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ABSTRACT: Polymer bottlebrushes are complex macromolecular
nanostructures with polymeric side chains densely grafted to a polymer
backbone. In this work, a synthetic strategy for the synthesis of cyclic
bottlebrush polymers was exhibited by combining ring-expansion
polymerization (REP) and atom transfer radical polymerization
(ATRP) by a grafting-from approach. A variety of ultra-high-
molecular-weight (on the order of MDa) macrocyclic bottlebrushes
were generated by employing this method. Direct visualization of the
macrocyclic bottlebrushes was achieved by atomic force microscopy.
Furthermore, a linear bottlebrush polymer was synthesized independ-
ently by a similar synthetic route to investigate topological differences
between cyclic and linear architectures.

Advances in synthetic polymer chemistry have enabled
access to macromolecules with complex topologies,

including, for example, macrocycles, bottlebrushes, stars, and
dendronized, hyperbranched, figure 8 or theta-shaped
chains.1−8 The generation of cyclic topologies is of particular
interest as their solution and bulk properties differ from those
of linear polymers of similar molecular weights.9−17

Bottlebrush polymers have been integral in many developing
fields including drug delivery systems, lubricating materials,
and elastomeric gels. Cyclic bottlebrushes, on the other hand,
have not been explored to this extent due, in part, to
limitations in purity and synthetic challenges presented during
their preparation. Ring-closing techniques of α- and ω-end
groups to form cyclic polymers generate unavoidable linear
impurities from competing intermolecular coupling.14,15

Excitingly, recent developments in ring-expansion polymer-
ization (REP) with ruthenium or tungsten-based catalysts
enable the synthesis of pure cyclic polymers with excellent
yields (>98%).13,18−26

The generation of bottlebrushes from a cyclic backbone can
be accomplished by three different techniques.27 The first is
the grafting-to approach, which involves attaching independ-
ently synthesized side chains to a cyclic backbone via highly
efficient reactions, such as Cu-catalyzed azide-alkyne cyclo-
addition (CuAAC), thiol-Michael addition, and Diels−Alder
reactions.28−31 In 2008, Schappacher and Deffieux29 reported a
synthetic route in which they first synthesized an ABC triblock
polymer with chloroethyl vinyl ether as the B block.
Connecting A and C block ends under highly dilute conditions
generated a cyclic polymer. Subsequently, attaching polystyr-
ene (PS), polyisoprene, and polystyrene/polyisoprene side
chains to the cyclic backbone produced macrocyclic brushes.

Gel permeation chromatography (GPC) and atomic force
microscopy (AFM) characterizations of the brushes confirmed
their cyclic topology.
Grafting-through, a second approach for generating a cyclic

bottlebrush polymer, generally involves polymerization of
macromonomers using tethered metal catalysts.32,33 In 2011,
Grubbs and co-workers33 generated macrocyclic brushes of
ultrahigh molecular weights by polymerizing ω-norbornenyl
macromonomers with polystyrene and poly(lactic acid) side
chains using tethered ruthenium alkylidene catalysts. The
cyclic brushes had molecular weights on the order of MDa.
AFM analysis revealed donut-shaped structures with diameters
smaller than that of the theoretical diameters predicted for fully
extended backbones, as well as some linear brush impurities. It
is noteworthy that the rings underwent scission 2 h after
deposition on the mica surface due to high mechanical strain
on the backbones, a phenomenon reported by Matyjaszewski,
Sheiko, and co-workers in the case of linear bottlebrush
polymers as well.34,35

A third route to generating side chains on a macrocyclic
polymer backbone is a grafting-from approach, where side
chains are grown from the backbone. This approach is often
accomplished via reversible-deactivation radical polymerization
(RDRP) techniques, such as atom transfer radical polymer-
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ization (ATRP) and reversible addition-fragmentation chain
transfer polymerization (RAFT), or, alternatively, by ring-
opening polymerization (ROP).36−42 Zhang and Tew36

synthesized a polynorbornene-based cyclic backbone with
hydroxyl group-containing repeat units. Performing triazabicy-
clodecene-catalyzed ring-opening polymerization of cyclic
esters to grow ester side chains from the hydroxyl groups
ultimately produced cyclic brushes.
The grafting-from approach possesses some advantages over

the grafting-to and grafting-through approaches, as pure cyclic
brushes with high grafting density are difficult to achieve by the
latter techniques. Zhu and co-workers40 synthesized a variety
of macrocyclic brushes using ATRP and a grafting-from
approach with a universal cyclic polystyrene template. A low-
molecular-weight (around 5 kDa) polystyrene backbone was
utilized to perform macrocyclization via CuAAC. High-
molecular-weight brushes were generated from the macro-
initiators, though bimodal GPC traces indicated the presence
of some impurities. Pun and co-workers41 also reported a
“sunflower polymer” by exploiting ATRP and a grafting-from
technique for a tumor-targeted drug delivery application.
Several other studies have suggested that the drug delivery
capability of cyclic brush polymers surpasses that of their linear
analogs.37−39,42

Encouraged by these advances, we developed a straightfor-
ward synthetic strategy for the formation of cyclic
bottlebrushes with PS and poly(butyl acrylate) (PBA) side
chains from a cyclic polyphenylacetylene (PPA) precursor by
combining REP and a subsequent grafting-from approach with
ATRP. Characterization via GPC with static light scattering
(SLS) and viscometric detection provided evidence for the
cyclic topology of the polymer precursor prior to grafting. 1H
NMR spectroscopy and GPC analysis provided confirmation
of the formation of ultra-high-molecular-weight cyclic bot-
tlebrushes, while direct visualization with AFM was consistent
with the presence of circular topologies. Furthermore, a linear
bottlebrush polymer with PS side chains was synthesized
independently to investigate differences in polymer properties
induced by the topological differences between cyclic and
linear bottlebrushes.

■ RESULTS AND DISCUSSION
Phenylacetylene was polymerized via REP with a tetra-anionic
pincer ligand-supported tungsten catalyst18,43 at ambient
temperature to produce cyclic PPA (c-PPA) in >99% yield
(Scheme 1). 1H NMR spectroscopic analysis of the product
exhibited the expected characteristic proton resonances
(Figure S1). GPC analysis of the purified cyclic polymer
revealed a monomodal molecular weight distribution with a

number-average molecular weight (Mn) of 330 kDa and a
dispersity (Mw/Mn) of 1.38 (Figure S2). To aid in comparing
the cyclic architecture to a linear counterpart, linear PPA (l-
PPA) was also synthesized using acetylacetonato(1,5-cyclo-
octadiene) rhodium(I) as the catalyst in THF at ambient
temperature.44,45 The resulting linear polymer was charac-
terized by 1H NMR spectroscopy (Figure S3) and GPC (Mn =
213 kDa and Mw/Mn = 1.68) (Figure S4). Evidence of the
cyclic topology for the polymer prepared with the tungsten
catalyst was obtained by two characteristic GPC
plots.13,18,24,25,46 When comparing the plot of log(molar
mass) versus elution time for c-PPA and l-PPA (Figure 1A),

it was clear that at any point along the elugram that c-PPA
eluted later than its linear counterpart of identical molecular
weight. Moreover, the plot of log(intrinsic viscosity) versus
log(molar mass) (Figure 1B) indicated a consistently lower
intrinsic viscosity of c-PPA compared to its linear analog at a
given molecular weight. These data are consistent with the

Scheme 1. Synthesis of Cyclic Bottlebrush Polymers with Polystyrene and Poly(butyl acrylate) Side Chains

Figure 1. (A) Log(molar mass) versus elution time plot of cyclic
(black line) and linear (pink line) polyphenylacetylene (PPA). (B)
Log(intrinsic viscosity) versus log(molar mass) plot of cyclic (black
line) and linear (pink line) PPA.
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cyclic architecture of c-PPA leading to a decrease in
hydrodynamic volume and solution viscosity.
To generate macroinitiators with initiation sites along the

cyclic and linear backbones, c-PPA (Scheme 1) and l-PPA
(Scheme 2) were brominated via the electrophilic addition of
Br2. The benzylic positions of the resulting polymers were
expected to be susceptible to grafting-from polymerization via
ATRP. 1H NMR analysis was insufficient to determine the
bromine incorporation efficiency, as the methine signals
overlapped with those from the aromatic protons (Figures
S5 and S6). Even with high-temperature 1H NMR analysis at
100 °C of the brominated c-PPA (c-PPABr), it was not
possible to determine the extent of bromination. However, the
elemental analysis revealed that the fraction of double bonds

brominated in the c-PPABr and l-PPABr were 52 and 72%,
respectively. Using lower equivalents of bromine led to lower
bromine incorporation in the cyclic PPA (Table S3). However,
the addition of greater than five equivalents of bromine per
repeat unit resulted in backbone degradation. Mn and Mw/Mn

of l-PPABr and c-PPABr used in the subsequent grafting-from
polymerizations are given in Table 1.
Scheme 2 depicts the synthesis of the linear bottlebrush

polymer with polystyrene side chains grafted from the linear
macroinitiator l-PPABr. Typical ATRP conditions using
copper bromide (CuBr) as a catalyst, 1,1,4,7,7-pentamethyl
diethylenetriamine (PMDETA) as a ligand, and styrene to
macroinitiator ratio of 100:1 were employed. Polymerization
was deliberately quenched at 32% monomer conversion after

Scheme 2. Synthesis of a Linear Bottlebrush Polymer with Polystyrene Side Chains

Table 1. Synthesis of Cyclic and Linear Bottlebrush Polymers Using Brominated Cyclic and Linear Macroinitiators

entrya [monomer]:[macroinitiator]b time (h) conversionc (%) Mn,theo
d (kDa) Mn,GPC

e (kDa) Mw/Mn

linear
l-PPABr 453 345 1.65
bottlebrush 100:1 72 32 5760 5560 1.71

cyclic
c-PPABr 437 411 1.41
CB-PS-1a 25:1 48 12 820 755 1.41
CB-PS-1b 50:1 48 15 1390 1340 1.36
CB-PS-1c 100:1 48 22 3250 3670 1.35
CB-PS-1d 200:1 112 38 9880 8760 1.21
CB-PBA-1a 50:1 36 12 1200 1150 1.36
CB-PBA-1b 100:1 36 18 2730 2340 1.39
CB-PBA-1c 200:1 36 26 7070 6580 1.37

aCB = cyclic bottlebrush; PS = polystyrene; and PBA = poly(butyl acrylate). bMolar ratio of monomer to macroinitiator. cMonomer conversions
were calculated via 1H NMR analysis using trioxane as an internal standard. dTheoretical number-average molecular weight of the brushes.
eAbsolute number-average molecular weight determined by gel permeation chromatography (GPC) equipped with a multiangle light scattering
detector and using DMAc as a mobile phase at 50 °C; dn/dc values required to calculate molecular weights were obtained by assuming 100% mass-
recovery during elution.

Figure 2. (A) GPC traces of the linear macroinitiator and the linear bottlebrush polymer exhibiting a monomodal shift to lower elution volume, i.e.,
toward higher molecular weights. AFM height (B) and phase (C) images of the linear bottlebrush polymer.
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72 h to avoid cross-coupling between the side chains. 1H NMR
analysis of the resulting polymer showed characteristic
polystyrene protons (Figure S7). GPC analysis showed that
theMn of the linear bottlebrush polymer increased from 345 to
5560 kDa after grafting. GPC traces (Figure 2A) exhibited a
monomodal shift toward higher molecular weights with
dispersity similar to that of the macroinitiator, a common
phenomenon observed in the case of linear bottlebrush
polymers.47

Gradual shifts of RI signals toward lower elution time with
increasing reaction time were observed (Figure S8), suggesting
high-molecular-weight bottlebrush polymers were being
formed. Reaction rate analysis showed that monomer
consumption followed linear pseudo-first-order kinetics
throughout the polymerization (Figure S9), suggesting the
presence of a constant radical flux during the polymerization.
Additionally, a linear growth of Mn with monomer conversion
was observed, indicating the absence of any significant chain
transfer processes (Figure S10). These results are consistent
with a controlled ATRP grafting reaction and the efficacy of
benzylic bromine positions on l-PPABr as initiating sites.
AFM analysis of a highly dilute (1 μg/mL) solution of the

linear bottlebrushes in tetrahydrofuran (THF) spin-coated on
a mica surface provided visualization of the topology of these
polymers. Figures 2B and C depict a height and a phase image,
respectively. The length of the bottlebrushes varied from 330
to 590 nm. This variability in size is not surprising given the
relatively high dispersity of the macroinitiator. The theoretical
length of the polymer along the backbone was 400 nm (Table
S4), calculated based on the Mn,GPC of the polymer backbone
and side chains, and assuming each repeat unit is of 0.252
nm47,48 in length (Calculation S1). It is interesting to note that
the shape of the linear bottlebrushes is not perfectly cylindrical
as reported previously.48 We hypothesize that due to partial
bromination, ∼28% of the double bonds remain along the
backbone resulting in lower grafting density. Consequently, the
brushes are not expected to be fully extended along their
backbones.
Encouraged by the success in synthesizing linear bottle-

brushes from the linear macroinitiator, initially, we attempted
to synthesize macrocyclic bottlebrushes with polystyrene side
chains using the macroinitiator c-PPABr. Employing typical
ATRP conditions with CuBr as a catalyst, PMDETA as a
ligand, and styrene as the monomer, polystyrene side chains of
different chain lengths were grafted from the macroinitiator.
1H NMR analysis of the resulting polymers exhibited only the
characteristic polystyrene protons without any backbone
protons (Figure S11), consistent with the fact that most of
the polymer being composed of the polystyrene side chains
that obscure the backbone signals. Additionally, the 13C NMR
spectra of c-PPABr and CB-PS-1c (Figure S12) revealed a
complete disappearance of the C-Br peak at ∼68 ppm. Only
the characteristic polystyrene carbon peaks were observed
without any backbone alkene and phenyl carbons being visible,
consistent with the fact that the newly grown polystyrene side
chains overwhelm and obscure the backbone signals.
Table 1 depicts molecular weights and Mw/Mn of the cyclic

bottlebrushes synthesized with varying styrene to c-PPABr
ratios. Brushes with increasing molecular weight from 755 to
4120 kDa were observed with increasing molar ratios of
monomer to macroinitiator from 25:1 to 100:1 (Figure 3).
Additionally, Mn,GPC for each brush showed good agreement
with the theoretical Mn calculated based on the stoichiometry

and monomer conversions. Dispersity of the resulting brushes
remained almost equivalent to that of the macroinitiator, which
is in good agreement with the phenomenon expected for any
brush polymer prepared by a grafting-from approach.47

A kinetic study on the polymerization used to prepare CB-
PS-1c (100:1 styrene to macroinitiator molar ratio) revealed
monomodal shifts of RI traces toward higher molecular
weights with increasing reaction times (Figure S13), while
dispersity remained relatively constant throughout the
polymerization, with the exception for the brush of 7260
kDa obtained at 47% styrene conversion. This sample being of
exceptionally high Mn eluted near the void volume of the GPC
column set,4950 which could suggest that this sample was not
adequately fractionated, potentially accounting for the
discrepancy in Mw/Mn. This hypothesis could also be applied
to the exceptionally high-molecular-weight polymer CB-PS-1d
that showed a lower dispersity than c-PPABr (Table 1). The
controlled nature of the ATRP grafting reaction was evidenced
by a pseudo-first-order kinetic plot, which also indicated a
constant radical concentration during the polymerization
(Figure 4). Linear growth of Mn with monomer conversion
suggests efficient initiation47 and negligible chain transfer
reactions (Figure 5).

AFM analysis of CB-PS-1a revealed ring-shaped structures
when a highly dilute solution of the polymer in THF (1 μg/
mL) was spin-coated on a mica surface (Figure S14). The
circular shapes are consistent with the cyclic topology of the
macrocyclic bottlebrushes51 expected for backbone synthesis
via REP of acetylenic monomers. The outer diameters of the
circular structures range from 25 to 50 nm, which are well
below the theoretical outer diameter of ∼180 nm (Table S4),
calculated based on theMn,GPC of the backbone and side chains
and assuming a fully extended backbone. A thorough

Figure 3. GPC traces of cyclic bottlebrushes with polystyrene side
chains prepared at different styrene to macroinitiator molar ratios.

Figure 4. Pseudo-first-order kinetic plot of the cyclic bottlebrush
polymer CB-PS-1c (100:1 styrene to macroinitiator molar ratio).
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calculation of the theoretical dimensions of the polymer was
reported in the Supporting Information (see Calculation S2).
The smaller diameter could be attributed to the relatively short
side chain length of polystyrene [average degree of polymer-
ization (DPn = 3)] and the fact that not every unit of the
backbone was susceptible to grafting-from, which leads to less
than full backbone extension or to weak polystyrene−surface
interactions. These sorts of exceptionally low actual diameters
of cyclic bottlebrushes were also reported by Grubbs and co-
workers,33 where donut-shaped structures with diameters of ca.
35−40 nm were observed, even with a polymer of Mn of 5.26
MDa and a DPn as high as 5840. Nonetheless, the presence of a
depression in the middle of the brush architecture was clearly
identified, which is consistent with the anticipated cyclic
topology. The cross-sectional analysis (Figure S14) of the
height traces was also consistent with the successful synthesis
of the cyclic bottlebrushes. Additionally, AFM analysis on CB-
PS-1b (50:1, styrene to macroinitiator molar ratio) also
produced ring-shaped structures with outer diameters in the
range of 40−55 nm (Figure S15).
When the styrene to macroinitiator molar ratio is increased

from 25:1 to 200:1, in the case of CB-PS-1d, the side chain
length of the brushes increased from ∼1 to ∼18 nm, calculated
based on the theoretical DPn of 70 for the side chains, and
assuming a length of each repeat unit of 0.252 nm (Table S4).
The theoretical outer diameter of this polymer at a fully
extended conformation is 196 nm (Table S4), calculated based
on the Mn,GPC of the polymer (see the sample Calculation S2).
AFM analysis on these cyclic bottlebrushes once again
exhibited clear ringlike structures with the outer diameters
ranging from 120 to 200 nm (Figure 6A−C), almost matching
the theoretical diameters. This observation indicates that
longer side chains can induce higher backbone stretching, a
phenomenon well established in the case of linear bottlebrush
polymers.48 Moreover, the presence of a depression in the
observed polymers’ topology was more pronounced in this
case, as confirmed from the cross-sectional analysis on the
AFM height profile (Figure S16). Some wormlike structures
were also visible in the AFM images. It might be possible that
the spin-coating process generates high mechanical strain on
the backbones of the cyclic bottlebrush polymers, resulting in
some objects that appear to be linear bottlebrush polymers.
Matyjaszewski,34 Sheiko, and co-workers35 have found that
high-molecular-weight, densely grafted linear bottlebrush
polymers are prone to rapid mechanical degradation through
backbone scission. They attributed this phenomenon to
concentrated tension on the backbone due to adsorption of
high density, long side chains at surfaces. Grubbs and co-

workers32 also observed this phenomenon for their ultra-high-
molecular-weight cyclic brush polymers and hypothesized that
the polymers may have been even more susceptible to cleavage
considering the additional stress in the backbone from the
forced curving.
To expand the diversity of macrocyclic bottlebrushes

prepared by this tandem REP-ATRP approach, the next aim
was to generate a cyclic bottlebrush polymer with poly(butyl
acrylate) side chains. In this case, three different butyl acrylate
to c-PPABr ratios were employed, specifically 50:1, 100:1, and
200:1, to synthesize CB-PBA-1a, CB-PBA-1b, and CB-PBA-
1c, respectively (Table 1). Examination of the 1H NMR and
13C NMR spectra of CB-PBA-1a revealed broad signals from
∼5.5 to 7 ppm in the 1H NMR spectrum (Figure S17) and
from ∼125 to 135 ppm in the 13C NMR spectrum (Figure
S18) that were nearly obscured by the baseline. These small
resonances are attributable to backbone alkene and phenyl
protons within the polymer structure. In contrast, 1H NMR
analysis of both the CB-PBA-1b and CB-PBA-1c polymers
showed only the characteristic −OCH2− resonances at 4.0
ppm (Figure S19), with the ring polymer backbone protons

Figure 5. Mn and Mw/Mn plot as a function of monomer conversion
of the cyclic bottlebrush polymer CB-PS-1c (100:1 styrene to
macroinitiator molar ratio).

Figure 6. AFM phase (A), height (B), and three-dimensional (C)
images of CB-PS-1d (obtained from a 200:1 styrene to macroinitiator
molar ratio), showing a circular topology of the polymer.
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being obscured by the PBA side chains. Additionally, the 13C
NMR spectrum of c-PPABr and CB-PBA-1a (Figure S12)
revealed a complete disappearance of the C-Br resonance at
∼68 ppm. Only the characteristic PBA carbon signals were
observed without any backbone alkene and phenyl carbons
being visible, consistent with the fact that the newly grown
PBA side chains overwhelm and obscure the backbone signals.
Initially, we used a CuBr/PMDETA for the ATRP synthesis of
the side chains via a grafting-from approach. Unfortunately,
adding PMDETA as a ligand produced brush polymers with a
bimodal distribution, as determined by GPC analysis. We
hypothesized that due to low deactivation in the presence of a
highly active catalyst/ligand system, some of the benzylic
brominated sites of the macroinitiators remained uninitiated.
Employing the less reactive ligand [i.e., 4,4′-dinonyl-2,2′-
dipyridyl (dNbpy)],47,48 macrocyclic brushes with monomodal
distributions were obtained. The Mn of CB-PBA-1a, CB-PBA-
1b, and CB-PBA-1c increased from that of the macroinitiator
c-PPABr after grafting, from 411 to 1150, 2340, and 6580 kDa
with dispersities of 1.36, 1.39, and 1.37, respectively (Table 1,
Figure 7A).

Once again, AFM analysis of the macrocyclic bottlebrushes
after spin-coating from a dilute THF solution (1 μg/mL) on a
mica surface provided information about the topology of the
brushes. CB-PBA-1b exhibited circular structures with an
outer diameter of 25−50 nm (Figure 7B). The cross-sectional
analysis of the height traces was also indicative of the successful
synthesis of cyclic bottlebrushes (Figure S20). Again, the outer
diameter of the brushes was well below the theoretical
diameter (182 nm) expected for cyclic bottlebrushes with
fully extended backbones. The theoretical diameter was
calculated based on the Mn,GPC of the backbone and side
chains (Table S4). These results are again consistent with the
backbones being less than fully extended in the presence of
short side chains length with lengths of only ∼4 nm and a

relatively low grafting density. This phenomenon was also
observed by Grubbs and co-workers33 for cyclic polynorbor-
nene brush polymers. AFM analysis of CB-PBA-1c also
revealed circular structures with diameters ∼70−80 nm, higher
than that of CB-PBA-1b, presumably due to the relatively
longer side chain length of 13 nm (Figure S21).

■ CONCLUSIONS
Cyclic bottlebrushes were generated from cyclic PPA
precursors. Controlled grafting-from polymerization of side
chains from both linear and cyclic macroinitiators was achieved
with ATRP. The versatility of this approach was illustrated by
grafting polystyrene and poly(butyl acrylate) from the cyclic
macroinitiator of different side chain lengths. Direct imaging
by AFM confirmed the cyclic topology of the brushes.
Increasing the side chain lengths resulted in an enhancement
of the outer diameter of the polymers, leading to a clear visual
depression in the center of the polymers’ architecture. Linear
bottlebrush polymers with polystyrene side chains were also
synthesized to further examine the topological differences
between the cyclic and linear bottlebrushes.
This unique approach of integrating REP and ATRP can be

applied to generate a variety of macrocyclic bottlebrushes with
different functionalities for targeted applications. It is well
documented that materials with supersoft and superelastic
qualities52,53 can be formed by cross-linking linear bottlebrush
polymers. Cyclic bottlebrushes offer an opportunity to expand
the range of possible properties for these materials. Therefore,
the future focus will be to explore the differences between
cross-linked examples of cyclic and linear bottlebrushes
prepared by this tandem REP-ATRP approach.
Confirming a cyclic topology for cyclic polymers and

producing them on a large scale is challenging. Though strong
supporting evidence from size exclusion chromatography,
dynamic light scattering, static light scattering, intrinsic
viscosity, ozonolysis, and rheology clearly support a cyclic
topology for polymers produced using our W-catalyst,18,24,25

absolute evidence for the topology was missing. The AFM
images presented herein for two different cyclic bottlebrushes
and their size relationship with DPn, provide for the first time,
absolute evidence for a cyclic topology. Finally, the large-scale
synthesis of the macroinitiator enables cyclic bottlebrushes to
be synthesized on gram scales, which will be important if the
exciting topological properties of cyclic bottlebrush polymers
are to be exploited in the future.
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(52) Daniel, W. F. M.; Burdynśka, J.; Vatankhah-Varnoosfaderani,
M.; Matyjaszewski, K.; Paturej, J.; Rubinstein, M.; Dobrynin, A. V.;
Sheiko, S. S. Solvent-free, supersoft and superelastic bottlebrush melts
and networks. Nat. Mater. 2016, 15, 183−189.
(53) Mukherjee, S.; Xie, R.; Reynolds, V. G.; Matyjaszewski, K.;
Uchiyama, T.; Levi, A. E.; Valois, E.; Wang, H.; Chabinyc, M. L.;
Bates, C. M. Universal approach to photo-crosslink bottlebrush
polymers. Macromolecules 2020, 53, 1090−1097.

Macromolecules pubs.acs.org/Macromolecules Article

https://dx.doi.org/10.1021/acs.macromol.0c01797
Macromolecules 2020, 53, 9717−9724

9724

https://dx.doi.org/10.1002/anie.201101860
https://dx.doi.org/10.1002/anie.201101860
https://dx.doi.org/10.1021/ja901658c
https://dx.doi.org/10.1021/ja901658c
https://dx.doi.org/10.1021/ja901658c
https://dx.doi.org/10.1038/nature04576
https://dx.doi.org/10.1038/nature04576
https://dx.doi.org/10.1021/ja7111806
https://dx.doi.org/10.1021/ja7111806
https://dx.doi.org/10.1021/mz2001675
https://dx.doi.org/10.1021/mz2001675
https://dx.doi.org/10.1021/mz2001675
https://dx.doi.org/10.1002/mabi.201800022
https://dx.doi.org/10.1002/mabi.201800022
https://dx.doi.org/10.1021/acs.biomac.5b01176
https://dx.doi.org/10.1002/marc.201700744
https://dx.doi.org/10.1002/marc.201700744
https://dx.doi.org/10.1002/marc.201700744
https://dx.doi.org/10.1039/C6PY00012F
https://dx.doi.org/10.1039/C6PY00012F
https://dx.doi.org/10.1039/C6PY00012F
https://dx.doi.org/10.1021/mz400560y
https://dx.doi.org/10.1021/mz400560y
https://dx.doi.org/10.1002/pola.24555
https://dx.doi.org/10.1002/pola.24555
https://dx.doi.org/10.1039/c2sc21750c
https://dx.doi.org/10.1039/c2sc21750c
https://dx.doi.org/10.1039/c2sc21750c
https://dx.doi.org/10.1039/c2sc21750c
https://dx.doi.org/10.1016/S1381-1169(01)00291-6
https://dx.doi.org/10.1016/S1381-1169(01)00291-6
https://dx.doi.org/10.1016/S1381-1169(01)00291-6
https://dx.doi.org/10.1016/j.molcata.2013.05.022
https://dx.doi.org/10.1016/j.molcata.2013.05.022
https://dx.doi.org/10.1016/j.molcata.2013.05.022
https://dx.doi.org/10.1021/ja2117975
https://dx.doi.org/10.1021/ja2117975
https://dx.doi.org/10.1021/ja2117975
https://dx.doi.org/10.1021/ma048351b
https://dx.doi.org/10.1021/ma048351b
https://dx.doi.org/10.1021/ma048351b
https://dx.doi.org/10.1016/j.polymer.2004.09.069
https://dx.doi.org/10.1016/j.polymer.2004.09.069
https://dx.doi.org/10.1016/j.chempr.2016.12.007
https://dx.doi.org/10.1016/j.chempr.2016.12.007
https://dx.doi.org/10.1021/acsmacrolett.0c00203
https://dx.doi.org/10.1021/acsmacrolett.0c00203
https://dx.doi.org/10.1021/acsmacrolett.0c00203
https://dx.doi.org/10.1002/pola.29496
https://dx.doi.org/10.1002/pola.29496
https://dx.doi.org/10.1002/pola.29496
https://dx.doi.org/10.1002/pola.29496
https://dx.doi.org/10.1038/nmat4508
https://dx.doi.org/10.1038/nmat4508
https://dx.doi.org/10.1021/acs.macromol.9b02210
https://dx.doi.org/10.1021/acs.macromol.9b02210
pubs.acs.org/Macromolecules?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.0c01797?ref=pdf

