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ABSTRACT: Reversible-addition fragmentation chain transfer (RAFT) polymerization has been widely explored since its discovery
due to its structural precision, versatility, and efficiency. However, the lack of tunability of the polymer backbone limits some
applications. Herein, we synergistically combine RAFT and step-growth polymerization mechanisms, by employing a highly selective
insertion process of a single monomer with a RAFT agent, to achieve RAFT step-growth polymerization. A unique feature of the
RAFT step-growth polymers is that each backbone repeat unit bears a pendant RAFT agent, which can subsequently graft side
chains in a second polymerization step and afford molecular brush polymers. Enabled by cleavable backbone functionality, we

demonstrate transformation of the resulting brushlike polymers into linear chains of uniform size upon a stimulus.

C ontrolled radical polymerization (CRP) has been widely
used in creating a plethora of soft functional materials for
a broad range of applications from commodities to drug
delivery."> Among many CRP methods, reversible-addition
fragmentation chain transfer (RAFT) polymerization® stands
out as a user-friendly approach that is applicable for a diverse
range of monomer families with a variety of side chain
functionalities.”® However, inherent to the chain-growth
nature of RAFT polymerization, backbones of such polymers
usually consist of inert carbon atoms (e.g, C—C bond),
limiting applications where degradable functionality is crucial
such as in tissue engineering and plastics recycling.”” By
contrast, step-growth polymerization can readily incorporate
desirable functionalities (e.g., ester for degradation) along the
polymer backbone. However, typical strategies for step-growth
are limited by low functional group tolerance and harsh
reaction conditions.®

The RAFT process is mediated by chain transfer agents
(CTAs) that seed chain-growth polymerization through the
R-group'®'" and govern the chain transfer exchange via an
intermediate.'” Depending on the reactivity of the CTA and
monomer employed, during the initial stages of the RAFT
process, the CTA can be preferentially consumed fully, yielding
single monomer unit inserted (SUMI) CTA adducts prior to
further chain-growth."> McLeary and Klumperman were the
first to study this unique SUMI process in detail.">~'> Later,
Moad investigated high yielding SUMI-CTA adducts with
stoichiometrically balanced monomer and CTA pairs.'™'®
Similarly, Zard had demonstrated iterative insertion of less
activated monomers as a divergent method to design complex
structures.”” More recently, Xu expanded the scope of
sequence defined polymers via iterative RAFT-SUMI cycles
by a photoinduced energy/electron transfer (PET)-RAFT
process.””

We envisioned a highly efficient RAFT-SUMI process could
be harnessed using bifunctional reagents of CTA and
monomer to permit step-growth polymerization. This new
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RAFT step-growth polymerization would inherit key benefits
from both RAFT (e.g, functional group tolerance and user-
friendly nature) and step-growth (e.g., functional backbone)
(Scheme 1). In previous reports, the use of such bifunctional
reagents (monomer bearing active CTA) has been employed
to design hyperbranched polymers;*® by contrast, in our case,
homopropagation of the monomer is suppressed such that a

Scheme 1. Traditional RAFT Polymerization vs RAFT Step-
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linear step-growth backbone is obtained via a chain transfer
cycle mechanism (iv, Scheme 2). This cycle is driven when the

Scheme 2. Proposed RAFT Step-Growth Mechanism“
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“The RAFT step-growth mechanism proceeds through cycle of the
radical addition (k;) between the two end group species: monomer (i-
a) and R® (ii-b), forming the backbone radical (iii), followed by chain
transfer with the CTA (i-b) end group through reversible addition
(k) and fragmentation (kg,,) of the intermediate (iv), to regenerate
the R® (ii-b) species and yield the polymer backbone (v).

chain transfer of the monomer radical species (iii) with the
CTA (i-b) is significantly more rapid than addition with
another monomer and equilibrium of the cham transfer (iv)
favoring the formation of R® species (ii-b).%° In addition, this
process is facilitated béy rapid monomer (i-a) addition (k;) to
the R® species (ii-b).”

We commenced the study by pairing a monomer and a CTA
functional group that can selectively form a SUMI-CTA adduct
at quantitative yield (Figure 1). We selected N-substituted

@=L @}Swrs X
o N\\ S dloxane \/ Z
70°C
M, -CTA g

® = 6 )Ej Hokﬁ HO)K[’HO

CTA;, CTA CTAc CTAp CTA
Yield 93 % 27 % 94 % 47 % Homopolymer

Figure 1. Various CTAs (CTA,,_p) were screened using N-ethyl
maleimide (M,) under the same reaction conditions: [M], = 1 M,
[CTA], = 1 M, [AIBN], = 50 mM in dioxane at 70 °C for 4 h. From
right to left monomer conversion (p) equals 0.98, 0.3, 0.97, 0.83, and
0.20 in the presence of respective CTAs and 0.98 without (See Figure
S17 for detailed kinetics).

maleimides as slow homopropagatmg monomer is preferred to
favor the chain transfer cycle.”” We screened various R-groups
that can be directly functionalized for tethering (CTA;z—
CTA,), using trithiocarbonate based CTA, since quantitative
SUMI-CTA adduct yields of N-substituted maleimides have
already been established with CTA,,.”' Using N-ethyl
maleimide as a model monomer (M,), under our reaction
conditions, CTA,, gave quantitative SUMI-CTA adduct yield
(Figures S17 and S18 and Table S1); however, CTA,5, which
only structurally differs from CTA;, by an additional
carboxylic acid, resulted in significantly slower kinetics (Figures
S17 and S20 and Table S2). This was attributed to slower
monomer addition from increased radical stability of the R®
species contributed by the additional neighboring conjugation.
Serendipitously, we found CTA,c, whose reactivity lies

between the former two CTA’s*® gave quantitative SUMI-
CTA adduct yield (Figures S17 and S21 and Table S3). In
contrast, CTA,p, with one less methyl substituent, resulted in
significantly lower yield with unequal consumption of
monomer and CTA (Figures S17 and S2S and Table $4).
Furthermore, CTA,;, which does not favor chain transfer
exchange with the monomer, resulted in retarded homopoly-
merization (Figures S17 and $27 and Table $5).*

As M; and CTA,; pairing demonstrates quantitative
insertion yield, we synthesized MCTA, where the two
functionalities are tethered together as the first AB type
RAFT step-growth monomer. Herein, identical reaction
conditions from the preliminary screening are used as the
general procedure for RAFT step-growth polymerization. In all
cases, we investigated the molecular weight evolution by
conventional SEC analysis and 'H NMR to determine the
extent of the reaction (p). Interestingly, a downfield shift of the
monomer end group was observed upon polymerization of
MCTA (Figure 2A), and both the chain end “monomer” and
unreacted monomers were considered to determine the overall
p.

For linear step-growth polymerization, Flory has described
theoretical molecular weight by number-average (M,,), weight-
average (M,,), and Z-average (M,), as a function of conversion,
assuming no cyclization and equal end- “group reactivity (details
in Materials and Methods section $1.3).** Pleasingly, we found

M, and M, trended with expected values (Figure 2B).*°
However, the low molecular weight cyclic species that are
formed generally result in poorer agreement by M,, which is
commonly observed in other examples of step-growth
polymerizations in the literature.”" Typically, oligomeric cyclic
species can be observed from '"H NMR with a downfield shift
relative to the polymer backbone (Figure 2A, Figure $31).*

It is important to note the loss of monomer functionality
from external initiation (e.g., AIBN) is expected to reduce the
overall molecular weight (Scheme S1). Generally, we found
more reasonable agreement with theoretical average molecular
weight by approximating imbalanced stoichiometry from

1 [T ekt

P TV (1-e)
S7), which is subjective to the assumed value for initiation
efficiency of the initiator’> (details in Materials and Methods
section S1.4). Here an initiation efficiency (f) of 0.65 is
assumed as a constant value; however, it is important to note
that the 1n1t1at10n efficiency typically falls at high monomer
conversion.” Under our reaction conditions, high conversion
was obtained after 4 h (p = 0.98S) with 42% of the initiator
theoretically consumed during the polymerization, leading to a
ry, value of 0.949 and a theoretical M, of 18k. However,
leaving the reaction for longer time (18 h, Figure $36) would
result in lower theoretical M,, assuming the same initiation
efficiency, as more initiator is consumed (Table S7).

Briefly examining reaction conditions with this AB
monomer, we found the polymerization conducted at higher
concentration is optimal for yielding higher molecular weight
polymers with lower initiator equivalence (Figure S38 and
Tables S8—S10). Interestingly, lowering the initial concen-
tration of the polymerization resulted in more noticeable
presence of the cyclic species (Figure 2C and Figure S39),
which is a classical step-growth feature;** on the other hand,
the rate followed pseudo-first-order kinetics that was depend-
ent on initiator concentration (Figure S38).*° Surprisingly,
changing the solvent to DMSO or DMF had undesirable loss
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Figure 2. AB RAFT step-growth polymerization of MCTA using general conditions: [MCTA], = 1 M, [AIBN]; = S0 mM in dioxane at 70 °C for 4
h. (A) "H NMR of initial monomer species and the polymer backbone at t = 0, 4 h, after precipitation and filtrate. (B) Experimental M,, M,, and
M, (from conventional SEC analysis, relative to polystyrene calibration in THF) versus monomer conversion, plotted together with expected values
without considering imbalanced stoichiometry from initiation. SEC-dRI chromatograms of (C) polymerization carried out with different initial
concentrations ([MCTA], = 2 to 0.25 M) with the same initiator concentration ([AIBN], = SO mM) and (D) polymerization carried out in
toluene, DMF, and DMSO. The theoretical M,,, considers initiator derived imbalanced stoichiometry.
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Figure 3. A, + B, RAFT step-growth of M, and CTA, using the general procedure [M,], + [CTA,], = 1.0 M, [AIBN], = 50 mM in dioxane at 70
°C for 4 h (r = [M,],/[CTA,],). Experimental M,, M,, and M, versus monomer conversion plotted together with expected values using (A)
equivalent (r = 1) and (B) nonequivalent stoichiometry (r = 0.98) of the two bifunctional reagents (without considering initiation). (C)
Comparison of SEC-dRI chromatograms of the polymerizations (r = 1, 0.98, 0.94, 0.81) with approximately equal monomer conversion (p ~ 0.98)
is presented (the theoretical M.y, considers initiator derived imbalanced stoichiometry).

of control, which was not observed using toluene or dioxane as We next explored the RAFT step-growth polymerization
the solvent (Figure 2D, Figure S41—42, and Table S11). with A, + B, type comonomers using bifunctional pairs of
15920 https://doi.org/10.1021/jacs.1c07553
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Figure 4. (A) Mark—Houwink plot of poly(M,-alt-CTA,) and poly(MCTA). (B) Degradation of isolated poly(M,-alt-CTA,) after 2 weeks under
open atmospheric conditions. (C) SEC-dRI chromatograms of poly(MCTA-g-PBA;;) and its precursor backbone with molecular weight
determined by light scattering (LS). (D) SEC-dRI chromatograms of poly(M,-alt-CTA,-g-PBAs;) (red trace) and its precursor backbone (blue
trace). Black trace shows SEC analysis measured within 40 min after introducing 1:1 TBAF/AcOH (4 mM, S equiv w.r.t. Si—O bonds).

monomers (M,) and CTA (CTA,) (Figure 3), which was
successfully achieved using the same general reaction
conditions. Unlike the previous AB type step-growth (vide
supra), downfield shift of the monomer end group was not
observed during the polymerization (Figure $44). Remarkably,
the effect of using excess CTA, to imbalance the stoichiometry
proceeded with expected reduction in molecular weight
averages (Figure 3, Figures S45—47, and Table S12). In
addition, compared to the AB type step-growth, lower fractions
of cyclic species are expected to form as the probability of the
chain ends to cyclize is reduced by a factor of 2,* resulting in
better agreement of M, and M,/M, with expected values
(Table S12).

In all cases, the RAFT step-growth polymers were easily
purifiable by simply precipitating the reaction mixture twice
into diethyl ether to remove low molecular weight cyclic
species (Figures 4B, 4C, S32, S35, S40, and S43). The
collected supernatant from the precipitation shows upfield
shifted broadened backbone CTA peaks (Figures 2A and S34)
that were observed prior to precipitation, and the correspond-
ing SEC analysis reveals discrete oligomeric cyclic species
(Figure $35). Furthermore, typical Mark—Houwink plots by
triple detection SEC (dRI, LS, VS) analysis (Figures S37 and
$48) of the isolated polymers reveals an « value of 0.6, which is
consistent with the molecular weight distribution of linear
polymers (Figure 4A).>

15921

Owing to the step-growth nature, specific functionality
imbedded in the bifunctional reagents can be incorporated in
the polymer backbone, such as dimethyl silyl ether in M,.
Interestingly, we found this functionality to be particularly
susceptible to hydrolysis,*® and poly(M,-alt-CTA,) was found
to degrade when left under open atmospheric conditions
(Figure 4B and Figures S49 and S50). It is important to
highlight that such backbone degradability is a highly desirable
feature for biomedical applications.*”*°

Finally, we successfully synthesized molecular brush
polymers from our RAFT step-growth backbone with poly-
(butyl acrylate) (pBA) side chains using conventional RAFT
polymerization (Figure 4C and D). Over the years, numerous
synthetic strategies of designing molecular brush polymers
have emerged, due to their unique mechanical and colloidal
properties;*' however, there are limited methods that exist for
tailoring the main chain backbone. We emphasize the ease of
our methodology to prepare the polymer brushes that
overcome these limitations. Indeed, poly(M,-alt-CTA,-g-
pBA;;) that bears cleavable silyl ether within each repeat
unit along the length of the brush showed rapid stimuli-
triggered degradation into well-defined linear polymers (M, =
9,000, b = 1.08) (Figure 4D), which was remarkably
consistent with the expected molecular weight for two pBA
chains (M, , = 4,900 per side chain).

https://doi.org/10.1021/jacs.1c07553
J. Am. Chem. Soc. 2021, 143, 15918—15923


https://pubs.acs.org/doi/suppl/10.1021/jacs.1c07553/suppl_file/ja1c07553_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c07553/suppl_file/ja1c07553_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c07553/suppl_file/ja1c07553_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c07553/suppl_file/ja1c07553_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c07553/suppl_file/ja1c07553_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c07553/suppl_file/ja1c07553_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c07553/suppl_file/ja1c07553_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c07553/suppl_file/ja1c07553_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c07553/suppl_file/ja1c07553_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c07553/suppl_file/ja1c07553_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c07553?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c07553?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c07553?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c07553?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c07553?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

Communication

pubs.acs.org/JACS

In summary, we demonstrate successful AB and A, + B,
RAFT step-growth polymerization proceeding through the
insertion process. This facile methodology allows designing
backbone functional linear polymers and subsequently
molecular polymer brushes after the second polymerization
step, unlocking new opportunities for broad applications. We
anticipate an expansion of RAFT step-growth polymerization
with various monomers and tethering functional groups, owing
to the modular nature of this polymerization and the
robustness of RAFT agents.
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