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ABSTRACT: Cyclic bottlebrush polymers are macrocycles that contain
pendent side-chain polymers on nearly every repeat unit. We leveraged a
method to generate cyclic bottlebrush polymers utilizing ring-expansion
polymerization (REP) followed by subsequent grafting-from via atom-transfer
radical polymerization (ATRP) to produce core−shell cyclic bottlebrush
polymers and investigated their self-assembly behavior in water. The
bottlebrush polymers were comprised of a cyclic backbone with side chains
composed of a hydrophobic polystyrene block and a hydrophilic poly(acrylic
acid) block. A two-step morphological transformation from spheres to porous
spheres to nanobowls (spheres with a single large pore) was observed with
solvent exchange from tetrahydrofuran to water. In contrast, under identical
experimental conditions, an analogous linear bottlebrush polymer with a
similar backbone and side chain degrees of polymerizations did not aggregate
into nanobowls but rather exhibited a porous sphere morphology. These
unusual morphologies and their propensities to transform can be attributed to changes in the internal viscosity of the aggregates
during the solvent exchange process. Additionally, the rate of solvent exchange was found to influence the propensity for shape
transformation to occur.

■ INTRODUCTION
Polymer composition and architecture greatly impact material
properties and performance. The nuanced manipulation of
these features has led to interesting polymer architectures that
display both self-assembly and stimuli-responsive behavior,
both of which find important applications in biomedicine.
Cyclic polymers invite particular interest because of the unique
properties this architecture displays relative to linear counter-
parts.1−10 The presence or absence of polymer chain ends
plays a crucial role in chain dynamics such as chain mobility,
hydrodynamic volume, and intrinsic viscosity. Cyclic polymer
chains have less conformational freedom and experience
inhibited mobility as compared to linear chains. Accompanying
this decreased mobility are smaller hydrodynamic diameters,
decreased intrinsic viscosity, and diminished responses and
adaption to environmental stimuli.
Cyclic polymers are primarily produced using two different

synthetic methods: (1) ring-closing, where functional moieties
at the chain ends are coupled together via efficient ligation
reactions,11−14 and (2) ring-expansion polymerization (REP),
where a transition metal complex catalyst undergoes ring
expansion.15−24 Because of the smaller hydrodynamic radius of
cyclic polymers, they exhibit lower radii of gyration (Rg) and
intrinsic viscosities as compared to a linear polymer of the
same composition and molecular weight. Thus, gel permeation
chromatography (GPC) with light scattering detection and
viscometry are the traditional methods for characterizing cyclic

polymers. However, both methods are indirect measurements
and only support the presence of cyclic structures. In 2008,
Deffieux and associates25 proposed using atomic force
microscopy (AFM) to directly visualize the cyclic topology
of cyclic bottlebrush polymers. Cyclic bottlebrush polymers are
complex macromolecular structures with polymer side chains
densely grafted to a cyclic polymer backbone. So far, three
synthetic pathways, namely, grafting-to,25−28 grafting-
through,29,30 and grafting-from31−34 are utilized to install side
chains on the cyclic backbone. In a previous report, we used a
ring-expansion polymerization (REP) and a subsequent atom
transfer radical polymerization (ATRP) grafting-from approach
to prepare ultrahigh molecular weight cyclic bottlebrush
polymers.35 Several reports have shown that stimuli-responsive
cyclic bottlebrush polymers exhibit improved efficacy in several
drug delivery applications compared to their linear ana-
logs.34,36,37 Herein, we extend the REP-ATRP synthetic
method to amphiphilic core−shell cyclic bottlebrush polymers
for applications requiring more targeted outcomes.
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Self-assembly of amphiphilic block copolymers in water via
the solvent-exchange process is a widespread technique used to
produce polymer aggregates with different morphologies, for
example, micelles, worms, vesicles, and nanotubes.38−42

Amphiphilic cyclic block copolymers have also been shown
to self-assemble into micelles;3,4,43 however, the size of the
micelles is typically smaller and more compact, which confers
stability to nanoparticles during loading with small molecule
cargo and subsequent dilution. This is arguably an advantage
over nanoparticles formed by linear amphiphilic block
copolymers.
Although there are many reports on the self-assembly of

linear amphiphilic bottlebrush polymers, thus far, the self-
assembly of cyclic bottlebrush polymers has not been broadly
explored. Deffieux and coworkers25 found that cyclic
bottlebrush polymers with random side chains of polystyrene
and polyisoprene undergo self-assembly into nanotubes in the
presence of solvents that were selective for polystyrene or
polyisoprene. Wei and coworkers44 noticed the formation of
micelles when they explored the self-assembly of a cyclic
bottlebrush polymer with heterogeneous amphiphilic polymer
side chains derived from oligo(ε-caprolactone) and oligo-
(ethylene glycol). There remains a vast opportunity to discern
the self-assembly behavior of this class of cyclic bottlebrush
polymers.
In this work, we prepare and demonstrate the self-assembly

of amphiphilic core−shell cyclic bottlebrush polymers for
cyclic polyphenylacetylene (c-PPA) with amphiphilic block
copolymer side chains of polystyrene (PS) and poly(acrylic
acid) (PS-b-PAA) (Scheme 1). The cyclic PPA backbone and
PS side chains serve as the hydrophobic core while the PAA
block serves as the hydrophilic shell. Interestingly, these

polymers were found to self-assemble into unique nanobowl
(spheres with a single large pore) morphologies in water.
Additionally, an analogous linear amphiphilic core−shell
bottlebrush polymer with a similar backbone and a side-
chain degree of polymerization (DPn) was synthesized via the
same reaction protocol with an alternative catalyst. The linear
analog did not aggregate into nanobowls but rather exhibited a
porous sphere morphology. The aggregates were characterized
by dynamic light scattering (DLS), static light scattering
(SLS), transmission electron microscopy (TEM), and scanning
electron microscopy (SEM) techniques.

■ RESULTS AND DISCUSSION
We prepared amphiphilic core−shell cyclic bottlebrush
polymers using REP for the cyclic backbone and an ATRP
grafting-from approach for the amphiphilic block copolymer
side chains. Synthesis of c-PPA via REP is straightforward
using the pincer ligand-supported tungsten catalyst developed
by Veige and co-workers19 (Scheme 1). In our previous
report,35 we demonstrated a synthetic strategy to generate
macrocyclic bottlebrush polymers following two simple steps
using c-PPA as a scaffold: first, bromination of the olefinic
double bonds of c-PPA and second, ATRP from the benzylic
bromide positions of the resulting cyclic macroinitiator to grow
different polymeric side chains. In this work, we followed the
same protocol to first synthesize a cyclic bottlebrush polymer
with polystyrene side chains (Scheme 1). Utilizing this
polymer as a macroinitiator, the polystyrene block was chain
extended with tert-butyl acrylate to form a poly(tert-butyl
acrylate) (PtBA) block. Subsequent deprotection of the PtBA

Scheme 1. Synthesis of Amphiphilic Core−Shell Cyclic Bottlebrush Polymers
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segment produced the poly(acrylic acid) (PAA) block and the
desired amphiphilic PS-b-PAA side chains (Scheme 1).
Characterization of c-PPA via GPC revealed a monomodal

molecular weight distribution with a number average molecular
weight (Mn) of 60 kDa (DPn,c‑PPA = 587) and a dispersity (Đ)
of 1.52 (Figure S1). To aid in comparing the cyclic
architecture to a linear counterpart, a linear PPA (l-PPA)
was also synthesized using an acetylacetonato(1,5-
cyclooctadiene)rhodium(I) catalyst in THF at ambient
temperature.45,46 The resulting linear polymer showed an Mn
of 62 kDa and a Đ of 1.51 (Figure S1). When comparing the
plot of log(molar mass) versus elution time for c-PPA and l-
PPA (Figure S2), it was clear that at any point along the
elugram, c-PPA eluted later than its linear counterpart of
identical molecular weight. These data support a smaller
hydrodynamic diameter for c-PPA because of its cyclic
topology.
Electrophilic addition of excess Br2 to c-PPA produced the

cyclic macroinitiator with brominated ATRP initiating sites on
the benzylic positions along the polymer backbone (c-PPABr,
Scheme 1). Characterization of c-PPABr via 1H NMR
spectroscopy was inconclusive in determining bromine
incorporation efficiency, as the methine signals overlapped
with those from the aromatic protons (Figure S3). Therefore,
elemental analysis was used to reveal that 54% of the alkenes
were brominated in c-PPABr, and the Mn and Đ of the
resulting polymers were 113 kDa and 1.85, respectively (Table
1).

Polystyrene side chains were then grafted from the
macroinitiator c-PPABr via ATRP by using a CuBr/PMDETA
(N,N,N′,N″,N″-pentamethyldiethylenetriamine) catalyst/li-
gand system and styrene monomer.35 1H NMR spectroscopy
of the resulting polymer c-PPABr-g-PS (PS-MI) revealed only
the characteristic polystyrene protons without any detectable
backbone protons (Figure 1). This was not surprising as signals
for protons in the cyclic backbone are obscured by those for
protons in the polystyrene side chains. Similarly, the 13C NMR
spectrum of PS-MI (Figure S4) evidenced only the character-
istic polystyrene side chain carbon signals. However, the 13C
NMR spectrum did reveal a complete disappearance of the C−
Br carbon peak at ∼68 ppm. Only the characteristic
polystyrene carbons 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. GPC analysis (Figure 2,

Table 1) of the PS-MI indicated an Mn of 1780 kDa and a Đ of
1.68. Additionally, this molecular weight showed good
agreement with the theoretical Mn (1950 kDa) of the cyclic
bottlebrush polymer calculated based on the monomer
conversions and polymerization stoichiometry. Dispersity of
the resulting bottlebrush polymers remained almost equivalent
to the macroinitiator, which is expected for a bottlebrush
polymer prepared using a grafting from approach.
The polystyrene block of PS-MI was then chain extended

with tert-butyl acrylate via ATRP to generate a precursor to the
amphiphilic block copolymer side chains. We utilized the
active initiating sites present at the polystyrene chain ends to
target two different average degrees of polymerization (DPn) of
the PtBA block of 9 and 23. These two cyclic bottlebrush
polymers (c-PPABr-g-(PS-b-PtBA)) were named P1 and P2,
respectively. 1H NMR spectroscopy of the polymers revealed
successful side chain extension by the appearance of a sharp
peak at 1.46 ppm, indicative of the −C(CH3)3 protons on the

Table 1. Results from Cyclic Polymerizationsa

entry conv.b (%) Mn,theo
c (kDa) Mn,GPC

d (kDa) Đ

c-PPABr 110 113 1.85
PS-MI 20 1950 1780 1.68
P1 3 2270 2150 1.67
P2 10 2850 2730 1.68

ac-PPABr: brominated cyclic polyphenylacetylene; PS-MI: cyclic
bottlebrush polymers with polystyrene side chains (c-PPABr-g-PS);
P1/P2: two examples of cyclic bottlebrush polymers with polystyrene-
co-poly(tert-butyl acrylate) side chains (c-PPABr-g-(PS-b-PtBA)).
bMonomer conversions were calculated via 1H NMR spectroscopy
using trioxane as an internal standard. cTheoretical number-average
molecular weight of the cyclic bottlebrush polymers. dAbsolute
number-average molecular weight determined by gel permeation
chromatography equipped with a multi-angle light scattering detector.

Figure 1. Overlaid 1H NMR spectra of cyclic bottlebrush polymers
with polystyrene side chains (PS-MI), polystyrene-co-poly(tert-butyl
acrylate) side chains (P1), and polystyrene-co-poly(acrylic acid) side
chains (P1′). Appearance of a sharp signal at 1.46 ppm originated
from the −C(CH3)3 protons suggested successful poly(tert-butyl
acrylate) chain extension from PS-MI, while disappearance of the
same peak upon acidic work-up indicated successful poly(acrylic acid)
block formation due to deprotection.

Figure 2. GPC traces of brominated cyclic polyphenylacetylene (c-
PPABr), cyclic bottlebrush polymers with polystyrene side chains
(PS-MI), and polystyrene-b-poly(tert-butyl acrylate) side chains (P1/
P2). GPC was performed by using DMAc with 50 mM LiCl as a
mobile phase at 50 °C.
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PtBA block (Figures 1 and S5). As expected, the molecular
weights of the initial PS-MI polymers increased to 2150 and
2730 kDa for P1 and P2, respectively, demonstrating
successful chain extension. The dispersity of P1 and P2
remained consistent with PS-MI as per GPC analysis (Table 1,
Figure 2). Deprotection of the PtBA blocks of P1 and P2 to
hydrophilic PAA blocks was executed by treating the polymers
with trifluoroacetic acid (Scheme 1) resulting in two
amphiphilic core−shell cyclic bottlebrush polymers (c-
PPABr-g-(PS-b-PAA)), P1′ and P2′, respectively. 1H NMR
spectroscopy of P1′ and P2′ offered evidence of a clear
disappearance of the sharp −C(CH3)3 proton signals at 1.46
ppm (Figures 1 and S5), confirming successful deprotection of
the PtBA blocks.
Once we synthesized the amphiphilic core−shell cyclic

bottlebrush polymers P1′ and P2′, we explored their self-
assembly behavior in aqueous media. Complementary
characterization techniques of DLS, SLS, TEM, and SEM
revealed how these polymers behaved during a solvent
exchange process with THF and deionized (DI) water. As
DI water is a poor solvent for the polystyrene blocks, we expect
to see self-assembly during the transition from THF. Polymers
P1′ (DPn,PS = 51, DPn,PAA = 9) and P2′ (DPn,PS = 51, DPn,PAA
= 23) were first independently dissolved in THF (1 mg/mL).

DLS experiments on the optically clear polymer solution of
P1′ in THF exhibited an initial hydrodynamic diameter (Dh)
of 28 nm (Figure S6). DI water (4 mL) was then added
dropwise into the polymer solutions. With the addition of
water, the clear solutions of dissolved P1′ and P2′ gradually
transformed to suspended cloudy solutions, suggesting some
degree of polymer aggregation. DLS of P1′ particles present in
the cloudy solution revealed a Dh of 415 nm (Figure S6),
consistent with the self-assembly of the polymer in the
presence of water. Furthermore, SLS experiments (Figure S7)
provided information about the spatial density distribution and
morphology of these nanoparticles. The value of the Rg/Rh
ratio was 1.06, which offered evidence for the formation of
hollow solvent-swollen spherical particles.47 TEM and SEM
provided direct visualization of the P1′ polymer aggregates.
The images revealed porous nanospheres with diameters
ranging from 100 to 250 nm (Figure 3A−C). As expected,
these diameters are smaller than the Dh obtained from DLS
analysis, as TEM and SEM analyses are dry state measure-
ments. Interestingly, further increasing the water content of the
P1′ solution by dialyzing for 48 h caused an additional shape
transformation. The multi-porous spheres transitioned to
particles with a single pore, as shown through TEM (Figure
3D) and SEM analysis (Figure 3E, F). These types of

Figure 3. Proposed mechanism of the formation of the porous spheres and nanobowls upon self-assembly of the cyclic bottlebrush polymers in DI
water. TEM (A) and SEM (B,C) images of the porous spheres produced from the polymer P1′ (DPn,PS = 51, DPn,PAA = 9). TEM (D) and SEM
(E,F) images of the nanobowls produced from the polymer P1′.
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structures are often described as nanobowls or stomato-
cytes.48−52 Typically, this unique morphology is a consequence
of a very long hydrophobic block relative to the hydrophilic
block.48−52 Increasing the PAA block length of the amphiphilic
side chains in P2′ (DPn,PAA = 23) resulted in similar self-
assembled morphologies (Figures S7−S9). The proposed
mechanism of self-assembly during solvent exchange from
THF to water is outlined in Figure 4. Self-assembly of the

amphiphilic core−shell cyclic polymers into spherical nano-
particles occurs as the hydrophobic polystyrene blocks and
cyclic backbone collapse on themselves and are shielded by the
hydrophilic PAA blocks during the gradual addition of water.
We reasoned that when the water content was low, the interior
of the aggregates remains partially solvated by the nonselective
THF, while the exterior of the sphere is soft due to hydration.
The solvent-aided mobility within the particle interior leads to
rapid solvent diffusion in and out of the soft skin and
homogeneous collapse of the spheres. Continuous addition of
water leads to the displacement of THF from the core of the
aggregates. Further collapse of the hydrophobic regions leads
to an increase in internal viscosity and possible hardening of
the skin. The confined droplets formed inside the aggregates
during water addition start to coalesce to form larger droplets.
Upon further addition of water, the organic solvent in the
interior droplets diffuses out faster than the rate at which water
diffuses in, leading to pore creation. A difference in hydrostatic
pressure is thus created where the pressure is lower on the
inside. The pores then coalesce, and while the pressure
difference is presumably equal throughout the aggregate, a thin
portion of the wall is vulnerable to an inward break-through,
which results in the formation of the opening of the bowl.
Nanobowls are, therefore, the consequence of shape trans-
formation from spheres during the solvent exchange process.
As stated above, this morphology usually forms when the
hydrophobic block is considerably longer than the hydrophilic

block.48−52 In the case of the amphiphilic core−shell cyclic
bottlebrush polymers P1′ and P2′, the hydrophobic segments
include the PPA backbone (DPn = 587) and the polystyrene
blocks of the side chains (DPn = 51), which combined are
much longer than the hydrophilic PAA blocks (DPn = 9 and
23, respectively). Overall, the hydrophobic character of P1′
and P2′ is nearly 90%.
Because the amphiphilic cyclic bottlebrush polymers have

such interesting self-assembly behavior during solvent
exchange, the relationship between the water content in the
polymer solution, nanoparticle morphology, and propensity for
shape transformation was interrogated. Accordingly, we
conducted a systematic study to elucidate the morphological
evolution that occurs during the addition of water. We began
with a solution of P1′ (1 mg/mL) in THF and added DI water
dropwise to achieve a water content of 10%. This solution was
directly analyzed by both TEM and SEM, which revealed the
formation of spheres, as expected (Figure 4A and A′). In
contrast with our initial solvent-exchange study, we did not
dialyze these samples. Increasing the water content to 33% led
to the formation of porous spheres, as confirmed by TEM and
SEM analysis (Figure 4B and B′). Further increasing the water
content to 60% generated nanobowls (Figure 4C and C′),
while further addition of water did not result in a change in the
nanobowl morphology for P1′. These results suggest that
∼60% water content is needed to produce the nanobowls and
that nanoparticle morphology can be controlled by tailoring
the water content.
There may also be a kinetic component to the self-assembly

process, and the rate of solvent exchange may affect the
mechanism of shape transitions. We hypothesized that fast
water addition would not provide enough time for the THF
droplets to coalesce into a single large droplet, a more
thermodynamically favorable process, because the hydrophobic
segments would collapse and harden quickly. The trapped
THF would instead be expected to bore random paths of
escape out of the sphere. As a result, faster water addition
would lead to porous spheres while a slower rate of water
addition would generate nanobowls. To test this hypothesis,
the water content was first fixed to 71% (i.e., 5 mL of DI water
was added to 2 mL of a polymer/THF solution) for P1′ and
P2′. As anticipated, adding water at a rate of 80 mL/h resulted
in nanoparticles that were porous spheres (Figure 5A). In
contrast, adding water more slowly at a rate of 2 mL/h led to
nanobowls (Figure 5B).
Once insight into the self-assembly behavior of the cyclic

amphiphilic bottlebrush polymers was established, the role of
backbone architecture was examined. Thus, an analogous
linear amphiphilic core−shell bottlebrush polymer with a linear
PPA backbone and PS-b-PAA side chains (l-PPABr-g-(PS-b-
PAA)) (Figure 6) was synthesized following the same
synthetic protocol as the cyclic polymer, but using a catalyst
known for synthesizing linear polyphenylacetylene.45,46

The Mn of the linear backbone (62 kDa) and DPn of the PS
and PAA blocks (DPn,PS = 52 and DPn,PAA = 8) were almost
identical to that of the cyclic bottlebrush polymer, P1′ (Figure
6A). Consistent with a previous report, adding bromine
resulted in 72% bromination of backbone double-bonds in the
case of the l-PPA.35 Gradual shifts of GPC traces toward
higher molecular weight (Figure 6A) suggested successful side
chain polymerization of styrene from the linear brominated
macroinitiator (l-PPABr) and subsequent chain extension with
tert-butyl acrylate from the resulting linear bottlebrush polymer

Figure 4. (top) Proposed schematic representation of nanobowl
formation where increased % water content leads to a morphological
change from spheres to porous spheres and finally to nanobowls, as
the pores coalesce into one large void. (A−C) TEM and (A′−C′)
SEM images of the nanoparticles at different % water content.
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with PS side chains (l-PPABr-g-PS). To observe its self-
assembly behavior in water, 1 mg of the polymer was first

dissolved in 1 mL of THF, and then, 4 mL of water was added
dropwise. TEM of the resulting cloudy solution revealed
porous spherical nanoparticles with Dh of ∼620 nm (Figure
S10). Porous spheres with diameters ranging from 220 to 400
nm were observed by SEM (Figure 6B). Interestingly, even
after 48 h of dialysis, the porous morphology remained intact,
and no nanobowl formation was observed. The differences in
morphological evolution during self-assembly is potentially
attributable to the difference in backbone mobility that arises
from varying the architecture53 (i.e., linear vs cyclic) and
differing degrees of backbone bromination (linear = 72% vs
cyclic = 54%). Differences in mobility between the two brush
architectures may also explain the differences observed in the
thermal and mechanical stability of the nanoparticles formed
by the cyclic and linear bottlebrush polymers during heating
and sonication (Figures S11−S13).

■ CONCLUSIONS
We established a synthetic strategy to generate amphiphilic
core−shell cyclic bottlebrush polymers using a tandem REP
and grafting-from ATRP process. Self-assembly of amphiphilic
core−shell cyclic bottlebrush polymers in water was observed
during solvent exchange from THF to water to reveal an
unusual nanobowl morphology. We attribute this shape
transformation to a change in the internal viscosity of the
nanoparticles during the solvent exchange process, where
smaller solvent droplets coalesce to one pore. To study the
influence of backbone architecture, we investigated the self-
assembly of an analogous linear bottlebrush polymer.
Interestingly, under identical conditions, a shape trans-
formation from spheres to porous spheres was observed for
the linear bottlebrush polymer, with no subsequent trans-
formation to nanobowls. These results suggest that control

Figure 5. (Top) Proposed effect of the rate of water addition on
particle morphology. (A) TEM image of the nanoparticles showing
spheres with multiple pores generated from the fast water addition
rate of 80 mL/h. (B) TEM image of the nanoparticles showing
spheres with a single pore generated from the slow water addition rate
of 2 mL/h.

Figure 6. (Top) Structure of a linear amphiphilic core−shell bottlebrush polymer. (A) GPC traces of brominated linear polyphenylacetylene (l-
PPABr), linear bottlebrush polymers with polystyrene side chains (l-PPABr-g-PS), and polystyrene-co-poly(tert-butyl acrylate) side chains (l-
PPABr-g-(PS-co-PtBA). Absolute number-average molecular weight determined by gel permeation chromatography (GPC) equipped with a multi-
angle light scattering detector and using THF as a mobile phase at 35 °C. (B) TEM image of porous spheres of the amphiphilic core−shell linear
bottlebrush polymer in water.
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over backbone architecture can be harnessed to direct the self-
assembly behavior of core−shell bottlebrushes.
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