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Thermally-labile segmented hyperbranched copolymers: Using reversible-covalent
chemistry to investigate the mechanism of self-condensing vinyl copolymerization
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A thermally-reversible inimer was used to confirm the controlled growth of individual branches during self-condensing vinyl atom
transfer radical polymerization (ATRP). Segmented hyperbranched polymers were synthesized by ATRP of methyl methacrylate (MMA)
and a novel inimer that contained a thermally labile Diels-Alder linkage between its initiating and polymerizable moieties. Three distinct
feed ratios of MMA to inimer (15:1, 30:1, and 60:1) yielded hyperbranched polymers with variable degrees of branching and molecular
weights in the range of 120,000 to 515,000 g/mol. The resulting hyperbranched polymers contained thermally-reversible branch points
that were cleaved quantitatively on heating to yield linear polymers with molecular weights that were similar to the theoretical values that
would be expected based on controlled chain growth of individual branches during self-condensing vinyl polymerization (SCVP). The
cleaved linear polymers contained pendant furan and terminal maleimide functionalities that allowed reassembly at 50 °C to form
“healed” hyperbranched polymers. The healing efficiency was determined by 'H NMR spectroscopy, and the molecular weights of the
repaired hyperbranched polymers were characterized by gel permeation chromatography. A segmented hyperbranched polymer was
employed as a multifunctional macroinitiator to prepare an amphiphilic “hyper-star” via chain extension with poly(ethylene glycol)
methyl ether methacrylate. Assembly of these “hyper-stars” into well-defined micelles (~23 nm) in neutral water was confirmed by
transmission electron microscopy and dynamic light scattering.

45 subsequent addition of linear chains or functionalization with
Introduction small molecules.

SCVP has been accomplished by a variety of controlled
polymerization methods, including living ionic,>' group
transfer,”® and controlled radical polymerization (CRP). Of

so particular interest are the well-established CRP methods: atom

2628 reversible addition-
29-33

Segmented hyperbranched polymers,'® a unique class of
polymers with long linear chains between branch points, have
received significant interest in polymer science. As compared to
highly compact conventional hyperbranched polymers

. . . transfer radical polymerization (ATRP),
synthesized via AB, or A, + B3 condensation polymerization,” "' . P y ( ). .

L . . fragmentation chain transfer polymerization (RAFT), and
the minimized steric hindrance between sparsely-branched

itroxide-mediated polymerization (NMP).>**® For ATRP-based
backbones offers unique functionalization opportunities not nitroxide-mediated polymerization ( ) of ase

. . SCVP, the requisite inimer is a compound that contains a vinyl
available in more densely branched structures. In the last decade, Foun for propacation and an activated halogen-containine erou
self-condensing vinyl polymerization (SCVP)'>*® has emerged as group propag 8 § group

for initiation. Because of its well-known controlled
polymerization characteristics, ATRP offers exceptional control
over the architecture of segmented hyperbranched polymers

w
b

a robust method to prepare hyperbranched vinyl polymers. SCVP
relies on the presence of a specific AB* monomer-initiator
combination (i.e., “inimer”). Inimers contain a polymerizable
moiety capable of undergoing chain growth polymerization and
an initiating moiety that can either (7) initiate new chains or (if)

prepared by SCVP and allows tuning of the linear chain length
¢ between branch points through careful modification of the ratio
of inimer to comonomer in the feed.”’

Assuming that each inimer incorporated into a growing
chain during SCVP successfully undergoes initiation, the number
and location of branch points in the chain is determined directly

os by the extent of inimer incorporation. In this case, each branch
point would occur along the chain at the site at which the inimer
is present. Therefore, we reasoned that incorporating a degradable
linkage between the propagating and initiating groups of the
inimer should lead to segmented hyperbranched polymers that
70 can degrade into linear polymers upon cleavage of the labile

condense with polymerizable groups present on other branched
chains it encounters. Therefore, SCVP resembles both chain and
step-growth polymerizations. Typically, polymers prepared by
this method have broad molecular weight distributions and
molecular weights that increase dramatically at high monomer
conversion. The degree of branching achieved during SCVP can
be tuned by including a conventional comonomer that is only
capable of propagation. The resulting “segmented hyperbranched
polymers” demonstrate interesting solution and melt properties as
compared to their linear counterparts and contain a high density

. . . linkage. Furth: , ticipated that includi ible-
of functional groups at their periphery that can be used for {rkage. TUTLICHMOTe, we anticipated thal e uding a reversiv'e

covalent linkage in this site would produce a degradable
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hyperbranched polymer capable of regenerating its original
architecture upon cleavage and subsequent reconstruction.
Reversible-covalent chemistries®*’ have been utilized to prepare
a variety of self-repairing polymers containing reversible
covalent bonds. Compared to supramolecular interactions, *' the
enhanced strength of reversible covalent bonds offers the
opportunity to achieve more stable structures while retaining the
advantages of reversibility. To date, dynamic-covalent
architectures such as block copolymers,42 dendrimers,”** stars,®
7 polymeric networks,*>% and cyclic polymers®*>® have been
extensively investigated. Diels-Alder cycloadducts, imines,
alkoxyamines, boronic esters, and disulfide linkages are among
the moieties commonly exploited in the design of these versatile,
functional architectures. Degradable segmented hyperbranched
polymers have been prepared utilizing degradable inimers
bearing disulfide,'® ester'® or acylal®® groups. In response to
changing pH or heat, these “smart” segmented hyperbranched
polymers could be quantitatively cleaved to linear polymer
chains. However, to the best of our knowledge, the reconstruction
of degradable hyperbranched polymers has not been studied,
which is likely due to the lack of suitable kinetics for
esterification and acylal formation and the lack of selectivity
during disulfide formation, the latter of which may lead to
undesired gelation rather than the reconstruction of segmented
hyperbranched architectures.

In our study, we present the synthesis of a novel, thermally-
reversible ATRP inimer that contains a Diels-Alder linkage
between its polymerizable and initiating groups. This inimer was
copolymerized with methyl methacrylate (MMA) for the facile
preparation of hyperbranched PMMA with predetermined linear
segment lengths. Cleavage of the incorporated inimer units upon
heating afforded linear PMMA copolymer fragments with narrow
dispersity. The reconstruction of hyperbranched PMMA from
cleaved linear PMMA was then examined. Additionally, the
retained halogen atoms on the chain termini of the hyperbranched
PMMA were used to initiate the polymerization of a water-
soluble monomer to yield amphiphilic core-shell hyperbranched-
linear copolymers (i.e., “hyper-stars”) through a grafting-from
method.

Perhaps most significantly, we expected that the labile
nature of the Diels-Alder inimer could be exploited to “reverse
engineer” the segmented hyperbranched polymers to determine
the extent to which individual branches grew in the controlled
manner expected for ATRP. While SCVP is expected to cause
non-linear evolutions of molecular weight with conversion and to
generate branched polymers with broad molecular weight
distributions,®® the control afforded by ATRP is assumed to
mediate the growth of individual branches. In this study, we
triggered the degradation of these segmented hyperbranched
copolymers to allow the detailed analysis of their individual
linear components. Therefore, the reversibility of the Diels-Alder
inimer yielded adaptive/responsive materials while also providing
fundamental insight into the mechanism of a widely utilized
method of branched polymer synthesis.
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Results and Discussion

Preparation of thermally reversible Diels-Alder inimer. Our
goal was to prepare segmented hyperbranched polymers capable
of dissociating into their individual linear components and
undergoing repair during a subsequent reconstruction process. To
accomplish this, we synthesized a novel inimer that contained a
Diels-Alder adduct between its polymerizable and initiating
fragments with the expectation that heating to a temperature
which favored the retro-Diels-Alder reaction would lead to
cleavage of the branched structure to yield linear polymers.
Successful synthesis of the precursor and Diels-Alder inimer
were confirmed by 'H and *C NMR spectroscopy (Figure 1 and
Figure S1). The combination of extended reaction times (48 h)
and relatively high temperatures (75 °C) during the synthesis of
the inimer precursor favored the near-quantitative formation of
the more thermodynamically stable exo cycloadduct.
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Figure 1. Synthesis, 'H and '*C NMR spectra of the Diels-Alder
inimer.

Synthesis and Characterization of Segmented Hyperbranched
PMMA. Copolymerization of the Diels-Alder inimer with MMA
afforded branched PMMA with degrees of branching (DB) that
should depend on the [MMA]:[inimer] ratio.** To determine the
temperature at which the polymerizations could be conducted, the
thermal stability of the inimer was investigated. No change in the
NMR spectra of the inimer was observed after 24 h at 45 °C,

2 | Journal Name, [year], [vol], oo—oo
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monomer to catalyst ratio, three segmented hyperbranched
ss PMMA (SHB P1, SHB P2, and SHB P3) with linear segments

suggesting that the retro-Diels-Alder reaction did not occur to an
appreciable extent under these conditions. Therefore, 45 °C was

a

S

chosen as the polymerization temperature for the SCVP of MMA
and the newly designed inimer.

To discern the influence of the [monomer]:[CuBr] ratio,
two different ratios (40:1 and 100:1) were applied to the
copolymerization of MMA and inimer, keeping the initial
monomer concentration at a constant value of 5 M in toluene.
Table 1 presents the results of these experiments. The overall
conversions of vinyl groups rapidly approached 99% within 4 h at
a lower monomer to catalyst ratio (40:1). However, at 100:1 ratio
of monomer to catalyst, the monomer conversion only reached
80% after 20 h, indicating a slower polymerization process than
those conducted with higher catalyst loading. Furthermore, the
molecular weight and M, /M, of the resulting polymers at the
lower monomer to catalyst ratio (40:1) were significantly larger
than those at a higher monomer to catalyst ratio (100:1). These
results suggest increased condensation between branched
macromolecules at higher monomer conversions,’’ resulting in a
sizable increase in polymer molecular weight and broadening of
the molecular weight distribution. This phenomenon is in
accordance with the inherent nature of SCVP.

CuBr, bpy
d 45 °C

G
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»s Figure 2. (a) General protocol for the preparation of segmented
hyperbranched PMMA by SCVP; (b) '"H NMR of SHB P2 (see
Table 1); (c¢) Representation of segmented hyperbranched
PMMA.

30 Notably, at monomer to catalyst ratio of 100:1, the conversion
only reached 80% after extended reaction times and did not
increase significantly after 20 h. This result suggests the catalyst
efficiency was diminished, potentially due to the persistent
radical effect (PRE) common for methacrylate type ATRP
inimers.®® The high ATRP equilibrium constant of 2-
haloisobutyrates results in irreversible conversion of activating
Cu(D)Br to deactivating Cu(II)Br,. The accumulation of Cu(II)Br,
shifts the equilibrium towards the dormant species, reducing the
concentration of propagating radicals. Therefore, in the
application of SCVP of MMA, a sufficient catalyst loading or
addition of a reducing agent (e.g., Cu(0)) is necessary to
overcome the PRE and to reach high conversion.'®%

Given that 40:1 was determined as a satisfactory value of

ss standards.

between branches of varying lengths were synthesized under
these conditions (Table 1). Their structures were confirmed by 'H
NMR spectroscopy (Figure 2). As shown in Table 1, molecular
weights determined by GPC at 99% conversion increased with

so the initial feed ratio of monomer to inimer, in accordance with

previous reports.**® The values of the absolute M,, determined
for each branched polymer from GPC-MALLS were
significantly higher than the corresponding apparent molecular
weights determined by conventional calibration with PMMA
This well-known phenomenon stems from the
compact, globular structure of the hyperbranched polymers as
compared to the linear calibration standards.
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Figure 3. Degree of branching (DB) as a function of feed ratio at

e full monomer conversion (blue circles represent DB values

obtained from 'H NMR spectroscopy; dotted line represents
theoretically derived DB values)

With the assumption that the number of terminal bromide
units is equal to the number of branch points'>, Equation 1 was

s used to estimate the degree of branching for SHB P1-P3, where

Ay and A, correspond to the '"H NMR spectroscopy peak
integrations for protons b and g, respectively, as labeled in Figure
2.9

24,
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We observed excellent agreement between the theoretical and

70 experimentally determined DB values obtained at full monomer

conversion (>99%) at all y = [MMA],:[Inimer], ratios (Figure 3)
As expected, a higher content of inimer (lower ») resulted in
higher DB, consistent with values obtained from the theoretical

equation proposed by Miiller et al.%

75 Polymerization Kinetics of ATRP-SCVP of MMA/Inimer. As

the discussion above indicates, the commonly accepted

mechanism of SCVP would predict that the length of linear

This journal is © The Royal Society of Chemistry [year]
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PMMA between branches can be controlled by the feed ratio (and
relative reactivities) of MMA and inimer. While the evolution of
molecular weight with conversion is expected to be non-linear as
a result of the combined step/chain-growth mechanisms of SCVP,
each individual arm of the branched polymer should grow in a
manner predicted by the general ATRP process. The presence of
degradable linkages at each branched point allowed us to cleave
the branched polymers to yield their linear components. We
reasoned that analysis of the resulting linear polymers would
provide insight into the control achieved during the growth of
each individual arm.

To further understand the SCVP process as applied to the
synthesis of segmented hyperbranched polymers and to
investigate the regularity of the linear segments that result, kinetic

15 studies were conducted with an initial monomer to inimer ratio of

60:1 under the aforementioned optimized reaction conditions. At

predetermined time points, aliquots were taken from the SCVP
reaction solution. The aliquots were divided with one portion
being immediately used for both 'H NMR spectroscopy and GPC

20 analysis to obtain information on the intact hyperbranched

PMMA. The remaining solution was precipitated into cold
methanol to remove residual monomer, and the resulting polymer
was dried, redissolved in toluene, and subjected to heating at
120 °C to completely cleave the polymer at its branch points by a

25 retro-Diels-Alder reaction. After 1 h, the reactions were quenched

by immersion in liquid nitrogen, and the degraded linear PMMA
samples were characterized by GPC.
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30 Figure 4. (a) GPC traces as a function of conversion during the SCVP of MMA? (top) and the corresponding cleaved linear PMMA after
the retro-Diels-Alder reaction at 120 °C (bottom); (b) M, and M, /M, of hyperbranched PMMA as a function of monomer conversion
during the SCVP of MMA; (c) M, and M,/M, of the corresponding cleaved linear PMMA as a function of monomer conversion (dotted
line represents theoretical My). *([MMA], + [Inimer],):[CuBr],:[bpy], = 40:1:2 at 45 °C, [MMA],= 5 M, [MMA],:[Inimer],= 60:1.

35

Table 1. Hyperbranched polymers prepared from via SCVP of inimer and MMA

GPC GPC-MALLS
Entry Feed ratio® Time (h) Conversion (%) M, (g/mol) M,/M, M,, (g/mol)
SHB P1° 15 4 99 11 000 3.62 120 000
SHB P2* 30 3 99 17 000 4.95 260 000
SHB P3“ 60 4 99 36 300 5.37 515000
SHB P4’ 30 20 75 8800 2.33 23 400
SHB P5° 60 20 80 10 700 1.83 33100

“([MMAL], + [Inimer],):[CuBr]:[bpy], = 40:1:2, [MMA],= 5 M. ®(MMA], + [Inimer],):[CuBr]:[bpy], = 100:1:2, [MMA], = 5M. ‘Feed

ratio represents initial molar ratio of MMA to inimer.

4 | Journal Name, [year], [vol], oo—oo
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The results of this kinetic study are summarized in Table 2.

As shown in Figure 4a and 4b, the molecular weight and M, /M,
of the intact hyperbranched PMMA grew as a function of time
s and conversion as expected. At high conversion, a substantial
increase in molecular weight of hyperbranched polymers was
observed from 29,400 (92%) to 118,400 (99%). Broad molecular
weight  distributions were observed, with significant
multimodality developing as the polymerization proceeds. These
o observations are consistent with the expected behavior of SCVP
and is likely due to the rate of condensation between
macromolecules being dependent on the number of end groups on
each branched macromolecule. Larger macromolecules contain
more halogen end groups that can be activated to add monomer
and condense with other branched molecules, leading to higher
molecular weight polymers growing faster than low molecular
ones. However, analysis of the samples that resulted after
cleavage of the hyperbranched polymers yielded results that were
indicative of linear polymers with narrow molecular weight
20 distributions. Additionally, across most of the conversion range,
the increase in M, followed the theoretical prediction calculated
from [MMA]:[inimer] ratios and conversion. Furthermore, the
M, /M, of segments remain relatively low (<1.4) up to high

=3

Chemical Science

monomer conversion (Table 2 and Figure 4c). These important

2s results suggest the individual branches of polymers made by

SCVP grow in a controlled manner, similar to that expected for
ATRP with more conventional (i.e., non-inimer) alkyl halide
initiators. At very high conversions (>99%), a small high
molecular shoulder on the GPC traces of the linear polymer was
observed, and there was deviation from the theoretical molecular
weight. This observation could result from the highly congested
environment of the propagating chain ends late in the
polymerization leading to increased intramolecular chain
coupling. Just as an increased contribution from termination
reactions can be observed at high conversion during conventional
ATRP, the same may occur in this case, especially given the high
local concentration of chain ends in hyperbranched systems. At
high catalyst loadings (40:1), more extensive activation and faster
propagation compromised the amount of control normally
afforded by ATRP. It is expected that better precision could be
achieved by employing lower catalyst concentrations, however,
in the case of SCVP, this would lead to a dramatic reduction in
monomer conversion and degree of branching. It should also be
noted that the similar reactivities of monomer and inimer vinyl

45 groups in this particular system enhances the regulation of chain

growth during SCVP.

a

Table 2. Preparation of segmented hyperbranched MMA copolymers (SHB P3) and their thermal degradation products (120 °C for 1 h)

Before thermal degradation After thermal degradation

Entry Time (h) Conv. (%) M, (g/mol)® M, /M,® M, (g/mol)® M heo (g/mol)? M, (g/mol)” M,/M,P
1 0.5 40 6 300 2.13 12 500 2 860 3300 1.13
2 1.0 56 7 100 2.24 15 600 3830 4150 1.22
3 2.0 92 11 900 3.71 29 400 5970 6100 1.41
4 4.0 99 36 300 5.37 118 400 6 400 8 700 1.73

“(IMMA], + [Inimer],):[CuBr],:[bpy], = 40:1:2, [MMA],= 5 M, [MMA],:[Inimer], = 60:1.
s0 ’Determined by GPC with PMMA standards. “Determined by GPC-MALLS.
dMn, theo — [MMA]O/[Inimer]o x conversion X MWmonomer + Mwinimer

Extension of PEGMA from hyperbranched PMMA. The
ability for chain extension from hyperbranched polymers is
intriguing in regards to the preparation of more complex
architectures. To confirm the retention of terminal bromide (Br)
atoms on the hyperbranched polymers, SHB P2 was used as a
multifunctional macroinitiator and was chain extended with
PEGMA (60:1 PEGMA:Br; Scheme 1) to yield core-shell
copolymers with branched PMMA cores and linear
poly(PEGMA) (PPEGMA) shells. After 7 h (34% conversion),
the reaction was stopped, and the structure of the “hyper-star”
copolymer was verified by 'H NMR spectroscopy (Figure S2),
which indicated peaks characteristic of both PMMA and
PPEGMA. GPC revealed a reduction in the retention time,
es indicative of an increase in molecular weight during extension

(Figure 5). Unlike the original PMMA-based starting material,

the amphiphilic hyper-star could be dispersed in water (a

b

S

selective solvent for the PPEGMA shell). Aqueous solutions of
these materials were further characterized by dynamic light

70 scattering (DLS) and transmission electron microscopy (TEM)

(Figure 6). DLS offered evidence of self-assembled particles with
a hydrodynamic diameter (D) of 23 nm in neutral water, which
was in good agreement with TEM results (21 nm in diameter).
Notably, the hydrodynamic diameter of the hyper-star in toluene

s (@ non-selective solvent) was only 7 nm, which is a size

consistent with that of molecularly dissolved unimers (Figure 6c).
Therefore, it seems reasonable that dissolution in water leads to
assembly of individual hyper-stars into micellar structures in
which an aggregated hydrophobic PMMA core is stabilized by a

so water-soluble PPEGMA corona. The formation of larger

nanostructures suggests the core of SHB P2 must be sparsely
branched to the degree that intermolecular interactions between
hyper-star macromolecules are possible (Figure 6a).

This journal is © The Royal Society of Chemistry [year]
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PEGMA
_—
CuBr, 45°C

Scheme 1. Chain extension of segmented hyperbranched PMMA
(SHB P2) with PEGMA.

5
The hyper-star was thermally treated at 120 °C in toluene for
1 h. A shift to longer retention time was observed by GPC
analysis, indicative of degradation and reduced molecular weight
during the retro-Diels-Alder reaction (Figure S3a). The results
10 suggest the formation of linear block copolymer PMMA;,-b-
PPEGMA,,, with a higher molecular weight than the
corresponding cleaved PMMA;, homopolymer (Figure S3b). The
polydispersity of the resultant block copolymers remained as low
as M, /M, = 1.42, suggesting some degree of control during the
15 chain extension from the SHB P2 core. The lack of a low
molecular weight shoulder in the chromatogram reinforces this
point, along with providing evidence of high initiation efficiency
from the macroinitiator. Therefore, even at high monomer
conversion, a significant number of terminal bromide atoms are
2 retained during the preparation of hyperbranched PMMA, which
further corroborates the controlled nature of the original SCVP.

—— Hyper-Star M, mauLs = 668, 000
—— Hyperbranched PMMA M,, yai s = 260, 000

8 10 12 14 16 18
Elution time (min)

Figure 5. GPC traces before and after chain extension of SHB P2
2s with PEGMA.
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Figure 6. (a) Proposed self-assembly of hyper-stars in water; (b)
TEM of hyper-star based micelles cast from aqueous solution; (c)

30 DLS size distributions of the hyper-stars in water (selective
solvent) and toluene (non-selective solvent).

Thermal degradation of segmented hyperbranched PMMA.
Degradation of the hyperbranched PMMA was studied in more
35 detail to gain insight into the efficiency and kinetics of the
thermally driven retro-Diels-Alder reaction. The degradation of
SHB P1-P5 was carried out under heating at 90 or 120 °C. The
results are summarized in Table S1. '"H NMR spectroscopy was
employed to observe the degradation process (Figure S4b). After
40 1 h at 120 °C, complete disappearance of the signals associated
with the Diels-Alder adduct was observed, while the signals from
the pendant furan and terminal maleimide groups became
apparent. This observation is consistent with quantitative
cleavage of branching points to result in linear segments.
Accordingly, a shift of the GPC chromatograms to longer
retention times occurred within 1 h, with no further differences
being observed after extended thermal treatment (Figure S4c).
These results indicate the retro-Diels-Alder degradation process
is rapid and highly efficient at 120 °C.
50 At the lower temperature of 90 °C, the reversion reaction

s
o

was significantly slower, which facilitated monitoring the kinetics
of the degradation process (Figure 7a). The degradation of SHB
P1 into its linear segments at 90 °C was monitored by 'H NMR
spectroscopy and GPC (Figure 7b and 7c¢). GPC traces for
samples taken at various extents of reaction during the
degradation of SHB P1 at 90 °C offered evidence of degradation,
as the molecular weight distributions became more narrow and
unimodal and the average molecular weight decreased with time
(Figure 7b). Moreover, it was particularly interesting that the
o0 progress of the retro-Diels-Alder reaction, as determined by 'H
NMR spectroscopy, was directly coupled to the reduction in
molecular weight determined by GPC (Figure 7c). The
degradation reaction reached a maximum conversion of ~80%
after 15 h, after which the equilibrium between cycloaddition and
6s cycloreversion was established with no further reaction being
observed.

o
b
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Figure 7. (a) Degradation of segmented hyperbranched polymers
at 90 °C; (b) GPC traces of samples taken during thermal
s degradation of SHB P1 at 90 °C; (c) Evolution of absolute M,
determined by MALLS and retro-Diels-Alder conversion as a
function of reaction time.

Thermal reformation of segmented hyperbranched PMMA.

10 Diels-Alder chemistry has been widely employed in the area of
self-healing materials due to its frequent classification as a
“click” reaction® and its facile reversibility. Taking advantage of
these properties, our novel inimer-based hyperbranched polymers
were expected to exhibit self-repairing behavior on the molecular

1s scale similar to other Diels-Alder-based bulk polymeric
materials.®

5 xx\%;,\/r\g:m
O\O d {o} + ON—\_O \
0
» ’f% g
\dC P Om Br ) 5N
PN

Scheme 2. Repair of hyperbranched PMMA via Diels-Alder
cycloaddition of linear PMMA.

50 °C
—_—

20

Thermal reassembly of SHB P1-P3 was investigated by 'H

NMR spectroscopy using the corresponding cleaved linear
polymers (L P1, L P2 and L P3, Table 3). The linear polymers
25 were allowed to recombine at 50 °C in toluene (Scheme 2). At the
onset of the reaction of L P1, no Diels-Alder cycloadduct peaks
were observed. As the polymer solution was heated, the Diels-
Alder reaction between furan and maleimide proceeded, as
evidenced by the gradual growth of the cycloadduct peaks at 5.2-

30 5.3 ppm, coinciding with the decrease of maleimide peaks at 6.7
ppm (Figure 8b). After 24 h of heating, 70% of maleimide groups
were consumed. However, an additional 24 h of heating only
resulted in a 3% increase in conversion, suggesting that
equilibrium had been established. Notably, the pattern of
35 cycloadduct signal at 5.2-5.3 ppm slowly shifts from 5.25 ppm to
5.20 ppm, indicating the formation of the favored exo isomer over
an extended period of heating. Furthermore, the Diels-Alder

cycloaddition efficiency was also tested for L P2 and L P3
(Figure 8a). Interestingly, the efficiency of repair was decreased
40 with increasing linear segment length, which is likely due to the
increased steric hindrance that limits the ability of terminal
maleimide and pendant furan groups on long chains to
recombine. Additionally, the concentration of functionality on the
polymers decreases as the length of linear segments increases,
ss resulting in lower Diels-Alder reaction rates. Incomplete repair
was also confirmed by comparing the DB of the polymers (SHB
P1-P3) before degradation and after repair using Equation 1. It
was clearly observed that increased segment length (i.e., higher
feed ratio of monomer to inimer) led to diminished recovery of
so degree of branching in the healed polymers (Table 3, Figure 10).

(a) (b)

100 = Repaired SHB P1 foa @d 48h 73% b
90 *- Repaired SHB P2
4 Repaired SHB P3
& 80 9
g . 240 70%
= 70 . .
b # -
§ o] % .
g 5l R N 10h 67%
g ;s "
5 4]/,
$ sl 5h 58%
2 2]
&
10—5“ 1h 30%

0 T T T J T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 68 66 64 62 60 58 56 54 52

Healing time (h) 5 (ppm)
Figure 8. (a) Reconstruction kinetics of SHB P1-P3 as quantified
by 'H NMR spectroscopy; (b) 'H NMR spectra of SHB P1
ss during repair at 50 °C. Peak assignments correspond to the proton
labels in Scheme 2.
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Figure 9. (a) Reconstruction of segmented hyperbranched
o PMMA at 50 °C; (b) GPC traces of reformed SHB P1 as a
function of time during thermal treatment at 50 °C; (c) Evolution
of My marLLs and M, /M, of repaired SHB P1 as a function of

time.

65 The evolution of molecular weight during the healing
reaction was also investigated. As the duration of thermal
treatment increased, both the absolute M, and M,/M, of SHB P1
became larger, indicating successful repair of the hyperbranched
polymers (Figure 9). Although the conversion of the repair

70 reaction reached 73% after 48 h, the ultimate absolute M,, of the
reconstructed hyperbranched polymer was significantly lower
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Table 3. Results from repair of the hyperbranched polymers after heating solutions of the degraded linear polymers at 50 °C for 48 h

Before thermo-healing

After thermo-healing

GPC GPC GPC-MALLS
Entry M, (g/mol) M,/M, M, (g/mol) M, /M, M,, (g/mol) Healing efficiency” DB Recovery”
L P1“ 3500 1.65 6 400 3.03 37300 73% 75%
L P2° 5 600 1.78 9200 3.13 52 100 65% 70%
L P3* 8700 1.73 12 000 2.36 39 600 48% 39%

“From '"H NMR spectroscopy of cycloadduct protons; °From "H NMR spectroscopy and Equation 1

0.12 ~

u Original DB
0.10 1

m Recovered DB
0.08 1

0.06 1

0.04 1

Degree of Branching

0.02 A

0.00

15 I 30 ‘ 60
y = [MMA] /[Inimer],
5

Figure 10. DB of original segmented hyperbranched polymers
and reconstructed hyperbranched polymers.

10 than that of the original SHB P1 (37,300 vs. 120,000 g/mol, Table
1 and Table 3). This result again suggests the efficiency of
reconstruction process is limited due to the steric hindrance
associated with the condensation of linear polymers to reform the
densely-packed, hyperbranched polymer. In some ways, this

15 phenomenon is similar to the reduced efficiency observed during
“grafting-to” type reactions of other polymer systems.®® Low
functional group concentration and steric hindrance limits the
efficiency of the polymer-polymer reactions required during
healing, while the original hyperbranched polymer was formed

20 under SCVP conditions that more closely approximated those of
a “grafting-from” process in which low molecular weight
monomers reacted with growing chains under less sterically
demanding conditions.

35

Scheme 3. In-situ retro-Diels-Alder reaction of furan-maleimide
based DA bond and formation of anthracene-maleimide linkage
40 at 120 °C.

To
reconstruction

Mechanism of degradation and reconstruction.
s unequivocally demonstrate degradation and
occurred via Diels-Alder cycloreversion and cycloaddition,
respectively, two model reactions were conducted. The first
reaction involved quenching the reactive maleimides that should
be produced during the retro-Diels-Alder degradation process
so such that subsequent repair would become impossible (Scheme
3). Therefore, the repair of hyperbranched PMMA was attempted
in the presence of a large excess of a thermally stable dienophile
trapping agent. SHB P4 was cleaved at 120 °C in the presence of
9-anthracenemethanol. ~ While  this  temperature  favors
ss cycloreversion for furan-maleimide Diels-Alder adducts, it favors
cycloaddition for anthracenes and maleimides. Therefore, the
maleimide groups that result from thermal degradation of the
hyperbranches should be scavenged by the excess functional
anthracene. The resulting “quenched” linear polymers were then
60 held at 50 °C and characterized by GPC as a function of time. As
expected, the traces of the “repaired” SHB P4 did not shift to
higher molecular weight (Figure S5). The absence of reformation
under these conditions confirms that the healing mechanism is
centered on the furan-maleimide based Diels-Alder reaction.
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| Non-reversible linkage

S
Radical thiol-ene :\/\ f'r
hv X 'L\ an

“locked” hyperbranched polymer

Scheme 4. Thiol-ene reaction between 1-thioglycerol and
segmented hyperbranched PMMA.

—o0h
—1h
—2h

10 12 14 1I6 18
Elution time (min)

s Figure 11. GPC traces of samples taken during thermal treatment
of “locked” SHB P2 at 120 °C. No change in molecular weight
was observed due to the loss of the oxy-norbornene group during
the preceding thiol-ene reaction.

10 The second model reaction involved “locking” of the inimer
units within the hyperbranched polymers by the addition of a
small molecule thiol to the double bond of the substituted
cyclohexene Diels-Alder adduct (Scheme 4). This reaction was
expected to consume the double bond required for

is cycloreversion.”®® The oxy-norbornene functional group is
susceptible to transformation via thiol-ene chemistry, in which
thiols add irreversibly across alkenes under UV irradiation.
Consumption of the vinyl groups in Diels-Alder-linked
segmented hyperbranched polymers by 1-thioglycerol prohibited

2 cycloreversion reactions, eliminating degradation of the
polymers. After irradiation (365 nm, 100 W, 100 min), 'H NMR
revealed quantitative consumption of the oxy-norbornene protons
(a, 6.5 ppm) and —CHO- bridge-head protons (b, 5.23 ppm),
while new signals corresponding to —-CHO- protons (d, 4.8 ppm)

»s and saturated methylene protons (c, 2.1 ppm) were also observed
(Figure S6). The thiol-locked SHB P2 was subjected to heating at
120 °C in toluene and the reaction was monitored by GPC
(Figure 11). As expected, the locked polymers did not degrade
when heated, further supporting that the degradation mechanism

30 occurs via the furan-maleimide based retro-DA reaction at the
branch points. Not only does this model reaction help support the
proposed Diels-Alder cycloreversion process, it also provides a
means by which otherwise thermally-labile hyperbranches can be
rendered stable. Additionally, this thiol-ene based approach may

35 be utilized to attach desired functionalities at branch points within

segmented hyperbranched polymers in a modular manner, further
extending their versatility and potential applications.

Conclusions

In summary, novel hydrophobic and amphiphilic dynamic-
40 covalent macromolecular assemblies have been successfully
prepared by ATRP-SCVP. Hyperbranched copolymers with
thermally-labile furan-maleimide Diels-Alder adduct branch
points were readily cleaved at high temperatures and repaired at
lower temperatures. This method extends the concept of self-
ss repair from the materials level to the macromolecular scale.
Perhaps most importantly, the ease with which the hyperbranched
polymers could be efficiently degraded allowed us to examine the
resulting linear polymer products to gain insight into the control
achieved during the growth of individual branches by SCVP. It
so was determined that while the growth in molecular weight during
the copolymerization of an inimer with another comonomer
occurs in a complex manner, the growth of individual branches
proceeds by a controlled polymerization process that is consistent
with ATRP.
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