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Abstract: A series of copolymers containing 50 mol% acrylic
acid (AA) and 50 mol % butyl acrylate (BA) but with differing
composition profiles ranging from an AA-BA diblock copo-
lymer to a linear gradient poly(AA-grad-BA) copolymer were
synthesized and their pH-responsive self-assembly behavior
was investigated. While assemblies of the AA-BA diblock
copolymer were kinetically frozen, the gradient-like composi-
tions underwent reversible changes in size and morphology in
response to changes in pH. In particular, a diblock copolymer
consisting of two random copolymer segments of equal length
(16 mol% and 84 mol% AA content, respectively) formed
spherical micelles at pH > 5, a mix of spherical and wormlike
micelles at pH 5 and vesicles at pH 4. These assemblies were
characterized by dynamic light scattering, cryo-transmission
electron microscopy and small angle neutron scattering.

Introduction

Natural polymers form a great variety of self-assembled
structures that are essential to their function. Remarkably,
these are achieved using a very restricted alphabet of
monomers: the vast natural library of proteins is made up
of only 20–22 amino acids.[1] It is the arrangement of the
monomers, as much as their individual properties, that
determines the final structure and properties of the polymer,

and allows it to fill roles ranging from structural reinforce-
ment to precisely tuned catalysis.

In the realm of high-volume synthetic polymers, by
contrast, we dispose of a vast range of monomers. While
control over polymer molar mass distribution is improving,[2]

control over monomer arrangement remains limited.[3] Na-
tureQs example suggests, however, that applying even this
limited degree of control could allow a wider range of
properties to be obtained from copolymers of a relatively
small library of monomers with controlled composition
profiles.

Amphiphilic copolymers containing ionizable groups such
as carboxylic acids and amines form a wide range of self-
assembled structures in response to changes in pH.[4–6]

Transitions from unimeric solutions to spherical micelles are
common,[7, 8] while with careful control of the hydrophilic-
hydrophobic balance of the copolymer, transitions from
spherical micelles to wormlike micelles[9–11] and/or vesi-
cles[12–15] may also be observed.

Most studies of pH-responsive polymers have focused on
block copolymers comprising two or more homopolymer
segments. The presence of a strongly hydrophobic segment
results in the formation of kinetically trapped structures that
respond slowly, if at all, to further changes in their environ-
ment.[16] Structures that can transition between different
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morphologies are relatively rare, and have for the most part
been obtained using weakly hydrophobic monomers, such as
hydroxypropyl methacrylate.[5, 9–11, 15]

More recently, amphiphilic copolymers containing mixed
segments (e.g. gradient copolymers and block copolymers
with hydrophilic monomers incorporated into the hydro-
phobic segment) have been shown to form self-assemblies
that respond dynamically to changes in their environ-
ment.[17, 18] Gradient copolymer assemblies may exhibit rever-
sible changes in size[7, 19,20] or shape[20, 21] in response to changes
in solvent quality. Diblock and triblock copolymers contain-
ing hydrophilic polyacrylic acid and hydrophobic poly(acrylic
acid-ran-butyl acrylate)[22–24] or poly(acrylic acid-ran-sty-
rene)[25–27] segments show reversible associations across a wide
pH range. Copolymers with more complex composition
profiles, incorporating hydrophilic homopolymer and moder-
ately hydrophobic gradient copolymer segments may also
undergo reversible self-assembly in response to changes in
temperature[28–30] or pH.[8, 29] These results indicate that the
incorporation of hydrophilic groups into the hydrophobic
segment of an amphiphilic copolymer can have a significant
effect on its self-assembly behavior. However, the effect of
the distribution of these hydrophilic groups, whether ran-
domly distributed in a single segment, asymmetrically dis-
tributed in a gradient throughout the polymer chain, or as part
of a more complex composition profile, remains unclear.

Here we show that a single copolymer comprising equal
parts of n-butyl acrylate (BA) and acrylic acid (AA), with
a controlled spatial distribution of AA groups, is capable of
forming spherical micelles, wormlike micelles and vesicles in
response to changes in pH. More generally, 1:1 AA-BA
copolymers with asymmetric or gradient-like distributions of
AA form dynamically responsive self-assemblies for pH + 5,
which undergo changes in size and morphology in response to
changes in pH. This is in contrast to the kinetically trapped,
frozen assemblies that are formed from the block copolymer
poly(AA-block-BA), comprising two homopolymer seg-
ments. These results demonstrate the role of the spatial
distribution of hydrophilic and hydrophobic groups in am-
phiphilic stimuli-responsive copolymers in modulating the
size and morphology of their self-assemblies as well as their
dynamic response to changes in their environment.

Results and Discussion

Polymer precursors were synthesized from tert-butyl
acrylate (tBA) and BA via reversible addition-fragmentation
chain transfer (RAFT) polymerization (Scheme 1). These
monomers displayed nearly identical reactivity, forming
random copolymers without composition drift across a wide
composition range (see Supporting Information, Figure S1).

Four composition profiles were targeted, each containing
50 mol% BA and 50 mol% tBA (Figure 1): a poly(tBA-
block-BA) block copolymer (B); a poly(tBA-grad-BA) gra-
dient copolymer (G) of nominally linear composition profile;
an asymmetric diblock copolymer (D) consisting of two
poly(tBA-ran-BA) blocks of equal targeted number average
degrees of polymerization (DPn) comprising 16 mol% and

84 mol% tBA, respectively; and an asymmetric triblock
copolymer (T) consisting of a short block of poly(tBA),
a longer block of poly(tBA-ran-BA) comprising 50 mol%
tBA, and a short block of poly(BA). The targeted DPn of the
component blocks of T were in the proportion 21:58:21. The
gradient profile was obtained using a starved feed semibatch
process with continuous addition of both monomers,[31] while
the asymmetric diblock and triblock profiles were obtained
via sequential polymerizations using a robotic parallel
synthesizer.[32] The asymmetric structures D and T were
chosen to mimic the linear gradient profile using a minimal
number of steps (see Supporting Information for details on
profile selection). Each composition profile was realized at
overall number average molar masses (Mn) of 10 and
20 kg mol@1.

The tert-butyl groups were subsequently selectively and
quantitatively acidolyzed using trifluoroacetic acid to yield
amphiphilic copolymers of AA and BA, in which the
distribution of AA units faithfully reproduces the distribution
of tBA units in the original polymer.[33] Full details of synthesis
and characterization are provided in the Supporting Infor-
mation (Figures S2–S9, Tables S1 and S2); their characteristic
properties are summarized in Table 1. The polymers are
referred to as, for example, G20, where G represents the
gradient profile, and 20 the targeted Mn (before acidolysis) of

Scheme 1. Schematic representation of the synthesis of amphiphilic
block and gradient copolymers by RAFT (co)polymerizations of n-butyl
acrylate and t-butyl acrylate followed by acidolysis of t-butyl groups.

Figure 1. Targeted composition profiles of block copolymers (B), linear
gradient copolymers (G) and asymmetric diblock (D) and triblock (T)
copolymers.
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20 kg mol@1. Synthesis of the gradient copolymers with linear
composition profiles was significantly more challenging than
for the other structures. As a result, control over molar mass
and dispersity (Y) was less precise, with a broader range of
molar mass and Y of 1.35–1.38 for these polymers as
compared to & 1.1 for the block, asymmetric diblock and
triblock copolymers.

Potentiometric titration of the 20 kg mol@1 polymers in the
presence of 0.1 M NaCl showed that all were essentially fully
ionized at pH + 9, 80 to 90 % ionized at pH 7, 20 to 40%
ionized at pH 5, and less than 10 % ionized at pH 4. They
exhibited an apparent pKa at 50% ionization ranging from
5.5 (B20) to 5.8 (G20). The full titration curves are reported in
the Supporting Information (Figures S10–S11).

The effect of pH on the self-assembly of the polymers in
aqueous solution was first investigated by dynamic light
scattering (DLS). The polymers were dissolved directly into
0.1 M NaOH solution at a concentration of 0.2 wt %, ensuring
their complete ionization. The solution was then titrated first
with aq. HCl until it became turbid (typically at pH & 4), then
with aq. NaOH to return to high pH. DLS correlograms were
obtained at regular intervals during titration. In parallel, the
polymers were directly dissolved in buffer solutions at pH of
10, 8, 7, 6, 5 and 4. At pH 4, the polymers did not dissolve
spontaneously in water, and dispersions were obtained by
heating with microwave irradiation. These solutions were also
analyzed using DLS. The apparent particle size distributions
were monomodal in nearly all cases, with polydispersity
indices (PDIs) ranging from less than 0.1 in the case of D20 to
a maximum of 0.46 in the case of G20 at pH 4.45 (see
Supporting Information Figures S12–S23, Tables S3–S11 for
details). Figure 2 shows the variation of apparent hydro-
dynamic diameter (Dh) as a function of pH for both the
titrated samples and those that were directly dispersed in
buffer solution.

The apparent Dh of self-assemblies of the block copoly-
mers B10 and B20 were unaffected by changes in pH for pH

> 5 (degree of ionization, a> 20 %). At pH 5, the polymer
precipitated. Significant differences in apparent Dh were
observed in the forward and back titrations, indicating that
the self-assemblies were kinetically trapped, non-equilibrium
species in agreement with earlier results from the litera-
ture.[35–37]

In contrast, the apparent Dh of the gradient copolymers
and asymmetric diblock copolymers were sensitive to pH,
steadily increasing from 10–30 nm at pH greater than 7 to
around 100 nm at pH of 4 to 5. The DLS titration curves were
reversible and generally in good agreement with apparent Dhs
obtained by direct dissolution in buffer solution. Hysteresis
was observed for pH less than & 5, suggesting that equilibra-
tion is slow or nonexistent when the degree of ionization is
low, which is consistent with previous observations of block
copolymers of poly(AA) and poly(AA-ranBA).[38, 39] Finally,
the apparent Dh of the asymmetric triblock copolymers
remained constant or decreased slightly as the pH decreased,
before abruptly increasing at pH 4 (a< 10 %). Again, the
changes in size were reversible and independent of the
method of preparation for pH > 4.

Selected samples (B20, G20, D10 and T10, prepared by
direct dispersion in buffer) were subsequently analyzed by
cryo-transmission electron microscopy (Cryo-TEM), with
representative images displayed in Figure 3 (additional
Cryo-TEM images are available in the Supporting Informa-
tion, Figures S24–S40). These images were generally consis-
tent with the trends in particle size observed by DLS, but
allowed direct evaluation of particle morphology.

Cryo-TEM images of B20 displayed spherical particles
with diameters of & 40 nm. At all pHs, they are densely
packed in larger clusters of bigger size, which explains the
larger particle diameters obtained by DLS. The presence of
these clusters in solution at pH 4 and pH 10 was confirmed by
small angle neutron scattering (Figure S41). More ill-defined,
highly polydisperse spherical particles dominate at pH 4,
although some larger particles including wormlike micelles

Table 1: Molar mass (before acidolysis) and composition data for block and gradient copolymers synthesized.

Polymer Profile Overall Component blocks
Mn

[b] (s[a]), kgmol@1 X[b] %nBA[c] Mn (s[a]), kgmol@1 X %nBA[c]

B10 Block 11.9 (3.8) 1.10 47.7 6.2[b] (1.8)
5.7[d] (3.3)

1.08[b]

1.34[d]
0
100

B20 Block 23.2 (8.0) 1.12 49.3 11.6 (3.1)
11.6[d] (7.2)

1.07
1.38[d]

0
100

D10 Asymmetric Diblock 10.8 (3.2) 1.09 49.3 4.9[b] (1.6)
5.9[d] (2.8)

1.11[b]

1.23[d]
16.0
85.4

D20 Asymmetric Diblock 20.9 (6.6) 1.10 45.4 10.0[b] (3.5)
10.9[d] (5.7)

1.12[b]

1.27[d]
16.1
83.9

T10 Asymmetric Triblock 9.7 (2.6) 1.07 47.3 1.7 (0.5)[b]

6.1 (2.1)[d]

2.2 (1.5)[d]

1.10[b]

1.12[d]

1.44[d]

0
50.0
100

T20 Asymmetric Triblock 20.1 (5.3) 1.07 44.2 4.1 (1.2)[b]

11.8 (4.1)[d]

4.2 (3.3)[d]

1.09[b]

1.12[d]

1.60[d]

0
49.5
100

G10 Gradient 8.0 (4.9) 1.38 51.4
G20 Gradient 28.9 (17.1) 1.35 43.9

[a] Standard deviation of the molar mass number distribution, calculated as s = Mn W
p

(X@1).[34] [b] Measured by size exclusion chromatography
calibrated with poly(methyl methacrylate) standards. [c] mol% from 1H NMR analysis. [d] Calculated using equation 8 in ref. [34].
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and vesicles, were also observed (Figures 3a and S27) and
some macroscopic phase separation occurs.

By contrast, spherical assemblies of G20 and D10
increased in size as the pH decreased from 10 (fully ionized)
to 7 (a = 80–90%). At pH 5 (a = 20–40%), D10 exhibited
a mixture of wormlike and spherical structures, while at pH 4
(a< 10%) vesicles dominated. For G20, aggregates of
spherical assemblies were observed at pH 5, while at pH 4
a mixture of vesicles and wormlike micelles was observed.
The presence of wormlike micelles and vesicles rather than
only vesicles as in the other structures may be related to the
larger dispersity of the gradient copolymer, as increased
dispersity is known to displace the phase diagrams of block
copolymers,[40–44] for example pushing the cylinder/lamellar
phase boundary of polystyrene-block-polyisoprene-block-
polystyrene elastomers to higher volume fractions of poly-
styrene.[44] Wormlike structures have previously been ob-

served in aqueous dispersions of block copolymers of BA and
AA prepared at low pH; these irreversibly transform into
spheres when the pH is raised.[35, 45]

Finally, assemblies of T10 remained small (& 10 nm) and
spherical from pH 10 to pH 5, while only vesicles of 100 to
300 nm in diameter were observed at pH 4.

The asymmetric diblock, triblock and gradient structures
showed broad similarities in their response, forming spherical
structures at high pH and vesicles at low pH, with a dynamic
and reversible response to changes in pH (at least for pH + 5)
that was not observed for the block copolymers B10 and B20.
While the triblock copolymers were superficially more similar
in composition profile to the linear gradient copolymers, it
was the shorter asymmetric diblock copolymer D10 that most
closely mimicked the size and morphological transitions
observed for gradient copolymers. This may be due to the
presence of a segment of poly(BA) homopolymer in the
triblock copolymers, which could be expected to significantly
retard exchange between micelles.[33,35, 37]

The observed transformations of D10 seemed particularly
noteworthy, as this copolymer forms spheres of varying size,
worms or vesicles in response to changes in pH, with evidence
of reversibility at least for pH > 5. Such a range of structures
is uncommon for any single polymer composition, and in this
case the effect of varying the spatial distribution of hydro-
phobic and hydrophilic units is particularly apparent. This
sample was further investigated using small angle neutron
scattering at pH 10, 7, 5 and 4.

The results, shown in Figure 4, indicated a 103-fold
increase of the molar mass of the self-assemblies going from
pH 10 to pH 4 as a consequence of the morphological
transition and concomitant increase of the number of
copolymer chains in each self-assembly (see inset Figure 4).
Interestingly, the scattering data at pH 10 and 7 presented

Figure 2. Apparent Z-average hydrodynamic diameters (Dh) obtained
by DLS for different types of copolymers with molar mass of 10 and
20 kgmol@1 using two different methods (directly dispersed in different
pH buffers (grey triangles) and titration study (decreasing pH: black
squares; increasing pH: open squares)): a) B10 b) B20 c) G10 d) G20
e) D10 f) D20 g) T10 h) T20. The arrows indicate the direction of the
titration (solid: decreasing pH; dashed: increasing pH;).

Figure 3. Representative Cryo-TEM images of the self-assemblies of
different types of copolymers directly dispersed in different pH buffers:
a) B20 ; b) G20 ; c) D10 ; and d) T10. More images are available in the
Supporting Information (Figures S24–S40).
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a plateau at low q values indicating small quasi spherical
nano-objects. For pH 5 and 4, at low q, the scattering intensity
I(q) was proportional to q@1 and q@2 respectively and
indicated the presence of cylindrical and lamellar species.
This qualitative observation was confirmed by the fitting of
the data, which suggested that the sample comprised slightly
elongated micelles at pH 10 and 7, long cylinders at pH 5
(with a possible small contribution from spherical nano-
objects, see Figure S41 for more details), and predominantly
vesicles at pH 4. These conclusions are consistent with Cryo-
TEM images. Further details of the fitting procedure, includ-
ing the fitted model parameters, are available in the
Supporting Information (Table S12).

Conclusion

These remarkable differences in self-assembly between
block, gradient, asymmetric diblock and asymmetric triblock
copolymers, despite their identical compositions and molar
masses, underline the importance of controlling the distribu-
tion of functional groups within a polymer chain. Passing from
a purely block-like structure to more gradient-like asymmet-
ric structures that incorporate statistical copolymer segments
transforms the frozen, kinetically trapped assemblies of the
block copolymer into dynamically responsive assemblies that
can change both their size and their shape in response to
changes in their environment. By an appropriate selection of
the composition profile, a single acrylic acid-butyl acrylate
copolymer (D10) can be induced to form spherical, wormlike
or vesicular morphologies under different pH conditions.
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