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ABSTRACT: Defined macromolecular architecture using anionic I,f"i"'(i':i}\\ 58““‘““5""’”0@ jom========= S eemmmmm==s -
ring-opening copolymerization (ROcP) of lactones and cyclic :ﬁ? ™ 17 high Ditution "N | === \
carbonates offers facile routes toward copolymers with unique E o & E m ii Low M) !
material properties, ranging from thermoplastic to elastomeric. | @ o):Lo (o’ i A Ay ek .i
However, monomers with a slow ROP rate are hampered by :‘ Bmamm ! Polymerization iéo*.o\o:’.:
competing backbiting reactions, scrambling the macromolecular ‘\,'l A grder | 1L i
sequence, and, thereby, a loss of material properties occurs. We .§° o Jall] = k(M) i w |
here solve this issue by controlling the rate of backbiting. Through | towbiution Depolymerization ] High V]I
our approach, we show how block structures previously inaccessible ~ %N\ - <<<cooocooooomooooooo] s el

can be synthesized from monomers with vastly different ROP rates,
covering small lactones and even including macrolactones. This
control can also be extended beyond block structures to include
random and gradient architectures by tuning monomer concen-
tration to the relative ROP and backbiting rate.
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1. INTRODUCTION

Block copolymers can combine vastly different polymeric

not seen for less reactive systems), generating fractions of
macrocyclic oligomers in addition to the main linear polymer,
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behaviors in the same chain.'~” Toward this, the synthesis of
block copolymers through ring-opening copolymerization
(ROCP) is interesting as it opens up for the use of biobased
cyclic monomers to synthesize polymers with material proper-
ties similar to many of the commodity-plastics while
simultaneously offering chemical recyclability to the polymeric
material. During ROcP, the polymerization behavior is closely
connected to the ring size of the monomer. Therefore,
combining monomers with high and low ring strain is
challenging, where the least reactive monomer, the monomer
with the lowest ring strain, will dictate the required catalytic
system. Thus, we must resort to highly reactive polymerization
systems to have generality in the monomer scope. One of the
most reactive catalytic systems for the polymerization of
lactones is anionic ring-opening polymerization (AROP).
AROP dates back to 1961 with the polymerization of 8-
propiolactone® and has since been used to polymerize a variety
of different small-sized enthalpy-driven cyclic ester monomers
such as lactides,”™" e-caprolactone (¢CL),'>"?~** §-valerolac-
tone (SVL),'"”'® B-butyrolactone(s) (BBL),'***~* pivalolac-
tone,>*>” undecanolide and dodecanolide,”® and even the
entropy driven and strainless macrocyclic w-pentadecalactone
(PDL).” Well-defined architectures such as block copolymers
based on small-ring-sized lactones such as eCL, 6VL, and fBL
have also been reported.'>'”'?3073>

Still, the high reactivity of the propagating chain-end during
AROP of lactones leads to extensive amounts of side reactions,
in particular, backbiting transesterification (which commonly is
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and thereby increasing dispersity of the polymers with reaction
time ! %1021,2228:33=42 Thyo AROP must be terminated before
significant macrocycle formation occurs to yield, eg., P(eCL)
and P(6VL) with low P values (~1.1).** This in turn means that
the reactivity of the catalytic system can be used to mediate
macrocycle formation,">'”*° However, this approach only
works for monomers with fast ring-opening kinetics (i.e.,
monomers with small-sized rings driven by enthalpy through
the release of ring strain) and advanced polymer architectures
that include monomers with slow ring-opening kinetics (i.c.,
monomers with large-sized rings driven by entropy through
increasing their conformations in linear form) remain
unachievable. The issue originates from the low reactivity for
larger ring sizes due to the lack of strain, where entropy is the
main driving force. This results in the need of nondiscriminating
catalytic systems for the monomer and macrocycle, where
backbiting is promoted over interchain transesterification.”*
Interchain transesterification is problematic as it leads to
sequence randomization regardless of a clean block transition
from a monomer conversion perspective.
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Macrocycle control in ring-opening
(co)polymerization concept
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Figure 1. Overview of macrocycle control in ring-opening polymerization and its application in copolymer design and synthesis.
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Figure 2. (a) Polymerization of [PDL] = 2 M in toluene using different metal alkoxides [PDL]/([BnOM] or ['BuOM])/[BnOH]

=50/1/1. (b) K of

1a versus ionic radii. Counterions studied were (cyan box solid) B**, (black box solid) AI**, (red circle solid) Zn**, (blue triangle up solid) Mg**, (green
triangle down solid) Li*, (purple solid tilted square solid) Na*, (yellow star solid) K*. The values for the effective radii were taken from the literature."”

Hence, in order to achieve clean block transitions, we
considered the ring—chain equilibria during polymerization of
macrolactones to control backbiting, not catalytically through
selective catalysis, but kinetically through the control of
macrocycle formation and polymerization. The ring chain
equilibria and rate of macrocycle formation are described
through the Jacobson—Stockmayer theory,* which states that
the probability for a polymer chain to fold decreases propor-
tionally to the ring size to the power of —5/2. Hence, smaller
ring sizes are formed faster and in higher quantities in
comparison to larger ring sizes. Important to note, this does
not only relate to macrolactones but, as ROP is an equilibrium
reaction, also to the homopolymerization of 6VL or eCL
initiated by K, Na', or Li" anionic initiators yields rings of
varying size.> 40,42,46

Our hypothesis is that during AROP, manipulating the rate-
of-polymerization relative to the rate-of-macrocycle formation
should yield copolymers spanning architectures from defined
block structures to random copolymers. Based on this
knowledge, we aim to develop synthetic concepts that allow
the formation of defined block copolymers based on monomers
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with different ring sizes (Figure 1). Toward this, we will first
explore different anionic polymerization systems; second, we
will elucidate how we can promote polymerization over
macrocycle formation and finally apply this in the synthesis of
block copolymers from small and large ring-sized monomers.

2. RESULTS AND DISCUSSION

2.1. AROP Kinetics of PDL: Effect of Counterion. The
first step to defined block copolymers based on enthalpy (small
ring size) and entropy-driven (larger ring size) monomers was to
elucidate the effect of the counterion during AROP. Therefore, a
series of metallic benzyloxides with different effective ionic radii
were evaluated for AROP with PDL as a model monomer.
Alkoxides were generated in situ through deprotonation of the
BnOH by the basic alkyl ligands for BEt;, AlEt;, ZnEt,, and
MgBut, or added directly in the form of tert-butoxide groups
‘BuOLi, ‘BuONa, or ‘BuOK. For all counterions, except for B,
PDL was efficiently polymerized to high conversions and we
found an exponential relationship between the rate and the
counterion size, by means of effective ionic radii data taken from
Shannon,"” (Figure 2). The cationic-size-dependent reactivity is
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Figure 3. (a) SEC-derived M, versus conversion for reactions initiated with different ‘BuOLi concentrations. (b) SEC elugrams of the polymerization

of [PDL], = 2 M in toluene after 0.5 and 48 h left at 90 °C.

in good agreement with the literature on anionic polymerization
of anions and cations of different hardness for cyclic monomers
such as lactones, ethers, and siloxanes, among others (ion pair
tightness: Li* > Na* > K* > Cs*).**7>° AROP of PDL with K*
and Na* reached full conversion of PDL within seconds (Table
S1, entries 2 and 3). These speeds are remarkable compared to
previous results where, for example, a highly active yttrium
phosphasalen catalyst required 4 h to polymerize PDL under
similar conditions at room temperature.”” The drawback of the
high reactivity was that AROP with soft and large-sized
counterions, K* or Na*, leads to a competitive initiation reaction
through a-deprotonation, as observed by "H NMR spectroscopy
(Figure S1) and MALDI TOF analysis (Figure S2 and Scheme
S$1).>® Based on this, the counterions were divided into three
groups: large cations that led to high reaction rates, but
simultaneously also to side reactions; medium-sized cations with
medium reaction rates and no side reactions and finally small
cations with low reaction rates leading to low PDL conversion
(<10%) within the measured time frame (Table S1, entry 1). In
summary, a favorable combination of high reaction rate and no
competing side reactions was found for ‘BuOLi, which was
chosen as the primary initiator from here on (Figure S1).

2.1.1. AROP Kinetics of Macrolactones: Effect of Initiator
Concentration. The second step toward defined block
copolymers is elucidating how the alcohol initiator concen-
tration affects the polymerization, which is central during the
later two-step chain extension reactions to yield block
copolymers. Therefore, different BnOH concentrations com-
pared to the Lewis acids Li*, Zn**, and AI** were evaluated. An
increase in the amount of BnOH led to a decrease in molecular
weight with both ZnEt, and ‘BuOLi as initiators, revealing that
all BnOH and ‘BuOLi groups initiate polymer chains (Figure
S3) and that the rate of chain transfer exchange is many times
more rapid than AROP (Scheme S2). Also, due to the strong
coordinative nature of ZnEt, and AlEt;, the polymerization rate
was found dependent on BnOH concentration (Figure S4),
which is attributed to BnOH-induced deaggregation of the
catalyst.*>>’

2.2. AROP Kinetics of Macrolactones: Transesterifica-
tion and Reaction Control. With the knowledge surrounding
counterion effects and the effect of initiator concentration, we
could test our central hypothesis that tuning the rate of
polymerization to the rate of macrocycle formation should yield
copolymers with different architectures. Our initial assumption
was that transesterification mainly occurs intrachain through a
backbiting mechanism. To test this hypothesis, we performed
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AROP of [PDL], = 2 M in toluene initiated by ‘BuOLi at 90 °C
and studied the polymers via size exclusion chromatography
(SEC) (Figure 3). High control over molecular weight and
moderate D via pseudo-first-order polymerization kinetics
(Figure SS) and a linear correlation between M, and conversion
were found (Figure 3a). Chain extension was possible, as shown
by allowing a polymerization of PDL to react for 2 h to full
conversion, followed by an equimolar second addition of PDL in
toluene, which again achieved complete PDL conversion,
creating a polymer with a similar D and a M, increase matching
the added PDL concentration (Figure S6). The occurrence of
intermolecular transesterification reactions and alterations with
time was studied by leaving the reaction for 48 h after complete
conversion at 90 °C. No SEC trace-broadening was detected;
and the same was true for several of the evaluated Lewis acids
(Figures 3b and S7) and also for an enthalpy-driven monomer,
eCL (Figure S8). These results suggest that interpolymer
transesterification is suppressed as the P is not widening.
Backbiting or intramolecular transesterification is commonly
observed for AROP of small lactones, leading to macrocyclic
oligomer formation.”'”'®?/?%2833=41 The same observation
was found here, with low molecular weight macrocyclic
oligomer traces around 500—2000 g mol™' observed in the
SEC elugrams (Figure 3b). It should be pointed out that the M,
derived from SEC is about ~3 times higher than the theoretical
and '"H NMR-derived values (Figure S7), due to the differences
in the hydrodynamic volume of PPDL compared to poly-
styrene.”’ Although the B is high for the formed PPDL (P ~
1.60—1.80), it is still comparable to most other metal and
organic catalysts,”’ ~** yet, compared to the AROP of CL, the P
is much higher.”*®® In similar anionic polymerization systems,
adding a strong and bulky Lewis acid cocatalyst®® or utilization
of very short reaction times*’ can lead to narrow disperse PCL
(down to D = 1.15). However, for PDL, the low reactivity of the
monomer means that significant cycle formation will occur
before all of the PDL is consumed. It is also important to stress
that we were not aiming for low D, but rather an understanding
of how to achieve a clean transition between blocks in block
copolymers.

2.3. Ring—Chain Equilibria during PDL-CL Copoly-
merization. The ring—chain equilibria are central for achieving
defined copolymers of monomers with different ring size, in
other words, thermodynamic driving forces, enthalpic (small-
sized rings), or entropic (large-sized rings). To study this, PDL
and £CL were copolymerized using ‘BuOLi under simultaneous
and sequential monomer addition at two different monomer

https://doi.org/10.1021/acs.macromol.3c02477
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Figure 4. Polymerizations and copolymerizations were performed at 90 °C using 1 mol % ‘BuOLi catalyst and, if applicable, in toluene solvent for 2 h.
Schematic representation of different approaches to PDL-CL copolymer synthesis with the resulting '*C NMR spectra (298 K, CDCl,). Reaction
details can be found in Table S1, entries 4—7 for runs a—d, respectively.
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concentrations. It was clear that the copolymer architecture block copolymers through sequential monomer addition with
depended on the order of monomer addition and the reaction PDL (entropy driven) as the first block followed by the addition
system concentration. For runs at 1 M monomer concentration, €CL (enthalpy driven) could be synthesized with high definition
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and no hetero dyads observable in the carbonyl region of '*C
NMR (Figure 4). Even when the system is left for an additional
13 h after full conversion at 90 °C, no hetero dyads were
observed. These results suggest that intermolecular trans-
esterification is suppressed and that randomization during
copolymerization is related to backbiting and repolymerization
rather than interchain transesterification. However, when the
experiment was repeated with the AROP of eCL first, followed
by the sequential addition of PDL, entirely random copolymers
were formed (Figure 4). These observations are coherent with
previous work on block copolymers containing PDL blocks,
where the small-ring-sized monomer of enthalpic driving force,
such as lactide,®”®” ¢CL,%® or 2,2-dimethyltrimethylene
carbonate,”® for sequential monomer addition is exclusively
used as a second block. In contrast, as far as we know, there are
no examples of well-defined block copolymers with PDL as the
second block, except reports of simultaneous addition to yield
tapered block copolymers.”” The prospect of macrocycles
contaminating the *C carbonyl signals is disregarded, as the
copolymers are obtained by precipitation in methanol from
chloroform, which isolates the linear polymers from the much
smaller macrocycle byproducts.

Polymerization
—t—

kqlI] — k2 [1][M]
—

Depolymerization

dam] _

dt

Kinetics relating to the change in monomer concentration.
The copolymerization between PDL and £CL shows that the
concentration affects the block structure, which is inherent in the
difference in kinetic dependence between polymerization and
depolymerization. To elaborate, the rate equation for the
polymerization of lactones is summarized as eq 1, where d[M]/
dt represents the change in cycle (monomer + macrocycles)
concentration with time, [I] the concentration of the initiator,
[M] the concentration of cycles, k; the rate constant for cyclo-
depolymerization, and k, the rate constant for polymerization. If
k, exceeds k,[M], then depolymerization occurs. Even during
polymerization, cyclo-depolymerization occurs, although at a
much lower rate than the polymerization rate. Suppose the
overall cyclo-depolymerization rate (k;) is competitive with the
polymerization rate (k,[M]); in that case, macrocycles are
formed faster than they are consumed, resulting in the formation
of larger cycles consisting of mixtures of monomer, which
subsequently are repolymerized to form random copolymers
(Figure Sa). The k, variable is influenced by the ring-opening
thermodynamic driving force of the monomer, while k;, forming
strainless macrocycles, is expected to be dependent only on the
macrocycle size. Hence, the k,/k; ratio is small for monomers
with entropy-driven thermodynamics. SEC traces of systems at
equilibrium for the homopolymerization of PDL in toluene at 90
°C at various monomer concentrations (Figure Sb) reveal that
with an increasing monomer concentration, the relative
concentration of macrocycles decreases, as the macrocycle
polymerization is first-order-dependent, while macrocycle
formation has zero-order-dependent (Figure Sc). This can
cause a polymer to lose a significant amount of its molecular
weight simply by dilution, yielding macrocycles that can
subsequently be repolymerized and cause chain scrambling
(Figure S9). It should be pointed out that it takes a long time to
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reach equilibrium for large PDL multimer cycles (>PDL*) when
'‘BuOLi is used. For this reason, Figure Sb,5c was obtained by
using the much faster ‘BuOK initiator.

The predictive power of eq 1 was tested under two different
concentrations, 1 M and bulk, during the simultaneous addition
of PDL and eCL (Figure 4c,d). Due to the much higher
polymerization rate of ¢CL (enthalpy driven) than PDL
(entropy driven),”” most of eCL is converted before PDL is,
which should lead to a block copolymer if no/little backbiting
occurs. Indeed, the "*C NMR spectra show a clear difference in
the randomness for the two copolymers, depending on their
initial monomer concentrations, as observed by the intensity of
carbonyl (~174.0 ppm) and methylene positions (~64.4 ppm)
related to the dyads of éCL—eCL and PDL—PDL (Figure 4
routes (c) and (d)). Thermal stability and temperature-
dependent phase transitions, determined by thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC),
support the formation of block-like structures in bulk and more
random structures at 1 M (Figure S10). The polymer
architecture is, therefore, dependent on two factors, the
monomer concentration and the AROP reaction rate of the
second block, and their effect can be understood from eq 1 as
only transesterification via backbiting reactions occurs. To
clarify with eCL as an example, the reaction forming a linear
polymer is faster than the rate at which cyclic oligomers are
formed from the linear polymer.”*** It is thus no surprise that
PDL, which homopolymerizes much more slowly where
backbiting is comparable in rate, is more prone to generate
random copolymers if polymerized as the second monomer.
Still, a sequential copolymerization of PDL followed by eCL at a
low concentration of 0.5 M also yields a random copolymer,
indicating that the fast polymerization kinetics of eCL is
suppressed enough due to the low monomer concentration to
allow depolymerization to macrocycles via backbiting trans-
esterification, which subsequently are polymerized, leading to a
random copolymer (Figure S11).

2.4. Ring Chain Equilibrium—Theoretical Context. We
now know that the concentration of the macrocycles formed via
backbiting reactions will govern the block structure during
copolymerization. By applying the Jacobson—Stockmayer
theory, we plotted the ring size to the power of —5/2 against
the size of each possible ring when combining PDL-¢CL in their
copolymerization system (Figure S12a). Synthetically, it is
known that the £€CL monomer does not form during
depolymerization in solution.”**>** A careful comparison of
the theoretically predicted macrocycle concentration and the
SEC results (Figure S12b) reveals a strong disagreement about
the type and concentration of macrocycles formed. The
Jacobson and Stockmayer theory assumes identical reactivity
of each cycle;* consequently, the theory does not hold for
copolymers. Instead, the equilibrium concentration should be
corrected for the number of ester groups in the ring, as these
dictate the reactivity of each ring (Figure S12c) (eq 2).

-2.5
X's

corr. concentration =

%o )
Relative concentration correction of the Jacobson—Stockmayer
theory for macrocycles consisting of more than one monomer.
Where n represents the number of atoms in the cycle, s the
number of atoms in the cycle per ester group, and sy the number
of atoms in the ring of the smallest monomer.
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PDL) copolymers.

This correction enabled a better agreement between SEC data
and theoretically predicted values (Figure S12d) and suggests
that mixed cycles are less reactive than eCL cycles of similar size.
Thus, much of the homo ¢CL will be converted to mixed cycles,
leading to random copolymers upon subsequent ring-opening.
Scrambling of macrocycles could be observed by consecutive
SEC analysis during the sequential addition copolymerization of
eCL followed by [PDL], = 0.5 M at 90 °C initiated by ‘BuOLi
(Figure S12e). Before the addition of PDL, the oligomers of eCL
are visible in the SEC traces. However, after the addition of PDL,
new macrocycles form at different retention volumes, which do
not correspond to €CL or PDL homomacrocycles. Still,
polymerization to form a linear copolymer continues, as is
evident by the increase in molecular weight of the linear fraction,
demonstrating that cycle formation occurs constantly through-
out the polymerization. The backbiting transesterification
reaction leading to macrocyclic formation is limited in size to
approximately ten monomeric units, as is expected from the
decreasing probability of their theoretical formation. By SEC,
macrocycle traces are visible with 200—5000 g mol ™" molecular
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weights, and linear polymers have molecular weights over 7000 g
mol™" (Figure S11b,e). If the polymerization can incorporate ten
monomeric units faster than that backbiting transesterification
occur, only homomacrocycles are formed, which subsequently
will not affect the block transition, and clean block copolymers
can be formed. Therefore, the dependency on the homopolymer
polymerization rate and the reaction concentration allows for
incredible control over the polymerization and polymer
architecture by using the same catalytic system. Due to the
abundance of transesterification using transesterification cata-
lysts, several studies have reported the synthesis of random
copolymers of PDL.°>**”"~7* With the simple anionic systems
studied here, randomness or block structures can be triggered
simply by varying reaction concentrations.

The origin of the suppression of interpolymer trans-
esterification observed in AROP was investigated using the
atomic scale information provided by molecular dynamics
(MD) simulations (see Supporting Information (SI) section
“Molecular Dynamics”). It was found that intramolecular
coordination of ester units to the counterion pulls all ester
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units closer to the propagating chain-end. Such behavior yields
large steric bulk, which likely hinders the propagating chain-end
from reacting intermolecularly with other polymer chains.

2.5. Well-Defined Copolymers of Monomers with
Different Thermodynamic Driving Forces. The acquired
detailed understanding of the ring—chain equilibria and kinetic
profiles of the different monomers was successfully applied to
synthesize (multi)block copolymers. To exemplify, we demon-
strate the previously unachievable block copolymer based on the
sequential addition of first an enthalpically driven monomer
(eCL or trimethylene carbonate (TMC)) followed by an
entropically driven monomer (PDL). Specifically, three (multi)-
block copolymers were synthesized and characterized (‘H
NMR, “C NMR, SEC, TGA, DSC, and diffusion-ordered
spectroscopy (DOSY)):

(1) P(PDL-b-¢CL-b-TMC) (Figures Sa and S16—S20).
(2) P(PDL-b-eCL-b-PDL-b-CL) (Figures Sb and S21—524).
3) P(PDL-b-TMC-b-PDL) (Figures Sc and S25—528).

We selected €CL and TMC as comonomers based on their
inherent fast homopolymerization rate. In these cases, macro-
cycle formation occurs only after complete conversion (large k,/
k, ratio (eq 1)). To demonstrate the versatility in the synthesis
and handling, a P(PDL-b-TMC-b-PDL) copolymer was also
made through a two-step synthesis pathway using ZnEt, to
generate the alkoxide in situ to perform a chain extension
reaction on an isolated polymer (Figure S29). Additionally, to
demonstrate that copolymers can be synthesized in a one-pot
fashion using initiators other than ‘BuOLi, P(PDL-b-¢CL-b-
TMC) and P(PDL-b-TMC-b-PDL) were also prepared using a
BnOH-ZnEt, initiating system (Figures S30 and S31). Highly
defined block copolymers were obtained, and only homo dyads
were present in the carbonyl region in *C NMR (Figure 6a,6c¢).
P(PDL-b-¢CL-b-PDL-b-¢CL) (Figure 6b) was an exception,
portraying low-intensity hetero linkages, which is expected when
PDL is not added as the first block due to its polymerization
behavior (low k,/k, ratio), as discussed prior (see eq 1 and
Figures 4 and 5). Hence, these polymerizations were performed
at high concentrations, limiting the macrocycle formation (eq
1). In addition, we demonstrated block copolymer formation via
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AROP based on w-6-hexadecenlactone (HDL) and r-lactide
(LLA) to further expand the scope. HDL is known to have low
polymerization rates, much like PDL, as the ratio of k,/k; (eq 1)
is small for HDL. Hence, LLA is an excellent candidate as a
second block monomer as this enthalpy-driven monomer is
polymerized rapidly and showed no formation of macrocycles
during homopolymerization. Indeed, only homo dyads are
visible by *C NMR (Figure 7b), and TGA analysis displays a
two-step degradation for the isolated copolymer (Figure 7c). A
more detailed discussion for P(HDL-b-LLA including 'H, "°C,
and DOSY NMR, SEC, and DSC data, is presented in the
Supporting Information (see SI section P(HDL-b-LLA) and
Figures $32—S37).

The benefits of controlled AROP for block copolymer
synthesis are certainly not limited to lactones; other cyclic
monomers such as cyclic ethers, sulfides, carbonates, amides,
phosphates, siloxanes, imines, and ureas are all established to be
polymerizable by anionic mechanisms.”*~’® The combined
understanding of interpolymer transesterification and macro-
cycle formation generated in this work may open up an array of
new defined copolymers without limitations to the different
block compositions.

3. CONCLUSIONS

In this work, we have presented the concept of relative
polymerization/backbiting reaction kinetics for different mono-
mers that enabled the facile synthesis of block copolymers
consisting of entropy-driven strainless macrocyclic lactones
(PDL or HDL) and enthalpy-driven strained small-ring-sized
lactones and cyclic carbonates (¢CL, TMC, LLA). AROP
exhibits a high polymerization rate and a low degree of
interpolymer transesterification reactions that enable clean
block transitions during a one-pot chain extension. Thus, this
allows us to predict and understand the copolymerization
architectural outcomes. Strainless entropy-driven lactones
require high concentrations to achieve block transitions,
whereas strained enthalpy-driven lactones lead to clean block
transitions at much lower concentrations. In a larger context, this
work focuses on the polymerization of cyclic esters and cyclic
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carbonates. However, we believe this knowledge might be
instrumental in designing block copolymers of other cyclic
monomers with vastly different polymerization behaviors
toward tailored applications.
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