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Commercially available N-aromatic substituted bismaleimides were
used in RAFT step-growth polymerization with a bifunctional RAFT
agent, affording polymers having moderate to high molecular
weights. This advancement increases the accessibility of our pre-
viously reported methodology and allows preparation of graft
copolymers in a straightforward manner at significantly larger
scale.

Step-growth polymerization offers great versatility in the
design of the polymer backbone, a crucial feature that enables
applications in drug delivery," chemical recycling,” and solar
cells.” However, traditional methods for step-growth typically
require rather extreme reaction conditions and offer limited
control over polymer architecture. On the other hand,
Reversible Addition-Fragmentation Chain-Transfer (RAFT)
polymerization® has been widely adopted due to its adapta-
bility and user-friendly nature to design polymers with con-
trolled architecture;® however, the scope of the polymer back-
bone is typically limited to inert C-C bonds from vinyl mono-
mers. To overcome these limitations, we have recently reported
a RAFT step-growth polymerization,” which combines user-
friendly nature of RAFT polymerization and versatility of
polymer backbone.

The RAFT process is mediated by thiocarbonyl thioester-
based Chain Transfer Agents (CTA) (that are also commonly
called RAFT agents); CTA bears a fragmentable R group that
generates radical (R") adding to the monomer and Z-group that
effects the radical reactivity of C=S bond. In a typical A, + B,
type RAFT step-growth polymerization, bifunctional CTA and
monomers are used under stoichiometrically balanced con-
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ditions (Scheme 1A). The growth of polymeric chains is
mediated by addition of the monomer functionality with frag-
mented CTA derived radical species (R’). The polymer back-
bone that is formed as a radical intermediate then proceeds to
chain transfer with unreacted CTA functional group to regener-
ate R’ species and form the polymer backbone (Scheme S17).
This cyclic process is initiated through thermal decomposition
of AIBN, forming the initial monomer-centered radical species
(Scheme S27).
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Polym. Chem.


http://rsc.li/polymers
http://orcid.org/0000-0001-6354-8725
http://orcid.org/0000-0003-2028-2511
http://orcid.org/0000-0002-2134-8079
http://orcid.org/0000-0003-0354-1948
https://doi.org/10.1039/d2py00236a
https://doi.org/10.1039/d2py00236a
https://doi.org/10.1039/d2py00236a
https://doi.org/10.1039/d2py00236a
https://pubs.rsc.org/en/journals/journal/PY

Published on 13 April 2022. Downloaded by University of North Carolina at Chapel Hill on 4/27/2022 5:51:34 PM.

Communication

The step-growth evolution is achieved by rapid chain trans-
fer of the CTA that bears a more radically stabilized fragmenta-
ble group (R") than monomer centered radical species to drive
the equilibrium and to prevent homopropagation of the
monomer.® This requires suitable pairing of CTA and
monomer reactivity that yields selective single monomer inser-
tion under stoichiometrically balanced conditions. In the pre-
ceding literature, Moad,” " Zard"? and Xu'*"” have exploited
various pairing of monomers and CTAs for selective insertion
process of a single monomer to CTA. In our initial report,” we
found trithiocarbonate-based CTA bearing carbonyl ester
stabilized tertiary radical fragmentable R-group and N-alkyl
maleimidic monomer functionality to successfully allow RAFT
step-growth polymerization.” It is noteworthy, in addition to
our initial report, Zhu et al. have recently demonstrated suc-
cessful RAFT step-growth using xanthate-based CTA bearing
carbonyl ester stabilized secondary radical fragmentable
R-group and vinyl ether."®

The main draw-back of our original approach was the
difficulty in preparing maleimidic monomer, which requires
multiple synthetic steps (Scheme 1C). Fortunately, we found a
series of commercially available and affordable N-aromatic bis-
maleimides (Scheme 1D). We envisioned the use of these
monomers could expand the utility and scalability of our
methodology. Herein, these bismaleimides were used directly
without further purifications for A, + B, RAFT step-growth
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polymerization with previously employed bifunctional CTA
(Scheme 1B, CTA,).

We first examined the RAFT step-growth polymerization
with N,N'-(1,4-phenylene)dimaleimide, M,, as one of the
most affordable monomers ($0.59 g~' from Tokyo Chemical
Industry, TCI) in this study (Fig. 1A). We employed tetra-
chloroethane (TCE) as the solvent rather than the previously
employed dioxane, as most of the N-aromatic bismaleimides
monomers investigated here have suitable solubility at the
desired concentration in TCE. Following our stoichiometri-
cally balanced reaction conditions in our initial work
([CTA,]o: [M,]o: [AIBN], = 0.5 M:0.5 M:0.05 M at 70 °C), we
found the polymerization to reach high conversion (p =
0.993) after 4 hours as determined by 'H-NMR analysis
(Fig. S17).

We evaluated the molecular weight of the reaction mixture
throughout the polymerization by conventional SEC analysis
in tetrahydrofuran (THF) wusing polystyrene standards
(Fig. S21)."> To verify the polymerization mechanism, we
decided to fit our experimental data to the original equations
derived by Flory,*® including theoretical number-average (M,
eqn (1)), weight-average (M, eqn (2)), and Z-average (M,, eqn
(3)), that describes linear step-growth molecular weight evol-
ution with respect to extent of reaction (p). Where M, is the
average molecular weight of the two reagents. It is important
to note, that these theoretical molecular weight averages
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Fig. 1 A, + B, RAFT step growth polymerization with M4 (A), Mg (B), Mxc (C) and Mpp (D) under stoichiometrically balanced conditions. The experi-
mental weight averages (M,,, M,,, M,) was determined by conventional SEC analysis in THF relative to polystyrene standards. The extent of the reac-
tion (p) is defined as monomer conversion of the maleimide determined by *H-NMR. Theoretical line was plotted with eqn (1)-(3) without consider-

ing cyclization and initiator derived stochiometric imbalance.
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reflect the molecular weight distribution from crude reaction
mixture and assumes no cyclization.?°

M = Mo ~ (1)
1+p
My = M, 2
th — 01 —p ()
1+4p+p?
My = Mo~ — (3)

Pleasingly, we found the evolution of molecular weight
averages by M,,, M, and M, from SEC analysis to follow theore-
tical molecular weight averages from the equations above
(Fig. 1A). As seen in our original report,” the formation of oli-
gomeric cyclic species significantly lowers the M,, and results
in higher dispersity (D = M,,/M,,) (Fig. S2 and Table S17).

Next, we investigated the effect of imbalanced stoichiometry
using excess CTA, (Fig. 1B and Fig. S4t). In theory, stochio-
metric imbalance (r) between the chain end functionalities
(i.e., r = N)/Np in A, + B, step-growth) results in lower mole-
cular weight at given conversion (p), which is commonly
described for theoretical M, (see eqn (4)). Imbalanced stoichio-
metry can also be considered for theoretical M,, and M, by
simply replacing p with 7"p in eqn (2) and (3).>° Indeed, we
found lower experimental molecular weight averages with
increasing excess of CTA, (r = [M,]o/[CTA;], = 0.98, 0.93, 0.818)
which followed theoretical values predicted by eqn (4) and

modified eqn (2) and (3) by replacing p with r**p. (Fig. S5 and
Table S17).
1+r
Mn,th - MO m (4)

Given that AIBN was employed as a radical source in our
polymerizations, imbalance in stoichiometry would be
expected because of monomer loss from initiation
(Scheme S2). Without considering the effect of radical termin-
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ation, the overall stochiometric imbalance can be approxi-
mated by using eqn (5):

Tth AIBN = i, ! (5)

FHAf = M, (1—e)

where k4 is the decomposition rate of the initiator and ¢ is
time. Here, 0.65 is assumed as a constant value for initiation
efficiency (f) of the initiator radical specie.*!
factor of 4 is in the denominator since each AIBN would create
2 radical species and assumes each initiator end group results
in double the quantitative effect of the excess bifunctional
reagent in molecular weight.>” It is important to note, vari-
ation of overall initiation efficiency of the initiator (f) would
result in significant difference in predicted molecular weight
at high conversion. In addition, we want to emphasize that
initiation efficiency of azo-initiators typically falls at high
Nonetheless, replacing r with 7y, amsn
(or replacing p with rtlgilBNp in eqn (2)) generally results in
theoretical M,, closer to the experimental values (Tables 1 and
S1+t).

Following the success of M,, as a RAFT step-growth como-
nomer with CTA,, we next examined bis(3-ethyl-5-methyl-4-
maleimidophenyl)methane (M,g) (Fig. 1B) and 2,2-bis[4-(4-
maleimidophenoxy)phenyl Jpropane (M,c) (Fig. 1C) that are
structurally analogous to M,,, using stoichiometrically
balanced conditions above. During the polymerization of Mg,
we found the phenyl ring protons to shift towards the male-
imide ring protons (Fig. S71), which was not ideal to deter-
mine accurate conversion. Nonetheless, based on our approxi-
mation with the obtained NMR spectra, we found the polymer-
ization to reach 83% conversion after 4 hours, which was con-
sistent with the molecular weight determined by SEC analysis
(Fig. S8 and Table S2t). In the literature, N-aromatic malei-
mides containing alkyl ortho-substituents are reported with
reduced radical polymerization rates,”® which would account
for the slower rate of polymerization of M,z when compared

Note an overall

monomer conversion.?*

Table 1 Polymerization and characterization of A, + B, RAFT step-growth polymers with commercially available bismaleimide monomers

Reaction mixture

Isolated

Structure” Time (h)’  p° Famn’ My’ Myps”  Myis¥  Di¥ (M/My)s o T,  (°C)  T57 (°C)
P(M,4-alt-CTA,) 4 0.993 0.949 28k 25k 37.9k 1.70 1.67 0.571 79 232
r=0.980 4 0.994 0.930 23k 20k 26.8k 1.62 1.59 0.597
r=0.935 4 0.996 0.889 15k 14k 19.0k 1.50 1.49 0.567
r=0.818 4 0.998 0.782 7.6k 8.0k 12.5k 1.35 1.36 0.531
P(M,p-alt-CTA,) 21 0.942 0.891 9.3k 13.1k 15.4k 1.57 1.50 0.609 73 234
P(Myc-alt-CTA,) 2 0.995  0.970 57k 55.6k  69.0k  1.98  2.19 0.531 89 233
P(Map-alt-CTA,) 4 0.967 0.949 14k 13k 20.9k 1.42 1.39 0.595 70 229

Polymerlzanon conducted under stoichiometric conditions (r = [M,]o/[CTAL]o). *

Duration of the polymerization. “ monomer conversion deter-

mined by "H-NMR. ¢ Theoretical imbalanced stoichiometry from initiator assuming initiation efficiency of f = 0.65 using eqn (5).  Theoretical
weight average molecular weight takmg into account the initiator derived imbalanced stoichiometry./ Experimental M,, of the reaction mixture
by conventional SEC analysis using polystyrene calibration. ¢ Molecular weight analysis by SEC with light scattering detector (D = M,/M,,).

"Exponent parameter of Mark-Houwink plot.  Glass transition temperature (Tg) measured by DSC analysis.’ Decomposition temperature at 5%

weight loss (T5) measured by TGA analysis.

This journal is © The Royal Society of Chemistry 2022
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with M,,. Moderate molecular weight was achieved by leaving
the polymerization for longer duration (Table S27); however,
limited molecular weight would be expected if higher con-
sumption of initiator from prolonged polymerization time
leads to more significant imbalance in stoichiometry. In
addition, it is noteworthy that there were noticeably less oligo-
meric cyclic species by SEC analysis (Fig. S8f), yielding P
values of the reaction mixture closer to the expected value of 2
for step-growth polymerizations (Table S21).° We speculate
that the steric hinderance imparted by the alkyl-substituents
on the maleimides would reduce the flexibility of the linear
polymeric chain for the cyclization to occur.

On the other hand, M,¢, which bears O-phenyl substituent
para to the maleimide unit (Fig. 1C), was observed to reach
high conversion (p = 0.995, Fig. S101) and high molecular
weight (Fig. S11t) (M, of 69 kDa by SEC via light scattering
detector, corresponding to a weight-average DP of 120, or
number-average DP of 60, Fig. S307) after just 2 hours using
the same reaction conditions, suggesting the O-phenyl substi-
tuent para to the maleimide unit increases the monomer reac-
tivity. Leaving the reaction for 4 hours, on the other hand,
resulted in noticeable high molecular weight shouldering,
which was out of measurement range by our SEC analysis
(Fig. S127%). It is important to note that M,/M,, values were also
higher than expected (Tables 1 and S37), suggesting some devi-
ation from linear step-growth molecular weight evolution due
to possible branching.

Lastly, we examined the RAFT step-growth polymerization
with 4,4-substituted phenylene bismaleimide, M,p, which
bears maleimide substituents attached on the same aromatic
ring as My, (Fig. 1D) but having a more rigid structure. Due to
the lack of solubility of M,p, we employed m-cresol as the
solvent, though determining monomer conversion by "H-NMR
was slightly cumbersome due to the maleimide CH=CH protons
overlapping with peaks derived from the solvent (Fig. S14t).
Furthermore, we anticipated the potential radical inhibiting
effects of phenolic functionality in cresol could be detrimental to
the polymerization.>* Pleasingly, we found the polymerization of
M,p and CTA, was able to reach high conversion within 4 hours
(p = 0.967, Table S47). In addition, good agreement of molecular
weight averages with expected values from conversion (Fig. 1D
and Fig. S157) suggests minimal impact of the solvent. It is
worth to mention that, in contrast to M,g, there were noticeable
presence of cyclic specie in the RAFT step-growth polymerization
of My, (Fig. S15%); this is likely promoted by proximity and orien-
tation of the maleimide units on M,p,.

In all cases, we found that two or three rounds of precipi-
tation was sufficient to remove most of the cyclic species
without suffering from significant loss in yield (Fig. S3, S6, S7,
S13 and S167). Importantly, we found the NMR spectrums of
the isolated polymers to be consistent with the proposed struc-
ture (Fig. S17-S247). To assess the conformation of the isolated
polymers by Mark-Houwink-Sakurada (MHS) plots, we deter-
mined the intrinsic viscosity as a function of molecular weight
by multi-detector SEC analysis (Fig. $S25-S31%). The slope of
this log-log plot corresponds to o that describes the evolution
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Fig. 2 Mark—Houwink plot of the RAFT-step growth polymers in THF.

of intrinsic viscosity with molecular weight of the species as
an exponent parameter (Fig. 2).>> In all cases studied here, the
a value of the RAFT step-growth polymers was found to be
between 0.55 to 0.6, which is consistent with structure-prop-
erty relationship of linear polymers.””> In contrast, branched
polymers exhibit lower intrinsic viscosity relative to their mole-
cular weight and yield a values less than 0.5 as they have more
compact structures.”®

We next examined the thermal stability of the RAFT step-
growth polymers by thermal gravimetric analysis (TGA)
(Table 1, Fig. S32-357). Interestingly, all the linear backbone
polymers showed moderate thermal stability with typical Ts
values above 220 °C and two step thermal degradation profiles.
Furthermore, 30-45% mass loss between 220 to 280 °C was
observed, consistent with thermal cleavage of trithiocarbonate
from the polymer backbone.>”*® It’s noteworthy, poly(M,c-alt-
CTA,) displayed minor weight loss (3.5%) between 100 to
175 °C, which suggests the polymer to be the least stable. In
addition, these polymers exhibited glass transition tempera-
ture (Ty) by Differential Scanning Calorimetry (DSC) analysis
(Table 1 and Fig. S36-397), revealing the amorphous nature of
the polymer backbone.

Finally, given the success in synthesis and affordability of
the starting materials, we attempted to scale up the RAFT step-
growth polymerization with M,,, and successfully isolated
8.1 grams of the P(M,s-alt-CTA,) (Fig. 3A). To demonstrate the
utility of RAFT step-growth backbone to prepare graft copoly-
mers, we explored N-acrylomorpholine (NAM) to graft the side
chains with (Fig. 3). It is important to note that relatively small
amount of the linear RAFT step-growth backbone by weight is
sufficient to prepare graft copolymers as the sidechain mono-
mers constitute majority of the molecular weight in the graft
copolymers. For example, using 1.2 grams of P(M,s-alt-CTA,)
we successfully prepared 15 grams of P(M,,-alt-CTA,-g-PNAM)
(93% recovery) (Fig. 3B). Here, we used a monomer to CTA
ratio of 40 ([NAM],/[CTA], = 40) in dioxane ([NAM], = 3 M) and
AIBN as the initiator at 65 °C ([CTA]/[AIBN], = 40), which
yielded p =~ 99.6% after 2.5 hours (Fig. S407). Successful syn-
thesis of the graft copolymers was observed by apparent shift

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Large scale synthesis of graft copolymers from RAFT step-growth backbone and CTA end group removal. (A) Photograph of 8.1 grams of
P(M_a-alt-CTA;) (81% yield).15 cm ruler is placed to represent the scale. (B) Photograph of 15 grams of P(M,a-alt-CTA,-g-PNAM) (93 yield) in 250 ml
round bottom flask. (C) SEC-dRI traces of P(Mpa-alt-CTA) (black line) and P(Mpa-alt-CTA,-g-PNAM) (red line). Molecular weights (M, ;s and D;s)
measured from the light scattering detector. M, 4, is calculated from the ratio of NAM to CTA functionality and conversion of the NAM, multiplied by
the number of grafting side chains based on the M, s of the precursor backbone. (D) DLS traces (intensity, volume and number distribution) of the

P(Ms,-alt-CTA,-g-PNAM) in water (10 mg ml™?) after end group removal.

in SEC distribution and M,, by light scattering detector, which
are consistent with the expected molecular weight of the graft
copolymer from the M, of the backbone measured (Fig. 3C
and Fig. S427).

Graft copolymers have increasingly attracted interested due to
their unique rheological and mechanical properties,” appli-
cations are seen in lubrication®® and tissue engineering.*!
Furthermore, as a single macromolecule of the size of colloids,
they offer a modular platform for application in nanomedicine.*”

Poly(N-acrylomorpholine) (PNAM) has attracted interest for
biomedical applications as potential alternative to polyethyl-
ene glycol (PEG).*>* Although linear PNAM is typically reported
to be water soluble,** we found our freshly prepared P(M,a-alt-
CTA,-g-PNAM) to be insoluble in water. We attribute this
peculiarity to the terminal end groups in brush topologies of
our graft copolymers having a greater impact on solubility
than end groups of linear polymers. Similarly, Reineke et al.
have shown the end groups to have significant effect on water
solubility on brush polymers with N-alkyl acrylamide grafts.>
Following CTA end group removal using light and N-ethyl
piperidine hypophosphate (EPHP) (Fig. S41 and $437),*° we
found the resulting PNAM graft copolymer to be completely
water soluble. Characterization of the resulting polymers via
DLS (dynamic light scattering) displayed Z-average hydrodyn-
amic diameter of 22 nm and overall polydispersity index (PdI)
of 0.210 (Fig. 3D), which we hypothesize to be single chain
nanoparticle. To confirm this, DLS analysis was carried out in
dimethylformaldehyde (DMF) (Fig. S447), where both the back-
bone and PNAM side chains are both freely soluble, revealing
similar size distributions to aqueous condition. Indicating as a
single macromolecule with desirable size for applications in

This journal is © The Royal Society of Chemistry 2022

tumour targeted drug delivery.>”*® It’s important to empha-
size, our modular nature of the step-growth backbone offers
facile synthetic route for biological clearance.”°

In summary, we demonstrated RAFT step-growth polymeriz-
ation using commercially available and cheap N-substituted
bismaleimide monomers. In all cases (four examples), the
evolution of molecular weight averages with conversion and
intrinsic viscosity as function of molecular weight were both
consistent with linear step-growth polymerization. We antici-
pate the use of the commercially available monomers will
provide an easy access to these unique backbones, allowing
chemist to focus on designing bifunctional CTA to provide
functionality along a linear polymer or graft copolymers.
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