, (40 bar);*** whereas we found that Zn-7-
mediated ROCOP of CHO/CO; could be conveniently achieved
at room temperature with 1 bar CO; to afford a poly(cyclohexene



carbonate) (poly(CHC)) with a M, of 42.9 kDa and a D of 1.06
(Table S3, entry 2).

We then determined whether the copolymerization afforded a
random copolymer, a mixture of two homopolymers, or a block
copolymer. A DOSY NMR study (DOSY = diffusion-ordered spec-
troscopy) of the obtained polymer showed a single diffusion coeffi-
cient for all resonances, as would be expected for a copolymer (Fig-
ure 2b); whereas the DOSY NMR spectrum of a physical mixture
of poly(2) and poly(CHC) homopolymers showed two diffusion
coefficients (Figure S1). To determine whether the two monomers
were incorporated randomly or into a well-defined block copoly-
mer, we monitored the Zn-7-mediated copolymerization in deu-
terated toluene by means of real-time 'H NMR spectroscopy (Fig-
ure 2c). Note that Fourier transform IR spectroscopy was unsuita-
ble for elucidating the kinetics because the epoxide IR peaks (the
stretch peak at ~1239 cm™ and the peak at ~1176 cm™)* were
interfered with by neighboring peaks (Figure S2). The typical
NMR spectra shown in Figure 2¢ clearly demonstrate that the
polymerization occurred in two stages: in the first stage, ROP of 2
proceeded with release of CO: to form poly(2) block; and, in the

Table 1. Copolymerization of Epoxides and O-Carboxyanhydrides at Room Temperature.”
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“ Abbreviations: OCA, O-carboxyanhydride; FR, [OCA]/[Zn-7] feed ratio; Conv., conversion; M,, number-average molecular weight; MW, mo-

lecular weight calculated from FR and monomer conversion; B, molecular weight distribution; CHO, cyclohexene oxide; VCHO, vinyl cyclohexene

oxide; ECHO, 3,4-epoxy-1-cyclohexene; CHC, cyclohexene carbonate. Polymerization conditions: [OCA] = [epoxide] = 2.0 M in THF at room

temperature in a glove box. ” Determined from the intensity of the Fourier transform IR peak at 1805 cm™!, which corresponds to the anhydride group
of the OCA. ¢ Determined by '"H NMR spectroscopy. ¢ Determined by SEC. ¢ THF (10 uL) was used to dissolve Zn-7 (0.53 ymol) for this semibulk
polymerization. n(2) = n(CHO) = 0.159 mmol./ The poly(CHC)/cyclic CHC ratio was 0.926/0.074 at the end of copolymerization, as measured by



'H NMR spectroscopy (see Figure $9). ¢ CHO and VCHO were mixed together ([CHO] = [VCHO]) with 2 for the copolymerization.” An 2/CHO
mixture was added to the reaction mixture after formation of the first diblock copolymer was complete, as confirmed by 'H NMR spectroscopy (see
SIsection $3.2). The numbers in parenthesis in the M, and D columns are SEC results for the first diblock, i.e., poly(4-b-VCHC).

second stage, ROCOP of CHO and the CO; released by the ring-
opening of 2 afforded a poly(CHC) block (poly(CHC) block for-
mation started at ~182 min), confirming the formation of a se-
quence-defined block copolymer. Notably, these NMR studies also
suggested that no polyether side products (~3.46 ppm) formed
during the polymerization. Carbonate bond formation was con-
firmed from the *C NMR spectrum of the obtained block copoly-
mer (153.9 ppm), and such NMR spectrum also suggested
isoselective enchainment of the poly(CHC) block with a high
probability of meso dyad formation (P = 0.85, Figure S3b).* The
obtained block copolymer exhibited narrow unimodal MW distri-
bution, determined by size-exclusion chromatography (SEC, Fig-
ure S3c-d). We note that the matrix-assisted laser desorp-
tion/ionization mass spectrum (MALDI-MS) of the oligomer
([2]/[CHO]/[Zn-7] = 5/5/1; Figure S4a) also indicated the
block copolymer formation.

The discovery of Zn-7-mediated auto-tandem block copolymer-
ization of 2 and CHO prompted us to optimize the reaction condi-
tions. Examination of the initiating group on Zn-7 revealed that a
complex with a bis(trimethylsilyl)amido group gave the best results
(Table S4, entry 1); Zn complexes bearing an ethyl, methyl lactate,
or acetate group did not adequately incorporate CHO into the
copolymer (entries 2-4). Surprisingly, the addition of BnOH into
the reaction mixture did not efficiently enchain the CHO/CO:
ROCOP in the copolymerization (entry S), suggesting that the Zn-
alkoxide might not be efficiently converted to a Zn-carbonate to
initiate CHO/CQO, copolymerization(see below mechanistic stud-
ies). The presence of CHO was essential to the ROP of OCA in the
copolymerization (Table S3, entry 3). Although lowering the reac-
tion temperature slowed the first stage (ROP of OCA, entry 5),
increasing the temperature reduced the amount of CO; dissolved in
the reaction mixture (entry 6). Externally applying CO. with a
gauge pressure of 1 bar during the second stage (CHO/CO:;
ROCOP) had a negligible effect on the MW (entry 7), indicating
that the soluble CO; liberated from 2 was sufficient.

Next we investigated whether our method could afford copoly-
mers with MWs predictable from the initial monomer/catalyst feed
ratio. We found that the M, values of the copolymers increased
linearly as the [2]/[CHO]/[Zn-7] feed ratio was increased from
50/50/1 to 300/300/1, and all the obtained copolymers had P
values of <1.1 (Figure 3a; SEC traces of the copolymers are shown
in Figure S5). At the highest [2]/[CHO]/[Zn-7] ratio
(300/300/1), the conversion of 2 was quantitative, and CHO con-
version reached 89.5% in 4 hours (Table 1, entry 1). Note that no
epimerization of the a-methine hydrogen was observed in the 'H or
C NMR spectrum of the poly(2) block of high-MW poly(2-b-
CHC) (Figure S3a, b). Importantly, the copolymerization could be
conducted on a multigram scale under semibulk conditions in neat
CHO (liquid, [CHO]/[2]/[Zn-7] = 300/300/1) containing a
trace of THF (10 pL) to dissolve the Zn-7; under these conditions,
we obtained a copolymer with M, and D values comparable to
those of the copolymer obtained from a solution-phase reaction
(compare entries 1 and 2 in Table 1). Inductively coupled plasma
mass spectrometry (ICP-MS) revealed that a negligible amount of

Zn ([Zn] < 60 ppb) remained in the copolymer after the dichloro-
methane solution of the copolymer was added to cold methanol to
precipitate the copolymer (Table S5).

Copolymerization Scope and Multiblock Copolymerization.
With an optimized set of conditions in hand, we examined the co-
polymerization of OCAs 1-4 with CHO at room temperature. The
reaction with 3 for 12 h gave a M, of 92.5 kDa (Table 1, entries 3—
5). The D values of all the obtained polymers were less than 1.1
(SEC traces are shown in Figures S6-S8), suggesting that side reac-
tions did not occur.”” Notably, a cyclic carbonate of CHO formed
in an overnight reaction of L-1 with CHO (see the "H NMR kinetic
studies in Figure S$9), but this compound was not detected in reac-
tions involving other OCA/CHO combinations (see the NMR
spectra in Figures S6-S8). In addition, we explored the copolymer-
ization of OCAS 1-4 with two other epoxides: vinyl cyclohexene
oxide (VCHO) and 3,4-epoxy-1-cyclohexene (ECHO, Table 1,
entries 6-11). Both copolymerizations were achieved with high
monomer conversions and gave products with low D values (<1.1),
and "H NMR spectroscopy showed no evidence of ether linkages or
cyclic carbonates (Figures S10-S14). Notably, copolymerization
with VCHO allowed for the preparation of a functionalized high-
MW copolymer with a M, of 2654 kDa and a D of 101
([2]/[VCHO]/[Zn-7] = 600/600/1; Table 1, entry 8). The versa-
tility of Zn-7 was also apparent in the 2/CHO/VCHO terpolymer-
ization, which proceeded with high conversion of all the monomers
(entry 12) without undesired polyether formation (Figure S15).
Nevertheless, we note that Zn-7 displayed lower reactivity toward
alkylene oxides (e.g. propylene oxide; epoxide conversion < 10%)
compared to CHO derivatives in both ROCOP of epoxide/CO;
and the copolymerization of OCA/epoxide, behavior that is similar
to that of many Zn complexes in the epoxide/CO, ROCOP.* Fi-
nally, we determined whether multiblock copolymers could be
prepared in one pot by sequential addition of the OCA/epoxide
monomer combinations, e.g., 4/VCHO followed by 2/CHO (en-
try 13). In this way, tetrablock copolymer poly(4-b-VCHC-b-2-b-
CHC; VCHC = vinyl cyclohexene carbonate) could be readily
synthesized with quantitative monomer conversion and remarkable
control of M, and P (SEC traces are shown in Figure $16), indicat-
ing the living nature of our copolymerization with an active chain-
end.

Polymerization Kinetics and Mechanistic Studies. We used 'H
NMR spectroscopy to profile the kinetics of [2]/[CHO] copoly-
merization at various Zn-7 concentrations ([2] = [CHO] =
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Figure 3. Controlled living copolymerization of O-carboxyanhydride 2
and cyclohexene oxide (CHO). (a) Plots of M. and MW distribution
(M./M,) versus [2]/[Zn-7] feed ratio at room temperature. (b) Plots
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Figure 4. Proposed mechanism for auto-tandem block copolymerization of O-carboxyanhydride / epoxide with supporting evidence. (a) Proposed
copolymerization mechanism that switches from O-carboxyanhydride ring-opening polymerization (ROP, cycle I) to epoxide/COz ring-opening
copolymerization (ROCOP, cycle II). The proposed mechanism was supported by the free energies of (b) ROP in cycle Iand (c) ROCOP in cycle IT
calculated by means of density functional theory. Detailed three-dimensional structures of optimized intermediate states are shown in Figures S21-
$22, and SI section S7. (d) Electrospray ionization mass spectrometry of the reaction of [2]/[CHO]/[Zn-7] (3/3/1), in support of the pathway
shown in (a). Detailed peak assignments and mechanism pathway discussions are provided in Figure S19.

787.8 mM in deuterated toluene). Surprisingly, the rate of 2 con-
sumption during ROP of OCA clearly showed a strict zero-order
dependence on Zn-7 concentration, with no induction period at
any of the tested Zn-7 concentrations (Figure 3b). When the indi-

vidual monomer concentrations were varied, double logarithm
plots of apparent first-stage polymerization rate constant (kupp)
versus monomer concentration gave reaction orders of 2.05 + 0.18



and -1.99 * 0.12 for CHO and 2, respectively (Figure S17a-d).
Thus, the first stage, ROP of 2, exhibited the following rate law:

—d[2]/dt =k, [CHO]**/[2]**° )

where k1 is the propagation rate constant of the first stage ROP of
OCA. When equal amounts of CHO and 2 were used and experi-
mental errors are considered, the rate law becomes

—d[2]/dt=ky (2)
as presented in Figure 3b.

Additionally, investigation of the rate of ROCOP of CHO and
CO: liberated from 2 revealed a reaction order of 0.52 + 0.05 with
respect to Zn-7 concentration, a first-order dependence on
[CHO], and no dependence on the concentration of 2, which was
the CO; source (Figure 3c; Figure S17e¢, f). Since Zn-7 is mono-
meric in crystal form,” the reaction order of Zn-7 suggested that
the Zn complex at the poly(CHC) chain-end likely participated in
amonomeric transition state (cycle 1T in Figure 4a, c; see discussion
in Figure $17).* The independence of poly(CHC) enchainment
with respect to the concentration of 2 (the CO; source, Figure
S17f) agrees well with previously reported rate laws for BDI-Zn-
mediated CHO/CO, copolymerization.*® Therefore, the second
stage, Zn-7-mediated copolymerization of CHO and CO,, showed
the following rate law:

-d[CHO]/dt = k[ CHO]'[Zn-7]%% 3)

where k;» is the propagation rate constant of the second stage
ROCOP of CHO/COa.

The zero-order dependence of the rate on catalyst concentra-
tion, the inverse order dependence on monomer concentration,
and the dispensability of an alcohol initiator (Figure 3b; Figure
S17) in the ROP of 2 seem counterintuitive because the rates of
most controlled ROPs of OCAs mediated by metal-alkoxide initia-
tors exhibit first-order dependence on monomer concentration and
positive reaction orders with respect to catalyst concentration.'**’
However, zero-order polymerization rates have been observed
sporadically for other tandem anhydride/epoxide/CO,* or anhy-
dride/epoxide/lactone®>!
switchable anhydride/CHO/lactone polymerization,* even lac-

polymerizations. Interestingly, in one

tone homopolymerization was significantly faster than the zero-
order anhydride/CHO ROCOP; anhydride/CHO copolymeriza-
tion occurred first, without lactone ROP. In addition to the compu-
tationally predicted differences in activation energy for the different

polymerization mechanisms,'°

zero-order kinetics may be critical
for a clean switch in the polymerization mechanism because chain
propagation rate is independent of monomer concentration, allow-
ing for circumvention of chain transfer or undesired mechanism
switching due to the tapered reaction rate that is observed for

polymerizations with first-order kinetics.*”

The unusual zero-order dependence of the 2 ROP rate on Zn-7
concentration motivated us to explore the polymerization mecha-
nism. Notably, we found that the ROP did not occur in the absence
of CHO (Table S3, entry 3), and even the ring-opening reaction
failed to occur when an equimolar mixture of 2 and Zn-7 was used
(Figure S18c); these results suggest that CHO was indispensable
for the copolymerization. Nevertheless, no reactions between 2 and
CHO or between Zn-7 and CHO were observed (Figure S18b, d);
the 'H NMR peaks of CHO seemed to remain unchanged during
the ROP of OCA (Figure 2c), even in the NMR spectrum of an

equimolar 2/CHO/Zn-7 mixture (Figure S18a). The MALDI-MS
of oligo(2-b-CHC) suggested that CHO was unlikely to have initi-
ated the ROP (Figure S4). The electrospray ionization mass spec-
trum (ESI-MS) of the 2/CHO/Zn-7 mixture ([2]/[CHO]/[Zn-
71=3/3/1) indicated that the Zn-carbonate remained at the chain-
end during enchainment (Figure 4d), ruling out the possibility that
CHO initiated the ROP of 2; this behavior was different from that
previously proposed for OCA/epoxide copolymerization.'"” Giv-
en that addition of BnOH resulted in inefficient enchainment in the
ROCOP (Table S4, entry §), and that the Zn-alkoxide-mediated
ROP of OCA followed first-order kinetic rates'>" that differed
from our observed kinetics (Figure 3b), ROP of 2 (the first stage in
the copolymerization) disfavored the Zn-alkoxide-mediated path-
way. Instead, the Zn-carbonate was likely involved in enchainment
during the first-stage (ROP) enchainment. The absence of Zn con-
centration from the observed rate law (eq. 1) and the inverse reac-
tion order with respect to OCA imply that the mechanism involves
a Zn-complex-activated monomer that regulates the chain-end
reactivities;** and the need for CHO led us to postulate that this
Zn-activated monomer might require CHO for the enchainment.
Indeed, in the ESI-MS of a 2/CHO/Zn-7 mixture and a
3/CHO/Zn-7 mixture, we detected silylamide-capped OCA-Zn-
carbonate complexes (M1 in Figure 4d; Figures S19 and $20),
supporting the plausibility of the proposed activated-monomer
species. Thus, we hypothesize that the first stage (ROP of OCA)
proceeds via the monomer-activated mechanism shown in Figure
4a. First, CHO/Zn-7-mediated ring-opening of 2 generates Zn-
carbonate complex IM3 as the activated monomer. In the presence
of abundant CHO, propagation by means of a bimetallic intermo-
lecular reaction between the activated monomer and the Zn-
alkoxide chain (via TS2) induces decarboxylation, giving rise to a
new Zn-carbonate (IM4) upon release of CHO, CO;, and Zn-7
(Figure S21).

To evaluate the validity of this mechanistic hypothesis and to
gain further insight into reaction pathways, we performed extensive
density functional theory (DFT) calculations on a slightly simpli-
fied system (i.e., we used 4 instead of 2) at the SMDrur/WB97M-
V/def2-TZVP // SMDrur/B3LYP-D3/6-
31G(d)[LANL2DZ(Zn)] level of theory (Figure 4b, c). Note that
the direct ring-opening of 4 or CHO by Zn-7 was predicted to be
highly endergonic, with the activation energy barrier of 63.13
keal/mol (IMS) or 77.80 kcal/mol (IM6), respectively; whereas
the CHO/Zn-7-mediated reaction via our proposed activated-
monomer mechanism was favored, with a free energy barrier of
4.15 kecal/mol (IM1 to TS1) and a total free energy decrease of
7.77 kecal/mol from IM1 to the activated monomer (IM3, Figure
4b). Additionally, we performed DFT calculations on the second
stage (the ROCOP cycle) involving a monomeric Zn-mediated
CHO ring-opening followed by CO; insertion (Figure 4c; Figure
$22). The overall driving force for one second-stage cycle is pre-
dicted to be a free energy decrease of 7.85 kcal/mol (Figure 4c).
Our calculated energy profiles showed that the dinuclear-Zn-
complex-mediated decarboxylation (via TS2) and the ring-opening
of CHO (via TS3) were likely the rate-limiting steps. Additionally,
the DFT computation also rationalized the mechanism switching:
the calculated energy barrier for OCA ring-opening (Zn-7 to TS1,
12.62 kcal/mol) was much lower than that calculated for CHO-
ring-opening (IM7 to TS3, 18.41 kcal/mol). Taken together, these



results indicate that the absence of CO, enabled rapid initiation of
OCA ROP via the activated-monomer mechanism; the zero-order
ROP kinetics ensured that the rate of the first-stage polymerization
did not taper before the OCA monomer was consumed; and the
computed activation energy barriers for the two polymerizations
supported the thermodynamic chain-end preference during the
copolymerization, which assured the precise block structure in the
obtained copolymer.

Sequential Degradation of Functionalized Poly(ester-b-
carbonates). Polyesters and polycarbonates can be fully degraded
to their respective monomers or monomer derivatives.'>** To avoid
the difficulty in separating the monomers from each other after
poly(ester-b-carbonate) degradation, we investigated a sequential
degradation strategy for quantitatively recycling the monomers
(Figure S). First, poly(2-b-CHC) was treated with Zn[N{TMS);].
(10 wt%) in MeOH at 50 °C for 12 h** to completely degrade the
poly(2) block into the corresponding methyl esters, as indicated by
'H NMR spectroscopy (Figure $24). Under these conditions, the
poly(CHC) block was insoluble in the reaction mixture and re-
tained its original MW and narrow D (Figure $23 and S24g). After
the insoluble Zn-alkoxides and polycarbonates were removed from
the reaction mixture by centrifugation, dichloromethane was add-
ed, the insoluble material was filtered off, and the polycarbonates in
the filtrate was treated with 1,5,7-triazabicyclo[4.4.0]dec-5-ene (4
mol%) at 110 °C in toluene for 12 h; this procedure quantitatively
yielded the cyclic carbonate monomer, as determined by 'H NMR
spectroscopy (Figure $24). Note that the degradation of the
poly(VCHC) block of poly(2-b-VCHC) required a larger amount
of 1,5,7-triazabicyclo[4.4.0]dec-S-ene (20 wt%) to fully degrade
the polymers into the epoxide monomer (VCHO, Figure S25).
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Figure $. Efficient sequential degradation of poly(ester-b-carbonates)
to a-hydroxy acids (the precursors of O-carboxyanhydrides) and cyclic
carbonate or epoxide monomers.

Assessment of Poly(ester-b-carbonate) Strength, Ductility,
and Toughness. Having developed a scalable method for synthesis
of functionalized poly(ester-b-carbonates), we turned our attention
to assessing their thermal and mechanical properties and exploring
their potential applications. Predictably, the mechanical properties
of these poly(ester-b-carbonates) were affected by their MWs. For
instance, high-MW poly(3-6-CHC) (M, = 81.5 kDa) exhibited
better fracture stress (o) and toughness than low-MW poly(3-b-
CHC) (M. = 33.4 kDa) (Figure $26a), highlighting the importance
of preparing high-MW copolymers.

The homopolymers poly(CHC), poly(VCHC), and poly(lactic
acid) (poly(4), PLA) are brittle, with ¢ values of 25-50 MPa and
fracture strain (¢) values of less than 15% (Figure 6a; Table 2, en-
tries 1-3). Although the block copolymers poly(4-b-CHC) (entry

4), poly(1-b-CHC), and poly(1-b-VCHC) (Figure S26b) were
also brittle, poly(4-b-VCHC)—a combination of two brittle poly-
mers—exhibited significantly improved ductility, with an ¢ of
41.2%, which is 3.6 and 13.3 times the respective values for poly(4)
and poly(VCHC), with little decrease in the tensile stress (o = 44.8
MPa, entry S; Figure 6a). In addition, the tetrablock copolymer
poly(4-b-VCHC-b-2-b-CHC) showed better ductility (¢ = 67.4 %)
than poly(4-b-VCHC) and had a ¢ of 33.0 MPa (entry 6; Figure
6a). These mechanical properties are comparable to those of com-
modity polyolefins such as polypropylene (¢ = 32.4 MPa, ¢ =
10.2%; entry 7; Figure 6a). Both poly(4-b-VCHC) and poly(4-b-
VCHC-b-2-b-CHC) had high glass transition temperatures (T, ~
102-103 °C); the values were higher than those of the common
polyesters PLA (T, ~ 50 °C),* poly(ethylene terephthalate) (T, =
80 °C),* and poly(3-hydroxybutyrate) (T, = 5 °C).”” The melting
temperatures (Tw) were around 165 °C, which is comparable to
that of PLA (161 °C) (Table 2, compare entries S and 6 with entry
3; Figure $27). Additionally, poly(4-b-VCHC) exhibited excellent
thermal stability, as indicated by thermogravimetric analysis; the
degradation temperature at 5% mass loss (Tasx) was 257
°C (Figure S28).

Next, we prepared toughened elastomers using our functional-
ized poly(ester-b-carbonates). Copolymers comprising elastic
(soft) and glassy (hard) blocks usually exhibit characteristics of
thermoplastic elastomers," and this combination is the basis for the
commercially successful nondegradable poly(styrene)-poly(diene)
copolymers.*® Because the brittleness of aliphatic polycarbonates
such as poly(CHC) and poly(VCHC) has hampered their utility,
we hypothesized that including ductile and soft blocks such as
poly(2) (Table 2, entry 8) would afford a strong, ductile copoly-
mer. Indeed, poly(2-b-CHC) (74.0 kDa) displayed a ¢ of 21.4 MPa
and an ¢ of 376.7%, and poly(2-b-VCHC) (204.2 kDa) was even
stronger and more ductile, with a o of 25.0 MPa and an ¢ of 406.8%
(Figure 6b; Table 2, entries 9 and 10). The addition of the soft
poly(3) to poly(CHC) and poly(VCHC) also improved ductility,
giving copolymers with ¢ values of 255.2% and 293.0%, respective-
ly, and o values of less than 20 MPa (Table S6, entries 7 and 11).
The modulus of toughness and ductility values of both poly(2-b-
CHC) and poly(2-b-VCHC) were markedly better than those of
LDPE (Figure 6c; comparing entries 9 and 10 with entry 11 in
Table 2) and our previously reported polyesters.”* In addition,
thermogravimetric analysis of poly(2-b-CHC) and poly(2-b-
VCHC) showed that both copolymers had excellent thermal stabil-
ities, with Tas% values of 263 and 288 °C, respectively (Figure S28).
Notably, poly(2-b-CHC) showed a T, of 29 °C with shape-memory
recovery at room temperature (Figures $27 and S29; Table S7,
entry 2). In contrast, poly(2-b-VCHC), which had two T values
(20 and 101 °C), underwent considerable strain hardening with
visible white striations, resulting in unrecoverable plastic defor-
mation (Figure $29; Table S7, entry 5).

CONCLUSIONS

Constructing sequence-controlled block copolymers from a mix-
ture of co-monomers has been a long-standing challenge in poly-
mer chemistry, A simple and high-performance synthetic solution
to this challenge has been presented herein with obvious ad-
vantages in terms of sustainability and ease of scale-up, and having



unique reaction kinetics that enables the perfectly clean switching
of the polymerization mechanism during chain propagation. To our
knowledge, the scalable synthesis of such high-MW functionalized
poly(ester-b-carbonates) copolymers from equimolar mixtures of
OCAs and epoxides using a single metal complex has never been
achieved before. Our method provides access to new degradable
materials with a wide range of thermal and mechanical properties
comparable to those of currently available nondegradable com-
modity polyolefins. Although many epoxides are currently pro-
duced from nonrenewable resources, epoxides could potentially be
synthesized through the metathesis of plant oils followed by epoxi-
dation.”

Table 2. Thermal and Mechanical Properties of Various Poly(ester-b-carbonates), LDPE, PP, and Corresponding Homopolymers.

a

Entry Polymer (Mk;)a) , Db T/ Tu(°C)¢  E;(MPa)*? o (MPa) 4 e (%)

1 poly(CHC) 429 1.06  115/- 1007.9 +£222.6 213+ 14 40+1.3

2 poly(VCHC) 1058  1.01  113/- 1489.9 + 424.9 289+2.1 3.1+08

3 poly(4) (PLA) 247.7 1.04 -/161 1303.1 + 306.1 49.3+33 11.5+4.4

4 poly(4-b-CHC) 103.6  1.05 101/166 2740.8 + 617.9 325429 26%1.1

5 poly(4-b-VCHC) 4042  1.03  103/167 1550.0 + 408.0 448+ 1.6 412+17.3
6 poly(4-b-VCHC-b-2-b-CHC) 1763  1.04 102/ 164 628.8+19.6 330+1.1 674+8.6

7 PP¢ 1152.6 + 262.7 324403 102+1.9

8 poly(2) 45.8 .01 10/- 21+1.1 0.1£0.04 1307.3+7.9
9 poly(2-b-CHC) 74.0 101 29/- 135.1+38.1 21411 376.7 £75.3
10 poly(2-b-VCHC) 2042 101  20,101/- 369.8+37.2 25022 406.8 £27.1
11 LDPE/ 160.3 + 55.1 10.0+0.2 311.6+10.9

“ Abbreviations: M, number-average molecular weight; D, molecular weight distribution; Ty, glass transition temperature; Twm, melting temperature;

Ey, Young’s modulus; o, fracture stress; ¢, fracture strain; b, block; PLA, poly(lactic acid); PP, polypropylene; LDPE, low-density polypropylene. For

all mechanical tests, n = 4 or 5, and data are presented as means + standard deviations. * Determined by size-exclusion chromatography. ¢ Determined

by differential scanning calorimetry. See Figure $27. ¢ Determined by stress-strain tests. See Figure $26. ¢ Commercially available PP film from Bras-

kem prepared by hot pressing./ Commercially available films from McMaster-Carr.
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Figure 6. Study of the mechanical properties of strong and tough poly(ester-b-carbonates). (a) Representative stress—strain curves obtained by uniax-
ial extension of various strong poly(ester-b-carbonates), their parental homopolymers, and polypropylene (PP). (b) Representative stress—strain
curves obtained by uniaxial extension of various ductile and tough poly{ester-b-carbonates) and low-density polyethylene (LDPE). (¢} Comparison
of the modulus of toughness values of various poly(ester-b-carbonates) with those of commodity polyolefins, poly(a-hydroxy acids), and polycar-
bonates. Polymer MWs, Ds, and phase-transition temperatures are provided in Table 2 and Table S6. All stress—strain curves obtained from uniaxial-

extension studies are provided in Figure S26.

Mechanistically, four distinctive features in our newly discovered
auto-tandem polymerization contribute to this highly efficient
chemistry. First, the unique monomer-activation mechanism of
OCA with low activation energy barrier ensures the rapid initiation
of OCA polymerization. Second, the zero-order kinetics in OCA
polymerization significantly suppresses the tapering effect and
enables a clean mechanism switch (Figures 2c and 3b). Third, the
distinctive ROP mechanism of OCA that involves but does not
consume bystander co-monomer allows for a smooth transition to
the second polymerization cycle; whereas conventional metal-
alkoxide-mediated polymerization could lead to undesired chain
termination during the transition (Table S4, entry 5). Fourth, the
highly active electron-deficient Zn complex allows for the entire
polymerization undergoing at room temperature without pressured
gas. As previous attempts that rationalize the distinct mechanism
selection behavior by a single catalyst focused on the free energy
difference between different polymerization cycles, our findings are
important because we reveal such selectivity results both from the
low activation barriers and from the beneficial zero-order kinetics
at the first stage of the polymerization. The principles described
herein provide a new perspective on other polymerization systems
concerning sequence control and block resolution.*”* Exploration
of this new chemical space of poly(ester-b-carbonates) via stere-
osequence-controlled synthetic methods® would be an imminent
step toward improving this promising class of sustainable block
copolymers.
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