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ABSTRACT: Aliphatic polyesters are a versatile class of materials oH
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that can be sourced from bioderived feedstocks. Poly(y-methyl-¢- o heterogeneous | N ‘ o

caprolactone) (PyMCL) in particular can be used to make O O R catalysis e catalysis J
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degradable thermoplastic elastomers with outstanding mechanical CH; R - renewable HaC
properties. PYMCL can potentially be manufactured economically lignins cresols

from p-cresol, a component of lignin bio-oils. A complication is %% organo-catalysis
that additional manufacturing processes are necessary to isolate or L-lactide or
pure cresol isomers. Using mixed feedstocks of cresol isomers to f iﬁ i: N crosslinking
access the corresponding methyl-substituted e-caprolactone  crossiinked elastomers Thermoplastic elastomers

(MCL) monomer mixtures would convey economic advantages

to sourcing these materials sustainably. Moreover, the use of organocatalysts in lieu of traditional tin-based catalysts averts issues
with potential environmental and human toxicity. With these motivations in mind, we explored the ring-opening transesterification
polymerization (ROTEP) of MCL mixtures and characterized the molecular, thermal, and rheological properties of the resulting
copolymers. The molar mass of MCL mixtures that would be obtained from meta- and para-cresol can be readily modulated. The
thermal and rheological properties of these statistical copolymers and terpolymers are at parity with pure PYMCL homopolymer.
The use of diphenyl phosphate (DPP) and dimethyl phosphate (DMP) as organocatalysts enabled access to these materials that
have potential to improve sustainability in the synthesis of these polyesters.

Bl INTRODUCTION and catalysts."” These complexities have presented significant
challenges in valorizing lignins as starting materials for the
manufacture of commodity chemicals."?

Cresols are a class of chemicals that are components of
lignin bio-oils. A significant fraction of the current global
production infrastructure for cresols is designed to separate
them from complex alkyl-phenol and alkoxy—phenol
mixtures. So-called “natural” cresols are those isolated from
coal tars and spent refinery caustics and make up 40% of global
cresol production as recently as 2012.'* A key feature of
natural cresol production is that only o-cresol is purified by
fractional distillation, while the m-cresol and p-cresol isomers
are recovered as a single fraction due to the close proximity of
their boiling points.'” To purify these isomers, further
processes are necessary, for which several methods have been
developed, including high-pressure crystallization via the
Finecry process in Japan,'® continuous flow adsorption via
the Cresex process in the United States,'” and alkylation using
isobutene and acidic catalysts followed by fractional distillation
and dealkylation in Germany.'*'® In particular, p-cresol can
serve as an efficient and highly economical starting material in

Ring-opening polymerization (ROP) of lactones has proven
instrumental in the synthesis of sustainable aliphatic polyesters
with attractive and competitive material properties when
compared to petrochemically derived analogues. The uses for
these polymers include tough thermoplastic elastomers,
polyurethane foams, thermosets, elastomers, and block
copolymer-based micelles.' > Given their versatility, there is
a need to better understand how next-generation aliphatic
polyesters are sourced and manufactured. Poly(y-methyl-¢-
caprolactone) (PyMCL) has been employed for many of these
applications due in large part to favorable polymerization
kinetics and thermodynamics via metal-catalyzed ROP of y-
methyl-e-caprolactone (yMCL), a low entanglement molar
mass (M,), and potential biodegradability.”* Moreover, several
researchers have invoked facile retrosynthetic routes that
would enable access to yMCL, among other valuable
molecules, from sustainable biomass-derived feedstocks.”™” In
particular, lignin represents an enticing starting material due to
its abundant supply and a surfeit of sources that generate it as a
by-product of industrial scale processes, such as paper pulp

refining and the lignocellulose-to-ethanol process.”” " Lignin
bio-oils are the depolymerization products of lignins and are Received: January 8, 2020
complex mixtures, comprised of hundreds of phenolic and Revised:  February 7, 2020

cyclic aromatic compounds, the composition of which varies
widely depending on such factors as lignin feedstock type,
depolymerization method, heating rate, reaction temperature,
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the production of YMCL, as demonstrated by a recent techno-
economic analysis by Lundberg et al.'” The use of PYMCL to
make mechanically robust materials has been well explored
recently; however, the utilization of other poly(methyl-¢-
caprolactone)s (PMCLs) has received significantly less
attention.”*’

Use of organotin and tin-based complexes as coordination—
insertion polymerization catalysts has become ubiquitous in
both academe and industry. In particular, tin(II) catalysts have
gained favor due to high efficiency, good polymerization
control, and regulatory approval for use in food, medical, and
pharmaceutical applications in many countries.””** However,
organotin compounds have been implicated to have several
harmful effects in animals and the environment including
cytotoxicity, endocrine disruption, and proteasome inhibi-
tion.”>~*" These factors have evoked criticism when materials
synthesized with tin-based catalysts have been promulgated as
sustainable and biodegradable, largely stemming from the fact
that the inorganic element containing catalyst complexes are
not typically removed in industrial polymer manufacturing.”>*’
An alternative that has garnered a great deal of attention in
recent years has been the use of Brensted acids to catalyze the
ring—opening transesterification polymerization (ROTEP) of
lactones.’ ™ Many researchers have proposed an activated
monomer mechanism (AMM) for these reactions, a process
that follows a living polymerization scheme. In particular,
several phosphoric acid derivatives are efficacious in the
polymerization of e-caprolactone with quantitative conversions
and good polymerization control.>***

There are numerous challenges to overcome in the
transition to a sustainable plastics economy.”® The most
daunting of these stems from the fact that the processes and
manufacturing infrastructure for valorizing petroleum have
been integrated and iterated upon for over a century, leading to
highly streamlined and economical systems. For sustainable
alternatives to be viable, the materials need to be both high-
performing and economically sourced and manufactured.
While several drop-in replacement monomers from biomass
have been reported in recent years, economical manufacturing
processes for these alternatives remain a challenge.”’ ™"
However, the use of renewably sourced p-cresol as a starting
material to prepare yMCL on a large scale appears to be
promising."” Moreover, the manufacturing infrastructure to
acquire cresols from coke-oven tars and other spent refinery
caustics can feasibly be applied to lignin bio-oils because each
of these raw materials is largely composed of alkyl- and alkoxy-
phenolic compounds in addition to cyclic and heterocyclic
aromatics.'¥*>**

The motivation to industrially manufacture yMCL is due to
the discovery that PyMCL has thermal and rheological
characteristics that lead to outstanding mechanical properties
in elastomers.”*** Previous work in our group has
demonstrated that poly(methyl-5-valerolactone)s also exhibit
similar structure—property relationships.”® These results led us
to hypothesize that statistical copolymers or terpolymers
obtained from polymerizing mixtures of MCL isomers would
also exhibit these desirable structure—property relationships
due to the structural similarity between the polymer repeat
units in comparison to previously studied materials (e.g.,
mono-methyl-substituted aliphatic ester repeat units). In
addition to illuminating potential effects of regioisomerism
on structure—property relationships of PMCL copolymers and
terpolymers, we were also interested in the mechanistic

insights that these reactions could provide in the context of
the AMM. In particular, we sought to understand how the
position of the methyl substituent would affect the reaction
rate, copolymer microstructure, and polymer properties. If
PMCL copolymers exhibit the same rheological and thermal
properties as PYMCL, there are significant potential economic
advantages for using mixed cresol feedstocks as starting
materials to access this class of polymers. To wit, PMCL
polymers would be economically advantageous for making
strong, biodegradable, and sustainable materials because the
additional processing and manufacturing measures needed to
purify meta- and para-cresol would not be necessary (Scheme

1).

Scheme 1. Conversion of Lignin Bio-Oil Derived Cresols to
Methyl-Substituted e-Caprolactone Mixtures
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In this work, we report the organocatalytic ROTEP of
methyl-substituted e-caprolactone mixtures. We discuss the
kinetics observed using diphenyl phosphate (DPP) as an
organocatalyst and 1,4-benzenedimethanol (BDM) as the
initiator in the context of the proposed AMM. We then
characterize and compare the thermal and rheological
properties of PMCL copolymers to PyMCL (e.g, glass
transition temperature (Tg), temperature at the onset of
mass loss (Tysy), and entanglement molar mass (M,)).
Additionally, we report the use of dimethyl phosphate
(DMP) as the organocatalyst for these systems, and the
implications its use has on sustainability in polymer synthesis.
Lastly, previous work from our group reported that triblock
copolymers comprised of poly(L-lactide) as hard end blocks
and PYMCL as the soft midblock functions as highly resilient
and mechanically competitive thermoplastic elastomers
(TPEs).” Herein, we report the organocatalytic synthesis of
these materials in the neat state using DPP as a catalyst to
synthesize the PYMCL midblock and 1,8-diazabicyclo[5.4.0]-
undec-7-ene (DBU) to catalyze the synthesis of poly(L-lactide)
end blocks.
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Scheme 2. Proposed Bronsted Acid-Catalyzed Activated Monomer Mechanism of yMCL Using Diphenyl Phosphate”
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“ROH (shown in green) represents an alcohol group on the initiator or the alcohol end group of the growing polymer chain.

Table 1. ROTEP of Methyl-Substituted £-Caprolactones with Diphenyl Phosphate and 1,4-Benzenedimethanol®

0
a0 . v©/\OH DPP
—————
B € HO R.T. or 100 °C
Y 8

sample M:1 M:Cat monomer feed ratio

P(yMCL)-10 78:1 83:1

P(yMCL)-25 196:1 97:1

P(yMCL)-51 401:1 75:1

P(BSMCL)-11 85:1 62:1 1:1
P(BSMCL)-26 200:1 92:1 1:1
P(SSMCL)-52 405:1 95:1 1:1
P(SMCL)-59 (100 °C) 459:1 98:1 1:1
P(fySMCL)-11 85:1 107:1 1:1:1
P(fySMCL)-28 209:1 101:1 1:1:1
P(BySMCL)-50 403:1 103:1 1:1:1
P(fySMCL)-200 1583:1 96:1 1:1:1
P(aeMCL)-48 394:1 95:1 49:1

e
W X x x n

X =H or CH;
molar mass (kg/mol)
time (h) conv.”(%) theor. M, VR M,, 15 sec” Big sec
65 95 10 10 11 1.2
21 98 25 27 28 1.1
65 >99 S1 49 43 1.3
65 98 11 10 12 1.1
23 >99 26 27 27 1.1
65 >99 52 72 4S5 1.2
2.5 98 59 69 57 1.4
S1 >99 11 10 15 <1.1
S1 >99 28 34 27 1.1
S1 96 S0 59 48 1.1
144 >99 203 203 100 1.3
142 95 48 46 16 1.1

“Polymerizations were performed in neat monomer at ambient room temperature unless otherwise specified. Conversion determined with 'H
NMR spectroscopy using mid-group analysis, assummg one initiator per chain. “Theoretical M, calculations based on observed monomer
conversion and the monomer to initiator ratio. “M, determined with 'H NMR spectroscopy using mid-group analysis, assuming one initiator per
chain. °M,, 15 sgc determined using multiple angle laser light scattering size exclusion chromatography (MALLS-SEC) with THF as the mobile

phase.

B RESULTS AND DISCUSSION

Molar Mass Control. The use of Bronsted acids to catalyze
the ROTEP of lactones has been reported extensively in recent
years.’>*"#5® These polymerizations are proposed to proceed
according to the AMM (Scheme 2). In addition to activating
monomer, researchers have provided computational evidence
suggesting that DPP acts as a bifunctional catalyst in these
systems, both activating monomer and exogenous alcohol
initiator via hydrogen bonding.>>*’ AMM polymerizations
follow a living polymerization scheme, where a chain growth
polymerization occurs in the absence of significant termination
and chain transfer reactions. This platform has enabled access
to a myriad of well-defined polymer structures with control-

lable molar masses and narrow molar mass dispersity without
the use of metal-based catalysts. The results of the ROTEP of a
series of MCL compositions using DPP are shown in Table 1.
When the monomer feed is composed of pure yMCL, an
equimolar mixture of S/MCL and 6MCL, or an equimolar
mixture of fMCL, yMCL, and SMCL, the M, and M,, can be
modulated by altering the monomer to initiator ratio in the
feed. Additionally, the polymerization appears to follow a
controlled scheme, with a linear increase in molar mass with
increasing conversion and low molar mass dispersity at
conversions <90% (Figure 1). The increase in molar mass
dispersity at high conversion is likely due to transesterification

https://dx.doi.org/10.1021/acs.macromol.0c00050
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reactions that begin to compete when the monomer
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Figure 1. M, and D vs conversion for methyl-substituted e-
caprolactone polymerizations using 1 mol % DPP at 100 °C. The
theoretical M, at 100% conversion was 25 kg/mol for each
experiment, based on the starting monomer to initiator ratio.
Equimolar mixtures of monomers were used for copolymerizations
and terpolymerizations. M, and conversion were measured using mid-
group analysis, assuming one initiator per chain via 'H NMR
spectroscopy. D was measured using SEC equipped with an RI
detector calibrated with narrow dispersity polystyrene standards with
chloroform as the mobile phase.

When a 49:1 mixture of aMCL and éMCL is polymerized
with DPP, the M,, does not exceed ~20 kg/mol, regardless of
the monomer to initiator ratio (see Table 1, sample
P(aeMCL)-48). In contrast, Martello et al. reported PeMCL
with molar masses >100 kg/mol via size exclusion chromatog-
raphy (SEC) using tin(II) ethylhexanoate as the catalyst.” In
addition to propagation, a potential side reaction for the
secondary alcohol end group resulting from ring opening of
eéMCL is an acid-mediated elimination reaction (Scheme 3).
Elimination reactions such as these would yield olefins near the
terminal end of the chain, resulting in chains that can no longer
undergo monomer propagation. Evidence for this can be seen
in the 'H nuclear magnetic resonance (NMR) spectrum of a
crude aMCL/eMCL copolymerization reaction, in which
resonances are present in the olefin region (see the Supporting
Information, Figure S7). Additionally, these reactions result in
the production of water as a by-product in the reaction, which
can act as an adventitious initiator and further limits the
maximum molar mass achievable.

We hypothesized that steric factors would render the AMM
of aMCL and eéMCL difficult due to the proximity of the
methyl substituent to the ester bond. Specifically, in aMCL,
the methyl substituent directly adjacent to the carbonyl carbon
could hinder the attack of a hydroxyl end group on a polymer
chain. In the case of eMCL, ring opening results in a secondary
alcohol end group, which should be significantly more
hindered in reacting with an activated carbonyl than the
primary alcohol end group of the other MCL monomers.
These steric factors can be used to rationalize the slower
observed polymerization rate in «MCL/eMCL copolymeriza-
tions (Figure 2).
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Figure 2. Conversion vs time plots for ROTEP of yMCL and a 49:1
mixture of eMCL and aMCL. Polymerizations were conducted at 100
°C with 1 mol % DPP under a nitrogen atmosphere using standard
glovebox techniques. The theoretical M, at 100% conversion was 25
kg/mol for each experiment, based on the starting monomer to
initiator ratio. Conversion was measured with "H NMR spectroscopy
by removing aliquots quenched with CDCl; containing ~0.5 mg/mL
pyridine.

Polymerization Kinetics Using Diphenyl Phosphate.
Given that the molar masses can be easily modulated for
mixtures of SMCL, yMCL, and 6MCL, we investigated the
differences in the rates of polymerization for pure yMCL
compared to the MCL mixtures. Figure 3 shows the plots of
conversion versus time for the polymerization of pure yMCL,
an equimolar mixture of SMCL and 6MCL, and an equimolar
mixture of fMCL, yMCL, and SMCL. For each monomer
composition, near-quantitative conversion was reached in <60
min using 1 mol % DPP as a catalyst at 100 °C. A key feature

Scheme 3. Possible Side Reaction in ROTEP of aMCL and eMCL“*

“We depict an E1 elimination reaction of 2° alcohol end group in DPP-catalyzed ROTEP of éeMCL (see the Supporting Information, Figure S7).
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Figure 3. Conversion vs time plots for the ROTEP of yMCL, a 1:1
mixture of fMCL and SMCL, and a 1:1:1 mixture of fMCL, yMCL,
and SMCL. Each experiment was performed in triplicate. Data points
are the average of the data, and error bars represent the standard
deviation. Polymerizations were conducted at 100 °C with 1 mol %
DPP under a nitrogen atmosphere using standard glovebox
techniques. The theoretical M, at 100% conversion was 25 kg/mol
for each experiment, based on the starting monomer to initiator ratio.
Conversion was measured with '"H NMR spectroscopy by removing
aliquots quenched with CDCl; containing ~0.5S mg/mL pyridine.

of these results is that the rate of monomer consumption is
essentially linear over the course of a majority of the reaction,
implying that the rate of polymerization does not appreciably
slow down even as the [M] is decreasing. This feature is
indicative of a rate law that is zero or pseudo-zero order in
monomer concentration ([M]). This deviation from first-order
kinetics mirrors the results regorted for the DPP-catalyzed
ROTEP of other cyclic esters.””*’

While conventional living polymerizations that typically
proceed by first-order kinetics are generally well understood,
the kinetic scheme for AMM polymerizations is more complex.
There have been mixed reports on the dependence of [M] in
the observed rate law for AMM polymerizations of cyclic
esters. In 2006, Basko and Kubisa reported a distinct first-order
dependence on [M] for the AMM polymerization of L-lactide
in DCM using triflic acid; however, a significant deviation from
first-order kinetics was observed when &-caprolactone was used
as the monomer.* In 2011, Makiguchi et al. reported distinct
first-order dependences on [M] using DPP as the catalyst for
the bulk polymerization of d-valerolactone and e&-caprolac-
tone.”* Conversely, Delcroix et al. later reported a deviation
from first-order kinetics for DPP and diphenyl phosphoramidic
acid-catalyzed polymerizations of e-caprolactone in toluene.”
In 2013, Makiguchi et al. reported a distinct first-order
dependence in [M] for the DPP-catalyzed bulk AMM
polymerization of trimethylene carbonates.”” Recently, Schnei-
derman et al. reported a pseudo-zero-order dependence on
[M] in the DPP-catalyzed bulk golymerization of a bevy of
alkyl-substituted J-valerolactones.’® A detailed analysis on the
complexity of AMM polymerization kinetics was provided by
Basko and Kubisa. The propagation reaction in AMM
polymerization is dependent on the concentration of
protonated monomer ([M — H*]), which is not necessarily
related to the instantaneous [M] alone. As the polymerization
proceeds, the protic acid catalyst can protonate a monomer, an
ester in the polymer backbone, a hydroxyl end group, or a
deprotonated catalyst. Thus, there are numerous equilibria
involved, and the [M — H*] can be expressed as

[H'][M]
K K _ K
[M] + [P]K—: + [ROH]% + [DPP ]K—:
(1)

where [H'] is the overall proton concentration; [P] is the
concentration of polymer repeat units; [M] is the concen-
tration of monomer; [ROH] is the concentration of hydroxyl
groups; [DPP~] is the concentration of the deprotonated
catalyst; and K, K,, Kpow, and Kp are the equilibrium
constants for protonation of the polymer ester group,
monomer, hydroxyl group, and deprotonated catalyst,
respectively. If the basicity of the monomer and polymer
ester group is equal, then K,,/K,, & 1, and the balance of the
components of the equation is constant. The expression then
becomes

M- H]=

[M — H'] = A[M] ()
where A is the constant
[H]
[M] + [P] + [ROH]"E + [DPP]-2

()

Note that although [P] and [M] change over time, [P] +
[M] is assumed to always be constant. Thus, an integrated rate
law can be written where a first-order plot of In[M,]/[M],
versus time should be linear. However, when K,,/K,, # 1, M —
H*] is not directly proportional to [M], and a downward or
upward deflection is observed in the semilogarithmic
coordinates when trying to model the kinetics by a first-
order process.

The complexity of the kinetics observed in the Brensted
acid-catalyzed AMM deepens further as one considers the case
of copolymerizations and terpolymerizations. Under a terminal
control mechanism, the relative incorporation of comonomers
in a conventional chain-growth polymerization is dictated by
the propagation rate constants for each unique chain end with
each comonomer and the ratio of the concentrations of
comonomers. In the case of AMM copolymerizations, the ratio
of the protonated comonomer concentrations becomes the
critical variable, which, like the homopolymerization case, may
not be correlated to the concentrations of the comonomers
alone. If one comonomer is more basic, then it should be
protonated preferentially and thus be preferentially incorpo-
rated into the copolymer. The data on relative basicity of
methyl-substituted lactones is limited; however, we hypothe-
sized that the relative basicity between fMCL, yMCL, and
OMCL would not differ greatly and would yield statistical
copolymers with some distribution of each monomer present
at each section of the polymer chains. Analysis of the discrete
conversion of fMCL and 6MCL for a polymerization of an
equimolar mixture of the two monomers can be found in the
“Copolymer composition” section of the Supporting Informa-
tion.

Kinetic data for the polymerization of pure yMCL, an
equimolar mixture of SMCL and 6MCL, and an equimolar
mixture of SMCL, yMCL, and SMCL in semilogarithmic
coordinates are shown in Figure 4. The upward curvature
observed in each of these experiments indicates that K,/K,,, is
not equal to 1 in these cases and that the basicity of each
monomer ester is higher than the basicity of each resulting
ester unit in the polymer chain, consistent with previous
observations of higher basicities of lactones compared to linear
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Figure 4. Kinetic data for ROTEP of pure yMCL, 1:1 mixture of
PMCL and MCL, and 1:1:1 mixture of fMCL, yMCL, and SMCL in
semilogarithmic coordinates. Polymerizations were conducted at 100
°C with 1 mol % DPP under a nitrogen atmosphere using standard
glovebox techniques. The theoretical M, at 100% conversion was 25
kg/mol for each experiment, based on the starting monomer to
initiator ratio. Conversion was measured with '"H NMR spectroscopy
by removing aliquots quenched with CDCl; containing ~0.5 mg/mL
pyridine.

esters.”’ This result suggests that [M — H*] decreases at a
slower rate relative to [M] over the course of the polymer-
izations, which leads to an apparent acceleration as the reaction
proceeds and an apparent zero-order dependence on [M] in
the rate law. These results are consistent with results reported
by Schneiderman and Hillmyer, Delcroix et al.,, and Basko and
Kubisa for the AMM polymerization of &-caprolactone, -
valerolactones, and alkyl-substituted &-valerolactones.””*>*’
Future studies correlating the basicity of monomers with
reactivity ratios in AMM copolymerizations and terpolymeriza-
tions may shed more light on the mechanistic details of these
reactions.

To investigate the dependence of [DPP] in these reactions,
we conducted several kinetics experiments at varying catalyst
concentrations while fixing the [M]:[ROH] ratio. Table 2
shows the rate constants for the polymerizations of each
monomer set at 100 °C for varying concentrations of DPP.
Each rate constant was calculated using data collected before
reaching 90% conversion, which was approximated as the
linear region of the reaction. Under these conditions, the
observed rate constants (k) increase with increasing [DPP]
and the observed order for [DPP] in the rate law for each
monomer composition is 0.8. Previous kinetic investigations in
ROTEP of methyl-substituted d-valerolactone using alcohol
initiators and DPP as the catalyst reported fractional orders in
[DPP] and [ROH] in the observed rate law.”* Similarly, we
also observe fractional dependences for [DPP] and [ROH] for
each monomer composition. Further results and analysis can
be found in the “Data Analysis” section of the Supporting
Information.

Another potential mechanism for polymerization of
heterocyclic monomers with protonic acid catalysts is the
active chain-end (ACE) mechanism.>>*® In the ACE
mechanism, initiation and propagation occur via the
nucleophilic attack on an activated monomer or active chain-
end by a monomer molecule (Scheme 4). Conversely,
initiation and propagation in the AMM occur via the
nucleophilic attack on an activated monomer by an exogenous

Table 2. Rate Data for ROTEP of MCLs Using Varying
Concentrations of DPP

d

kobs‘l % b Ml'l( tl /2
sample (polymer) (M/h) [DPP],” [BDM], (kg/mol) (min)

P(yMCL) 2.1 7.5 41 2 114

P(yMCL) 8.4 ) 41 24 28

P(yMCL) 16 82 41 25 15

P(yMCL) 25 159 41 25 9.6

P(yMCL) 41 243 41 26 58

P(AMCL-co-6MCL) 2.3 12 41 21 104

P(AMCL-co-SMCL) 6.6 43 41 23 36

P(SMCL-co-SMCL) 11 82 41 24 2

P(AMCL-co-6MCL) 20 163 41 26 12

P(AMCL-co-6MCL) 28 242 41 25 8.5

P(AMCL-coyMCL- 2.3 11 41 21 104
co-6MCL)

P(AMCL-coyMCL- 7.2 43 41 25 33
co-SMCL)

P(AMCL-co-yMCL- 13 82 41 24 18
co-6MCL)

P(SMCL-co-yMCL- 20 161 41 25 12
c0-SMCL)

P(AMCL-co-yMCL- 32 2142 41 25 7.5
c0-SMCL)

“Rate constants calculated based on the observed pseudo-zero-order
rate in monomer concentration. Kinetic experiments were performed
in triplicate, and rate constants were calculated based on the average
of the data. ®Concentrations in mmol. °M, determined using mid-
group analysis via '"H NMR spectroscopy. “Time required for 50%
conversion calculated using initial monomer concentration and
observed rate constant.

initiator or the chain end (i.e.,, exogenous alcohol or hydroxyl
end groups) (Scheme 2). Assuming the monomer is
sufficiently more basic than the alcohol, when it is added to
an ACE-controlled polymerization, an alcohol merely acts as a
chain transfer agent, with no appreciable influence on the rate
of polymerization.”* Under AMM-controlled polymerizations,
the exogenous alcohol serves as the initiator and the initial
concentration of ROH groups is presumably proportional to
the concentration of active chain ends (hydroxyl end groups).
Thus, in AMM-controlled polymerizations, the rate of
polymerization is, in part, proportional to the initial
concentration of exogenous alcohol.

To investigate the influence of [ROH] on the rate of
polymerization of MCL, we conducted kinetic experiments at
varying initiator concentrations while fixing the [M]:[DPP]
ratio. Table 3 shows the rate constants for the polymerizations
of each monomer set at 100 °C for varying concentrations of
BDM. Under these conditions, the observed rate constants
(kqps) increase with increasing [BDM]. For the polymerization
of yMCL, the observed order for [ROH] in the rate law is 0.8.
For the copolymerization SMCL and SMCL and the
terpolymerization of SMCL, yMCL, and 6MCL, the observed
order for [ROH] in the rate law is 0.6. These results strongly
support the hypothesis that MCL polymerizations with DPP
proceed according to the AMM. The fractional orders
observed for [DPP] and [ROH] may be due to multiple
competing protonation/deprotonation equilibria under the
differing conditions, potential dimerization as a result of
hydrogen bonding between two catalyst species, and potential
adventitious initiation from residual water contamination in
the catalyst. The practical outcome of these studies is the
knowledge of how to reproducibly prepare PMCLs with target
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Scheme 4. ACE Polymerization Scheme of yYMCL

0}

OH

0
(0]

L
e ®0 0 O.@’O IS
—
A+ 6 + A

Table 3. Rate Data for ROTEP of MCLs Using Varying
Concentrations of BDM

Kobs . . M, fi
sample (polymer) (M/h) [DPP],” [BDM],” (kg/mol) (min)

P(yMCL) 12 81 51 49 20

P(yMCL) 19 81 68 10 13

P(yMCL) 24 81 100 14 10

P(YMCL) 38 81 203 19 62

P(AMCL-co-SMCL) 14 81 51 49 17

P(SMCL-co-SMCL) 17 81 68 9.8 14

P(MCL-co-SMCL) 23 81 104 15 10

P(AMCL-co-SMCL) 25 81 204 18 9.6

P(BMCL-co-yMCL- 16 81 s1 49 15
c0-SMCL)

P(SMCL-co-yMCL- 19 81 68 9.8 13
c0-SMCL)

P(SMCL-co-yMCL- 25 81 101 14 9.6
c0-SMCL)

P(AMCL-co-yMCL- 37 81 200 18 6.5
c0-SMCL)

“Rate constants calculated based on the observed pseudo-zero-order
rate in monomer concentration. Kinetic experiments were performed
in triplicate, and rate constants were calculated based on the average
of the data. “Concentrations in mmol. “M, determined using mid-
group analysis via '"H NMR spectroscopy. “Time required for 50%
conversion calculated using initial monomer concentration and
observed rate constant.

molar masses and expected polymerization times. Further
analysis can be found in the “Data Analysis” section of the
Supporting Information.

Polymerization Kinetics and Polymer Purification
Using Dimethyl Phosphate. Metal-based catalysts are
highly prevalent in the production of several classes of
commodity synthetic polymer materials.””*>*® Developments
in the field of catalysis over the past century have generated
many catalysts with incredibly high efficiency and selectivity,
features which enable industrial scale production with very low
catalyst concentrations. Subsequently, the use of killing agents
to “quench” or deactivate catalysts is favored in polymer
manufacturing because this prevents depolymerization and
other unbidden reactions after the golzmer has been processed
into its consumer-ready form.””>® Depolymerization is
particularly perilous because it can drastically alter the
material’s properties and incorporate monomers into the
product, which can be toxic.’”” While advantageous from a
process perspective, residual metal contaminants create a litany
of issues in materials that reﬂuire biocompatibility or
microelectronic applications.”’”®®  Additionally, there is
added concern pertaining to leaching of potentially toxic
additives (e.g, catalyst complexes, fillers, and stabilizers)
because a significant percentage of synthetic polymers escapes
waste64m§16nagement systems and end up in the environ-
ment.

Devolatilization serves as one of the primary methods to
purify industrial synthetic polymers by removing residual
volatiles (e.g., solvents, monomer, and trapped air) once the
reaction is complete.”’ "%’ This process does not typically
remove organometallic catalysts or the catalyst—killing agent
complexes. In contrast, volatile organocatalysts can potentially
be removed by the devolatilization process, thereby eliminating
catalyst contamination in the final material, mitigating
concerns about leaching and/or depolymerization. These
factors motivated us to explore the use of dimethyl phosphate
(DMP) as the ROTEP catalyst for yMCL. DMP is a
commercially available acid (pK, ~ 1.3 in water)’’ that is a
liquid at room temperature with a boiling point of 174 °C.”""*
Kinetic data for the DMP-catalyzed ROTEP of yMCL is shown
in Figure 5. Surprisingly, the reaction takes ~4.2 h to approach
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Figure S. Conversion vs time for the ROTEP of yMCL catalyzed by 1
and 5 mol % DMP and 1 mol % DPP at 100 °C. The theoretical M,, at
100% conversion was 25 kg/mol for each experiment, based on the
starting monomer to initiator ratio. Conversion was measured with 'H
NMR spectroscopy by removing aliquots quenched with CDCI,
containing ~0.5 mg/mL pyridine.

quantitative conversion, nearly 6X longer than the DPP-
catalyzed polymerization at the same catalyst loading, despite
higher reported 7pKa values for DPP (boiling point, 378 °C;
pK,, 2—4).>>7>77° While there is variation in the conditions
under which the pK.’s for the two phosphoric acid derivatives
were measured and reported, similar results were reported by
Gazeau-Bureau et al., wherein methane sulfonic acid was just as
active catalytically as triflic acid in the ROTEP of e-
caprolactone, despite a pK, difference over 10 units.”’

The 'H NMR spectra of a ROTEP reaction of yMCL using
4.3 mol % DMP at 100 °C is shown in Figure 6. The bottom
spectrum indicates that the polymerization reaches near-
quantitative conversion after 2.1 h at this increased catalyst
loading level. The top spectrum is the reaction mixture after
the polymerization vessel was subjected to reduced pressure
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Figure 6. Devolatilization of P(YMCL) synthesized with DMP. The bottom spectrum shows the crude polymerization reaction after 2.1 h with 4.3
mol % DMP at 100 °C (quenched in CDCly containing ~0.4 mg/mL pyridine). The top spectrum is the polymerization reaction after 2 h under
vacuum at 200—50 mTorr and 100 °C. Inset (a) shows near-quantitative removal of the DMP catalyst. Inset (b) shows near-quantitative removal of

residual monomer.

(50 mTorr) at 100 °C for 2 h. Insets (a and b) show that this
treatment results in near-quantitative removal of both residual
monomer and DMP catalyst. A system such as this has the
potential to improve the sustainability of conventional polymer
synthesis, both industrially and academically."”® Despite lower
activity, ROTEP of yMCL using DMP can be performed on
the same timescale as DPP by simply increasing the catalyst
loading. Industrially, this is typically not ideal for the
environmental and toxicity related concerns mentioned
previously, as well as possible changes in material properties
associated with higher concentrations of impurities. However,
for this system, these concerns are allayed because DMP is
readily removed by the devolatilization process, which
effectively enables genuine, facile polymer purification. When
this treatment is applied to a polymerization using DPP, the
catalyst is not removed by devolatilization and thus, a marked
drop in M, is observed due to the continuous removal of
monomer following depolymerization as the monomer
concentration drops below the equilibrium monomer concen-
tration (Figure 7).

In academic settings, polymers are very commonly purified
via successive precipitations. This procedure requires signifi-
cant amounts of solvent in relation to the amount of polymer
and several hours to days of drying time. As we have
demonstrated, a system wherein the devolatilization step also
removes catalyst enables polymer purification in a matter of
hours, without use of solvent. Additionally, recovery and reuse
of catalysts confers other practical advantages when designing
sustainable processes. The 'H NMR spectra of the reuse of
DMP are shown in Figure 8. The bottom spectrum is the
distillate of a polymerization of yMCL using 2 mol % DMP
with BDM as an initiator. The principal components of this
mixture are DMP and residual yMCL monomer. This
recovered DMP/yMCL mixture was combined with a fresh
solution of YMCL and BDM, transferred to a polymerization
vessel, and sealed under a nitrogen atmosphere. The top
spectrum shows that quantitative conversion of yMCL to
PyMCL is achieved after 17.5 h at 100 °C. This demonstrates
the continued activity of the recovered DMP and suitability for
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Figure 7. Devolatilization of P(yMCL) synthesized with DMP and
DPP. Each reaction was run in a sealed polymerization vessel with a
Schlenk adapter under a nitrogen atmosphere at 100 °C for 1 h. When
the reaction was complete, the Schlenk adapter was opened to
vacuum (80—20 mTorr). Aliquots were acquired by placing the
reaction under positive argon pressure before unsealing the vessel. M,
was measured using mid-group analysis via "H NMR spectroscopy,
assuming one initiator per chain.

catalyst recycling, a feature that further improves and enables
sustainability in polymer synthesis.

Synthesis of High Molar Mass PMCL and Limitations
of DMP. A critical parameter that drastically impacts the
mechanical properties of elastomers is the molar mass of the
constituent polymers.”’ Previous work from our group
investigated triblock polymer TPEs, which employ PyMCL
as a soft midblock and semicrystalline P(L-lactide) as the hard
end blocks. Results from these studies showed that these
materials are high-performing, strong, and resilient materials
when the PYMCL molar mass is in the range of 50—100 kg/
mol.” When DPP is used as the catalyst, polymers with a
weight-average molar mass above 100 kg/mol can be accessed
(Table 1 and Figure S). When DMP is used as the catalyst, the
weight-average molar masses deviate sharply from the
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Figure 8. Devolatilization and reuse of DMP. The bottom spectrum is the distillate recovered from a P(yMCL) polymerization using 2 mol %
DMP. The distillate was recovered at 100 °C and 500 mTorr using a Kugelrohr distillation apparatus. The top spectrum shows the polymerization
of a solution of YMCL and BDM after mixing with the distillate shown in the bottom spectrum. Conversion was >95% after 17.5 h at 100 °C.

Table 4. ROTEP of Methyl-Substituted e-Caprolactones with Varying Monomer to Initiator Ratios and Varying Monomer to

Catalyst Ratios Using DMP“

sample (polymer-M, te0) M:I M:Cat temp. (°C) time (h)
P(yMCL)-25 198:1 99:1 100 432
P(yMCL)-44 350:1 65:1 RT 124
P(yMCL)-99 790:1 35:1 100 428
P(yMCL)-C n/a" 101:1 100 22.6

molar mass (kg/mol)

C°“V~b (%) theor. Mn, NMRd Mn, RI SECe M, s SECf Dy SECg
98 31 22 23 24 1.6
99 44 13 18 27 1.7
98 99 90 22 37 2.0
>99 n/a" 38’ 22 41 2.0

“Polymerizations were performed under a nitrogen atmosphere in a glovebox. bConversion determined with "H NMR spectroscopy using mid-
group analy51s, assuming one initiator per chain. “Theoretical M, calculations based on observed monomer conversion and the monomer to
initiator ratio. “M, determined with 'H NMR spectroscopy using mid- group analysis, assuming one initiator per chain. °M,, g sgc determined using
SEC with a refractive index (RI) detector with THF as the mobile phase. M , s sec determined using MALLS-SEC with THF s the mobile phase.
2P was measured using RI-SEC calibrated with narrow dispersity polystyrene standards with chloroform as the mobile phase. hn/a, not applicable.
"M, nyvr Value is an estimation calculated using end group analysis. The putative end group resonances at ~3.7 ppm (Figure 10) are assumed to be

the result of only hydroxyl end groups.

theoretical values when targeting molar masses above ~25 kg/
mol (Table 4). Recently, there has been some controversy
regarding the potential for phosphoric acid derivatives to act as
both catalysts and initiators in AMM polymerizations.”””**
Lewinski et al. showed that DPP and di-o-tolyl phosphate
(DTP) efficiently catalyze the polymerization of &-caprolac-
tone without the addition of exogenous alcohol initiator. The
results of their investigation determined that polymerization
was initiated by residual water contamination in the catalysts,
even after rigorous attempts to dry the materials via
sublimation and successive lyophilizations.*”> However, it was
postulated that other protonic acids with low steric bulk and
suitable acidity could potentially act as both a catalyst and an
initiator. Given the strong deviation in theoretical and
observed molar mass when using DMP to target high molar
mass polymers (see Table 4, P(yMCL)-99), we investigated
the reaction of yMCL with DMP without an exogenous alcohol
initiator to determine if water, DMP initiation, or other
potential side reactions were the cause.

When yMCL was combined with 1 mol % DMP without an
added initiator, quantitative conversion to polymer was
observed after 22.6 h at 100 °C. Additionally, unlike the
characteristic linear increase in conversion over time observed
previously with BDM added as an initiator (Figures 3 and 6),
the rate of the polymerization appears to accelerate slightly
before the reaction reaches equilibrium (Figure 9). To
investigate the structure of the end groups, the reaction
mixture was devolatilized for 15 h at 100 °C to remove the
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Figure 9. Conversion vs time for the polymerization of yMCL
catalyzed by 1 mol % DMP at 100 °C without an exogenous initiator.
The inset shows time points below 80% conversion. Conversion was
measured with "H NMR spectroscopy by removing aliquots quenched
with CDCl; containing ~0.5 mg/mL pyridine.

catalyst and then purified further by precipitation. The putative
end group resonances in the '"H NMR spectra were compared
to the corresponding resonances of purified PYMCL made with
1 mol % DPP without an exogenous alcohol initiator. Figure 10
shows the end group resonances of the purified PYMCL made
with 1 mol % DMP. Upon the addition of trifluoroacetic
anhydride (TFA), a majority of the end group resonances shift
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Figure 10. 'H NMR investigation of the end group structure of PYMCL synthesized with 1 mol % DMP at 100 °C and without an exogenous
initiator. The bottom spectrum is PYMCL after devolatilization for 15 h and 30 mTorr followed by precipitation into hexanes and drying in vacuo.
The top spectrum is the sample of PYMCL in the bottom spectrum after the addition of 2 drops of TFA.

downfield from ~3.7 to ~4.4 ppm, indicative of hydroxyl-
functionalized end groups converting to trifluoromethyl ester
end groups via esterification. The resonances remaining in the
original end group region are a doublet at ~3.8 ppm and a
singlet at 3.7 ppm. The coupling constant for the doublet at
~3.8 ppm (J = 11.5 Hz) is the same as the doublet observed in
the 'H NMR spectrum of DMP (Figure S37). Additionally, the
chemical shift of the singlet at 3.7 ppm corresponds closely
with the singlet observed at 3.66 ppm in PYMCL synthesized
with 1 mol % DPP and 6 mol % methanol as the exogenous
alcohol initiator; this singlet being assigned as a methyl ester
end group (Figure S36). Conversely, when TFA is added to
purified PYMCL made with 1 mol % DPP and no exogenous
alcohol initiator, all of the end group resonances shift
downfield to ~4.4 ppm, indicative of complete hydroxyl end
group functionality (Figure 10 and Figure S35). In light of the
previously discussed investigation by Lewinski et al. on DPP-
catalyzed polymerization of &-caprolactone, these results are
consistent with water contamination in DMP and DPP, acting
as an initiator in the polymerization of MCLs. Additionally,
other end groups are present as additional side reactions can
occur when using DMP: potentially elimination of methanol,
adventitious initiation by catalyst species, or reaction of catalyst
species with hydroxyl end groups. Each of these potential side
reactions is a probable cause for the observed disparity
between the theoretical and observed molar masses.

To investigate catalyst stability, DMP was heated at 100 °C
in the absence of both monomer and initiator. After 36 h, new
resonances are observed in the 'H, *C, and *'P NMR spectra
of the reaction mixture (Figures S37—S42). The small singlet
at 3.49 ppm in the 'H NMR spectrum is likely due to
methanol, formed from a potential nucleophilic attack by water
on the phosphorus in DMP followed by elimination of
methanol (see Scheme S1 for other possibilities). Methanol
can initiate the polymerization of MCL, leading to a methyl
ester end group, a potential explanation for the singlet
observed at 3.7 ppm (Figure 10). Other reactions between
catalysts at this temperature can lead to the formation of
phosphoric acid or methyl dihydrogen phosphate, resulting in
catalyst species with additional acidic protons, species which
can potentially be more active than DMP alone, potentially
explaining the observed acceleration in the rate of polymer-
ization before the reaction reaches equilibrium (Figure 9).

To investigate the potential for DMP to act as an initiator or
react with the hydroxyl end group of a polymer chain, yYMCL
and DMP were reacted together in a 2:1 mole ratio at 100 °C
for 30 min followed by devolatilization at 40 mTorr for 3 h.
The products were then analyzed by matrix-assisted laser
desorption ionization time-of-flight mass spectrometry
(MALDI-TOF MS) in the positive reflector mode using
potassium trifluoroacetate as the positive ion salt (Figures $43
and S44). The spectral analysis data show several signals,
which closely correspond in mass to a wide variety of potential
reaction products, including PyMCL initiated by water,
PyMCL initiated by methanol, cyclic oligomerization, chain
coupling, PYMCL initiated by DMP or nucleophilic attack on
DMP by a hydroxyl end group followed by elimination of
methanol or water, and condensation between two DMP
molecules to form a phosphoanhydride followed by the attack
of a hydroxyl chain end among others. Table SI lists the
proposed product structures for several potential reactions with
corresponding theoretical molar masses and signals observed in
Figure S44.

These results suggest that high molar mass PMCL polymers
with high end group fidelity are difficult to synthesize using
DMP at 100 °C. While molar mass control can be achieved up
to ~25 kg/mol with 1 mol % DMP, extended reaction times or
high catalyst loadings and elevated temperatures lead to
unbidden side reactions that depress the observed molar mass
when targeting high molar mass polymers. Conversely,
polymers with molar masses >100 kg/mol have been
synthesized using DPP. A potential strategy for accessing
even higher molar masses for these polymers, first reported by
Lewinski et al., would be to conduct the polymerization at an
exceedingly high monomer to catalyst ratio and forgo the
addition of exogenous alcohol initiator, relying solely on trace
water present in the catalyst to initiate polymerization.*’
Although high molar mass may not be achieved with DMP,
there are advantages in purification and sustainability that
provide a promising alternative for use in making low molar
mass aliphatic polyesters, which are commonly employed for a
myriad of applications such as thermoplastic and chemically
cross-linked polyurethane materials, chemically cross-linked
elastomers, thermoset resins, thermally mendable materials,
and materials with shape memory properties.””*%*~

Thermal and Rheological Characterization. The most
salient physical properties for soft TPE midblock candidates
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Figure 11. Master curves for P(fMCL-co-SMCL) and P(SMCL-co-yMCL-co-SMCL). Curves were acquired by applying shift factors (a,) to
dynamic frequency sweep data. The reference temperatures are 10 °C for P(fMCL-co-SMCL) and 25 °C for P(SfMCL-co-yMCL-co-SMCL).

are the entanglement molar mass (M,) and glass transition
temperature (Tg).g7 Several researchers have used PyYMCL to
make thermoplastic elastomer materials with excellent
strength, toughness, and elasticity due in large part to the
relatively low M, of PYMCL.”>* A comparison of the DMTA
for high molar mass samples of P[(SMCL)-co-(MCL)] and
P[(SMCL)-co-(yMCL)-co-(SMCL)] revealed that the two
polymers have similar plateau moduli to each other and
PyMCL (Figure 11).”> The M, for each of these copolymers
was calculated using plateau modulus values determined from
minima of the shifted tan & curves (see the Supporting
Information, Figures S33 and S34). The T, and temperature at
5% mass loss (Tysq) were determined using differential
scanning calorimetry and thermogravimetric analysis, respec-
tively (Table S). In comparison to the thermal and rheological

Table S. Entanglement Molar Masses (M,), Glass Transition
Temperatures (Tg), and Temperature at 5% Mass Loss
(T4,s4) for PMCL Copolymers

sample M, (kg/mol) T, (°C)  Tyss (°C)
P(yMCL) 2.9° —58° 350
P(AMCL-co-MCL) 2.8 -8 370
P(MCL-co-yMCL-co-SMCL) 3.7 -55 345

“Values reported by Watts et al.” M, estimated using the plateau in
the storage modulus at the minimum of the tan & (see the Supporting
Information). T, measured using differential scanning calorimetry.
Ty 50, measured using thermal gravimetric analysis under a nitrogen
atmosphere at 10 °C/min.

data reported for PYMCL by Watts et al,, the M, and T, values
between pure PyYMCL and the PMCL copolymers and
terpolymers studied here are at parity.” These results suggest
that PMCL polymers can impart the same material properties
to elastomers as PYMCL. Furthermore, using a mixed feed of
MCL monomers represents a significant economic advantage
when sourcing them from cresols on an industrial scale because
m-cresol and p-cresol can be separated as a mixture from o-
cresol via fractional distillation and would require no further
purification processes.

PMCL PLLA Block Polymer Synthesis. While many
studies have demonstrated the efficacy of DPP as a catalyst for
ROTEP of a myriad of heterocyclic monomers, DPP has been
shown to be relatively ineffective for the polymerization of
lactide.””** However, a number of successful organocatalytic
strategies for this monomer have been developed, and in

particular, tertiary amines have been well explored for this
highly industrially relevant monomer.”"** In this work, we
investigated the use of 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU) for the polymerization of L-lactide from PMCL
previously synthesized with DPP. The experiment was
conducted in bulk under a nitrogen atmosphere using standard
glovebox techniques. Amorphous PYMCL was combined with
the solid L-lactide monomer via manual mixing with a metal
spatula. Once combined, 5.6 mol % DBU (to r-lactide) was
added. The reaction mixture was agitated once more and
allowed to sit at room temperature for 3 h, with manual
agitation occurring at ~1 and ~2 h. After 3 h, the conversion
of L-lactide was 74% via '"H NMR spectroscopy. Figure 12

— P(yMCL) - 21 kg/mol
— P[(L-LA)- b-(yMCL)- b-(L-LA)] - 32 kg/mol

Normalized RI signal

T
12 13 14 15 16 17 18
Retention time (min)

Figure 12. Chloroform SEC trace of PYMCL prepolymer and P(L-
lactide-b-yMCL-b-L-lactide) copolymer synthesized with 5.5 mol %
DBU (to vr-lactide). The reaction was performed under a nitrogen
atmosphere using standard glovebox techniques at room temperature
in bulk for 3 h. The reaction mixture was agitated manually once per
hour with a metal spatula.

shows the SEC traces of the starting PYMCL and the block
copolymer reaction after 3 h, indicating a marked increase in
molar mass from an M, of 21 to 32 kg/mol. Recently, one-pot
approaches for the synthesis of multiblock copolymers have
been reported.” To explore the suitability of this approach for
poly(i-lactide)-b-poly(yMCL)-b-poly(L-lactide), we synthe-
sized a PyMCL midblock using DPP and once the reaction
was complete, L-lactide, DBU, and a small amount of toluene
were added directly to the reaction vessel. Figure S49 shows
the SEC traces of the starting PYMCL and the block copolymer
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after precipitation, indicating an increase in molar mass from
an M, of 25 to 31 kg/mol. These results suggest that the tough,
strong, and resilient poly(L-lactide)-b-poly(yMCL)-b-poly(r-
lactide) TPEs we have reported in the past can be accessed
with a one-pot strategy, organocatalytically, and without the
use of solvents.

Bl CONCLUSIONS

The results from this work demonstrate that DPP is an eflicient
and effective catalyst in the ROTEP of MCL mixtures. The
molar masses of yMCL and equimolar mixtures of fMCL,
YMCL, and SMCL can be easily modulated by changing the
monomer to initiator ratio in the feed. The molar mass cannot
be modulated in this way when aMCL and éMCL are present
due to termination reactions. The dependence of [M] in the
observed rate law for these systems appears to be pseudo-zero
order. The deviation from first-order kinetics mirrors many
previous results for AMM polymerizations of cyclic esters and
indicates that the basicity of fJMCL, yMCL, and dMCL is
higher than the corresponding ester groups in the polymer.
Future studies correlating pKj, values to reactivity ratios would
likely provide further mechanistic insight into AMM
copolymerizations. The use of DMP is also an effective
organocatalytic strategy for the ROTEP of telechelic PMCL,
albeit with significantly less activity and less control than DPP.
The volatility of DMP enables facile polymer purification via
devolatilization, which is beneficial in reducing contamination
concerns in materials compared to current industrial polymer-
ization practices.

The copolymers acquired from polymerizing equimolar
mixtures of SMCL and SMCL or fMCL, yMCL, and 6OMCL
have comparable M, and T, values to PyMCL. The parity
between the thermal and rheological properties of the PMCL
copolymers with PYMCL suggest that they are also suitable for
use in making materials with high mechanical strength,
toughness, and elasticity. This indicates a significant economic
advantage to using a mixed feed of MCL monomers versus
pure yMCL, especially when sourcing them from cresols
because the path from raw material to monomer is streamlined
significantly by removing the need to separate m-cresol and p-
cresol isomers. This work demonstrates that high molar mass
PMCL in the range of 50—100 kg/mol can be accessed in bulk
at RT using DPP. Block copolymerization of L-lactide with
PMCL can be accomplished in bulk, at room temperature and
organocatalytically using DBU.
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