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ABSTRACT: The design of facile synthetic routes to well-defined

block copolymers (BCPs) from direct polymerization of one-pot Lewis Acid Equilibrium  vs. Rate of Polymerization
comonomer mixtures, rather than traditional sequential additions, Different Parametr )
is both fundamentally and technologically important. Such DifferentMonomer Pairs “Relationships Pifferent Copolymer Seduence
synthetic methodologies often leverage relative monomer reactivity |, %o oo Constructive o e
toward propagating species exclusively and therefore are rather |, o9 %[ ° 2% Disorete Block INEGAN
limited in monomer scope and control over copolymer structure. L2ee°il® ool _ i Py
The recently developed compounded sequence control (CSC) by [oo '.-: o g f-: Conflicting ~—— A~
Lewis pair polymerization (LPP) utilizes synergistically both :-:0:- S :':v:uj M Random Discrete Block
Copolymer Copolymer

thermodynamic (K,,) and kinetic (k,) differentiation to precisely
control BCP sequences and suppress tapering and misincorporation
errors. Here, we present an in-depth study of CSC by LPP, focusing on the complex interplay of the fundamental K., and k,
parameters, which enable the unique ability of CSC-LPP to precisely control comonomer sequences across a variety of polar vinyl
monomer classes. Individual Lewis acid equilibrium and polymerization rate parameters of a range of commercially relevant
monomers were experimentally quantified, computationally validated, and rationalized. These values allowed for the judicious design
of copolymerizations which probed multiple hypotheses regarding the constructive vs conflicting nature of the relationship between
K,y and k, biases, which arise during CSC-LPP of comonomer mixtures. These relationships were thoroughly explored and directly
correlated with resultant copolymer microstructures. Several examples of higher-order BCPs are presented, further demonstrating
the potential for materials innovation offered by this methodology.

H INTRODUCTION ologies,22 thus establishing that CSC between different
monomer classes is also possible. Most recently, we detailed
a mechanistic study on the precision synthesis of cyclic vinyl
polymers in which the fundamental mechanisms in LPP that
underly CSC were shown to enable spatial and temporal
control in the synthesis of cyclic homopolymers and BCPs.”’

The two-step propagation mechanism of LPP (Figure 1),
wherein a free monomer is first coordinated to an equivalent of
LA (monomer activation) and then the activated monomer
undergoes nucleophilic attack by the active polymeric growing
chain (monomer addition), enables CSC and the bulk of the
additional polymerization control bolstered by LPP. This two-
step propagation presents itself kinetically as a zero-order
monomer decay profile characterized by a rate of polymer-
ization = kp[LA]O[LB]O. Since the second step (monomer
addition) is rate limiting, there is enough time for a prior

Lewis pair polymerization (LPP),"~* which utilizes Lewis acid
(LA) and Lewis base (LB) pairs cooperatively to effect
monomer activation and polymerization, has continually
inspired us over the past 12 years with its ability to solve
longstanding polymer synthesis challenges including living/
immortal polymerization at room temperature (RT),”’
chemoselective polymerization,”~'" comonomer sequence
control and compatibilization,'"* and control of polymer
topology™'*~'* and architecture. Our recent studies have
showcased the compounded sequence control (CSC) method-
ology, wherein we first disclosed the controlled copolymeriza-
tion of two highly reactive acrylate isomers, n-butyl acrylate
("BA) and tert-butyl acrylate (‘BA)."> This initial report
demonstrated CSC’s ability to achieve highly resolved AB
diblock (P"BA-b-P'BA) in one pot and one step. Following this
proof of concept, we applied CSC to prepare a related ABA
triblock (P'BA-b-P"BA-b-P'BA) in one pot and two steps, Received:  October 10, 2022
which we then transformed into high-performance covalent

adaptable networks.”’ We have also reported that "BA and

methyl methacrylate (MMA) are highly compatible for CSC

and produce (near) perfect AB sequences (P"BA-b-PMMA)

with either linear or cyclic block copolymer (BCP) top-
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Figure 1. Generalized monomer—LA K (top) and LA catalytic
propagation cycle (bottom) in LPP.*

monomer—LA equilibrium (K,,) to establish itself during the
reversible monomer activation step. When only one type of
monomer is present, this equilibrium is typically neglected.
However, when two (or more) comonomers are present, this
monomer—LA equilibrium evolves into a thermodynamic
competition for LA coordination (which is at a catalytic
concentration) in which one comonomer will have a greater
LA-affinity. Thus, a thermodynamic bias for which comonomer
is activated by the LA and can enter the rate-determining step
(r.d.s.) for monomer enchainment is established (Figure 1).

In any copolymerization of a comonomer mixture, there
exists intrinsic kinetic differentiation resulting from the two
comonomers’ respective rate of polymerization (k,); i.e., the
comonomer with the greater k, will polymerize with some
degree of priority. However, under classical first-order kinetic
control, where monomer decay is characterized by k,[M],[P*]
(where [P*] is the active propagation species concentration),
the time-dependent monomer concentration factor, [M],, will
cause the varying polymerization rates of the two comonomers
to converge, resulting in an internal domain that is essentially
random.”* We have previously shown that this tapering effect
can be substantially suppressed in LPP when the prior
equilibrium K., and the propagation k, biases compound
constructively (Figure 2)."**

We have disclosed two prior examples so far, where K, and
k, compound constructively using sterically encumbered
methyl aluminum-di(2,6-di-tert-butyl-4-methyl-phenoxy)
(MAD) as the LA and various phosphines as the LB. For
example, homopolymerizations of "BA and 'BA using MAD/
PMej; reveal a substantial k, bias, where kP("BA) /k, (0 equals
~30 and the K,y of the 1:1:1 ("BA/'BA/MAD) mixture was
measured to be ~16 at RT favoring the ["BA-MAD] adduct.
Thus, both k, and K., parameters are biased toward "BA and
are therefore synergistically constructive. Under such circum-
stances, the kinetic tapering effect is diminished—as the
monomer that is predominantly LA-activated also undergoes

Chain growth: rate = k,[M]{P*] LPP: rate = ky[LAJo[LB]o |
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Figure 2. Illustrative comparison of the resulting BCP microstructure
of typical chain-growth polymerization and LPP, highlighting the
suppression of the kinetic tapering phase achieved through CSC-
Lpp.*

the addition step more quickly. In our work, we have also
encountered scenarios in which k, and K., parameters conflict
and bias opposite monomers. We initially hypothesized that
such a relationship would amplify tapering—as one monomer
is predominantly LA-activated but slower to undergo the
addition step, while the alternate comonomer is less frequently
LA-activated but more readily incorporated when it is. In
probing this hypothesis, we instead unearthed unique insight
into the fundamental k, and K., interplay that governs the
degree of comonomer sequence control exhibited by this
distinctive methodology. Accordingly, herein we report our
systematic, combined experimental and computational inves-
tigation of the complex relationship between the thermody-
namic competition for LA-coordination (K,,) and relative rates
of polymerization (k,) for a variety of commercially relevant
polar vinyl monomer classes (acrylates, methacrylates, and
acrylamides, as well as bio-renewable sorbates and a-methylene
lactones) evaluated for their potential to form discrete BCPs in
one pot and one step from premixed monomer feeds.
Additionally, we offer several examples of how these
fundamental insights can be applied for innovation in creating
novel polymers, including strategies for the facile (one pot and
one step) preparation of ABC tri-BCPs, ABA/ABCBA tri/
penta-BCPs for thermoplastic elastomer (TPE) applications,
and a unique crosslinkable di-BCP with modular thermal
properties.

B RESULTS AND DISCUSSION

We began our investigation by selecting a suite of
representative monomers across a range of polar vinyl
monomer classes (Figure 3) including acrylates ["BA, ‘BA,
MA (methyl acrylate), AIA (allyl acrylate)], MMA, N,N-
dimethyl acrylamide (DMAA), and bio-based a-methylene-y-
methyl-y-butyrolactone (MMBL) and ethyl sorbate (ES).
These monomer classes were selected for their commercial
relevance and relative structural differences that we hypothe-
sized should give rise to a wide variety of K, and k; values,
which would enable the analysis of the fundamental relation-
ship between these parameters across the extremes of
constructive and conflicting scenarios. Despite the ever
expanding variety of LPs made available by recent work in
organocatalysis” ' and main-group FLP chemistry,”* "> we
determined maintaining a consistent LP across this study was
most appropriate; in the interest of limiting variables and
maintaining internal consistency for relative comparisons,
MAD was the selected LA examined, while the LB was usually
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Figure 3. Scope of monomers and Lewis pairs (LPs) employed
throughout this study.

tricyclohexylphosphine (PCys,), except for a few specific cases
where the N-heterocyclic carbene 1,3-di-tert-butylimidazolin-2-
ylidene (I'Bu) was more appropriate (see Table 1 for details).

Systematic Evaluation of K, and k, Parameters. We
first approximated the LA-affinity of each candidate como-
nomer (M) by measuring the equilibrium constant (K,,) in a
reaction involving [M]/["BA]/[MAD] = [0.027]:[0.027]:
[0.027] M in toluene-dy. Provided the extent of our experience
with "BA in two prior studies,'”** we measured LA-affinities of
other monomers against that of "BA. This approach ensured a
standard to which each new monomer of interest could be
compared, such that evaluating every iterative monomer
combination was not necessary. We generally assumed that
the transitive property was applied (e.g., MMBL has a greater
MAD-affinity than "BA and will therefore have a greater MAD-
affinity than MMA, which has a lower MAD-affinity than "BA)
and have never observed an exception. In this experiment, both
"BA and comonomer M compete for coordination to the single

molar equivalence of MAD. The "BA- and M-coordinated
structures have unique '"H-NMR signals, the most convenient
of which (for analysis) being the MAD Al-CHj signal, typically
observed without competitive peak overlap between 0 and —1
ppm depending on the chemical environment. Integration and
evaluation of both M-MAD and "BA-MAD peaks can be used
to formulate a K, value based on eq 1, where ["BA-MAD] is
directly measured and [M] is logically inferred to be equal to
["BA-MAD]. Similarly, [M-MAD] is directly measured, and
["BA] is inferred to be equal to [M-MAD].

_ [M]["BA-MAD]
* " [M-MAD]["BA] (1)

The equilibrium exchange between the two coordinated
structures is often too rapid to be resolved by '"H-NMR at RT.
Therefore, low-temperature "H-NMR is employed to slow this
exchange and fully resolve both chemical environments. In our
previous study, we measured the K., of "BA vs ‘BA at several
different temperatures between —20 and —60 °C to generate a
van’t Hoff plot, which was used to extrapolate the K, at RT."”
We found that this level of analysis was only possible because
of the structural similarity of "BA and ‘BA, which gave K,
values closer to 1 (20 at —20 °C). However, when two
structurally disparate monomers are measured by the same
method, the K., becomes more extreme, which implicates
signal-to-noise ratio errors when integrating the 'H-NMR
signal of the minor environment. As a result, our attempts to
extrapolate RT K, values via the generated van't Hoff plots
gave nonlinear trends. We, therefore, opted to report the K.,
values that we could measure at —20 °C to convey the
qualitative degree and direction of the LA-affinity bias for each
monomer pair. In all cases, we found that the K, bias moves
closer to 1 with increasing temperature (ie., higher temper-
atures are less selective for sequencing). Additionally, the
exothermicity of these polymerizations causes the temperature
to change during the course of the reaction so that unless the
temperature is tightly controlled, instantaneous K., values are
time dependent and thus futile to consider quantitatively. The
results of our investigation can be seen in Figure 4, while the

Table 1. Selected Results of CSC Copolymerizations”

O /LB
toluene

M1 M2
or DCM

LB = PCy; or I'Bu

QOO0

varying degrees of block resolution

run M, M, M]
1 "BA 'BA 1.20
2 "BA MMA 120
3 AlA MMA 120
4 ‘BA MMA 1.20
5 "BA MMBL 2.40
6" "BA ES 1.20

BA MMBL 2.40

MMBL MMA 2.40
9 ES MMA 1.80
10° MMBL ES 1.20

M,/M,/LA/LB M,¢ (kDa) pe T, (°C)
1000:1000:10:1 199 1.08 —39.0, 47.2
500:500:10:1 126 1.06 —442, 127
500:500:10:1 125 1.01 —29.9, 130
200:200:2:1 86.1 1.09 49.0, 127
250:250:5:1 623 1.18 101
200:200:4:1 58.0 1.55 —43.0, =170
100:100:2:1 337 1.10 42.6, 202
100:100:2:1 274 1.04 216, 125
200:200:2:1 35.1 117 38.5
250:250:5:1 90.1 119 213, 2.30

“Conditions: 20 °C; M1, M2, and MAD were premixed in toluene (or DCM, for MMBL runs) at appropriate concentrations according to 0.50 mL
of M1, PCy; was injected as 0.20 mL of a stock solution prepared in toluene. bI'Bu was used instead of PCy; (toluene is still used for the stock
solution, even for MMBL runs, due to the instability of 'Bu in DCM). “Weight-average molecular weight (M,,), number-average molecular weight
(M,), and dispersity (P = M,,/M,,) determined by gel-permeation chromatography coupled with a multi-angle light scattering detector for absolute

molecular weights.
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NMR spectra from which the values are derived are Figures
S3-S6.
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Figure 4. LA-affinities (top) of representative monomers from various
classes probed by measuring the K, for MAD coordination vs "BA
and homopolymerization k, measurements (bottom) for representa-
tive monomers in MAD-catalyzed LPPs, where units of k, are [M]-

s"![MAD],[LB],.

Increasing activity (k)

Our benchmark report included the K., study of "BA vs ‘BA,
which have similar molecular electronics but differ by the
degree of steric congestion surrounding the ester group. Our
work since then suggests that electronic differences between
comonomers lead to even more extreme K., biases, which is
ideal for CSC copolymerizations. For example, the a-methyl
substitution found on methacrylates (which is absent for
acrylates) strongly deactivates the methacrylate carbonyl
(lowering its basicity) such that acrylates completely dominate
methacrylates in terms of LA-affinity. Conversely, S-substitu-
tion increases the basicity of the carbonyl giving crotonates and
sorbates greater LA-affinity than acrylates and methacrylates.
This increased affinity can be rationalized by considering that
P-substituted monomers have a resonance form containing a
secondary carbocation where acrylates and methacrylates
contain a less stable primary carbocation. Similarly, sorbates
have a greater LA-affinity than crotonates due to the additional
resonance form afforded by a second conjugated alkene.
Intriguingly, a-methylene lactone MMBL exhibits an extremely
high LA-affinity, as the molecule is locked in a planar S-cis
configuration ideal for LA-coordination and the ester is
oriented away from the carbonyl and coordinated LA, which
minimizes steric tension. Lastly, acrylamide DMAA completely
dominates every other monomer class in competition for LA
coordination, unsurprisingly, due to electron donation from
the amide nitrogen. However, copolymerizations between
DMAA and acrylates resulted in homopolymer PDMAA with
no conversion of the acrylate, because the PDMAA carbonyls
have such great LA affinity that they completely sequester the
LA and therefore exclude the acrylate comonomer. While
interesting, this practical incompatibility led us to exclude
acrylamides from further evaluation.

The second part of our investigation involved the
determination of comparable activity values (k,) for each
monomer by in situ tracking of monomer consumption vs
time. There are a few considerations important to this
experimental design. First, due to the extreme differences in
activity (nearly S orders of magnitude between "BA and ES),
LP concentration was varied between monomers to extend or
reduce the time scale of each polymerization such that the [M]

vs time could be reliably tracked. Thus, the polymerization
rate, measured by calculating the slope ([M]-s™") of a [M] vs
time plot, was normalized by dividing the measured [M]-s™" by
[LA],[LB], so that the units (i) for normalized activity
become [M]-s™'-[LA],"*-[LB],”!, where [LA], is the [LA],
after subtracting the LA equivalent that reacts with the
monomer and LB during the initiation step. This normalization
is meant to mimic the rate law, which is generally accepted to
follow k,[LA],[LBJ,. Second, since monomer activity within
LPP is sensitive to LP structure, MAD/PCy; was used
consistently, when possible, to ensure the generated rate data
would be valid for comparative purposes. As previously
mentioned, there were exceptions for some monomers within
the scope that are not efficiently initiated using MAD/PCyj,
most likely due to insufficient nucleophilicity of the sterically
hindered PCys;. In these cases, we prepared a discrete initiating
species by reacting an equivalent of "BA with one equivalent of
MAD/PCy; (1,1:1) to generate the corresponding phospho-
nium enolaluminate zwitterion. This so-called active "BA one-
mer was capable of rapid and efficient initiation and was
employed for the polymerizations of MMBL, MMA, and ES.
Importantly, this approach maintained the identical cationic
PCy,* at the polymer a-terminus. It was crucial to preserve the
identity of the LB for these polymerizations examining kP, as
the cationic a-terminus is electrostatically paired to the anionic
w-terminus throughout polymerization and therefore mediates
the transition states of propagation.4’36 Thus, the LB structure
remains relevant well after initiation is complete. However,
once we established rate data for these monomers, we opted to
use I'Bu for the remainder of the study in place of the "BA one-
mer as it is equally efficient and much more convenient to
work with. Importantly, we verified that the general trend for
reactivity and sequencing held true with this swap of LB
(kPMMA > kPMMBL > kPES). Lastly, toluene was the solvent used
for all the kinetic evaluations with the exception of the MMBL
run, for which dichloromethane (DCM) was used due to
solubility constraints of the polymer PMMBL (which
precipitates in toluene midway through the reaction).

With these considerations in mind, we found the activities to
be ordered as follows: ES was the slowest among all monomers
with a kg, of 3.42 X 10" ii (i = [M]-s™"[MAD], "-[LB],™}).
Next, MMBL showed a 10-fold rate increase compared to ES,
with a kp, of 3.42 X 10% ii. MMA exhibited a marginally greater
kops of 3.96 X 10* ii. This trend is unsurprising as MMBL,
being a cyclic analogue of MMA, is structurally similar to
methacrylates containing alkenyl methylene as well as
substitution at the a-carbon. Lastly, acrylates possessed by
far the greatest polymerization activity, as expected.

To gain a general understanding of the effect of steric
hindrance within one monomer class, we compared "BA with
'BA. In our previous report,12 using PMe; as opposed to PCys,
we observed an approximate 30-fold difference in activity
between "BA and ‘BA. However, when the bulkier PCyy is
employed, "BA activity is diminished, while ‘BA activity
remains relatively unaffected. The resulting difference in
activity is almost threefold with "BA giving a k,, of 3.85 X
10* ii and ‘BA giving a kg, of 1.35 X 10* ii. This observation
shows that the LB can be an effective handle for optimizing the
degree of comonomer sequencing and block resolution and
should be considered as such for future optimizations.

Effects of Differing K., /k, Relationships on Block
Resolution in One-Pot BCPs. Following the quantification
of the fundamental K, and k, parameters and confirming that
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Figure S. Kinetic profiles of selected copolymerizations revealing differing patterns of comonomer incorporation over time based on the degree of
comonomer sequencing. Numbers 1—3 and 5—10 represent run numbers reported in Table 1.

indeed our selection of monomers provided a satisfactory
range of potential relationships, we judiciously designed
copolymerizations to answer several questions regarding the
nature of the relationship between the thermodynamics of the
monomer—LA equilibrium and the kinetics of propagation.
To determine the degree of comonomer sequencing and the
resulting polymer microstructure, we employed several modes
of analysis. First, differential scanning calorimetry (DSC) was
utilized to observe the thermal transitions of the resultant
polymers. Importantly, the homopolymers of each monomer in
our selected scope have non-overlapping glass transition
temperature (Tg) values. This feature enables us to discern
the degree of comonomer sequencing and resolution of the
resultant blocks of each copolymer via analysis of the number
of T,/’s and the shift of these transitions relative to that of the
respective homopolymers. More explicitly, the presence of two
T's in the copolymer DSC trace represents the aggregation of
two unique domains, which is indicative of a self-assembled
blocky microstructure. Alternatively, the presence of one
composite T, indicates a low degree or complete lack of
comonomer sequencing and only one polymeric domain. "*C-
NMR was additionally employed, as the resolution and
patterning of the ester carbonyl carbon peak in the spectra

of these polymers have proven useful for differentiating
random and block microstructures. Lastly, and most directly,
in situ kinetic tracking of monomer consumption (incorpo-
ration) over the course of polymerization proved most useful.
"H-NMR of quenched aliquots of the polymerization reaction
over time revealed either simultaneous comonomer incorpo-
ration (lack of sequencing) or completely staggered como-
nomer incorporation (perfect sequencing).

For experimental consistency across these copolymeriza-
tions, we used toluene as the solvent in all cases except for the
runs involving MMBL, again owing to the solubility constraints
of PMMBL. Additionally, the initial monomer concentrations
and initial MAD concentrations were specifically chosen for
each experiment on a case-by-case basis to adjust reaction rates
so that each reaction could be tracked within a reasonable
timeframe. These concentration parameters should in theory
have no effect on comonomer sequencing or block resolution.

Constructive CSC of Sterically Disparate Comonomers.
Within a given monomer class, steric considerations appear
most relevant for sequencing compatibility, as electronic
differences between related monomers are quite minor. The

isomeric acrylate pair of "BA and ‘BA, which possess a
constructive k, and K, bias in favor of the less hindered "BA,
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Figure 6. DSC curves of selected copolymers obtained from copolymerizations (runs 1, 2, S, 6, 8, and 10 of Table 1), revealing differing patterns of
phase transitions as reflected by glass transitions based on the degree of comonomer sequencing. Numbers 1, 2, S, 6, 8, and 10 represent run

numbers reported in Table 1.

demonstrates the starkest contrast in steric hindrance between
the primary and tertiary alkyl ester groups. Despite still
imperfect block resolution, the DSC trace contained two T,’s
at —39.0 and 47.2 °C for the "BA and ‘BA domains,
respectively, indicative of a blocky structure. This experiment
further demonstrates the importance of the compounding
thermodynamic bias introduced through the use of the
sterically bulky and differentiating LA MAD, as the same
polymerization performed using a less sterically significant and
non-differentiating LA (representative of classical anionic
polymerization) resulted in a random copolymer with a single
Tg.12 We also evaluated "BA with many secondary esters such
as isobornyl acrylate, phenyl acrylate, and cyclohexyl acrylate,
but observed negligible sequencing as judged by the presence
of only one composite T, on the DSC curves. With the MAD/
PCy; LP, we did not observe significant sequencing behavior
between any additional acrylate monomers apart from
"BA/BA (Table 1, run 1); however, this does not preclude
the possibility of achieving enhanced sequencing between such
monomers within the same class if a more optimal LP is
employed.

Constructive CSC of Electronically Disparate Comono-
mers. The acrylate/methacrylate pairing is ideal for CSC since
there are massive biases for both thermodynamic K., and
kinetic k, parameters that constructively compound to give
nearly perfect block resolution. This CSC was already
demonstrated in our previous report, with "BA/MMA and
"BA/allyl methacrylate pairs.”” In this study, we included a
select few acrylates and tested them against MMA with a more
thorough examination by tracking monomer consumption over
time. Unsurprisingly, the "BA/MMA (Table 1, run 2)
sequence is nearly perfect as judged by the kinetic profile
(Figure S) and the DSC trace (Figure 6). We also selected AlIA
as a second candidate to showcase the chemoselective nature
of this LPP and demonstrate the opportunity for post-

functionalization following a sequence-controlled LPP. The
AIA/MMA reaction (Table 1, run 3) sequenced nearly
perfectly. Impressively, the aliquot of the reaction taken for
the kinetic profile (Figure S, 3) at 7 s shows quantitative
consumption of AIA while ~99% of the original MMA
remained. This remarkable block resolution is maintained even
when the more sterically hindered ‘BA is polymerized in the
presence of MMA as judged by the presence of two T,'s
(Figure 6). Thus, as a general rule, we can expect that any
acrylate will express a high degree of sequence control when
paired with any methacrylate, as long as both monomers are
compatible with LPP.

Confilicting CSC of Comonomers with Highly Differing k,
and LA-Affinities. With both previously reported CSC
copolymerizations consisting of comonomers with significantly
constructive K./k, relationships, we elected to examine the
sequencing of acrylates with MMBL, a representative
monomer from an emerging class of high T, biorenewable
materials.”’ >’ Each acrylate within our monomer scope
possessed substantially greater polymerization activity but
much lower LA-affinity than MMBL, and therefore, this pairing
served as an ideal starting point for the investigation into the
more nuanced CSC comonomer relationships.

Beginning with "BA/MMBL, which maximized the conflict
between K., and k, biases, and continuing with MA/MMBL
and ‘BA/MMBL, we expected to produce a series of random or
tapered copolymers highlighting the importance of the
constructive relationship between the thermodynamic K,
and kinetic k, biases required for discrete comonomer
sequencing. Indeed, when "BA and MMBL were polymerized
together, the resulting polymer was essentially random with a
single composite T, (Figure 6, 5) of 101 °C, which is
satisfyingly between the two homopolymer T,’s of —45.0 and
216 °C, respectively. The kinetic profile (Figure S, §)
beautifully illustrates the competitive nature between the two
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comonomers, and therefore the thermodynamics of LA-
activation and kinetics of polymerization. MMBL is incorpo-
rated at a slightly greater rate initially, however, after a
significant amount of the MMBL is depleted, the "BA is then
activated by the progressively available MAD, and thereby the
"BA rate of incorporation dramatically increases as the reaction
progresses. Note that since PCy; must initiate on an LA-
activated equivalent of "BA and cannot initiate on LA-activated
MMBL, an induction period is observed; the initiation process
is slow and concludes at the point when the [MMBL] curve
becomes linear. The MMBL/MA CSC gives a comparable
profile.

To our surprise, the CSC of ‘BA/MMBL revealed a most
interesting phenomenon. The decreased LA-affinity of ‘BA
(compared to "BA and MA, Figure 4) further increases the
thermodynamic bias for MMBL to the point that the kinetic
bias for the acrylic ‘BA is overridden; the copolymerization
generated a substantial degree of comonomer sequencing and
block resolution. While they do not sequence perfectly, there is
enough resolution to produce two T,'s on the DSC, suggesting
sufficient block character for domain aggregation. We find this
example particularly important, as our previously reported
examples of sequencing between "BA/‘BA and "BA/MMA
have both been parametrically constructive examples where
one might be tempted to think that the great difference in k, of
"BA/'BA or "BA/MMA was the sole reason for the sequencing
effect and that the K, bias was ancillary or unimportant. This
parametrically conflicting example of MMBL/'BA demon-
strates the importance of the K., bias, as ‘BA is ~40 times
more active than MMBL, yet MMBL still takes greater priority
and sequences first due to its highly pronounced LA-affinity.

Conflicting CSC of Comonomers with Minimally Differing
k, and Greatly Differing LA-Affinities. This observation of
comonomer sequencing within a parametrically conflicting
CSC (‘BA/MMBL) deepened our understanding of the
interplay between thermodynamics and kinetics at the core
of the CSC mechanism. To further evaluate the intriguing
possibility of achieving comonomer sequencing between
conflicting monomer pairings, we examined the copolymeriza-
tion of the MMBL/MMA pair. Within our monomer scope,
this combination minimized (but maintained) a conflicting
kinetic bias, in favor of MMA, while exaggerating the
thermodynamic bias in favor of MMBL (2 order of magnitude
decrease in kinetic bias, 3 order of magnitude increase in
thermodynamic bias, compared to MMBL/acrylate pairs,
Figure 4). This exaggerated K.q and minimally conflicting k,
results in a copolymerization in which MMBL dominates and
MMA is completely excluded until MMBL is depleted (Figure
S, 8). These two monomers sequence seemingly perfectly.
However, there is an inconvenience in that the PMMBL
carbonyls retain considerable LA-affinity, which competitively
disrupts the MMA activation even after full MMBL depletion.
Consequently, these polymerizations require extended time
periods to reach full conversion of MMA. Both T's can be
observed on the DSC (Figure 6, 8). This run further confirmed
the significance of the K., bias and the ability of the
thermodynamics of the LA equilibrium to exclusively select
for one comonomer’s incorporation in the face of a kinetic
disadvantage—this observation inspires the possibility that
previously considered CSC-incompatible monomer pairings
might be sequenced through optimization of LA structure for
the rebalancing of comonomer K.

The delicacy of the balance between the thermodynamic
equilibrium and kinetic rate differences that enable CSC is
revealed by evaluation of the ES/MMA pairing, which possess
a parametrically similar relationship to MMBL/MMA, yet
surprisingly different polymerization behavior. Like MMBL, ES
is strongly favored by the thermodynamics of the LA K, and is
at a kinetic disadvantage to the methacrylate. However, ES has
a lesser LA-affinity than MMBL (by ~34 times) and is also
~10 times less active for polymerization. In comparison to
other monomer pairings, the magnitude of this difference is
quite insignificant. Nonetheless, this shift was enough to allow
for competitive MMA incorporation throughout the copoly-
merization of the ES/MMA mixture, observed as a unique
tapering profile in which the decay curves show a concave/
convex pattern (Figure S, 9). ES exhibits a slightly greater
priority early in the reaction while the MMA rate increases
over time. This particular example is an ideal profile for
conflicting CSC parameters where the interplay is well
represented—the thermodynamic advantage is expressed
early as the ES outcompetes MMA for LA-activation, but as
the concentration of ES drops, the kinetically advantaged
MMA rapidly increases its rate of incorporation. Once ES
reaches a concentration at which the abundance of MMA
allows for a more competitive instantaneous K., the MMA
actually outcompetes ES for incorporation.

Confilicting CSC of Comonomers with Greatly Differing k,
and Minimally Differing LA-Affinities. Curious as to whether
a significant enough kinetic bias could similarly outright
override a conflicting thermodynamic bias, we examined the
copolymerization of "BA/ES. This pairing is ideal, as it
exemplifies the most extreme kinetic bias available within our
monomer scope ("BA is ~1100 times more active than ES)
while maintaining a minimized yet respectable conflicting
thermodynamic bias (K., = 0.071, favoring ES by ~14:1).
Excitingly, the k, bias of "BA overwhelms the marginal K,
advantage expressed by ES. The copolymerization resulted in
nearly perfect comonomer sequencing (Figure S, 6) and two
T,s are observed by DSC (Figure 6, 6). This result
demonstrates that highly disparate rates of polymerization
can indeed serve as a selective kinetic barrier and enable
comonomer sequencing in light of a conflicting thermody-
namic equilibrium. This again reshaped our preconceptions
regarding requirements for CSC-compatible comonomers and
further implies that reaction conditions that disproportionately
alter rates of polymerization between monomer classes might
be used as a handle to modulate the degree of sequence
control by exaggerating or minimizing k, bias within a
monomer pair.

Constructive CSC of Comonomers with Minimally Differ-
ing k, and LA-Affinities. Having examined the extremes of
conflicting and constructive CSC relationships, several
conclusions were apparent: strongly constructive relationships
produce near perfect comonomer sequencing, as do relation-
ships in which the bias of one parameter dominates that of the
other. Tapered and random copolymers are produced in more
nuanced conflicting relationships in which the balance between
biasing parameters is not as extreme. However, we had yet to
explore the lower limit of constructive relationships across
monomer classes, and it was unclear whether some threshold
of compounding parameters was required for the formation of
discrete BCPs of a minimally constructive pairing of
comonomers.
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As such, the MMBL/ES pair was evaluated. These
monomers neighbor one another in both LA-affinity and rate
of polymerization and thus provide the least compounding of
constructive CSC parameters possible within our scope (across
monomer classes). As MMBL is favored in both k, and K,
terms, satisfyingly, the CSC of MMBL/ES shows practically
complete conversion of MMBL prior to incorporation of ES,
resulting in near ideal block resolution (Figure S, 10). The
DSC shows two Ty's at 213 (PMMBL) and 2.30 °C (PES)
corresponding to the two highly resolved homogenous
domains (Figure 6, 10). Beyond confirming that the lower
end of constructive relationships still produces nearly perfect
comonomer sequence control, we found this pair especially
interesting since they are both bio-sourced monomers with
highly disparate thermal and mechanical properties.

Theoretical Basis of CSC in LPP. To further rationalize
the CSC-LPP results for the considered monomers, density
functional theory (DFT) calculations were carried out. At first,
the thermodynamics for the formation of the M-MAD adduct
were calculated by computing the AG for the complexation
reaction (Table 2).

Table 2. Free Energies (Toluene) for M-MAD Adduct
Formation and Electronic Charges Calculated on the
Carbonyl Oxygen in the Free M

,MAD
M + MAD e M
M AG (kcal/mol) charge on carbonyl O (e)
MMA —4.8 —0.198
‘BA =79 —0.205
"BA —-8.3 —0.203
ES -10.0 —-0.214
MMBL —11.5 —0.155
DMMA —12.1 —0.237

As can be seen from the data reported in Table 2, the
calculated AG values well reproduce the trend in the measured
K., (Figure 4) spanning from an energy gain of only 5.0 kcal/
mol for the formation of MMA/MAD adduct with this
monomer showing the lowest affinity toward the LA, to an
energy gain of almost 12 kcal/mol in case of DMMA. A clear
trend emerges from comparing the charges on the carbonyl
oxygen calculated on the free monomer: the more the oxygen
is electron rich the greater is the affinity toward the LA, going
from a relatively electron poor oxygen in MMA with a charge
of —0.198e to a quite electron rich oxygen in DMMA with a
charge of —0.237e (Table 2).

The only exception among the considered monomers is
MMBL that shows a good LA-affinity despite a quite low
electron density on the carbonyl oxygen atom. The peculiarity
of this monomer, the only cyclic one in the group, is due to the
steric contribution winning over the electronic one. Specifi-
cally, comparing the geometry of the MMBL/MAD adduct
with the one of its corresponding linear acyclic monomer
MMA reveals that the low steric requirement of MMBL makes
the difference and affects positively the stability of the LA
adduct (Figure 7). In the adduct with the acyclic monomers
the encumbered substituents lying on the Al center end up
crashing with both the “head” and the “tail” of the monomer
with several short carbon—carbon distances that affect the
stability of the adduct. Instead, the cyclic conformation of

Figure 7. Optimized geometries of the MAD adduct with MMA (left)
and MMBL (right).

MMBL minimizes these unfavorable interactions, as the ester
tail is oriented away from the MAD.

Moving to the relative activity of polymerization, we have
found the stability of the zwitterionic intermediate formed by
addition of the LB to the M-MAD adduct well correlating with
the observed k, (Table 3). As the formation of the zwitterion

Table 3. Free Energies (kcal/mol in Toluene) for the
Formation of the LB-M-MAD Zwitterionic Adduct (LB =
I'Bu)

S
_MAD MAD
Ve ®

M + LB ———> LB—M
M AG (kcal/mol)
ES 0.0 —4.8
MMBL 0.0 —16.4
MMA 0.0 -16.5
‘BA 0.0 —-19.3
"BA 0.0 —-19.9

completes the initiation step, it is the essential step leading to
the propagation cycle of the LPP. The free energy data
reported in Table 3 show that steric and electronic properties
of the monomer affect to the same extent both the reactivity of
the monomer—LA adduct with the LB and the reactivity of the
resulting zwitterionic species during the chain growth. To
explain the observed differences among the monomers and
potentially provide a rational guide for any future experimental
design, we looked further for molecular descriptors able to
capture these behaviors. As for the steric analysis, we calculated
the %Vy,, " of the monomer around the conjugated f3-carbon
(Table 4).

The two monomers with a k;, of 10* order and a stability of
the zwitterionic intermediate of almost —20 kcal/mol, "BA and
'‘BA, have the lowest %V, of around 35. Next, the two
methacrylate monomers with a k, of 10*> order, MMA and
MMBL, show an increased %Vy,, of around 40. Finally, ES

Table 4. %Vy,, Calculated on the Free Monomer and
Electronic Charges (e) on Conjugated f-Carbon Calculated
on the M-MAD Adduct

M %V charge on conjugated f-carbon
ES 42.7 —0.101

MMBL 39.8 —0.0183

MMA 40.0 —0.0183

'‘BA 352 0.00754

"BA 35.1 0.00638
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with a k, of 10' and a zwitterionic intermediate being much
less stable than the others has the greatest hindrance around
the f-carbon, with a %V5g,, of almost 43.

The electronic effects are reflected by the charges calculated
on the f-carbon in the M-MAD adduct reported in Table 4. In
detail, the two acrylate monomers carry the lowest electronic
density on the f-carbon, thus the highest electrophilicity. As a
consequence, they exhibit the highest reactivity toward the LB
in the initiation step and the zwitterionic intermediate during
the chain growth step. MMA and MMBL have a charge of
around —0.018e on the C atom that is attacked by the LB,
exhibiting intermediate reactivity. Finally, ES carries a
significant negative charge on the S-carbon that then is less
prone to react with the LB and the zwitterionic intermediate.

Overall, this DFT-based theoretical analysis indicates that
substituents in the a and f positions of the monomer
substantially modulate the monomer reactivity because they
not only impact the steric congestion around the active center
during the polymerization but also alter the electron density on
the conjugated fB-carbon in the M-MAD adduct.

Unique Materials Accessible by CSC-LPP. Equipped
with a fundamental understanding of the complex CSC
relationships and the resultant polymerization behavior of
various mixtures of the monomer scope, we designed several
materials uniquely accessible through this methodology,
serving as templates for future materials innovations. Overall,
these examples illustrate the potential of CSC-LPP to achieve
advanced BCP microstructures in one pot and one step from
mixed monomer feeds.

We postulated that "BA, ‘BA, and MMA could be a
compatible triplet of comonomers that should sequence in that
respective order based on the consecutive constructive k, and

P
K., relationships (Scheme 1). To test this hypothesis, we

Scheme 1. Synthesis of ABC Tri-BCP in One Pot and One
Step
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premixed "BA, '‘BA, MMA, and MAD in toluene at a
200:200:200:4 molar ratio with [M], = 0.60 M. We then
added 1 equivalent of PMe, (since this base usually produces
better sequencing between "BA and ‘BA) and tracked the
monomer decay over time (Figure 8). Indeed, the "BA
polymerizes rapidly followed by the ‘BA, followed by the
MMA. Interestingly, between the ‘BA and MMA crossover, we
observed a small tapering phase where the ‘BA curve becomes
non-linear due to the effect of an excess of MMA on the
equilibrium. Additionally, the MMA is obviously locked out of
the reaction until both the "BA and ‘BA concentrations
approach depletion. Thus, the proof of concept that at least
three monomers can be sequenced sufficiently in one pot/one
step through CSC is supported. Three distinct T,'s were
observed by DSC (Figure 8).

Next, we demonstrated one possible application of a
destructively compounding k,/K,, scenario that can be made
useful. If we consider the sequencing behavior of MA vs
MMBL, which produces a random copolymer, and combine
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Figure 8. Monomer conversion over time (final point for MMA,
1400s, not shown) (top) and DSC trace (bottom) for ABC tri-BCP
synthesized from a mixture of "BA, '‘BA, and MMA.

this pair with ‘BA, which results in a well sequenced diblock
with MA and MMBL individually, we have a scenario in which
the CSC of the triplet should yield a random PMA/PMMBL
block followed by a homo-P'BA block (Scheme 2). Since we

Scheme 2. Synthesis of Crosslinkable Diblock Terpolymers
with Tunable T, in One Pot and One Step
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have shown that the P‘BA block can be thermolytically de-tert-
butylized by temperatures exceeding 200 °C and such
temperatures will not only promote de-tert-butylation but
also the formation of anhydride crosslinks,”"*'~* we can
generate a material that contains a random phase consisting of
two highly disparate monomers (PMA, T, = —44.0 °G;
PMMBL, T, = 216 °C), wherein the T, of this phase can be
tuned by simple manipulation of the MMBL/MA feedstock
ratio (see Table S1), while the size and mechanical
contribution of the crosslinked phase can be tuned by the
'BA feedstock ratio.
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We first examined this polymerization at an MMBL/
MA/BA/MAD/PCy, ratio of 200:200:200:4:1, where [M],
= 1.80 M in DCM and tracked the monomer decay over time
(Figure 9). As hypothesized, we observed rapid and
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Figure 9. Monomer consumption over time (top) and DSC trace
(bottom) for PMMBL-ran-PMA-b-P'BA (200:200:200).

simultaneous incorporation of MMBL and MA, with a slight
buildup of MA, before ‘BA was consumed. DSC analysis
revealed one T, very close to that of homo-P'BA and one
composite Ty, confirming a nearly perfect block of P‘BA and a
random block of PMMBL/PMA. Varying the feed ratio of
MMBL/MA indeed shifted this composite T, accordingly,
while the ‘BA T, remained unchanged. Uniaxial tensile testing
of the crosslinked terpolymer (300:1200:300, MMBL/
MA/BA, M, = 237 kDa, D = 1.16 before crosslinking/
processing) revealed material properties superior to any of the
individual constituent homopolymers, with a Young’s modulus
of 2.23 + 0.39 GPa, an ultimate strength of 38.3 + 3.7 MPa,
and elongation at break of 81 + 24%. A representative stress—
strain curve is shown in Figure 10.

Having satisfyingly demonstrated the ability of CSC to
produce discrete AB and ABC BCPs from mixtures of two and
three monomers, respectively, we further explored the
possibility of forming an ABA triblock from a mixture of two
monomers. If comonomers with suitable T,’s and mixing
parameters are selected, such a microstructure has the potential
to behave as a TPE,*™* resulting in a polymer with superior
physical properties to thermoplastics.”””® TPE assembly
typically requires a soft inner block capped by two hard
outer blocks, corresponding to comonomers with disparate
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Figure 10. Tensile stress/strain profile (strain rate of S mm/min; 23 °
C) of 300:1200:300 PMMBL-ran-PMA-b-P'BA (crosslinked). Symbol

« »

x” denotes the break point of the specimen.

thermal properties.”” Fortunately, most of the soft monomers
sequence before the hard monomers within our scope.

We previously reported a strategy employing CSC to
produce ABA triblock copolymers in one pot and two steps”"
but have since devised a scheme by which this can be achieved
in a true one-pot and one-step fashion through the use of a
difunctional LB (Scheme 3). We began our analysis using "BA,

Scheme 3. LPP Using Mono- vs Difunctional LBs for the
Preparation of Di- vs Tri-BCPs
PCy;
Cy~ @
cy”

P
1
Monofunctional LB Cy

- 1
05 K Q0000000

AB Diblock copolymer

Difunctional LB Cy
Q By
PN Q

cy” .
Y bpey,

MMA, and the commercially available difunctional equivalent
of PCys;, u*(dicyclohexylphosphine), (DPCy,) (base 1,
Figure 11). As a 0.20 mL injection from a toluene stock
solution, one equivalent of DPCy, was added to a solution of
"BA, MMA, and MAD, premixed at a respective ratio of
1200:800:10 and [M], = 1.0 M. As expected, the employment

Figure 11. Di-initiating bisphosphine LBs screened for this study.
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Figure 12. Schemes, kinetic profiles, and DSC traces for (A—C) triblock PMMA-b-P"BA-b-PMMA and (D—F) pentablock PMMA-b-P‘BA-P"BA-b-

P'BA-b-PMMA CSC (final point for MMA, 450 s, not shown).

of a di-initiator preserved the degree of comonomer sequence
control; monomer conversion over time and DSC analysis
supported the sequencing of "BA/MMA and the formation of
PMMA-b-P"BA-b-PMMA (Figure 12). Similarly, the CSC of
"BA, ‘BA, and MMA using MAD/DPCy, produced the
corresponding ABCBA pentablock PMMA-b-P'BA-P"BA-b-
P'‘BA-b-PMMA. Diphosphines with a bisaryl bridge (3) and
bis-amino linkage (4) worked better, due to the enhanced
stability of the phosphonium cation during propagation. Note
that Zhang and co-workers previously applied this same
strategy for the facile preparation of an ABA triblock using
synthetically demanding pyridinylidenaminophosphine di-
initiators.”’ Their report also verified that indeed both sides
of the diphosphine initiated polymerization and acted as the
true di-LB.

For imaging purposes, we replaced the soft P"BA block with
the double-bond containing, soft PAIA block in the synthesis of
the well-defined ABA tri-BCP PMMA-b-PAIA-b-PMMA from
a mixture of AIA and MMA (AIA/MMA/MAD/DPCy, =
500:500:10:1). Indeed, transmission electron microscopy
(TEM) image of the tri-BCP showed clear microphase
separation due to self-assembly of the tri-BCP (Figure 13).
In contrast, the related di-BCP PMMA-b-PAIA prepared from
a mixture of AIA and MMA (AIA/MMA/MAD/PCy, =
500:500:10:1) appeared largely featureless and revealed no
such ordered, phase-separated morphology.

B CONCLUSIONS

We have demonstrated how LPP’s unique polymerization
mechanism, in which a monomer is preactivated by LA prior to
entering the rate-determining propagation step, allows for the
emergence of a biasing LA coordination equilibrium (Keq) in
the presence of multiple monomers with differing LA-affinities.

Figure 13. TEM images of tri-BCP PMMA-b-PAIA-b-PMMA
produced by di-initiating LB DPCy, (left) and di-BCP PAIA-b-
PMMA produced by mono-initiating LB PCy; (right).

Moreover, we showed how copolymer block resolution directly
results from the relationship between this LA-activation bias
and the inherently different rates of polymerization of each
comonomer (kp) Selecting representative monomers from a
range of classes including acrylates, methacrylates, sorbates,
acrylamides, and a-methylene lactones, we have quantified
these CSC parameters for a suite of polar vinyl monomers and
offered rationale for the observed trends, which were
supported by computational modeling.

We showed that almost perfect block resolution is observed
when both terms, Keq and kP, favor one comonomer and thus
compound constructively; a copolymerization of monomers A
and B results in a near perfect AB di-BCP when both kPA > kPB
and Kqu/ B> 1. Through exploring the more nuanced examples
in which these terms bias opposite monomers, we discovered a
fascinating competition between kinetic and thermodynamic
control over selective comonomer incorporation and resultant
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copolymer block resolution. When these parameters conflict
with one another and therefore compound destructively, kpA <
kPB and Kqu/ B > 1, random or tapered copolymer micro-
structure is generally observed. However, analyzing the
extremes of these conflicting relationships revealed that both
parameters were capable of overriding the other provided a
sufficient difference in magnitude; a copolymerization of
monomers A and B could still result in a near perfect AB
diblock copolymer despite a conflicting CSC relationship if kPA
< kPB, while Kqu/ B>1or kpA < kPB, while Kqu/ B> 1. This
insight provides a fundamentally new understanding of the
CSC mechanism and may be leveraged to control the sequence
of previously considered incompatible monomer pairs.

This analysis of complex interplay between K., and k,
parameters was extended to the polymerization of mixtures
of three monomers for the formation of triblock, pentablock,
and unique random-diblock terpolymers, demonstrating how
this methodology offers facile routes to unique copolymers
with more advanced, sophisticated microstructures with
potential material applications. Moreover, this work confirms
the remaining unrealized potential of LPP, as the judicious
selection of LA and LB enabled these discoveries. Therefore,
incorporation of additional monomer classes, generation of
innovative copolymers, and optimization of synthetic routes
remain fruitful with further exploration of novel LPs.
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