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ABSTRACT: This article presents the self-assembly behavior of
multicompartment micelles (MCMs) in water into morphologies
with multiple segregated domains and their use as supports for
aqueous catalysis. A library of poly(norbornene)-based amphiphilic
bottlebrush copolymers containing covalently attached L-proline in
the hydrophobic, styrene, and pentafluorostyrene domains and a
poly(ethylene glycol)-containing repeat unit as the hydrophilic
block have been synthesized using ring-opening metathesis
polymerization. Interaction parameter (χ) values between
amphiphilic blocks were determined using a Flory−Huggins-
based computational model. The morphologies of the MCMs are
observed via cryogenic transmission electron microscopy and
modeled using dissipative particle dynamic simulations. The
catalytic activities of these MCM nanoreactors were systematically investigated using the aldol addition between 4-
nitrobenzaldehyde and cyclohexanone in water as a model reaction. MCMs present an ideal environment for catalysis by providing
control over water content and enhancing interactions between the catalytic sites and the aldehyde substrate, thereby forming the
aldol product in high yields and selectivities that is otherwise not possible under aqueous conditions. Catalyst location, block ratio,
and functionality have substantial influences on micelle morphology and, ultimately, catalytic efficiency. “Clover-like” and “core−
shell” micelle morphologies displayed the best catalytic activity. Our MCM-based catalytic system expands the application of these
nanostructures beyond selective storage of guest molecules and demonstrates the importance of micelle morphology on catalytic
activity.
KEYWORDS: multicompartment micelles, amphiphilic bottlebrush copolymer, site isolation, asymmetric aldol addition,
micelle morphology, supported catalysis

■ INTRODUCTION
Multicompartment micelles (MCMs), formed from block
copolymers, are self-assembled nanostructures that possess
multiple discrete domains.1 MCMs are inspired by biological
systems in which a eukaryotic cell, comprising individual
compartmentalized subunits, can perform a plethora of distinct
functions.2 Micellar structures formed by traditional hydro-
phobic−hydrophilic AB diblock copolymers are limited to two
distinct domains, that is, the core and the shell.3 Addition of a
third (or more) mutually incompatible polymer block(s)
results in the formation of additional spatially separated
domains within the nanostructure.4 Commonly, fluorine-5−10

or silane-rich11,12 blocks are used to provide further micro-
phase separation. Polymeric MCMs comprising fluorophilic,
siliphilic, lipophilic, and hydrophilic subdomains have been
assembled from miktoarm and linear copolymers, and an array
of morphologies have been observed, including disk,13

worm,7,13 onion,8,14 flower-like,15 and patchy nanostruc-
tures.5,14

MCMs have potential application as the selective storage
medium for guest molecules.13 The presence of a segregated
hydrophobic core provides a microenvironment for the

encapsulation16 of these guests and selective release17,18 of
multiple incompatible hydrophobic payloads such as hydro-
phobic chemotherapeutics,19,20 nucleic acids,21 and photo-
sensitizers22,23 by minimizing the unfavorable interactions
between them. The use of functional MCMs for any
applications, however, has not been reported. In particular,
one can envision to use MCMs for the site isolation of catalytic
moieties as a new support system for aqueous catalysis.24−27

This contribution will close this gap. By covalently attaching
the catalyst into the core-forming blocks of the copolymer,
MCMs can provide a hydrophobic microenvironment, which is
desirable for organic reactions in an overall aqueous medium.

Progress in controlled/living polymerization techniques has
led to exceptional control over the dimensions, functionality,
and morphologies of MCMs based on block copolymers.8,11,28
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In particular, bottlebrush copolymers are exceptional building
blocks for MCMs. The extended backbone architecture
coupled with densely grafted side chains confers bottlebrush
copolymers with unique solution assembly behaviors compared
to their linear polymer counterparts.29 Amphiphilic bottlebrush
copolymers have a low critical micelle concentration, indicating
an enhanced thermodynamic stability, thereby enabling the
application of these materials in dilute environments.30,31

Additionally, the self-assembly behavior of bottlebrush
copolymers can be easily manipulated by varying the block
ratio and side-chain length to tune complex architectures for
applications in technology and therapeutics.32−38 We have
described the self-assembly of bottlebrush copolymers that are
prepared by ring-opening metathesis polymerization (ROMP)
into MCMs.11 Herein, we build on these results to expand
upon the bottlebrush copolymer-based MCMs into the realm
of supported catalysis.

L-Proline has been used widely as a chiral organocatalyst for
asymmetric C−C bond formation.39−44 In the presence of
minimal amounts of water, L-proline catalyzes the aldol
addition between ketones and aldehydes in high yields and
enantiomeric excesses.45−48 Reactions conducted at a high
concentration of water (or just water) exhibit the opposite
effect, resulting in low yields and loss of enantioselectivity.49,50

Clearly, there is great interest in the use of water as a solvent
because of its cost effectiveness, high abundance, environ-
mental inertness, and absence of toxicity.51 Water, however, is
often a non-solvent for organic reagents which are commonly
hydrophobic.52−55 Therefore, conducting catalysis in water
necessitates the need of a hydrophobic environment within an
overall aqueous medium.56

L-Proline-mediated aldol addition
in water has been demonstrated using surfactants57 and block
copolymers58−61 that shield the catalyst inside the hydrophobic
micelle core from the aqueous environment and facilitate the
reactivity of organic substrates.

Herein, we report on L-proline (NB-Proline/NB-Proline-
OH)-functionalized hydrophilic (H), lipophilic (L), and
fluorophilic (F) amphiphilic bottlebrush copolymers that
assemble into MCMs with adjustable morphologies and
exhibit tunability in catalytic activity based on the catalyst
location, ratio, and functionality (Figure 1). The amphiphilic
bottlebrush copolymers consist of a hydrophobic poly(styrene)
and poly(pentafluorostyrene) core surrounded by a solubiliz-
ing hydrophilic poly(ethylene glycol) shell. Cryogenic trans-
mission electron microscopy (Cryo-TEM) was used to
characterize the MCM morphologies, while dissipative particle
dynamic (DPD) simulations were employed to model and
predict the self-assembly behavior of the bottlebrush block
copolymers. By covalently attaching L-proline to the core-
forming block of the bottlebrush block copolymer, the
resulting MCMs provide the desired hydrophobic micro-
environment for efficient and selective aldol addition in an
overall aqueous medium overcoming the water incompatibility
of proline-catalyzed aldol additions.

■ RESULTS AND DISCUSSION

Design and Macromonomer Synthesis

There are several design criteria to consider when contemplat-
ing the use of MCMs as support for catalysis. First is the nature
of the amphiphilic block copolymer. Most block copolymers
used in the assemblies of MCMs are synthesized via controlled
radical polymerization techniques or undergo tedious post-

polymerization modifications.7,9,10,62 Other polymerization
methods include the use of ROMP to synthesize poly-
(norbornene) block copolymers. The living nature of ROMP
makes it particularly advantageous for the facile synthesis of
amphiphilic block copolymers in one-pot.8,63 In addition,
ROMP offers the benefit of mild reaction conditions and
functional group tolerance allowing for the incorporation of
chemical handles along the terminal ends, backbone, and side
chains of the polymer.64,65 We use poly(norbornene)s
synthesized by ROMP and functionalized with L-proline
along the backbone to assemble the MCM catalysts.

The second design criterion is the choice of block sequence
and backbone ratio for the bottlebrush copolymers. Mod-
ifications to individual block length and block order impact
micelle morphology8 and potentially catalytic performance. To
probe the effect of these variables, we synthesized a series of
MCMs where the block order and block ratio for the H, L, and
F domains (Scheme 1) were held constant, while the block
ratio and the position of the L-proline catalyst were varied. For
catalysis in water, the diffusion of hydrophobic substrates from
the aqueous bulk media into the core is a key factor.66 The L-
proline catalyst was, therefore, either randomly copolymerized
with the F domain or polymerized as an individual block
between the L and F domains. The ratio for the hydrophilic to
hydrophobic domains was based on our prior work where the
self-assembly behavior of amphiphilic bottlebrush copolymers
was explored and ensured that the volume fraction of each
block resulted in stable micelles with distinct compartments.11

Lastly, we investigated the effect of catalyst identity on
micelle morphology and catalytic activity. We explore two
proline derivatives, NB-Proline and NB-Proline-OH. NB-
Proline lacks the acidic functionality found in NB-Proline-
OH, which we hypothesize might impact microphase
separation as well as catalysis. Both proline derivatives were
functionalized with polymerizable exo-norbornenes via amide
linkages through the carboxylic acid or ester linkage at the 4-
hydroxy position of L-proline, respectively (see Supporting
Information).

Figure 1. Schematic representation of the strategy toward the
synthesis of L-proline-functionalized bottlebrushes that self-assemble
in aqueous media into MCMs with unique morphologies and yield
tunable catalytic activity. Blue: hydrophilic block (H); red: lipophilic
block (L); green: fluorophilic block (F).
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End-functionalized exo-norbornene macromonomers L and
F were synthesized via atom transfer radical polymerization
(ATRP) using a norbornene-based initiator which allows for
the formation of polymers with controlled molecular weights
and narrow dispersities.67 A carboxylic acid exo-norbornene
was synthesized and attached to commercially available
monohydroxy PEG2000 to yield H68 (see Supporting
Information for synthesis and characterization details).
Bottlebrush Copolymer Synthesis

To ensure random incorporation of the proline catalyst within
the F domain, NB-Proline/NB-Proline-OH was added to the
reaction vessel after the addition of F (see Methods Section).
Prior to the addition of each new macromonomer, completion
of the ROMP of the prior macromonomer was confirmed via
1H NMR spectroscopy by observing the shift of the vinyl
protons from 6.33 to 5.31−5.80 ppm (Figures S26 and S27).

GPC traces after sequential macromonomer addition
displayed complete incorporation of each block and an
increase of molecular weight in each step (Figure 2). ROMP
kinetics of the macromonomers and catalysts, measured by 1H
NMR spectroscopy of a 20:1 monomer to initiator ratio,
confirmed complete polymerization of all five blocks within 16
min (Figure S1). Nevertheless, to ensure complete polymer-
ization, we waited an hour between each macromonomer
addition. After complete block copolymer formation, the Boc-
protecting groups (and the tert-butyl esters in the case of NB-
Proline-OH) were hydrolyzed. The disappearance of the tert-

butyl methyl protons at δ 1.43−1.46 ppm for NB-Proline and δ
1.45−1.47 ppm for NB-Proline-OH in the 1H NMR spectra
confirmed complete removal of the protecting group(s)
(Figures S206 and 27). The resulting polymers were purified
by dialysis against acetone for 3 days.

Scheme 1. Schematic Representation of the Synthesis of Amphiphilic Bottlebrush Copolymers Prepared by ROMP: (a)
Triblock Copolymer Formation with the Proline Catalyst Copolymerized in the Fluorophilic Block; (b) Tetrablock
Copolymer Formation with the Proline Catalyst Polymerized as an Individual Block between the Lipophilic and Fluorophilic
Domains; and (c) Chemical Structures of Monomers H, L, and F and the Protected L-Proline Containing exo-Norbornenes

Figure 2. Representative gel-permeation chromatograms for sub-
sequent addition of each block for P1. H60 in blue; H60−L15 in red;
H60−L15−[F15−Proline36] in green. The bottlebrushes were synthe-
sized using Grubbs’ third-generation initiator (G3) in a one-pot
reaction by sequential addition of the macromonomers in dichloro-
methane (Scheme 1). To improve solubility, a mixed solvent system
of α,α,α-trifluorotoluene and dichloromethane was used for the
polymerization of F.
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Six unique bottlebrush copolymers were synthesized (Table
1). The subscripted values denote the backbone length of each
block. The compositions of the bottlebrush copolymers were
determined by comparing the integrations corresponding to
the poly(styrene) aromatic protons, the PEG methylene
protons, and the tert-butyl methyl protons in the 1H NMR
spectra. The percent incorporation of H, L, and Proline/
Proline-OH closely matched the feed ratio. The lack of unique
proton signals in the 1H NMR spectrum for F limited the
accuracy of the final polymer compositions. We were able to
confirm the incorporation of F via 19F{1H} NMR spectrosco-
py. Gel-permeation chromatography (GPC) traces of P1−6
displayed monomodal traces with low dispersity (Figure S29).
The molecular weights of the polymers determined through
GPC analysis, however, were lower than the theoretical value
which is in close analogy to the literature where relatively low
hydrodynamic radii are observed for bottlebrushes compared
to linear polymer analogues.69

Micelle Formation and Characterization via Cryo-TEM

Bottlebrush copolymers, P1−6, were self-assembled via solvent
exchange from tetrahydrofuran (THF) to water to yield
functionalized micelles, MCMs 1−6 at 60 mg mL−1 (see
Supporting Information). Formation of the MCMs was
confirmed by dynamic light scattering analysis (DLS). All
DLS traces indicated monomodal size distributions (PDI <
0.7) (Figure S30).11

A cryogenic transmission electron microscope was used to
image the MCM morphologies ofMCMs 1−6 in water (Figure
3). The images yielded unique morphologies for all six samples
highlighting the impact of catalyst location, ratio, and
functionality on self-assembly. The nanostructure diameter
observed in Cryo-TEM was smaller than those observed via
DLS measurements (Figure S30) because of the limited phase
contrast of the hydrophilic outer layer in the ice matrix.12

Microphase separation between the lipophilic and fluorophilic

Table 1. Synthesized Bottlebrush Copolymers with Varying Catalyst Location, Block Ratio, and Functionalities (Proline or
Proline-OH)

polymer

polymer composition

GPC characterization% proline/proline-OH % S % E

theoretical experimental theoretical experimentalc theoretical experimentald
Mngpc

e

(kDa)
Mntheor
(kDa) Đ

P1 H60−L15−[F15−Proline36] 28 28a 12 16 48 58 58 276 1.48
P2 H60−L15−Proline36−F15 28 31a 12 12 48 47 45 276 1.22
P3 H60−L15−Proline60−F15 40 43a 10 13 40 52 49 285 1.15
P4 H60−L15−Proline10−F15 10 14a 15 16 60 57 89 265 1.38
P5 H60−L15−[F15−Proline-OH36] 28 29b 12 13 48 51 81 281 1.19
P6 H60−L15−Proline-OH36−F15 28 22b 12 16 48 52 56 281 1.15

aDetermined via 1H NMR spectroscopy (CDCl3, 600 MHz) by comparing the integration of the signals of the tert-butyl protons δ (1.43−1.46
ppm) with the signals for the total bottlebrush vinyl protons δ (5.31−5.80 ppm) (see Supporting Information). bDetermined by comparing the
integration of the signals of the tert-butyl protons δ (1.45−1.47 ppm) with the signals of the bottlebrush vinyl protons. cDetermined by comparing
the integration of the signals of the aromatic protons δ (6.40−7.25 ppm) with the signals of the backbone vinyl protons. dDetermined by
comparing the integration of the signals of the methylene protons δ (3.44−3.80 ppm) with the signals of the bottlebrush vinyl protons. eTHF with
1 vol % triethylamine was used as the eluent for the GPC analyses. Theoretical polymer composition and molecular weights were calculated from
the monomer feed ratios.

Figure 3. Cyro-TEM images of MCMs 1−6 in water. Scale bars: 100 nm.
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domains was apparent as the F block displays a higher phase
contrast due to the increased scattering of the electron beams.
MCM 1, where NB-Proline was placed within the F

domain, formed “hamburger-like”7 micelles with the fluoro-
philic region sandwiched between the lipophilic block. MCM
2, where NB-Proline is placed between the L and F domains,
yielded “clover-like”70 micelles where the lipophilic domains
form the external lobes. By increasing the block ratio of NB-
Proline, MCM 3 forms “core−shell” structures, while by
decreasing the catalyst ratio, MCM 4 assembles into “janus-
type”70 particles. MCM 5, where NB-Proline-OH is placed
within the F block, results in “clover-like”70 micelles similar to
MCM 2; here however, the lipophilic block forms the core,
surrounded by the fluorophilic exterior lobes. In MCM 6,
placing the NB-Proline-OH between the L and F blocks forms
“network-like”7 micelles. To determine the location of the
proline catalyst in the nanostructures and confirm the micelle
morphology, we obtained interaction parameter (χ) values
between each amphiphilic block, followed by DPD simulations.
χ-Parameter Calculations

The Flory−Huggins χ-parameters are required to determine
the miscibility between different molecules and consequently
their self-assembly behavior. Here, the Flory−Huggins χ-
parameter for a pair of polymer blends A and B is defined as eq
1:

E
RTA B

AB
mix

=
(1)

where χA − B and ΔEAB
mix indicate χ-parameter and mixing

energy between molecules A and B, respectively. In the
previous study,71,72 we established a computational procedure
to evaluate the χ-parameter consistently and precisely by using
the enhanced ΔEAB

mix calculation via implementation of
coordination number of B surrounding A (ZAB), the volume
enclosed by the solvent-excluded molecular surface over a pair
of molecules A and B (VAB), the number of monomeric units
(n), reference volume (Vref), and interaction energy between
molecules A and B (EAB* ), respectively,

as described in eq 2:
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Since the ΔEAB
mix in eq 2 utilizes more physical and chemical

properties than the original form of mixing energy,
E E E E( )AB

mix
AB

1
2 AA BB= * * + * , the accuracy of χ-parameter

results has improved and showed good agreement with the
experimental measurements for numerous cases.71

As summarized in Table 2, we found that, among the
amphiphilic blocks, F-water pair demonstrates the highest χ-
parameter (χF − Water = 0.963), followed by L-water (χs − Water =
0.756), NB-Proline-water (χproline − Water = 0.459), and H-water
pair (χE − Water = 0.197), implying that blocks F and H are
predicted to be the most hydrophobic and hydrophilic,
respectively. Amphiphilic bottlebrush block copolymers H, L,
F, and NB-proline/NB-proline-OH, self-assembled in water,
are expected to comprise hydrophilic block H in the outermost
shell, which is directly in contact with water molecules. In the

same manner, blocks L and F would be most likely forming the
core of the micelle owing to their hydrophobic nature.
Considering that the H−L pair shows the highest χ-parameter
(χH − L = 1.461) among polymer−polymer interactions, blocks
H and L are found to be immiscible, and they are likely to
undergo a distinct phase separation within the micelle.
Likewise, blocks L and F are highly prone to phase separation
within the core of the micelle due to their relatively high χL − F
value of 0.945, which is also observed in the experimental
Cryo-TEM images of MCMs 1−6 displayed in Figure 3. Both
NB-proline and NB-proline-OH catalysts are less hydrophilic
than block H as χ-parameters are higher for proline-water and
proline-OH-water pairs and lower for block H. At the same
time, they are not readily miscible with blocks H and F,
indicating that the proline catalysts may be sandwiched
between the core and shell region.
Micelle Characterization via DPD Simulations
We conducted DPD simulations to predict the micelle
morphologies for MCMs 1−6 based on the χ-parameters in
Table 2. Overall, the computed micelle morphologies (Figure
4) are in good agreement with the Cryo-TEM images. We
observe a distinct phase separation in the core region between
blocks L and F in MCMs, which is confirmed by the large
χL − F value (0.945). The cross-sectional image of MCM 1
shows that the F domain is formed in the middle of the core
and sandwiched between the block S domains. MCMs 2 and 3
yield a “clover-like” and “core−shell” morphology, respectively,
as block S covers the fluorophilic F domains. The increased
proline catalyst contents for MCM 3 promote a more defined
fluorophilic core than for MCM 2. When the proline content is
significantly decreased to a 10-mer for MCM 4, unlike MCM
2, the block L domain is sandwiched between block F. For
MCM 5, Proline-OH triggers the formation of a “clover-like”
particle where the F block surrounds the L domain. A ring-
shaped block L encapsulates the F domain for MCM 6.

To further quantitatively characterize the intermolecular
structure of MCMs 1−6, the pair correlation function [pig(r)]
analysis of the proline catalyst and each domain was evaluated,
where pig(r) is defined as

Table 2. Calculated χ-Parameter Values for Each Molecular
Pair
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p g r
n

r r
( )

4i
proline(proline OH) i

2=
(3)

where pi denotes the number density of i (block H, L, or F)
and r and Δr are the distance between proline/proline-(OH)
and block bead and the shell thickness, respectively. Figure 5
shows that the Proline−L pair exhibits a stronger first peak
intensity of g(r) = 31.81 and g(r) = 42.80 for MCMs 2 and 3,
respectively, than the Proline−F pair, indicating that the
number of Proline catalyst distribution around block L is
higher than around block F. The opposite is true for MCMs 1,
4, 5, and 6. Considering that increasing the block ratio of NB-
Proline more than 36-mer within MCMs does not affect the
conversion rate, the location of NB-Proline instead plays a
critical role in boosting the catalytic activities.
Micelle-Supported Aldol Addition

To investigate the impact of micelle morphologies on catalyst
activity, the asymmetric aldol addition between 4-nitro-
benzaldehyde and cyclohexanone was used as the model

reaction. Compared with unsupported L-proline-catalyzed aldol
addition in water where no reaction is observed due to
insolubility of substrates,59 MCMs 1−6 demonstrated catalytic

Figure 4. DPD simulation results for MCMs 1−6. Top and bottom
row represents micelle morphologies and cross-sectional images,
respectively. Water molecules are selectively excluded for a clear view
of polymers and micelles. H, L, and F blocks are represented in blue,
red, and green, respectively. Proline and Proline-OH beads are
represented in purple and pink, respectively. For MCMs 5−6, the
insets are provided to illustrate the location of proline. Here, H and L
are intentionally excluded for better visualization.

Figure 5. Pair correlation function analysis for the pairs of proline
(MCMs 1−4)/proline-OH (MCMs 5−6) with blocks H, L, and F in
MCMs 1−6, represented in purple/pink, red, and green lines,
respectively.
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activity in aqueous environments with outstanding enantiose-
lectivities (Table 3).

The location of the organocatalysts is key for conversions
and selectivities. When NB-Proline/NB-Proline-OH is
randomly polymerized within the F domain (Table 3,
MCMs 1 and 5), final conversions after 50 h are significantly
lower, 43 and 37%, respectively, in comparison to the
incorporation of the proline as an individual block between
the L and F domains, which yielded 95 and 60% conversions
(Table 3, MCMs 2 and 6). MCMs functionalized with NB-
Proline-OH (MCMs 5 and 6) display lower reactivities (37
and 60%) in comparison to those with NB-Proline (MCMs 1
and 2). This difference can be accounted for by the catalyst
functionality, as indicated by the χ-parameter values (Table 2)
that leads to unique microphase separation within the micelle
nanostructures. Increasing the block ratio of NB-Proline from
a 36-mer (MCM 2) to a 60-mer (MCM 3) does not impact
conversions (95 and 94%, respectively). Decreasing the block
ratio from a 36-mer to a 10-mer, however, reduces the
efficiency of the nanoreactor from 95 to 69%.

Figure 6 displays the kinetics data of the reaction catalyzed
by MCMs 1−6 over 50 h. MCMs 2 and 3 that are NB-
Proline-functionalized display similar kinetics. MCMs 1 and 4,
however, display lower reactivities. NB-Proline-OH-function-
alized MCMs (Figure 4b) display nearly identical conversions
during the first 10 h, after which MCM 6 exhibits higher
reactivity reaching 60% within 50 h.

The observed reactivity trends can be accounted for by the
micelle morphology. We hypothesize that the faster reaction
kinetics of MCM 2 compared to that of MCM 1 are due to
easier access to the catalytic sites. As confirmed by the pair
correlation functions (Figure 5), in MCM 2, NB-Proline is in
closer proximity to the S block that forms the exterior lobes of
the “clover-like” micelles, contrary to MCM 1, where the
catalytic site is sandwiched between the lipophilic domains of
the “hamburger-like” micelles. MCMs 2 and 3, which yield
“clover-like” and “core−shell” micelles, respectively, have
higher kinetic activity compared to MCM 4, possibly due to
a larger exposure of the lipophilic surface area to the aqueous
environment resulting in a greater number of collisions
between substrates and the active site. The low reactivity of

MCM 5 compared to that of all other samples can be explained
by the position of the superhydrophobic fluorophilic lobes
(χF‑water = 0.963, Table 2), which potentially limits the diffusion
of water for efficient aldol addition. InMCM 6, we hypothesize
that the “network-like” micelles hinder access of substrates to
the active sites, thereby reducing its activity when compared to
that in MCMs 1−4.

We performed catalytic control experiments on unfunction-
alized micelles assembled from the bottlebrush copolymer,
H60−L15−F15. In the absence of a catalyst-functionalized
micelle core, no reaction was observed under the conditions
used for MCM-supported catalysis, confirming the inertness of
the bottlebrush copolymer (Table S1, entry a). Additionally,
no catalytic transformation was observed when adding the
small molecule L-proline to the unfunctionalized micelle
solution (Table S1, entry b). This demonstrates the need to
compartmentalize the catalyst inside the micellar core for the
catalysis of hydrophobic substrates in water.

A substrate screen was performed using MCM 2 (Table 4).
The reaction between cyclohexanone and six aromatic
aldehydes was investigated. Aldehydes substituted with
electron-withdrawing groups (entries 1 and 2) offered the
corresponding aldol products in high yields and selectivities.
Benzaldehyde (entry 3) resulted in low conversion, while
aldehydes substituted with electron-donating groups (entries 4,
5, and 6) displayed no reaction. We attribute this observation
to the decreased electrophilicity at the aldehyde carbon in the
absence of electron-withdrawing groups, resulting in low/no
reactivity.73

Table 3. Activity and Selectivity of the Functionalized
MCMs Corresponding to Polymers P1−P6 for the Aldol
Addition in Watera

MCM conversion (%)b anti/syn (%)b ee (%)c

1 43 93/7 92
2 95 89/11 92
3 94 88/12 93
4 69 85/15 91
5 37 76/24 89
6 60 82/18 92

aReaction conditions: all reactions were performed with cyclo-
hexanone (7 equiv); [S] = 0.28 M; 20 mol % catalyst loading in water
at room temperature for 50 h. bDetermined by 1H NMR
spectroscopy. cDetermined by chiral HPLC (OD-H, 254 nm,
hexane/IPA 9/1, 0.4 mL min−1).

Figure 6. Conversions vs time for the aldol addition between 4-
nitrobenzaldehyde and cyclohexanone catalyzed by (a) MCMs 1−4
(NB-Proline-functionalized) and (b) MCMs 5 and 6 (NB-Proline-
OH-functionalized). All reactions were performed at 20 mol %
catalyst loading; 7 equiv of cyclohexanone; [S] = 0.28 M and at room
temperature.
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■ CONCLUSIONS
This article describes the synthesis and aqueous self-assembly
of the first catalytically active MCMs using amphiphilic
bottlebrush copolymers. These copolymers are featured with
a PEG-based hydrophilic block, a styrene-rich lipophilic
domain, a pentafluorostyrene fluorophilic block, and a
proline-functionalized catalytic core. Six MCMs with varying
catalyst location, backbone length, and/or proline functionality
were assembled and tested for the aldol addition between 4-
nitrobenzaldehyde and cyclohexanone in water. The MCMs
demonstrated catalytic activity in an aqueous environment
with full control over yields and enantioselectivities that is
otherwise not possible. Systematic investigations demonstrated
that the polymer composition and catalyst location had a
significant impact on the assembled nanostructures and
consequently the catalytic efficiency. The more hydrophobic,
NB-Proline catalyst demonstrated a higher activity compared
to that of NB-Proline-OH due to minimal diffusion of water
and efficient diffusion of substrates. Polymerizing the catalyst
as an individual block rather than copolymerizing it within the
F domain yielded the best catalytic activity due to easy access
to the active sites. Cryo-TEM and DPD simulations were used
to characterize the self-assembly behavior of the micelles.

Our work displays an understanding of the impact of micelle
morphology on its catalytic applications, which is of utmost
importance when expanding the use of these systems for
multistep catalysis. While the simplest core−shell nanoparticle
can accommodate a catalyst in the core and the shell, MCMs
offer a large variety of possibilities to store multiple catalysts in

compartments.8,11 The monomers to synthesize polymeric
MCMs can be varied easily, resulting in full control over shape,
size, and compartment distribution, which allows for tuning of
the catalytic processes. Additionally, compartment sizes are
typically in the range of 10−50 nm24 minimizing the diffusion
path from the catalytic center to the center and providing the
spatial proximity needed for cascade transformations. With an
ongoing focus on exploring the design of polymeric particles
for nonorthogonal cascade reactions, future research in our
group will leverage the use of MCMs for multistep
incompatible transformations.

■ METHODS

ROMP Polymerization
Formation of the bottlebrush copolymer was conducted in a glovebox
under a N2 atmosphere. A 10 mg/mL stock solution of G3 in dry
dichloromethane was prepared in a 20 mL scintillation vial. Stock
solutions for H, L, NB-Proline, and NB-Proline-OH were prepared
by dissolving the determined amount of monomer in dry DCM to
achieve a final concentration of 0.02 M. A stock solution of F was
prepared by dissolving the determined amount of monomer in dry,
distilled α,α,α-trifluorotoluene to achieve a final concentration of 0.05
M. The amount of each monomer/ macromonomer chosen was based
on the targeted backbone degree of polymerization. To initiate the
reaction, the monomer solution was added into the catalyst solution
and then stirred vigorously at 22 °C. Each subsequent addition was
carried out after 1 h to ensure complete polymerization of each block
that was monitored by 1H NMR spectroscopy. To ensure that the
catalyst monomers were randomly polymerized within the F block,
the F macromonomer was first added, followed by the addition of
NB-Proline/NB-Proline-OH. Ethyl vinyl ether was added to
terminate the polymerization, and the reaction mixture was stirred
for another 15 min. The solvent was removed by rotary evaporation,
and the crude polymer was purified by dialysis in a 10 kDa bag against
acetone overnight.

Boc Group and Tert-Butyl Ester Hydrolysis
Polymer samples containing Proline were dissolved in 2 mL of
CHCl3/TFA 1/1, and samples containing Proline-OH were dissolved
in 2 mL of CH2Cl2/TFA 1/1. The mixture was stirred at room
temperature for 24 h. Afterward, the volatiles were evaporated, and
the polymer was re-dissolved in acetone and dialyzed in a 2 kDa bag
for 3 days. The polymer was recovered as a light brown powder after
rotatory evaporation.

Micelle Formation
In a vial, the desired amount of the block copolymer (20 mol %
catalyst loading) was dissolved in 1.5 mL of THF and stirred at room
temperature. Complete polymerization of each block was assumed,
and the amount of the polymer sample was calculated using the
theoretical molecular weight. Once the polymer was dissolved, 0.5 mL
of deionized water was added to the solution and stirred for 15 min
with the vial cap on. Afterward, the mixture was stirred overnight
uncovered to allow the THF to evaporate, thereby forming micelles.
The cap was placed on the vial once all the THF evaporated, and
micelle formation was confirmed via DLS.

Proline-Supported Aldol Addition
4-Nitrobenzaldehyde (3 mg, 0.02 mmol, 1 equiv, [0.28 M]) and
cyclohexanone (14 μL, 0.14 mmol, 7 equiv) were added to the micelle
solution (amount adjusted for 20% catalyst loading). For the substrate
screen, the substrate concentration of the aromatic aldehydes was
maintained at 0.28 M. The micelle solution was shaken and vortexed
to give a homogeneous solution. 20 μL aliquot of the reaction was
removed at regular intervals and added to 0.75 mL of CDCl3. The
substrates/products were extracted and filtered through a small layer
of Na2SO4. The percent conversion was determined by comparison of
the 4-nzitrobenzaldehyde aromatic peak at 8.40 ppm to the aromatic

Table 4. Substrate Scope for the Aldol Addition of Aromatic
Aldehydes with Cyclohexanone Using MCM 2

aReaction conditions: all reactions were performed with cyclo-
hexanone (7 equiv); [S] = 0.28 M; 20 mol % catalyst loading in water
at room temperature for 50 h. bDetermined by 1H NMR
spectroscopy. cDetermined by chiral HPLC (OD-H, 210 nm,
hexane/IPA 9/1, 0.4 mL min−1). N.D. = not determined.
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peak of the aldol product peak at 8.20 ppm. The enantiomeric excess
was determined by chiral HPLC chromatography.

Additional details for the synthesis and characterization of small
molecules and macromonomers, micelle characterization, and
computation are included in the Supporting Information.
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