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ABSTRACT: Polymer micelles have found significant uses in areas such
as drug/gene delivery, medical imaging, and as templates for nanoma-
terials. For many of these applications, the micelle performance depends
on its size and chemical functionalization. To date, however, these
parameters have often been fundamentally coupled since the equilibrium
size of a micelle is a function of the chemical composition in addition to
other parameters. Here, we demonstrate a novel processing pathway
allowing for the chemical modification to the corona of kinetically trapped
“persistent” polymer micelles, termed Persistent Micelle Corona
Chemistry (PMCC). Judicious planning is crucial to this size-controlled
functionalization where each step requires all reagents and polymer blocks
to be compatible with (1) the desired chemistry, (2) micelle persistency,
and (3) micelle dispersion. A desired functionalization can be
implemented with PMCC by pairing the synthetic planning with polymer solubility databases. Specifically, poly(cyclohexyl
methacrylate-b-(diethoxyphosphoryl)methyl methacrylate) (PCHMA-b-PDEPMMA) was prepared to combine a glassy-core block
(PCHMA) for kinetic control with a block (PDEPMMA) that is able to be hydrolyzed to yield acid groups. The processing sequence
determines the resulting micelle size distribution where the hydrolyzed-then-micellized sequence yields widely varying micelle
dimensions due to equilibration. In contrast, the micellized-then-hydrolyzed sequence maintains kinetically trapped micelles
throughout the PMCC process. Statistically significant transmission electron microscopy (TEM) measurements demonstrate that
PMCC uniquely enables this functionalization with constant average micelle core dimensions. Furthermore, these kinetically trapped
micelles also subsequently maintain constant micelle core size when modifying the Coulombic interactions of the micelle corona via
pH changes.

■ INTRODUCTION

Polyelectrolytes are of broad interest for applications spanning
from ion transport,1−5 to protein binding,6−10 metal bind-
ing,11−15 wastewater treatment,16,17 and drug delivery.18−23

Similarly, block polymer-based micelles have found uses in
diverse applications, such as the formation of nanostructured
porous materials,24−31 and for drug delivery.32−35 For many
such applications, the ultimate performance is influenced by
the micelle aggregation number (i.e., the core dimension),36,37

the extent of functionalization,38−41 or the response of
functional groups toward the environment.20,23,40−42

The equilibrium aggregation number for a block copolymer
micelle is a balance between interfacial enthalpic contributions
(χ) and entropic chain stretching contributions, along with
other factors including, but not limited to, electrostatic
interactions.43,44 It naturally follows that both the chemical
composition and any functional group responses to the
environment can alter the equilibrium aggregation number. It
is well known that solvent changes can induce micelles to
undergo dynamic chain exchange processes that alter the

aggregation number and/or the micelle morphology to
minimize the free energy of the system.45 For example,
single-chain exchange is a well-documented mechanism.46−56

Such chain exchange processes can also be kinetically trapped,
typically using high-χN conditions. Here, χ is the effective
interaction parameter between the core block and the solvent
and N scales with the degree of polymerizationa. With these
considerations, a large thermodynamic activation energy for
single-chain exchange can impose kinetic control. Another way
to restrict chain exchange is with restricted chain mobility via a
glassy-core block.48,52,57 The latter approach is used in the
present study to achieve kinetic control of micelles during
chemical modifications.

Received: May 24, 2021
Revised: July 14, 2021

Articlepubs.acs.org/Langmuir

© XXXX American Chemical Society
A

https://doi.org/10.1021/acs.langmuir.1c01384
Langmuir XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
SO

U
T

H
 C

A
R

O
L

IN
A

 C
O

L
U

M
B

IA
 o

n 
A

ug
us

t 1
6,

 2
02

1 
at

 1
6:

42
:0

8 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Taylor+Larison"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Morgan+Stefik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.langmuir.1c01384&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01384?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01384?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01384?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01384?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01384?fig=abs1&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c01384?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/Langmuir?ref=pdf
https://pubs.acs.org/Langmuir?ref=pdf


We propose a new concept of persistent micelle corona
chemistry (PMCC). This concept enables, for the first time to
the authors’ knowledge, chemical modification to the corona of
previously formed and persistent block copolymer micelles.
Here, persistence is defined as kinetic entrapment of a constant
aggregation number which often corresponds to a constant
micelle core dimension. The PMCC approach allows for the
independent adjustment of functional group density as well as
their responses to the environment while preserving a constant
micelle core dimension. In contrast, the typical approach of
preparing a series of different chemical modifications followed
by micellization can lead to a wide variation of the resulting
micelle core dimensions, in part due to the widely varying
equilibrium conditions. Block polymer functionalization is
accomplished via the use of a monomer with a pendant
phosphonated ester that can be hydrolyzed to yield one or two
phosphonic acid groups. This functional group is also
responsive to pH changes. The pKa values of phosphonic
acid are reported to be 2.75 and 8.2.58 Decreasing the pH
below 2.75 favors protonation of the group, making it charge
neutral, whereas increasing the pH above 8.2 favors
deprotonation of the group, resulting in an anionic charge.
Thus, phosphonic acid groups have a Coulombic response to
pH changes. For micelle core immobilization, please note that
there are a range of modalities, e.g., high-χN condi-
tions,28,48,60,61 glassy-core micelles,52,57 crystalline core mi-
celles,62−65 and cross-linked core micelles,66,67 which are
compatible with the PMCC concept; however, prior works did
not emphasize granular functionalization after micellization.
Similarly, polymer brush-grafted nanoparticles enable similar
corona tuning typically with a solid inorganic core.68−70 Here,
we opted for a purely block polymer-based strategy for the
convenience and modularity of organic chemistry coupled with
the future ability to load micelles, e.g., organic drug molecules.
It is shown that PMCC enables the preservation of constant
micelle core size during both functionalization and subsequent
tailoring of the Coulombic interaction strength.

■ EXPERIMENTAL PROCEDURES
Materials. All materials were used as received unless specified

otherwise. Methanol (99.8%, Fisher), diethyl (hydroxymethyl)-
phosphonate (≥97.0%, TCI), methacrylic acid (>99%, Alfa Aesar),
N′N-dicyclohexylcarbodiimide (DCC, ≥99%, BeanTown Chemical),
4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (4CPDB, 97%
Strem Chemicals), sodium hydroxide (≥97%, Sigma), chloroform
(≥99.8%, VWR), tetrahydrofuran (Fisher), methylene chloride
(Fisher), acetonitrile (≥99.9%, Sigma), and 4-dimethylaminopyridine
(DMAP, >99%, TCI) were used as received. Cyclohexyl methacrylate
(≥98.0%, TCI) monomer was run over a basic alumina column prior
to use. 2,2′-Azobis(2-methylpropionitrile) (AIBN, Sigma) was
recrystallized from methanol. Bromotrimethylsilane (TMSBr, 97%,
Chem Impex Intl Inc MS) was stored in the glovebox.
(Diethoxyphosphoryl)methyl methacrylate (DEPMMA)

Monomer Synthesis. Diethyl(hydroxymethyl)phosphonate (5 g,
4.27 mL, 29.73 mmol), methacrylic acid (2.56 g, 29.73 mmol), and 15
mL of chloroform were mixed in a round bottom flask. The solution
was cooled to 0 °C and sparged with nitrogen for 30 min. A solution
of N′N-dicyclohexylcarbodiimide (DCC) (6.75 g, 32.70 mmol), 4-
dimethylaminopyridine (DMAP) (0.40 g, 3.27 mmol), and 5 mL of
chloroform was then added in a dropwise manner. The suspension
was left to vigorously stir at room temperature for 2 h. The suspension
was then filtered and the chloroform was removed using reduced
pressure. The crude product was then purified via vacuum distillation
at 175 °C. The final product (diethoxyphosphoryl)methyl meth-

acrylate (DEPEMA) was verified using 1H NMR and 31P NMR
(Figures S1 and S2).

Poly(cyclohexyl methacrylate) (PCHMA) Synthesis. Cyclo-
hexyl methacrylate (CHMA) (7.50 mL, 42.95 mmol), 2,2′-azobis(2-
methylpropionitrile) (AIBN) (8.80 mg, 0.054 mmol), 4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid (4CPDB) (100 mg, 0.36
mmol), and 4.50 mL of tetrahydrofuran (THF) were combined in a
Schlenk flask and were subjected to three cycles of freeze−pump−
thaw. The reaction flask was then brought into an argon-filled
glovebox to backfill the flask with argon. The polymerization was then
carried out in a preheated oil bath at 70 °C for 16.75 h. Once the
polymerization was complete, the reaction was cooled in a freezer
before venting and dilution with THF to fully dissolve the viscous
product. PCHMA was then precipitated using cold methanol, filtered,
and then dried in a vacuum oven overnight. The molar mass of
PCHMA was calculated based on the ratio of reversible addition-
fragmentation chain-transfer (RAFT) agent to cyclohexyl methacry-
late assuming 100% conversion. The molar mass and conversion were
quantified using 1H NMR in CDCl3 (Figure S3). The molar-mass
dispersity (Đ) was verified by gel permeation chromatography
(GPC).

PCHMA-b-PDEPMMA Diblock Polymer Synthesis. PCHMA-
4CPDB (20 k) macroinitiator (3.50 g, 0.17 mmol), 2,2′-azobis(2-
methylpropionitrile) (AIBN) (8.54 mg, 0.052 mmol), DEPMMA
(6.14 g, 6.54 mL, 26.01 mmol), and 6.85 mL of THF were mixed in a
Schlenk flask and were subjected to three cycles of freeze−pump−
thaw. The reaction flask was then brought into an argon-filled
glovebox to backfill the flask with argon. The polymerization was then
carried out in a preheated oil bath at 70 °C for 18.25 h. The reaction
was then cooled in a freezer before venting and dilution with THF to
fully dissolve the viscous product. PCHMA-b-PDEPMMA was then
precipitated out using cold hexane, filtered, and then dried in a
vacuum oven overnight. The molar mass and conversion were
quantified using 1H NMR in CDCl3 (Figure S4). The molar-mass
dispersity (Đ) was verified by GPC (Table S1).

Glassy-Core Micelle Stock Preparation. PCHMA-b-PDEPM-
MA (52 k) (1 g, 0.2 mmol) was dissolved in 100 mL of methylene
chloride. Then, 240 mL of acetonitrile was added dropwise to the
stirring solution to induce micelle formation as checked by dynamic
light scattering (DLS) (Figure S5). Methylene chloride and excess
acetonitrile were removed by rotary evaporation until the concen-
tration of the solution was 10 mg/mL. This micelle stock solution was
subjected to three cycles of freeze−pump−thaw and was stored in an
argon-filled glovebox.

Micellized-then-Hydrolyzed Method (MH). What follows is a
generalized deprotection procedure. In a glovebox, 5 mL of the
micelle stock solution was placed in a vial with a stir bar. An
equivalent amount of bromotrimethylsilane (TMSBr) dependent on
the desired extent of hydrolysis was added to the vial before it was
sealed. TMSBr was labeled as 97% purity; however, repeated
hydrolysis reactions consistently resulted in 95% conversion: thus,
95% TMSBr purity was assumed for all stoichiometric calculations.
The solution was stirred in a preheated oil bath at 50 °C overnight.
The suspension was then dried and redispersed in 5 mL of methanol
and allowed to stir for 2 h. A small aliquot of the solution was dried
and mixed in a solution of 60/40 MeOD/CDCl3 with a drop of
deuterium chloride added to protonate all phosphonic acid groups
present to verify the extent of deprotection with 31P NMR. A model
assuming random hydrolysis was compared to this data. The
goodness-of-fit for the model, R2, was calculated as the sum squared
of regression divided by the sum square of the total.

Micelle Solvent Exchange. Micelles that were previously
functionalized via deprotection were transferred from methanol to a
different solvent. Aqueous sodium hydroxide (1 mM, 3 mL) was
added dropwise to 2 mL of 10 mg/mL functionalized micelle stock
solution. Subsequently, the methanol was removed by rotary
evaporation.

Hydrolyzed-then-Micellized Method (HM). A functionalized
micelle stock was dried and redispersed as unimers in 2 mL of THF
(relatively nonselective) to remove the effects of the prior processing
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history. Then, an aqueous sodium hydroxide solution (1 mM, 3 mL)
was added dropwise to the stirring micelle solution to form micelles.
The THF was subsequently removed by rotary evaporation.
DLS Measurements. Aliquots of 2 mL were filtered through 0.2

mm syringe filters into quartz cuvettes and were tightly sealed.
Measurements were performed using a Zetasizer Nanoseries
ZEN3690 instrument. Measurements were run at 25 °C with 5 min
thermal equilibration time prior to each 5 min acquisition. The data
for micelle size were analyzed using the refractive index of pure
MeOH or pure acetonitrile since the solutions were ∼99% pure
solvent. Data were fit with a log-normal distribution corresponding to
the mean and standard deviation.
ζ Potential Measurements. Micelles previously dispersed in an

aqueous sodium hydroxide solution (1 mM) were dried via
evaporation. A solution of 80:20 volume percent THF:methanol
was used to dissolve the dried micelle powders and disperse the
diblock polymers as unimers with a concentration of 4 mg/mL.
Aliquots of 1.2 mL were placed into a quartz cuvette with a dip cell.
Measurements were performed using a Zetasizer Nanoseries
ZEN3690 instrument. Measurements were run at 25 °C with 5 min
thermal equilibration time prior to each acquisition.
Transmission Electron Microscopy (TEM) Measurements.

TEM images were acquired using a JEOL 1400 Plus TEM operated in
bright field mode with an accelerating voltage of 120 keV. Samples
were prepared by placing a single drop of 10 mg/mL micelle solution
onto a carbon-coated 300 mesh copper grid purchased from Electron
Microscopy Sciences. The solvent was wicked away after 2 min with a
filter paper. Samples were then stained by placing one drop of 1%
uranyl acetate solution onto each grid for 3 min before wicking the
solvent away with filter paper. About 60 measurements were taken
from each sample condition to yield statistically relevant metrics for
the average, the standard deviation (statistical spread), and the
standard-error-of-the-mean (uncertainty of the mean value itself).

■ RESULTS AND DISCUSSION
The independent control of micelle size (aggregation number),
functional group content, and the response to stimuli are of
interest for a range of polyelectrolyte applications. Prior
examples to date however have struggled to demonstrate
independent control of these parameters due often to a
reliance upon equilibrium-based processing. Micelles with
active chain exchange mechanisms are able to change their
aggregation number in response to either this functionalization
or any change in the external stimuli. Furthermore, the
formation of kinetically trapped micelles after functionalization
also leads to different sizes depending on the extent of
functionalization, vide infra. Here, we report a pathway called
PMCC that sidesteps these challenges by first establishing a
specific aggregation number and subsequently preserving this
persistency throughout the entire processing pathway. Using
this method, chemical functionalization and/or the external
stimuli may occur independently while preserving the specific

aggregation number. Here, we use glassy-persistent micelles for
the sake of arresting chain exchange via core immobility. Even
so, judicious planning is crucial since (i) functionalization
reactions often have a limited scope of compatible solvents, (ii)
functionalization reagents can induce dynamic chain exchange
between micelles, and (iii) the corona block solubility can
change significantly during functionalization. Below we outline
the design criteria for PMCC in terms of (1) polymer design,
(2) polymer functionalization, and (3) processing pathway
dependence, highlighting the importance of sequence upon
maintaining micelle control.

1. Polymer Design. A custom corona block was prepared
to enable functionalization as well as a Coulombic stimuli
response. Specifically (diethoxyphosphoryl)methyl methacry-
late (DEPMMA) was chosen due to the well-studied
characteristics of this class of polymers58,71−76 and the ease
of hydrolysis postpolymerization for the phosphonated esters
to become acid groups via the McKenna reaction.58,77 These
phosphonic acid moieties have pKa values of 2.75 and 8.2,58

allowing for the tailoring of Coulombic interactions in
response to pH changes.43 For the present example, a
methacrylate corona block was preferred for facile RAFT
polymerization.78 The DEPMMA monomer synthesis used a
Steglich esterification similar to a prior report.74 The 1H NMR
confirmed the successful synthesis of DEPMMA (Figure S1).
The DEPMMA monomer can be purified via distillation;
however, this step is optional since only benign contaminants
remain that are removed during polymer purification. The
solubility of the corona block is also crucial to consider. Here,
PDEPMMA is soluble in alcohols, THF, chloroform,
methylene chloride, and acetonitrile for example, whereas
after hydrolysis, the resulting poly(((methacryloyloxy)methyl)-
phosphonic acid) is soluble in THF, acetonitrile, water, and
alcohols but not chloroform nor methylene chloride. This
solubility requirement is important such that the micelles
remain dispersed throughout the functionalization process.
This particular requirement narrows the list of candidate
solvents down to water, alcohols, THF, or acetonitrile. The
solvent selection is further constrained by compatibility with
the desired reaction(s). Here, the hydrolysis of PDEPMMA is
planned via the McKenna reaction, which is incompatible with
protic solvents, thus leaving THF and acetonitrile on the list of
candidate solvents.
A core block was also carefully selected to demonstrate the

PMCC concept. Here, the main role of the core block was to
maintain kinetic control of the micelle size and aggregation
number. A glassy block was selected for molecular immobiliza-
tion so long as plasticizing solvents are avoided. At this point,

Figure 1. Scheme showing the hydrolysis of PCHMA-b-PDEPMMA in acetonitrile using TMSBr followed by solvolysis in methanol. The resulting
modified PDEPMMA block contains a random distribution of di-ester(1), mono-acid(2), and di-acid(3) phosphorous functional groups depending
on the extent of reaction.
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the list of candidate solvents include THF and acetonitrile.
Though limiting, the use of known solubility databases81 and
creative polymer chemistry can often yield suitable combina-
tions. For example, our early attempts with poly(methyl
methacrylate) (PMMA) and polystyrene (PS) core blocks
both failed due to plasticization by THF and acetonitrile.

Using databases,81,82 a search for methacrylates that were more
hydrophobic than PS and PMMA to avoid plasticization by
acetonitrile while having a Tg above all reaction conditions
yielded cyclohexyl methacrylate (CHMA). Please note that
this sequence of considerations is not exhaustive but is rather
intended to be illustrative of the confluence of factors. Finally,
PCHMA is also compatible with our chosen RAFT polymer-
ization method. The CHMA polymerization was allowed to
progress until >99% conversion as validated by 1H NMR
(Figure S3). The PCHMA was measured using GPC and was
found to have a molar-mass dispersity index of 1.08.
Subsequently, the PCHMA-4CPDB macroinitiator was used
for DEPMMA polymerization to yield PCHMA-b-PDEPM-
MA. The polymerization was allowed to progress to 88%
conversion as tracked by 1H NMR (Figure S4). The reaction
time was selected to balance polymerization time and
conversion yield without any apparent side reactions or other
limitations. The final polymer had a molar mass of 52 kg/mol,
a composition of 61 wt % PDEPMMA, and a molar-mass
dispersity index of 1.12 (Table S1). The core block molecular
weight can affect both the micelle size79 and its glass transition
temperature (Tg).

80 Please note that the final PCHMA-b-
PDEPMMA is amphiphilic and readily form micelles with
selective solvents (Figure S5). Thus, a custom block copolymer
was prepared for subsequent investigation of the hydrolysis
and micellization sequence.

2. Functionalization via Hydrolysis of Pendant
Phosphonate groups. The hydrolysis of PDEPMMA was
next investigated with the aim of granular functionalization to
enable tailoring of the acid content and the associated
Coulombic interactions. Here, the McKenna reaction was
selected for hydrolysis where TMSBr was added to a micelle
solution in acetonitrile to transform the alkyl ester into the
corresponding trimethylsilyl ester. Subsequently, methanol was
added to induce solvolysis of trimethylsilyl ester, forming the
desired phosphonic acid group (Figure 1). A range of TMSBr/
phosphonate ratios were examined and the extent of hydrolysis
was measured using 31P NMR (Figure 2a). The degree of
hydrolysis was found to be quantitative, where the amount of
TMSBr directly corresponded to the extent of ester hydrolysis
ranging from 0 to 95.05 mol % (Table S2) with a Pearson
correlation coefficient of 0.999 (Figure 2b). Each repeat unit of
PDEPMMA has a single pendant phosphonate group with two
esters that are each available for hydrolysis. Thus, the possible
hydrolysis products include both a mono-acid and a di-acid
(Figure 1). These specific hydrolysis products were quantified
using 31P NMR, where there was a clear separation between di-
ester, mono-acid, and di-acid groups (Figure 2a). The peaks at
19.5, 17.5, and 16.5 ppm correspond to the di-ester
phosphonate (Figure 2a-1), the mono-acid phosphonate
(Figure 2a-2), and the di-acid phosphonate (Figure 2a-3),
respectively. The trends of hydrolysis product distribution as a
function of TMSBr content are shown in Figure 2c. For
example, there was a steady increase in mono-acid content
until reaching 60% total hydrolysis at which point the mono-
acid content steadily decreased due to its conversion to the di-
acid. The measured functional group compositions well
matched the theoretical expectations for random and unbiased
hydrolysis with goodness-of-fit values exceeding 0.97 (Figure
2c dashed lines). To further validate corona functionalization,
measurements of the ζ potential were run on samples
containing 0, 40, 60, and 100% degree of hydrolysis (Table
S3). The results showed that an increase in the degree of

Figure 2. (a) Hydrolysis of the PDEPMMA di-ester (1) to the mono-
acid (2) and di-acid (3) products (see Figure 1) were quantified using
31P NMR. (b) Hydrolysis reaction was efficient with high yield
(TMSBr 95% purity, R2 is the Pearson correlation coefficient). (c)
Corresponding distributions of phosphorous functional groups (1/2/
3) are shown. The dashed lines were calculated based upon equal
reactivity (random probability) of di-ester and mono-acid. The R2

values in panel (c) correspond to the goodness-of-fit. These data
correspond to the hydrolysis of preformed PCHMA-b-PDEPMMA
micelles with glassy cores.
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hydrolysis resulted in a decreasing ζ potential. This trend in ζ
potential is consistent with an increase in anionic charge via
the formation of phosphonic acid groups. Thus, a block
polymer with a tailored and granular functionalization of
pendant phosphonate groups was demonstrated.
3. Micelle Formation Pathway Dependence. A specific

order of operations is essential to the PMCC concept. The
equilibrium size and morphology of diblock polymer micelles
is affected in part by Coulombic interactions.43,44 This
dependence is shown first before presenting an example of
the PMCC approach. Micelles were prepared from the above
series of block polymers with varied extent of functionalization.
These block polymers were dispersed as unimers in THF and
were then micellized using a basic solution (1 mM NaOH) to

favor deprotonation of the phosphonic acid moieties of the
PDEPMMA. The THF was subsequently removed selectively
by evaporation. This processing sequence was denoted as
“hydrolyzed-then-micellized” (HM(base)) (Figure 3 bottom).
Here, samples were named for the preparation method and the

Figure 3. Scheme showing the core size dependence on the synthetic pathway used to functionalize micelles. The top path begins with kinetically
trapped polymer micelles and ends with functionalization via hydrolysis (“micellized-then-hydrolyzed”). The bottom path begins with
functionalization and ends with micellization (“hydrolyzed-then-micellized”). Only the top path imposes a constant aggregation number
throughout the process and was termed Persistent Micelle Corona Chemistry (PMCC).

Figure 4. TEM images showing PCHMA-b-PDEPMMA micelles
dispersed in 1 mM NaOH as a function of the synthesis pathway. The
samples were either hydrolyzed-then-micellized (HM, top) or
micellized-then-hydrolyzed (MH, bottom). The extent of the
hydrolysis reaction varied from 0 to 100%. Data are shown for
HM(base)-0 (A), HM(base)-100 (B), MH(base)-0 (C), and
MH(base)-100 (D). The samples were stained with uranyl acetate,
which selectively associates with the phosphonate coronas (dark) and
does not associate with the PCHMA cores (light).

Figure 5. (a) The trend in micelle core size for the hydrolyze-then-
micellize sample series dispersed in 1 mM NaOH (HM(base) series)
is shown as a function of the degree of hydrolysis. (b) The trends in
micelle core size for the micellize-then-hydrolyze sample series
dispersed in either methanol (MH(methanol) series) or in 1 mM
NaOH (MH(base) series) are shown as a function of the extent of
hydrolysis. The error bars correspond to the standard-error-of-the-
mean. Please note that the HM-0(base) and MH-0(base) have
different average micelle core sizes due to the different processing
pathways used for the HM and MH series, respectively.
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targeted extent of hydrolysis where HM(base)-100 has 95.1
mol % of ester groups hydrolyzed. The effects of the
phosphonic acid content upon the micelle core size were
examined using TEM (Figure 4A,B). Here, the core size is a
proxy for the aggregation number. An advantage of this TEM
data is that it directly quantifies the micelle core size alone in a
model-independent fashion. The average micelle core diame-
ters were calculated as the average of 60 measurements for
each degree of hydrolysis (Table S4). The TEM samples were
prepared by staining with 1% uranyl acetate that selectively
associated with the PDEPMMA coronas (dark) and did not
stain the PCHMA core (light). This series of HM(base)
samples had a monotonically decreasing average core diameter
as the extent of hydrolysis increased (Figure 5a). For example,
HM(base)-0 and HM(base)-100 had average core diameters of
24.51 and 8.73 nm, respectively, a significant 3× variation in

core diameter suggesting a 27× variation in aggregation
number based upon the change in volume (Table S4 and
Figure 5a). This trend is consistent with increasing repulsive
electrostatic interactions favoring micelles with a lower
aggregation number to increase the distance between corona
blocks.44 Thus, the hydrolyzed-then-micellized route leads to
drastic changes in the aggregation number and size of the
micelle cores.
The inhibition of chain exchange mechanisms while

functionalizing is the essence of the PMCC concept (Figure
3 top). Toward this end, the PCHMA-b-PDEPMMA was
dissolved as unimers in THF and was next micellized by
adding acetonitrile as checked by DLS (Figure S5). The DLS
data were used to identify micelle formation but were not used
to assess the core size since DLS also includes the corona block
and solvation shell contributions. Next, the complete removal
of good solvent (THF) is necessary to kinetically trap the
micelles through immobilization of the glassy PCHMA core
block. Please note that one must remove all traces of good
solvent to avoid plasticization of the core block. We note that
the PMCC concept does not explicitly require the use of a
glassy core since high-χN solution conditions can also suppress
chain exchange and micelle reorganization.28,29,48,60,61 These
glassy-persistent micelles were subsequently functionalized via
hydrolysis. Again, the phosphonated esters of PDEPMMA
blocks were subjected to quantitative hydrolysis using TMSBr
to result in a range of hydrolysis extents from 0 to 95.1 (mol
%) (Table S2). After functionalization, the sample series was
dried to a powder, and then redispersed in methanol followed
by the dropwise addition of the same 1 mM NaOH base
solution and evaporative removal of the methanol. This series
was termed as “micellized-then-hydrolyzed,” specifically
dispersed in basic media (MH(base)). Again, the deprotona-
tion of the phosphonic acid moieties (pH 11) and the
associated increase in corona charge density is expected to lead
to a large change in the equilibrium aggregation number. The
observed trend in aggregation number was again measured
using TEM imaging (Figure 4C,D). In contrast to the 3×
variation in core diameter size across the HM(base) series, the
MH(base) series had core sizes ranging from 16.0 ± 0.2 to
17.1 ± 0.2 nm, consistent with minor random variation about a
constant mean (Table S4 and Figure 5b). It can be inferred
that these micelles did not progress toward the various
equilibrium aggregation numbers due to kinetic entrapment.
We note that this approach thus enables a series with a
constant core diameter and variable charge density. These data
demonstrate the remarkable impact of the synthetic pathway
dependence upon the final micelle characteristics. Thus, it was
shown that the PMCC method enables micelle series with
variable functionalization and constant aggregation number.
Finally, we examine the robustness of these persistent

micelles toward a wide-sweeping change in Coulombic
interaction strength. The micellized-then-hydrolyzed series
were also characterized at the point of redispersion into neat
methanol, termed (MH(methanol)). TEM images of this
sample series are shown in Figure 6. Again, TEM measure-
ments reveal that the average core sizes were relatively
constant, ranging from 15.6 ± 0.2 to 16.7 ± 0.3 nm, again
suggestive of minor random variation about a constant mean
(Table S5 and Figure 5b). Comparison of sample series
MH(base) to MH(methanol) shows that a constant nominal
core size is maintained in multiple solvents. Furthermore, these
series show constant nominal core size with widely varying

Figure 6. TEM images are shown for PCHMA-b-PDEPMMA
micelles that were micellized-then-hydrolyzed (MH series). Data are
shown for MH(methanol)-0 (A), MH(methanol)-10 (B), MH-
(methanol)-20 (C), MH(methanol)-30 (D), MH(methanol)-40
(E), MH(methanol)-50 (F), MH(methanol)-60 (G), MH-
(methanol)-70 (H), MH(methanol)-80 (I), MH(methanol)-90 (J),
and MH(methanol)-100 (K). Samples were stained with uranyl
acetate to darken the PDEPMMA corona.
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charge density since the MH(base) series had a pH of 11 that
deprotonates all phosphonic acid moieties. This constant core
diameter again demonstrates a lack of chain exchange during
the significant changes in Coulombic interaction strength.
Thus, the PMCC approach enables micelle series which
preserve constant aggregation number during variable
functionalization and switchable pH stimuli that modulate
the Coulombic interaction strength. This is the first
demonstration, to the best of the authors’ knowledge, that
separates micelle core size control from subsequent changes to
the corona chemistry.

4. CONCLUSIONS

This work demonstrates that the PMCC enables constant
micelle core size while functionalizing the micelle corona and
furthermore while changing the strength of the corona
Coulombic interactions. The judicious selection of polymer
chemistry, processing solvents, and processing pathway is
crucial to maintaining kinetic micelle control while conducting
chemical transformations upon the corona chains. In contrast,
the typical approach of functionalize-then-micellize was shown
to lead to wide variation of the resulting micelle aggregation
number. The PMCC concept was demonstrated using the
hydrolysis and subsequent deprotonation of PDEPMMA
coronas on PCHMA-b-PDEPMMA micelles as verified by
NMR and TEM experiments. Here, the combination of a
glassy PCHMA core block while performing functionalization
in a solvent (i) did not plasticize PCHMA core blocks, (ii)
solvated PDEPMMA corona chains throughout the entire
functionalization process, and (iii) was compatible with the
functionalization reaction. Though these constraints are many,
the use of solubility databases and creative polymer chemistry
often enable the identification of suitable combinations. It was
shown that careful constraint management enabled the extent
of functionalization and the charge density response toward
pH to be fully tunable while maintaining kinetic micelle
control. Using this method, one can independently study the
effects of varied corona acid content of their choosing without
associated changes to the nominal micelle core size. Similarly,
one can independently tailor the micelle charge density. It is
anticipated that future PMCC examples will enable diverse
single-variable micelle studies with diverse chemistries.
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■ ADDITIONAL NOTE
aThe conventional definition for N in the context of effective
interaction parameters equals the chain/block molecular
volume divided by the common segment reference volume
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