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ABSTRACT: We report on a dual-responsive block copolymer system
that exhibits a pH-dependent cloud point (Tcp) and allows for precise
control over the size and morphology of self-assembled nanostructures.
By incorporating 2-(dimethylamino)ethyl methacrylate (DMAEMA), a
pH- and temperature-responsive monomer, within the corona of a
nanoparticle, the relative hydrophilic/hydrophobic block volumes can be
controlled. Capitalizing on this phenomenon, we explore the temperature
response of block copolymer assemblies at acidic, neutral, and basic pH,
where the DMAEMA units are 99, 60, and 2% protonated. In general, as
pH decreases, the corona was observed to swell due to charge repulsion
and increased hydration, attenuating temperature sensitivity. By system-
atically varying the pH, temperature, and content of DMAEMA, we
develop several systems that can readily form micelles, worms, and
vesicles from a single block copolymer composition.

■ INTRODUCTION
Polymerization-induced self-assembly (PISA) has emerged as a
powerful tool to prepare nanoparticles. During PISA, a
solvophilic polymer is chain-extended with a monomer that
generates a solvophobic block.1,2 This increase in solvopho-
bicity drives microphase separation to form block copolymer
micelles. As the core block continues to grow, the micelles
undergo further order−order transitions to form worms,
vesicles, and lamellae.3−10 Generally, morphology during
PISA can be dictated by simply varying the length of the
core-forming block, allowing for the facile synthesis of a range
of morphologies from a single precursor block.1 As each
morphology exhibits distinctive functions and properties,
recent advances in polymer self-assembly have been focused
on the development of “smart” nanoparticles.11−14 These
nanoparticles incorporate a stimuli-responsive moiety, allowing
for morphological transitions (e.g., micelle-to-worm or worm-
to-vesicle) to occur upon the introduction of stimuli.2 A major
advantage of these systems is the ability to obtain micelles,
worms, and vesicles from a single block copolymer
formulation, allowing for the direct comparison of structure−
property relationships among chemically equivalent copoly-
mers.15
The final morphology of block copolymers is dictated by an

equilibrium between core-chain stretching, coronal chain
repulsion, and interfacial tension.16 This delicate interplay
determines the relative volume ratios of both the solvophilic
and solvophobic blocks, which, in turn, determine the

morphology of the nanoparticles. In general, as the relative
solvophobic block volume increases, the block copolymers
undergo transitions to higher-order morphologies, such as
worms or vesicles. As a consequence of the dynamic nature of
block copolymer self-assembly, much interest has been
generated in tuning morphological transitions of assemblies
as a function of stimuli. Many strategies have been developed
in the last decade to induce morphological transitions of
micelles to worms or worms to vesicles via changes in pH,17−22

temperature,23−28 or light.29−31 While the stimuli may vary in
each of these methods, morphological transitions are all
achieved by either altering the solvophilic or solvophobic block
volumes.13,15 As the morphology is dictated by relative volume
fractions, the locus of the stimuli-responsive moiety along the
chain can have significant implications on morphological
transitions. For example, by investigating the behavior of
compositionally distinct (diblock, gradient, asymmetric di-
block, and triblock) copolymers, Harrison and co-workers
found that diblock copolymers formed kinetically trapped
assemblies, whereas compositionally heterogeneous copoly-
mers could undergo dynamic morphological transitions in
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response to pH.18 These results suggest that subtle
manipulation of stimuli-responsive trigger placement gives
rise to profound consequences on final block copolymer
morphology.
Herein, we develop block copolymer systems with a pH-

dependent cloud point (Tcp), allowing for precise control over
nanoparticle size and morphology. Temperature response
increases with the increase in pH, allowing for the preparation
of micelles, worms, and vesicles at concentrations as low as
0.1% w/w from a single formulation. This result is achieved by
incorporating 2-(dimethylamino)ethyl methacrylate (DMAE-
MA), a pH- and temperature-responsive monomer, within the
corona of the nanoparticle. As DMAEMA contains a tertiary
amine (pKa = 7.3), at a pH below the pKa, the hydrophilic
block volume increases due to charge repulsion among
DMAEMA moieties as well as increased hydration. In other
words, as pH decreases, the hydrophilic block volume
increases, favoring lower-order morphologies (Figure 1). This

increase in hydration causes the Tcp to increase, allowing for
programming of temperature response. To achieve this, a series
of macro chain-transfer agents (macroCTAs) containing
varying mol % DMAEMA was synthesized and subsequently
chain-extended to yield nanoparticles with DMAEMA-rich
regions near the periphery of the corona. We show that
systematic variation of the hydrophilic-to-hydrophobic volume
ratios can be achieved by modulating the core-chain length,
pH, temperature, and amount of DMAEMA, providing
unprecedented control over both nanoparticle size and
morphology. Utilizing these variables, we develop a straightfor-
ward method to form micelles, worms, or vesicles from a block
copolymer by varying pH and temperature.

■ RESULTS AND DISCUSSION
We first synthesized a series of macroCTA copolymers
containing varying amounts of DMAEMA (Figures 1 and 2)
to control the degree of stimuli-response, with the polymers
containing more DMAEMA hypothesized to exhibit a greater
response. Specifically, we copolymerized 10, 20, and 30 mol %
of DMAEMA with N,N-dimethylacrylamide (DMA) via
reversible addition−fragmentation chain-transfer (RAFT)
polymerization (Figure 2A). The pseudo-first-order kinetic
plot (Figure 2B) revealed faster polymerization of DMAEMA,
as expected for the disparate reactivity of methacrylates
compared to acrylamides. The macroCTAs formed should be
DMAEMA-rich at the α-end due to the higher reactivity and
lower tendency of methacrylates to cross-propagate compared
to acrylamides.32
The polymerizations deviated from ideal behavior and rather

followed a kinetic profile and an evolution of molecular weight
with conversion typical for slow initiation (Figure 2B,C). We
rationalize this may be due to the R-group of the CTA being
better matched with methacrylates than acrylamides, leading to
slow initialization because of the more stable methacrylate-
centered radical. However, gel permeation chromatography
(GPC) characterization revealed well-controlled macroCTAs
of comparable sizes (Table S1) with good agreement between
theoretical and experimental molecular weights (Table S1).
Molar compositions of DMAEMA were determined via 1H
NMR spectroscopy by comparing the methylene signal next to
the trithiocarbonate (δ = 3.40 ppm) to the signal of the
methylene adjacent to the oxygen in DMAEMA (δ = 4.15
ppm) and the dimethyl signal in DMA (δ = 2.97 ppm)
(Figures S1−S3). With this approach, it was determined that
the copolymers contained 12, 24, and 34 mol % DMAEMA,
respectively.
With macroCTAs in hand, we set about performing PISA

across several hydrophobic block degrees of polymerization
(DPs; Figure 3). Since we sought to probe pH and
temperature independently, the introduction of any thermal
history into the assembly process was avoided by choosing
photoinduced electron/energy transfer (PET) RAFT polymer-
ization at room temperature. MacroCTAs were chain-extended
with 30 mol % DMA and 70 mol % diacetone acrylamide
(DAAm) via PET-RAFT PISA (10% w/w) to afford a library
of nanoparticles across four hydrophobic DPs: 100, 150, 200,
and 300 (Figure 3A). Copolymerization of DAAm and DMA
during PISA has been previously reported to have dramatic
effects on the solvation of the core. While higher molar
amounts (90%) of DAAm result in kinetically trapped lower-
order assemblies, lower molar amounts (75 mol %) result in
sufficient dynamicity to yield higher-order morphologies.7
With this in mind, we elected to use 70 mol % DAAm to
further facilitate morphological transitions. Additionally, the
use of DAAm as a core-forming monomer is well-reported in
literature and conveniently provides a functional handle to
allow for core-crosslinking of nanoparticles for transmission
electron microscopy (TEM) analysis, ensuring capture of the
actual morphology in solution regardless of sample prepara-
tion.7,10,36 1H NMR spectroscopy revealed near-quantitative
monomer conversion (>99%), as well as kinetics consistent
with self-assembly, with the rate of monomer consumption
increasing as micelle formation begins (Figure 3B).3,33,34,36
Additionally, GPC analysis revealed monomodal peaks with
clean molecular weight shifts to lower elution times (Figure

Figure 1. Size and morphology can be modulated by manipulating the
hydrophilic block volume while maintaining a constant hydrophobic
block volume. At low pH, the corona is increasingly swollen due to
increased charge repulsion and hydration. This affords suppression of
the cloud point temperature (Tcp), leading to thermally stable
nanoparticles. As the pH increases, the hydrophilic corona shrinks
relative to the hydrophobic core, driving morphological evolution.
This decrease in coronal hydration with pH results in increasingly
temperature-responsive nanostructures.
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3C), as well as comparable molecular weights across each core-
chain length (Table S2). The assemblies were then diluted to
0.1% w/w and studied via variable-temperature dynamic light
scattering (VT-DLS) to determine the change in hydro-
dynamic size as a function of temperature.
We first investigated the effect of core-chain length on

temperature-induced morphological transitions; 0.1% w/w
solutions of nanoparticles formed by mCTA-12% (12%-NP-
100, 12%-NP-150, 12%-NP-200, and 12%-NP-300, where 12%
refers to the amount of DMAEMA within the corona and 100,
150, 200, and 300 refer to the DP of the hydrophobic block)

were subjected to VT-DLS with a temperature range from 10−
70 °C and a heating rate of 1 °C/min (Figure 4). When cooled
to 10 °C, nanoparticles were roughly uniform in size (20−30
nm), with size slightly increasing as a function of core-chain
length. However, upon heating, the implications of core-chain
length became apparent, as nanoparticles containing longer
hydrophobic blocks grew in size more rapidly than nano-
particles with shorter core-chain lengths. We found that large
size changes can be accessed at lower temperatures in
assemblies with longer core-chain length. For example, 12%-
NP-300 (Figure 4, blue) showed a large size change between

Figure 2. (A) Reaction scheme of macro chain-transfer agent (macroCTA) synthesis via reversible addition−fragmentation chain-transfer (RAFT)
polymerization targetingMn = 5 kDa; (B) the pseudo-first-order kinetic plot revealed a faster consumption of 2-(dimethylamino)ethyl methacrylate
(DMAEMA) compared to N,N-dimethylacrylamide (DMA), indicative of a gradient composition; (C) number average molecular weight (Mn) and
dispersity (D̵) vs conversion plot.

Figure 3. (A) Nanoparticle synthesis via photoinduced electron/energy transfer (PET) RAFT; (B) pseudo-first-order kinetic plot of the
polymerization targeting DPDMA‑co‑DAAm = 100 exhibited kinetic behavior consistent with self-assembly, with the rate of monomer consumption
increasing upon micelle formation (100 min); and (C) gel permeation chromatography (GPC) trace revealed a clean shift in molecular weight
upon chain-extension of macroCTA (black).
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25 and 30 °C, whereas 12%-NP-150 (Figure 4, orange)
exhibited a similarly large size change between 40 and 45 °C.
In general, the temperature response of this system can be
tuned by varying the block copolymer length. In particular,
12%-NP-100 (Figure 4, red) exhibited no temperature
response from 10 to 20 °C, remaining constant at 22 nm.
From 25 to 50 °C, 12%-NP-100 displayed a linear size increase
of about 0.4 nm/°C up to 37 nm, after which growth became
exponential up to 122 nm at 70 °C. In contrast, 12%-NP-300
immediately exhibited a linear increase in size of 10 nm from
10−20 °C, increasing from 31 to 53 nm. Growth after 20 °C
became exponential, doubling in size from 75 nm at 25 °C to
152 nm at 35 °C. Past 35 °C, 12%-NP-300 continued to grow
at about 4 nm/°C, after which size began to plateau at 210 nm.
It is important to note that although DLS demonstrates that
the sizes of assemblies are temperature-dependent, these data
are not necessarily indicative of a morphological transition.
While the hydrodynamic sizes determined by DLS are
contingent on the sphericity of the nanoparticles being
characterized, the VT-DLS data in Figure 4 demonstrate that
the assemblies are temperature-dependent and that the thermal
response is dependent on the length of the core-chain.
To gain more accurate insights into morphological

evolution, we analyzed nanoparticles via TEM. We chose to
analyze the nanoparticle solutions at 50 °C to demonstrate the
difference in temperature response and morphology, as the
nanoparticle size difference between core-chain lengths is
greatest at this temperature. To preserve the morphology of
assemblies during dry-state analysis, O-alkyl hydroxylamine
crosslinker was added to core-crosslink the assemblies via
oxime formation.10,35 Nanoparticle solutions (0.1% w/w) were
heated to 50 °C, after which 10 mol % crosslinker (with
respect to DAAm) was added, and the solutions were allowed
to react overnight at 50 °C. Upon cooling, the size of the
assemblies remained the same (Figure S11), indicating
successful core crosslinking. Imaging via TEM revealed that
different morphologies could be accessed by varying the length

of the core-forming block. More specifically, we found that at
50 °C, micelles, worms, or vesicles could be obtained by simply
varying the core-chain DP from 100, 150, or 200, respectively
(Figure 4).
We next sought to obtain a wide range of morphologies from

a single formulation. To achieve this, we set about investigating
temperature response as a function of pH. By varying the
extent of DMAEMA protonation, we reasoned that the
hydrophilic block volume could be readily controlled as both
a function of increased coronal charge repulsion as well as
increased hydration of the hydrophilic volume. To determine
the effect of the extent of protonation on temperature
response, a PDMAEMA homopolymer was synthesized via
RAFT polymerization as a model compound (Figures S12 and
S13). The homopolymer was then dissolved in 30 mM
phosphate buffer at 0.1% w/w, and the solutions were titrated
with either 1 M HCl or 1 M NaOH to pH 4.15, 6.91, or 8.98.
Using the Henderson−Hasselbalch equation, it was estimated
that PDMAEMA is 99.9, 60.7, and 2.1% protonated at pH
4.15, 6.91, and 8.98, respectively. Cloud point temperatures
were determined by heating the samples from room temper-
ature to 95 °C and referencing the temperature of the samples
at 50% scattering intensity. It was found that Tcp increased as a
function of protonation. At pH 8.98, PDMAEMA exhibited a
Tcp at 34 °C, whereas decreasing the pH to 6.91 increased the
Tcp of PDMAEMA to 68 °C (Figure S14). At pH 4.15, no
thermal response was observed. The pH dependence of the Tcp
in PDMAEMA can be rationalized by protonation of the
tertiary amine moiety. At a lower pH, PDMAEMA experienced
a greater degree of protonation, wherein the polymer became
more hydrophilic and experienced greater polymer−solvent
interactions. As pH increased, there was a lesser extent of
protonation, decreasing the hydration of the DMAEMA units
and allowing the Tcp to be accessed. We hypothesized that the
pH-dependent cloud point could be leveraged to modulate the
nanoparticle size by tuning the relative volume of the
hydrophilic block.
With this in mind, nanoparticle solutions of 12%-NP-100

were prepared at 0.1% w/w and titrated with either 1 M HCl
or 1 M NaOH to evaluate temperature response at pH 4.15
and pH 8.98, respectively (Figure 5). At 10 °C, we found that
nanoparticles were nearly uniform in size (20−25 nm),
regardless of pH. From 10 to 45 °C, we observed linear size
growth at all pHs as nanoparticles at higher pHs grew slightly
faster. Between 45 and 70 °C, the nanoparticles at pH 8.98
began to grow more rapidly, increasing in size linearly from 60
to 153 nm at 4 nm/°C. The assemblies at pH 6.91 began to
experience a size increase around 60 °C, increasing in size from
57 to 122 nm. In contrast, the assemblies at pH 4.15 only
exhibited a small, linear increase (Figure 5). By DLS, the
greatest size disparity of nanoparticles between pHs was found
to be at 65 °C, where the sizes were 44, 82, and 134 nm at pH
4.15, pH 6.91, and pH 8.98, respectively. To verify the utility
of tuning temperature response with pH, we analyzed the
morphology of nanoparticles via TEM. Nanoparticle solutions
at each pH were subsequently heated to 65 °C, crosslinked,
and imaged via TEM. It was found that by utilizing 12%-NP-
100 at pH 4.15, pH 6.91, and pH 8.98, we could achieve
micelles (Figure 5, red), worms (Figure 5, green), and vesicles
(Figure 5, blue), respectivelyall from a single block
copolymer composition.
We next elected to consider the role of core-chain DP on

stimuli-responsive morphological evolution. To this end, we

Figure 4. Investigation of morphological change as a function of core-
chain length revealed that polymers with shorter core-chain lengths
exhibited a lower degree of temperature response compared to longer
core-chain lengths (70% diacetone acrylamide). Heating 0.1% w/w
solutions of nanoparticles to 50 °C (1 °C/min) yielded micelles
(12%-NP-100, red), worms (12%-NP-150, orange), and vesicles
(12%-NP-200, green).
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prepared solutions of 12%-NP-100, 12%-NP-150, 12%-NP-
200, and 12%-NP-300 at 0.1% w/w at the appropriate pH. We
first analyzed assembly size as a function of pH at 25 °C (Table
1).

In general, size increased as a function of core-chain length
and decreased as a function of increasing protonation. This is
consistent with our earlier findings, wherein increasing
protonation increased the hydrophilic block volume. At pH
4.15, nanoparticle size was similar (24−35 nm), whereas pH
6.91 and pH 8.98 exhibit similar size profiles. At 70 °C,
however, this similarity disappeared, as the assemblies in pH

8.98 solution experienced a much greater size increase with
sizes ranging from 158−325 nm (Table 1). Nanoparticles in
pH 4.15 solution remained relatively small, ranging from 48 to
76 nm. These studies suggest that further modulation of size
and morphology can be achieved by controlling the hydro-
phobic block volume as a function of core-chain length and
varying the hydrophilic block volume via pH and temperature.
While our previous studies focused on block copolymers

containing 12% DMAEMA, we reasoned that temperature and
pH response could be accentuated by further increasing the
DMAEMA content within the corona. Our initial investigation
focused on block copolymers with a constant core-chain DP of
100, varying only the amount of DMAEMA within the corona.
Block copolymer solutions were diluted to 0.1% w/w, titrated
to the appropriate pH, and subjected to VT-DLS. At pH 4.15,
assembly size decreased with the increase in DMAEMA
content. Upon heating, each assembly exhibited a near-linear
increase in size, with nanoparticles doubling in size for each
block copolymer from 10 to 70 °C (Figure 6A). In general, the
nanoparticles with a greater DMAEMA content were more
protonated, and, therefore, displayed a larger hydrophilic block
volume. This resulted in 24%-NP-100 and 34%-NP-100 being
smaller and more thermally stable as they experience a larger
degree of protonation.
As pH increased to 6.91, the same trend in size increase was

observed, as the copolymers containing more DMAEMA were
increasingly protonated. From 10 to 50 °C, the size increase
was linear for all block copolymers, after which the growth
behavior deviated for each (Figure 6B). As 34%-NP-100 was
the most protonated of the three copolymers, it displayed the
least amount of size change, as it grew from 21 nm at 10 °C
and plateaued at 36 nm by 50 °C. As the DMAEMA content
decreased, 24%-NP-100 exhibited a mostly linear increase in
size from 20 nm at 10 °C to 57 nm at 70 °C. Similarly, 12%-
NP-100 grew linearly until 50 °C but then experienced
exponential growth from 37 nm at 50 °C to 122 nm at 70 °C.
At both pH 4.15 and 6.91, the solution was below the pKa of
DMAEMA (pKa = 7.3); therefore, the coronas of each block
copolymer were 99 and 61% protonated, respectively. As
polymers containing more DMAEMA were more protonated,
the thermal response was increasingly dampened as a function
of pH. Conversely, once the pH of the solution was raised
above the pKa of DMAEMA, the opposite trend was observed,
with polymers containing more DMAEMA experiencing a
greater increase in size with temperature (Figure 6C). All
formulations exhibited a slight linear growth (0.5 nm/°C)
from 10−30 °C, after which a much greater linear growth was
observed. This linear increase varied with DMAEMA content,
with 12%-NP-100, 24%-NP-100, and 34%-NP-100 experienc-
ing growth rates of 3.2, 3.6, and 4.1 nm/°C, respectively. These
data suggest that the extent of stimuli response can be
amplified by increasing DMAEMA content and that precise
size control can be achieved by judicious pH and temperature
control.
Finally, we applied these principles to block copolymers with

longer core-chain lengths. Nanoparticle solutions were
prepared in the same manner as previous studies; however,
the size was investigated statically at 25 (Table S3) and 70 °C
(Table S4). Corroborating previous data, the size increased
with the increase in core-chain length. For pH 4.15 and pH
6.91 at 25 °C, the size decreased as a function of increasing
DMAEMA content, as polymers with more DMAEMA exhibit
a greater hydrophilic block volume. Conversely, once the pH

Figure 5. (A) Increasing pH causes the hydrophilic block volume to
shrink relative to the hydrophobic block volume due to a lower degree
of protonation. (B) At low pH, DMAEMA is increasingly protonated,
suppressing temperature response (red). As pH increases, the cloud
point temperature (Tcp) becomes more readily accessed, allowing size
growth at lower temperatures. By varying pH, micelles (red), worms
(green), and vesicles (blue) can be obtained at 65 °C from a single
block copolymer by varying pH.

Table 1. Hydrodynamic Diameters (Dh) of Nanoparticle
Solutions (0.1% w/w) at 25 °C and 70 °C across Varying
pHs

sample T (°C)
Dh (nm)a
pH 4.15

Dh (nm)a
pH 6.91

Dh (nm)a
pH 8.98

12%-NP-100 25 24 23 28
12%-NP-150 25 27 34 44
12%-NP-200 25 31 43 59
12%-NP-300 25 35 92 95
12%-NP-100 70 48 122 158
12%-NP-150 70 55 145 221
12%-NP-200 70 63 182 264
12%-NP-300 70 76 205 325

aAverage hydrodynamic diameter (Dh) was determined by DLS
(0.1% w/w). Size distributions were averaged over five runs.
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was above the pKa, the size increased as a function of
increasing DMAEMA content. Temperature response in-
creased at higher pH, with each assembly roughly doubling
in size from 25 to 70 °C at pH 4.15. At pH 6.91, temperature
response became largely dependent on the amount of
DMAEMA within the corona with 12%-NP-100−300 experi-
encing much larger growth than 34%-NP-100−300. As the
DMAEMA content increased, assemblies began to become
thermally unstable as macroscopic precipitation was observed
at higher core-chain lengths (Table S4).
As pH 6.91 and pH 8.98 demonstrated the greatest

temperature response, 12%-NP-200, 24%-NP-200, and 34%-
NP-200 were imaged via TEM at 25 and 70 °C (Figure 7). At
25 °C and pH 6.91, only micelles were observed, regardless of
the DMAEMA content. 12%-NP-200 underwent either a
micelle-to-worm transition upon titration to pH 8.98 or a
micelle-to-vesicle transition upon heating to 70 °C. When
titrated from pH 6.91 to 8.98 or heated from 25 to 70 °C,
24%-NP-200 exhibited a micelle-to-worm transition. As 34%-
NP-200 is more pH-sensitive, a micelle-to-vesicle transition
was observed upon pH increase, whereas a micelle-to-worm
transition was observed with the increase in temperature. From
these images, we highlight that not only can micelles, worms,
or vesicles be obtained from a single formulation but these
transitions can also be obtained via pH or heat orthogonally.

■ CONCLUSIONS
By carefully modulating the pH and temperature of dual-
responsive nanoparticles, it is possible to precisely control the
nanostructure size and shape. The incorporation of DMAEMA
in the corona provides a means to regulate the relative volume
of the hydrophilic block through pH control. When the pH is
lower than that of the pKa of DMAEMA, the tertiary amine
groups become protonated, causing the hydrophilic block to
swell due to charge repulsion and increased hydration.
Consequently, this protonation can be used to modulate the
temperature sensitivity of the nanoparticles, allowing for a
range of morphologies to be obtained from a single block
copolymer composition. Furthermore, the DMAEMA content
in the corona can be modified to control the nanoparticle
shape. Importantly, this strategy circumvents the need for
tedious nanoparticle synthesis by providing a straightforward
means to prepare micelles, worms, and vesicles from a single

composition. This work demonstrates the potential of
programmable block copolymers for the preparation of
precisely defined nanoparticles, such as in drug delivery
where both size and shape are critical design considerations.
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*sı Supporting Information
The Supporting Information is available free of charge at
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Figure 6. Increasing pH caused the hydrophilic block volume to shrink, while the hydrophobic block volume remained constant. This led to
increasing temperature response with the increase in pH such that (A) at pH 4.15, the thermal response was largely suppressed due to increased
hydration of the corona; (B) at pH 6.91, the thermal response was linear until 50 °C, after which the thermal response became exponential, linear,
or plateaus with the increase in DMAEMA content; and (C) at pH 8.98, DMAEMA was largely deprotonated; therefore, the polymers with the
most DMAEMA content exhibited the largest temperature response.

Figure 7. Although all block copolymers were micelles in pH 6.91
solution at 25 °C, each copolymer system displayed a unique behavior
when subjected to pH or heat. At pH 8.97, copolymers with greater
DMAEMA content experienced a larger pH response. At 70 °C in pH
6.91 solution, however, copolymers were ∼60% protonated, allowing
for increased temperature response with the decrease in DMAEMA
content. Utilizing these stimuli orthogonally, 12%-NP-200 and 34%-
NP-200 could form micelles, worms, or vesicles.
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