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1 | INTRODUCTION

Abstract

We introduce a simple synthetic strategy to selectively degrade bottlebrush
networks derived from well-defined poly(4-methylcaprolactone) (PAMCL) bottle-
brush polymers. Functionalization of the hydroxyl groups present at the terminal
ends of PAMCL side chains with a-lipoic acid resulted in bottlebrush polymers hav-
ing a range of molecular weights (M;, = 45-2200 kg mol ') and a tunable number
of reactive dithiolane chain ends. These functionalized chain ends act as efficient
crosslinkers due to radical ring-opening of the dithiolane rings under UV light.
The resulting redox-active disulfide crosslinks enable mild electrochemical or
chemical degradation of the S—S crosslinks to regenerate the starting bottlebrush
polymer. PAMCL side chains and the disulfides can be degraded simultaneously
using harsher reducing conditions. This combination of bottlebrush architecture
with facile disulfide crosslinking presents a versatile platform for preparing highly
tunable elastomers that undergo controlled degradation under mild conditions.
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We recently reported an example of degradable bot-
tlebrush elastomers based on poly(dimethylsiloxane)

Bottlebrush polymers and networks derived therefrom
have attracted significant attention as super-soft mate-
rials (G’ < 100 kPa) with highly tunable physical proper-
ties governed by their densely grafted side chains.'™® The
bottlebrush architecture endows unique material proper-
ties directed by (i) a high density of side chains and chain
ends, (ii) suppressed chain entanglements, and (iii) an
elongated backbone arising from side-chain repulsion.
These unique characteristics have facilitated the develop-
ment of bottlebrush polymers with innovative applica-
tions that are not possible with linear polymers."* 2

(PDMS)-functionalized a-lipoic acid (LA) building blocks
which give rise to a disulfide-containing backbone that
can be degraded under reductive conditions.” Zheng et al.
designed similar silicone bottlebrush networks for ther-
mally conductive materials leveraging LA as a dynamic
backbone for reprocessing.'®> However, these networks
required high temperatures (< 120°C) and long reaction
times (4h) for radical ring-opening polymerization
(rROP) to occur, which plateaued at ~50% monomer
conversion. The Feringa group also reported LA functio-
nalized PDMS  networks constructed through
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photoinitiated TROP of LA crosslinks."* In this case,
PDMS functionalization afforded only 80% coupling effi-
ciency to the LA monomer with additional examples of
degradable bottlebrushes relying on radical-based poly-
merization methods to construct the bottlebrush
backbone.'**° For example, Roth and coworkers syn-
thesized water-soluble bottlebrush polymers through
atom-transfer radical polymerization (ATRP), incorpo-
rating dibenzo[c, e]oxepin-5(7H)-thione copolymers
into the side-chains.'” While several significant
advancements in degradable bottlebrush elastomers
have been achieved, many proposed radical methods
are limited to lower molecular weight bottlebrushes.

Here, we introduce a versatile synthetic strategy to
form bottlebrush networks from well-defined bottlebrush
macromonomers which enables the synthesis of bottlebrush
polymers with a wide range of molecular weights
(M,, = 45-2200 kg mol ') (Figure 1)."~*'**"*? The resulting
chain ends of the molecular bottlebrushes are then readily
functionalized through simple coupling with a-lipoic acid
(LA)—a dithiolane known to undergo rROP with different
stimuli such as heat”** % or UV light,*>* to form cross-
links. The presence of numerous reactive LA chain ends
affords crosslinked networks with diverse physical proper-
ties. Finally, the redox-active disulfides in these bottlebrush
networks present a unique opportunity to selectively
degrade the materials electrochemically and regenerate the
starting bottlebrush polymers. More reductive conditions
can also be used, resulting in the complete degradation of
ester-based side-chains and the disulfide crosslinks, for
example, M, = 2200 kg mol ' — 1 kg mol . In summary,
this is a simple and versatile synthetic platform for the prep-
aration of degradable bottlebrush-based materials under
mild conditions.
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FIGURE 1 Highly tunable bottlebrush polymers
functionalized with a-lipoic acid (LA).

1.1 | Design and synthesis

A number of synthetic strategies are available for the
controlled preparation of bottlebrush polymers. This
includes grafting-from, grafting-to and grafting-through.
For this study we selected grafting-through polymeriza-
tion as the method of choice since it allows for the rigor-
ous characterization of macromonomers prior to
bottlebrush ~ formation.  Poly(4-methylcaprolactone)
(PAMCL) was selected as the bottlebrush side-chain
chemistry since (i) it is an amorphous polymer with a
low glass transition temperature (Ty = —60°C), making it
a suitable candidate for creating robust elastomers,
(ii) extensive characterization and study has yielded
insights into its (bio)degradability,*® and (iii) the requisite
ring-opening polymerization chemistry yields telechelic
macromonomers that can be used for both bottlebrush
formation and chain-end functionalization (see below).
Telechelic P4MCL macromonomers (Table 1 and
Figures S1-S4) were therefore synthesized via ring-
opening polymerization (ROP) as previously reported in
the literature starting from a norbornene alcohol initia-
tor.*"*”*® The resulting macromonomers contain a single
norbornene end group suitable for ring-opening metathe-
sis polymerization (ROMP) and a single hydroxyl chain
end available for coupling to lipoic acid following bottle-
brush formation.

PAMCL macromonomers with hydroxy chain ends
were then used to synthesize bottlebrush polymers with
targeted backbone degrees of polymerization (Ngp) via
ROMP with Grubbs third-generation bis-pyridine-based
catalyst. In principle, larger values of Npg yield softer net-
works, but as Ngp increases, bottlebrush-based materials
become progressively more difficult to process.”’ For this
reason, we targeted bottlebrush polymers with a moder-
ate Npg (~200) and macromonomers of varied side-chain
degrees of polymerization (Nsc) to yield a library of bot-
tlebrush polymers. This highlights the tunability of the
bottlebrush architecture and demonstrates the range of
structures accessible with this platform.

We selected a-lipoic acid (LA) as a crosslinker
because of the facile dithiolane ring-opening under heat
(~70°C) or UV light (~365 nm) with the pendant carbox-
ylic acid on the LA serving as a convenient functional han-
dle to couple with the numerous hydroxy chain ends of the
PAMCL bottlebrush (Figure 2 and Figures S5-S7). To fur-
ther complement the structural variations within the bottle-
brush library, the number of crosslinkable LA chain ends
can be tuned by controlling the degree of chain end functio-
nalization. From the same bottlebrush polymer, functionali-
zation with different equivalents of LA can be studied
(Table 1) leading to networks with a range of crosslink den-
sities from the same starting material. Note that this order
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TABLE 1 Molecular characterization of a-lipoic acid-functionalized bottlebrush polymers.
LA equiv. LA equiv.
Bottlebrush Ngc? PP Mn,BB" Ngg® b (target) (exper)
PAMCL™ LA® 14 1.03 240 130 1.30 5 6.8
PAMCL" LA" 14 1.03 240 130 1.30 10 14
PAMCL™ LA® 14 1.03 45 25 1.10 25 27
Determined using end-group analysis via "H NMR and reported in kg mol .
*Measured in multi-angle light scattering THF SEC analysis and reported in kg mol .
FIGURE 2 Synthesis of a-lipoic acid
functionalized bottlebrush polymers. A 4
EDC, DMAP
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of operation—initial synthesis of the bottlebrush followed
by functionalizing with LA—was necessary because directly
functionalizing the macromonomer with LA followed by
ROMP of the LA macromonomer resulted in presumed sul-
fur chelation to the ruthenium catalyst, rendering it inert.

1.2 | Characterization

First, we sought to precisely quantify the LA coupling
efficiency to the bottlebrush polymer chain ends, which
was challenging to characterize with traditional tech-
niques (e.g., "H NMR and SEC) due to the insignificant
molar mass of LA (0.2kgmol ') compared to the
bottlebrush (<2200 kg mol™!). Taking advantage of the
sensitivity of electrochemical analysis and the multiple
redox-active disulfide bonds present in the LA chain
ends, we hypothesized that electrochemistry would be a
suitable method to determine the coupling efficiency of
the esterification reaction. A series of bottlebrushes with
varied molar masses and different target LA loadings
were therefore probed (Table 1). First, we targeted quan-
titative (100%) functionalization of the side chains with
LA (n~25 equiv. of LA per bottlebrush) for a
45 kg mol ' bottlebrush (Ngc = 14, Ngg = 25, PAMCL*
LA?5). A small amount of the functionalized polymer was

/

dissolved in DMF with 0.1 M TBAPFg as an electrolyte
(see the supporting information for a detailed procedure).
Cyclic voltammograms (CV) were measured from 10 to
250 mV s~ ' (Figure 3A) showing an irreversible reduc-
tion peak at —2.54 V versus ferrocene (Fc) with a linear
increase in magnitude versus scan rate. The observed
reduction peak matches the CV of LA bottlebrush
P4MCL' LA®® (Figure S27a) and is attributed to reduc-
tion of the S—S bond.***° As the peak current increased
linearly with the square root of scan rate, the concentra-
tion of LA per bottlebrush was determined using the
Randles-Sevcik equation (Equation (S2)), where the mea-
sured equivalents of LA groups (n ~ 27) is in good agree-
ment with the targeted value (n = 25, see Figure S28).
This measurement was repeated with a 240 kg mol ™' bot-
tlebrush (bottlebrushes P4AMCL'* LA®> and P4MCL“
LA'™) at various loadings of LA (Figures S29 and S30). In
all cases, the calculated level of functionalization
matched closely to the theoretical LA target, indicating
essentially 100% coupling efficiency was achieved in the
presence of EDC and DMAP (Figure 3B). Over-estimated
values obtained by this method can be attributed to the
error of the measurement and the dispersity of the bottle-
brush polymers (Ngg and Ngc).

Next, we investigated the curing kinetics of a LA bot-
tlebrush with Ngc = 47, Npg = 350, and an average of
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6 LA groups at the chain ends of the bottlebrush by mon-
itoring the change in shear modulus via rheology. After
irradiating with 365 nm light for 45 min at 400 mW/cm?,
network formation was observed as evidenced by a pla-
teau in the storage modulus (G). To improve the curing
kinetics at lower UV intensities, phenylbis(2,-
4,6-trimethylbenzoyl)phosphine oxide (BAPO) (2 wt %)
was added as a radical initiator to the formulation
(Figure S15) which enhanced network formation and
allows the system to be fully cured within 1-3 min of
irradiation at 50 mW/cm? With accessible kinetics in
hand, we synthesized a series of 2100 kg mol™* bottle-
brush polymers (Ngc = 47, Npg = 350) with LA functio-
nalization levels of ~6, 12, and 20 groups per bottlebrush
polymer. As expected, increasing the level of LA
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FIGURE 3

functionalization yielded a stiffer elastomer (n ~ 20 LA,
G’ = 24 kPa) compared to the network with fewer cross-
links (n ~ 3 LA, G’ = 8 kPa) (Figure 4). Macroscopically
this results in the network based on a bottlebrush with
20 LA functional groups at the chain ends being a
stretchable elastomer whereas the network formed from
the bottlebrush with 3 LA functional groups resulted in a
material reminiscent of an adhesive (Figure 4 and
Figures S17-22).

1.3 | Degradation

The disulfide crosslinks formed after ring-opening of the
LA chain ends present a unique opportunity for selective
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Quantifying a-lipoic acid incorporation from redox-active disulfides. (A) Cyclic voltammograms show an irreversible

reduction peak of PAMCL'* LA at —2.54 V versus Fc associated with reduction of the S—S bond. These measurements were used to

quantify (B) the level of LA chain end functionalization versus the theoretical level of functionalization assuming quantitative coupling.
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FIGURE 4 Kinetics of bottlebrush
network formation with different levels
of a-lipoic acid functionalization. UV
light was turned on after 200 s.
Networks formed from bottlebrushes
with 20 LA groups at the chain ends

Adhesive -

gives stretchable elastomers (top) while
the same bottlebrush functionalized
with 3 LA groups results in a high-
strength adhesive (bottom). Bottlebrush
networks were formed in the presence of
BAPO as a photoinitiator.
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FIGURE 5 Bottlebrush networks

crosslinked with a-lipoic acid are selectively 105
degraded through electrochemical reduction
of the disulfide bonds. This degradation is
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and mild degradation of the bottlebrush network. This is
driven by the dynamic nature of disulfide bonds which are
responsive to electrochemistry and mild reducing agents.
To test the degradability of these bottlebrush networks, a
2100 kg mol ' bottlebrush (Nsc = 47, Ngg = 350, n ~ 20
LA units) was cured with UV light on a working electrode
and submersed in a solution of LiClO, in DMF. After 4 h,
at a constant voltage of —2.54V, the network had
completely dissolved in the DMF solution (Figure S23).
The polymer remaining after electrochemical reduction
was dried and characterized via SEC. The SEC trace of the
degraded bottlebrush exhibited a similar molar mass distri-
bution as the LA-functionalized bottlebrush prior to initial
crosslinking (Figure S24). Rheology was used to confirm
network degradation with the loss modulus (G”) dominat-
ing the storage modulus (G’) signifying that the degraded
material is a viscoelastic liquid (Figure 5). Similar results
were obtained through chemical reduction of the disulfide
bonds using tris(2-carboxyethyl)phosphine (TCEP) as a
mild chemical reducing agent (Figures S25 and S26) at
60°C after 16 h.

In addition, both the ester groups in the PAMCL side-
chains and the S—S crosslinks can be degraded simulta-
neously utilizing more reactive chemical reducing condi-
tions. To test full degradability, a cured sample was placed
in a solution of tetrahydrofuran (THF) and allowed to
react with sodium borohydride (NaBH,) with complete
degradation being observed after 12 h. In contrast, a cured
sample suspended in pure THF at 50°C only resulted in a
swollen network with minimal or no observed degrada-
tion. SEC also supports complete degradation (network
and side chains) with the bottlebrush molar mass being
reduced from 2100 to ~1 kg mol ' (Figure S31).

Frequency w (rad/s)

1 10 100

2 | CONCLUSIONS

In conclusion, this work demonstrates that a-lipoic acid
is a versatile crosslinker for highly tunable bottlebrush
networks. The numerous hydroxyl termini of P4MCL
side chains provide a synthetic handle to controllably
install LA residues with a range of loading levels which
in turn can be used to tune the physical and mechanical
properties of the network. The chemical versatility of the
LA chain ends allows for crosslinking under thermal or
photochemical conditions through ring-opening of the
dithiolane ring. The resulting disulfide crosslinks enables
selective electrochemical degradation of the bottlebrush
network to regenerate the starting bottlebrush polymer.
Additionally, complete degradation of both the polyester
side chains and disulfides was achieved using harsher
reducing conditions. This platform represents a simple
strategy for synthesizing highly tunable and degradable
bottlebrush elastomers.
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