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Abstract Multicompartment micelles, as an intriguing class
of self-assembled aggregates with subdivided solvophobic
cores, show high potentials for various applications. Their
unique morphologies and sequestration properties depend
highly on structure and chemical composition of the building
blocks as well as self-assembly environments. To further un-
derstand their relationships, a series of well-defined amphi-
philic triblock terpolymers poly(methyl methacrylate)-block-
poly(2-(cinnamoyloxy)ethyl methacrylate)-block-poly(2-
dimethylaminoethyl methacrylate) (PMMA-b-PCEMA-b-
PDMAEMA) was synthesized via sequential atom transfer
radical polymerization (ATRP) followed by selective modifi-
cation of the middle block, and the self-assembly of PMMA-
b-PCEMA-b-PDMAEMA via direct dispersing in water and
step-wise procedures through solvent exchange was studied,
respectively. Dynamic laser scattering (DLS) studies showed
the existence of large-sized aggregates formed through direct
self-assembly of PMMA-b-PCEMA-b-PDMAEMA triblock
terpolymers in water, and the aqueous solutions were found
to exhibit the surface tension reduction. This is probably
caused by the frozen micelles adsorbed on the air/water inter-
face which play the role of Pickering emulsifiers. However,
PMMA-b-PCEMA-b-PDMAEMA multicompartment mi-
celles could be successfully prepared by the step-wise self-

assembly method, inhibiting the formation of frozen micelles
and large aggregates. Prepared from different PMMA-b-
PCEMA-b-PDMAEMA triblock terpolymers, the homoge-
neously nano-sizedmulticompartmentmicelles of ovalmorphol-
ogies with distinct subdivided core domains were confirmed by
transmission electron microscope (TEM). Besides, various mor-
phologies of the multicompartment micelles were obtained sim-
ply by altering the pH value of water. This multicompartment
micelle system with adjustable pH response holds potential for
therapeutic delivery of multiple incompatible drug payloads and
is believed to contribute to enriching the research field of tunable
polymer self-assemblies.
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Introduction

Applications within the emerging field of nanotechnology,
concerning drug and gene delivery systems, nanoreactors,
and so on, have increasing demands for new and complex
materials with well-defined three-dimensional structure over
the size range of 1–1000 nm [1, 2]. Currently, many more
designed nanostructures are effectively produced from the
self-assembly of block copolymers on interfaces or in solution
because of various types of monomers available, ease of
chemical reaction control, and especially defined yet modifi-
able architectures of the macromolecules. Depending on dif-
ferent chemical compositions and blocking sequences of AB
coblock copolymers or ABC triblock terpolymers as the build-
ing blocks, typical examples of the formed micellar morphol-
ogies include core-shell-corona structures, nanotubes, helices,
micelles with segregated coronas, and multicompartment mi-
celles [3–8].
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The concept of multicompartment micelles draws inspira-
tion from biological systems in which a single eukaryotic cell,
comprising several different subunits, can naturally perform
an array of distinct functions. Attractively, there are multiple
domains in multicompartment micelles with distinct chemical
environments existing in close proximity within one nano-
structure. They are shown to possess the ability to selectively
store and transport small organic molecules within their
solvophobic/hydrophobic interior [9, 10]. As an intriguing
category of nanoscopically self-assembled aggregates with
subdivided solvophobic cores, multicompartment micelles
have been studied more and more extensively for their unique
morphological properties. Since the key feature of
multicompartment micelles is the microphase separation with-
in the hydrophobic core region of the micelles, the most im-
portant step to prepare multicompartment micelles from ABC
triblock terpolymers is selecting hydrophobic A and B com-
ponents that are sufficiently incompatible, and thus, will seg-
regate into distinct domains [11]. Laschewsky and co-workers
have reported the aqueous self-assembly of an triphilic ABC
l inea r t r ib lock te rpo lymer po ly (4 -methy l -4 - (4 -
vinylbenzyl)morpholinium chloride)-block-polystyrene-
block-poly(pentafluorophenyl 4-vinylbenzyl ether) (PVBM-
b-PS-b-PVBFP) consisting of strongly incompatible hydro-
carbon and fluorocarbon blocks which favor the segregation
into distinct domains. This led to Braspberry-like^ morphol-
ogies consisting of small fluorinated PVBFP nodules (D≈
3 nm) within a larger PS core (D≈15 nm) [12]. Further studies
systematically illustrate all possible morphological variations
of the multicompartment micelles provided by varying the
blocking sequence of the triphilic terpolymers and the relative
length of the blocks [13] as well as the selective solvents
(water, isopropanol, acetone, n-hexane, etc.) for individual
blocks, which afford spherical micelles with Bsickle^ fluoro-
carbon domains at the external interface of the core, Bsoccer
ball^morphologies, micelles with Bcapsule^ fluorocarbon do-
mains inside the core, and so forth [14]. Nevertheless, ABC
miktoarm star terpolymers provide a versatile and powerful
route toward multicompartment micelles, which results from
the fact that the miktoarm star architecture effectively sup-
presses the formation of concentric domains with an Bonion-
like^ arrangement, the default core-shell-corona structure
adopted by common ABC linear triblock terpolymers [15,
16]. However, these types of multicompartment micelles men-
tioned above are mainly prepared from either fluoride-
containing triphilic ABC linear triblock terpolymers, or ex-
pensive and complex ABC miktoarm star terpolymers.
Multicompartment micelles prepared from simple linear
ABC triblock terpolymers were seldom reported until Müller
and co-workers developed facile strategies toward homoge-
neous populations of well-defined multicompartment micelles
using several kinds of simple commercially available poly-
mers. For each of the triblock terpolymers used to form

nanoscale multicompartment micelles, the importance of in-
compatibility between individual blocks should be highly
considered and the selective solvent systems need to be care-
fully chosen and prepared [17].

The aim of this work is to prepare the multicompartment
micelles bearing discrete hydrophobic core domains with a va-
riety of different yet tunable morphologies, from a simple type of
amphiphilic ABC linear triblock terpolymer which is entirely
synthesized in our laboratory. Herein, we report the formation
of core-compartmentalized micelles by the step-wise self-assem-
bly of a designed ABC triblock terpolymer poly(methyl meth-
acrylate)-block-poly(2-(cinnamoyloxy)ethyl methacrylate)-
block-poly(2-dimethylaminoethyl methacrylate) (PMMA-b-
PCEMA-b-PDMAEMA), in selective solvents. Each of the
self-assembly steps was studied and confirmed via dynamic laser
scattering (DLS) and transmission electron microscope (TEM).
In addition to Müller’s work [17], we have investigated the mor-
phological variations of PMMA-b-PCEMA-b-PDMAEMA
multicompartment micelles with different molecular weights un-
der varied pH conditions, which is believed to contribute to
enriching the research field of tunable polymer self-assemblies.

Experimental methods

Materials

Ethyl 2-bromoisobutyrate (EBriB, 98 %, Sinopharm Chemical
Reagent co., ltd), N,N,N′,N′,N″-pentamethyldiethylenetriamine
(PMDETA, 97 %, Sinopharm Chemical Reagent co., ltd), and
Cuprous bromide (CuBr, 97 %, Sinopharm Chemical Reagent
co., ltd) were used as purchased. Methyl methacrylate (MMA,
99 %, S inopha rm Chemica l Reagen t co . , l t d ) ,
2-(Trimethylsilyloxy)ethyl methacrylate (HEMA-TMS, 99 %,
Aldrich), and dimethylaminoethylmethacrylate (DMAEMA,
99 %, Aldrich) were distilled under reduced pressure prior to
polymerization. Anisole, isopropanol, acetone, and all other
solvents were purchased from Shanghai Chemical Reagent
Company and used as received. All reagents used were com-
mercially available and at analytical grade.

Synthesis of PMMA-Br

In the typical experiment, 10.5 mL (0.099 mol) MMAmonomer
was placed into a round-bottomed flask equipped with a mag-
netic stirrer, and 0.09468 g (0.66 mmol) CuBr, 413.8 μL
(1.98 mmol) PMDETA, and 95.7 μL (0.66 mmol) EBriB were
added in sequence. After being subjected to three freeze-pump-
thaw cycles to replace any dissolved oxygen with nitrogen, the
flask was sealed and immersed in a thermostatic oil bath at
80 °C. The mixture tuned dark green immediately and became
viscous progressively as the reaction went on. After a prescribed
time of the polymerization reaction, the mixture was exposed to
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air under stirring and diluted with acetone and passed through a
column of neutral alumina to remove copper catalyst then pre-
cipitated in excess methanol. The collected sample was then
dried under vacuum overnight at 50 °C to obtain the purified
macro-initiator PMMA-Br (Mn=15,600 g/mol, Mw/Mn=1.33).

Synthesis of PMMA-b-PHEMATMS-Br

In the typical experiment, 1.5 g (0.1 mmol) of the PMMA-Br
initiator was dissolved with 3 mL anisole in a round-bottomed
flask, 0.0143 g (0.1 mmol) CuBr, 80.3 μL (0.3 mmol)
PMDETA, and 2 mL HEMA-TMS monomer were added in
sequence. After being subjected to three freeze-pump-thaw cy-
cles to replace any dissolved oxygen with nitrogen, the flask was
sealed and immersed in a thermostatic oil bath at 120 °C. After
24 h, the polymerization was stopped by exposure to the air and
the solution was diluted with acetone. After being passed
through the column of neutral alumina, the sample was precip-
itated in excess petrol ether and dried under vacuum overnight at
50 °C to obtain the diblock copolymer PMMA-PHEMATMS
with a bromine end (Mn=31,200 g/mol, Mw/Mn=1.20).

Synthesis of PMMA-b-PHEMATMS-b-PDMAEMA

PMMA-b-PHEMATMS-b-PDMAEMA triblock terpolymers
were synthesized from further chain extension from PMMA-
b-PHEMATMS diblock copolymers with an -Br end as the
macro-initiator. In the typical experiment, a typical 0.1 mmol
of the PMMA-PEMATMS-Br initiator was dissolved with
4 mL anisole, addition of 0.1 mmol CuBr, 0.3 mmol
PMDETA, and 4 mL DMAEMA monomer were carried out
in sequence. After three freeze-pump-thaw cycles and being
sealed, the reaction started at 120 °C. After 5 h, the reaction
was stopped by exposure to the air. The solution was diluted
with acetone and passed through a column of neutral alumina
to remove copper catalyst then precipitated in excess petrol
ether. The obtained solid PMMA-b-PHEMATMS-b-
PDMAEMA was dried under vacuum overnight at 50 °C
(Mn=58,900 g/mol, Mw/Mn=1.19).

The series of PMMA-b-PHEMATMS-b-PDMAEMA
triblock terpolymers with varied molecular weights was
obtained by tuning the molar ratio of monomer/initiator
as well as the atom transfer radical polymerization
(ATRP) reaction time.

Synthesis of PMMA-b-PCEMA-b-PDMAEMA

Conversion of PMMA-b-PHEMATMS-b-PDMAEMA to
PMMA-b-PCEMA-b-PDMAEMAwas conducted by selective
acidic hydrolysis of the TMS-groups on PCEMAblocks, follow-
ed by esterification with cinnamoyl chloride. For sufficient con-
version, PMMA-b-PHEMATMS-b-PDMAEMA (0.5 g) was
dissolved in a mixture of 10 mL THF and 10 mL methanol

containing 1 mL acetic acid as catalyst. The mixture was stirred
for 5 h at room temperature, and quantitative removal of the
TMS protective group was confirmed by 1H-NMR analysis.
The solvents were removed by evaporation and the newly
formed hydroxyl groups of the PHEMAblockwere reacted with
a three-fold excess of cinnamoyl chloride in THF and TEA at
room temperature overnight. The resultant PMMA-b-PCEMA-
b-PDMAEMA was purified by dialysis against ethanol over-
night then dialyzed against water and freeze-dried.

Preparation of PMMA-b-PCEMA-b-PDMAEMA
aqueous solutions

The synthesized PMMA-b-PCEMA-b-PDMAEMA triblock
terpolymers were directly dissolved in ultrapure water with
varied concentration from 1 g/L to 1×10−5 g/L, followed by
ultrasound treatment for 1 h to ensure a homogeneous distri-
bution of PMMA-b-PCEMA-b-PDMAEMA in water.

Formation of core-corona micelles

The PMMA-b-PCEMA-b-PDMAEMA terpolymers were dis-
solved in isopropanol/acetonitrile (3:1 v/v) and prepared at the
concentration of 1 g/L. The as-prepared micellar solutions were
annealed at 50 °C for 48 h to ensure an equilibrated system.

Formation of multicompartment micelles

To obtain the self-assembled multicompartment micelles,
5 mL of the as-prepared micellar solution were dialyzed into
2 L ultrapure water at pH 6.86, which is the selective solvent
for the PDMAEMA block. To further investigate the pH-
responsive self-assembly behavior of the terpolymers, pH of
ultrapure water was adjusted to 4 and 9.18, respectively.

Characterization

All 1H Nuclear Magnetic Resonance (1H NMR) spectra were
recorded at 300 MHz by Bruker 400-MHz spectrometer at
20 °C using CDCl3 as solvent to confirm the structure and
composition of the polymers.

Molecular weight and molecular weight distribution of
each sample were obtained via gel permeation chromatogra-
phy (GPC) on Waters BI-MwA using tetrahydrofuran (HPLC
grade) as eluent at 1 mL/min flow rate, and the samples were
prepared at the concentration of 4 mg/mL; polystyrene stan-
dards were used.

The effective pKas of PMMA-b-PCEMA-b-PDMAEMA
triblock terpolymers were determined by hydrogen ion titra-
tion method [8, 18]. Polymer solutions were titrated between
pH 2 and 12 using a standard NaOH 0.75 M solution under
continuous stirring. The pH was measured using an Ohaus
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Starter 3C pH meter. The pKas were calculated as the pH at
50 % ionization.

The equilibrium surface tension of the triblock terpolymer
solutions was measured at 25 °C by the Wilhelmy plate tech-
nique (Cahn Radian DCA 322 Analyzer, Thermo, USA), and
the measurement was carried out until it deviated within
±0.5 mN/m for the last two readings. To ensure equilibrium
before the measurements, the solutions were placed in closed
environment and stood overnight.

Polymer solubility in different solvents was tested by ob-
servation method. At the ambient temperature, 100 mg of the
synthesized polymers were placed in the tubes separately and
3 mL of the solvent was then added. The solvents used in the
solubility experiment include acetone, ethanol, isopropanol,
tetrahydrofuran, acetonitrile, cyclohexane, dichloromethane,
and water. Polymers dissolved completely within 3 min were
marked as readily soluble (+++), dissolved completely after
being heated at 60 °C within 3 min were marked as soluble
(++), partially dissolved after being heated at 60 °C were
marked as slightly soluble, and those who were unable to be
dissolved were marked as insoluble (−).

DLS measurements were performed at a scattering angle of
90° on Brookhaven BI-200SM with a laser operating at a
wavelength of λ=532 nm. Before light scattering measure-
ments, all sample solutions were filtered through a
polytetrafluoroethylene filter with a pore size of 0.22 μm.
All the light scattering experiments were performed at 25 °C.

TEMwas performed in bright-field mode on JF2100 electron
microscope operated at 200 kV. The samples were prepared by
placing one drop of the polymer solution (0.05 g/L) onto carbon-
coated copper grid. For selective staining, the TEM specimens
were exposed to RuO4 vapor (stains PCEMA) for 20 min.

Results and discussion

Synthesis of PMMA-b-PCEMA-b-PDMAEMA triblock
terpolymer

Atom transfer radical polymerization is a powerful controlled/
living free radical polymerization method used for preparing
well-defined polymers with designed structures under moderate

Scheme 1 Synthesis route for
PMMA-b-PCEMA-b-
PDMAEMA

Fig. 1 1H NMR spectra of a
PMMA, b PMMA-b-
PHEMATMS, c PMMA-b-
PHEMATMS-b-PDMAEMA and
d PMMA-b-PCEMA-b-
PDMAEMA

3016 Colloid Polym Sci (2015) 293:3013–3024



conditions [19, 20]. Based on themechanism of transitionmetal-
mediated equilibriumwith halogen atom transferred between the
living and the dormant species, polymers with the bromine end
were enabled to initiate the ATRP of other serials of monomers
leading to block copolymers [21, 22]. The overall synthesis
p r o c e s s o f po l y (me t hy l me t h a c r y l a t e ) - b l o ck -
poly(2-(cinnamoyloxy)ethyl methacrylate)-block-poly(2-
dimethylaminoethyl methacrylate) (PMMA-b-PCEMA-b-
PDMAEMA) by combining successive ATRP of poly(methyl
methacrylate)-block-poly(2-(trimethylsilyloxy)ethyl methacry-
late)-block-poly(2-dimethylaminoethyl methacrylate) (PMMA-
b-PHEMATMS-b-PDMAEMA) and selective modification of
the middle PHEMATMS block is demonstrated in Scheme 1
as a simplified route.

The chemical structures and compositions of PMMA-b-
PCEMA-b-PDMAEMA and its precursors were determined
by 1H NMR spectroscopy, as shown in Fig. 1. The chemical
shift at 3.63 was ascribed to the –CH3 connecting the ester
groups from PMMA, and the chemical shifts at near 1.9 and
1.0 ppm were ascribed to the –CH2- and –CH3 from the main
chains of PMMA (Fig. 1a). Figure 1b shows the 1H NMR
spectrum of PMMA-b-PHEMATMS. Apart from the three
typical proton signals of PMMA, the chemical shifts at 4.31,
3.91, and 0.18 ppm were respectively ascribed to the two –
CH2- groups and –CH3 groups connecting to Si. As shown in
Fig. 1c, PMMA-b-PHEMATMS-b-PDMAEMA gives addi-
tional proton signals originating from PDMAEMA compared
to PMMA-b-PHEMATMS. Typical proton peaks at 4.08 and
2.60 ppm attributed to the –CH2- groups neighboring to the
ester bonds and those neighboring to the –N(CH3)2 groups
peaks at 2.30 ppm attributed to the -CH3 connecting to N from
PDMAEMA. Compared to the 1H NMR spectrum of PMMA-
b-PHEMATMS-b-PDMAEMA, 1H NMR spectrum of
PMMA-b-PCEMA-b-PDMAEMA shown in Fig. 1d revealed
the new characteristic proton multipeaks at 7.2 to 7.6 ppm,
and the peaks at 6.49 ppm attributed to the phenyl groups and
double bonds within the cinnamate groups. In addition, the
proton signals of -CH3 within the -Si(CH3)3 groups dimin-
ished, indicating effective conversion of PHEMATMS to
PCEMA.

GPC traces as shown in Fig. 2 illustrate that all the molec-
ular weights of the block copolymers were higher than the
respective precursors, and no unreacted monomers were de-
tected. Also the traces show that the molecular weights of
PMMA-b-PCEMA-b-PDMAEMAs were slightly higher than
the corresponding unfunctionalized PMMA-b-PHEMATMS-
b-PDMAEMAs, suggesting the successful attachment of the
cinnamate groups to the middle blocks. The molecular
weights and molecular weight distributions (Mw/Mn) of the
synthesized PMMA-b-PCEMA-b-PDMAEMA triblock ter-
polymers and their precursors are illustrated in Table 1. GPC
data show near linear increase of molecular weights with the
increasing feed ratio of monomers and reaction time, as well

as relatively narrow molecular weight distributions which is
the typical characteristic of ATRP. The molecular weights of
PMMA-b-PCMEA-b-PDMAEMA polymers were larger than
those of corresponding unfunctionalized PMMA-b-
PHEMATMS-b-PDMAEMA polymers owing to the large
cinnamate groups. All these block polymers afforded narrow
polydispersity index. The results indicated that the well-

Fig. 2 GPC traces of PMMA-b-PCEMA-b-PDMAEMAs and their
precursors
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defined triblock terpolymers bearing photo-crosslinkable
cinnamate groups were successfully synthesized. In addition,
the effective pKas of PMMA-b-PCEMA-b-PDMAEMA tri-
block terpolymers were between 6.9 and 6.6 (see Table 1),
decreasing as the weight fraction of PDMAEMA units de-
creased. The lower effective pKas of the polymers was attrib-
uted to their greater hydrophobicity because it leads to the
reduction of the dielectric constant, rendering ionization more
difficult and reducing the pKa [13, 18].

Self-assembly of PMMA-b-PCEMA-b-PDMAEMA
directly in water

It is well known that typical amphiphilic block copolymers
consisting of two different repeating units are usually form
core-shell structural micelles, while terpolymers tend to self-
assemble into core-shell-corona micelles in water [23, 24].
Hence, the hydrophobic PMMA and PCEMA blocks should
form the inner core and shell while the hydrophilic
PDMAEMA block forms the corona of the micelles generated
in the aqueous solutions. DLS experiments were carried out to
confirm the existence and to measure the dynamic radii of the
micelles or their aggregates formed by dispersing PMMA-b-
CEMA-b-PDMAEMA triblock terpolymers directly in water.
As shown from the experimental results, the hydrodynamic
diameters of PMMA-b-CEMA-b-PDMAEMA triblock ter-
polymers increase as molecular weight grows at all pH values
in the experiment.

At pH 6.86, a near-neutral environment, the average sizes
of PMMA156-b-PCEMA77-b-PDMAEMA176, PMMA266-b-
PCEMA121 -b -PDMAEMA269 , and PMMA319 -b -
PCEMA162-b-PDMAEMA316 were 50, 220, and 373 nm, re-
spectively. Meanwhile, they showed a similar pH-dependent
variation, which increases to a larger extent at pH 4 than at pH
9.18 as shown in Fig. 3a–c. In PMMA-b-PCEMA-b-
PDMAEMA terpolymer solutions at pH 4, the image charge
effect among the entirely protonated long PDMAEMA chains
of the micelles leads to extension and repulsion from each of
the corona chains to another, hence, increasing the hydrody-
namic radii of the aggregates. However, at pH 9.18,
deprotonated PDMAEMA chains become more hydrophobic
and have the tendency to shrink. Van der Waals’ forces and
hydrophobic bonds among the micelles cause firm aggrega-
tion of PMMA-b-PCEMA-b-PDMAEMA triblock terpoly-
mers, while the hydrogen bonds between the coronas and
water guarantee that the micelle aggregates are well dispersed
in the aqueous solutions [25]. However, the micelles and their
aggregates formed by direct dispersing PMMA-b-PCEMA-b-
PDMAEMA triblock terpolymers in water have a large aver-
age size and a relatively broad size distribution (notice the
diameters in near-neutral water reach micron scale, as shown
in Fig. 3b, c).

To examine the amphiphilicity of the synthesized
PMMA-b-PCEMA-b-PDMAEMA triblock terpolymers,
surface activity studies were carried out. The equilibrium
surface tensions of several PMMA-b-PCEMA-b-
PDMAMEA polymer aqueous solutions versus their

Table 1 Experimental conditions, Mn, PDI, weight fraction, and effective pKa of PMMA-b-CEMA-b-PDMAEMA triblock terpolymers and their
precursors

Polymera Temp. (°C) Initiator Molar ratiob Reaction time (h) Mn (g/mol) c PDId Weight fraction Effective pKa±0.1

M156 80 EBriB 150:1:1:3 1 15,600 1.33 100 –

M266 80 EBriB 250:1:1:3 1 26,600 1.38 100 –

M319 80 EBriB 300:1:1:3 1 31,900 1.37 100 –

M156H77 120 M156-Br 300:1:1:3 18 31,200 1.20 50:50 –

M266H121 120 M266-Br 300:1:1:3 24 50,700 1.21 53:47 –

M319H162 120 M319-Br 300:1:1:3 24 64,600 1.17 49:51 –

M156H77D176 120 M156H77-Br 500:1:1:3 4 58,900 1.19 27:27:46 –

M266H121D269 120 M266H121-Br 500:1:1:3 5 92,900 1.21 29:26:45 –

M319H162D316 120 M319H162-Br 500:1:1:3 5 115,500 1.18 28:28:44 –

M156C77D176 – – – – 61,200 1.18 25:30:45 6.9

M266C121D269 – – – – 95,500 1.20 28:28:44 6.8

M319C162D316 – – – – 120,600 1.18 26:32:42 6.6

aM=poly(methyl methacrylate), H=poly(2-(trimethylsilyloxy)ethyl methacrylate), D=poly (2-(dimethylamino)ethyl methacrylate), C=poly(2-
cinnamoyloxyethyl acrylate); the numbers in the subscript denote the degrees of polymerization
bMolar ratio represents monomer:initiator:CuBr:PMDETA
cMn was determined by GPC measurements with THF as eluent
d PDI indicated the polydispersity index of the polymers (Mw/Mn), where weight-average molecular weight (Mw) and number-average molecular
weight (Mn) were determined
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concentrations in ultrapure water at different pH are shown
in Fig. 3d–f. In all cases, surface tension declined as poly-
mer concentration increased, until reaching around 35 mN/
m. This suggested that the copolymers are surface active
and have the characteristics of polymeric surfactants be-
cause of slow surface tension decease, limited surface ten-
sion reduction power, and non-clear transition points on the
surface tension-concentration curves. These resembled our

previous investigation on the surface activity of triblock
[26]. Some researchers, recently, indicated that the amphi-
philic block copolymers with degree of polymerization
(DP) larger than 20 showed a non-surface activity while
only those with DP less than 20 were surface active; this
was mainly due to the formation of dynamically frozen
micelles of polymers with a large molecular weight (DP
>20), that exhibited the non-surface active nature [27].

Fig. 3 DLS CONTIN plots of a PMMA156-b-PCEMA77-b-
PDMAEMA176, b PMMA266-b-PCEMA121-b-PDMAEMA269 and c
PMMA319-b-PCEMA162-b-PDMAEMA316 aqueous solutions at varied
pH values; equilibrium surface tension as a function of the

concentration of d PMMA156-b-PCEMA77-b-PDMAEMA176, e
PMMA266-b-PCEMA121-b-PDMAEMA269 and f PMMA319-b-
PCEMA162-b-PDMAEMA316 aqueous solutions at varied pH values

Colloid Polym Sci (2015) 293:3013–3024 3019



However, their experimental results are inconsistent with
our observations. In our experiment, the surface activity
of the amphiphilic block copolymers was still observed
when the degree of polymerization was larger than 20. This
inconsistency to our surface activity observation might re-
sult from the fact that there remain a few PMMA-b-PCEMA-
b-PDMAEMA frozen micelles adsorbed at the air/water inter-
face, which play the role of Pickering emulsifiers [28, 29]. For
the three of the PMMA-b-PCEMA-b-PDMAEMA triblock
terpolymers studied, surface tension reduction power was
weakened at pH 4, confirming the existence of the adsorbed
PMMA-b-PCEMA-b-PDMAEMA frozen micelles at the air/
water interface. Since the protonated PDMAMEA chains
were electrostatically repelled by image charge from the water
surface, the adsorbed state at the air/water interface was de-
stabilized, causing a tendency of the frozen micelles to extend
in bulk that favor non-surface active nature. This is also prov-
en by the larger average size of the polymers at pH 4 according
to DLS plots (Fig. 3 a–c). However, at pH 9.18, the low
ionization degree of PDMAEMA chains enabled the firmly
frozen micelle layer on the air/solution interface, thus, show-
ing better surface active property [30]. Moreover, when pH
level of the aqueous solutions was controlled to the near-pKa

value (pH=6.86), PMMA156-b-PCEMA77-b-PDMAEMA176

and PMMA319-b-PCEMA162-b-PDMAEMA316 exhibited
similarly gentle trends from the initial surface tension to
the low plateau, while PMMA266-b-121-b-PDMAEMA269

decreased a much larger extent of the surface tension over
the concentration range in this experiment. It might be due
to the smaller content of hydrophobic chains in PMMA156-
b-PCEMA77-b-PDMAEMA176, as it afforded Pickering par-
ticle (frozen micelle) layer that was less stably adsorbed on
the air/water interface than PMMA266-b-PCEMA121-b-
PDMAEMA269 did [31]. Meanwhile, PMMA319-b-
PCEMA162-b-PDMAEMA316 exhibited lower surface activ-
ity than PMMA266-b-PCEMA121-b-PDMAEMA269 over the
experimental pH range because of its larger molecular
weight and more tendency to form frozen micelle aggregates
in bulk [32]. Scheme 2 illustrates the direct self-assembly of
PMMA-b-PCEMA-b-PDMAEMA triblock terpolymers in
water.

Self-assembly of PMMA-b-PCEMA-b-PDMAEMA
by step-wise method

The formation of frozen micelles and their aggregates through
direct self-assembly of PMMA-b-PCEMA-b-PDMAEMA tri-
block terpolymers in water might be avoided by a step-wise
method of self-assembly that enables the formation of dynam-
ic micelles with microphase segregation. Hence, the solubility
test of each of the three blocks of PMMA-b-PCEMA-b-
PDMAEMA triblock terpolymers was carried out to select
the suitable solvents precisely. The solubility test results for
the three blocks of PMMA-b-PCEMA-b-PDMAEMA tri-
block terpolymers are summarized in Table 2. Isopropanol/
acetonitrile is a non-solvent for the middle PCEMA block,
and water is a non-solvent for both blocks PMMA and
PCEMA. To obtain well-defined multicompartment micelles,
the procedures included annealing treatment in isopropanol/
acetonitrile and subsequent dialysis into water. It enables grad-
ual exposure, rather than direct dissolution, to the non-solvent
(water) for the hydrophobic PCEMA and PMMA blocks. The
procedures avoided undesirable kinetic traps by step-wise re-
duction of the degrees of freedom for the micelle formation of
PMMA-b-PCEMA-b-PDMAEMA triblock terpolymers [17,
33], and varied morphologies of the multicompartment mi-
celles were observed in this experiment.

The hydrodynamic diameter variation of PMMA-b-
PCEMA-b-PDMAEMA self-assemblies was investigated by
DLS measurement. After the 48-h annealing treatment in the
mixture of isopropanol and acetonitrile (3:1 v/v), the average
sizes of PMMA156-b-PCEMA77-b-PDMAEMA176,
PMMA266-b-PCEMA121-b-PDMAEMA269, and PMMA319-
b-PCEMA162-b-PDMAEMA316 micelles were 9.3, 10.7, and
12.8 nm, respectively, which increased with the growth of
molecular weight, while kept generally homogeneous in the
small nanometer range, as shown in Fig. 4a. The molecular-
weight-dependent increase trend was also observed from the
size variation of the micelles formed after being dialyzed into
water. Besides, three of PMMA156-b-PCEMA77-b-
PDMAEMA176, PMMA266-b-PCEMA121-b-PDMAEMA269,
and PMMA319-b-PCEMA162-b-PDMAEMA316 micelles all
became larger with relatively narrow diameter distribution

Scheme 2 Schematic illustration of self-assembly of PMMA-b-PCEMA-b-PDMAEMA triblock terpolymers directly inwater; the inset is a TEM image
of core-shell-corona micelles self-assembled from PMMA266-b-PCEMA121-b-PDMAEMA269 directly in water
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after the dialysis treatment, as shown in Fig. 4b. For instance,
the hydrodynamic diameter of PMMA156-b-PCEMA77-b-
PDMAEMA176 multicompartment micelles reached 31.8 nm
after being dialyzed into water, showed a nearly three-fold
increase approximately, which implied the morphological
transition or regular stacking of the micelles took place during
the solvent exchange. For PMMA266-b-PCEMA121-b-

PDMAEMA269 and PMMA319 -b -PCEMA162 -b -
PDMAEMA316, the average sizes came up to 32.1 and
38.8 nm, respectively.

In addition to the size increase following the solvent ex-
change from isopropanol/acetonitrile to water, morphology
variations of the mainly investigated PMMA266-b-
PCEMA121-b-PDMAEMA269 triblock terpolymer were de-
tected by transmission electron microscopy. Figure 5 displays
the TEM micrographs of PMMA266-b-PCEMA121-b-
PDMAEMA269 triblock terpolymer after being annealed in
isopropanol/acetonitrile (Fig. 5a) and dialyzed in water
(Fig. 5b, c), with RuO4 staining. RuO4 only stains double
bonds and aromatic groups within the middle PCEMA block,
so the contrast to light gray PMMA and invisible PDMAEMA
is enhanced that helps identify the microphase segregated
blocks.

PMMA266-b-PCEMA121-b-PDMAEMA269 triblock terpoly-
mer dissolved in a non-solvent for the PCEMA middle block
(acetonitrile/isopropanol) yielded core-corona structural micelles
with a PCEMA core and a mixed PMMA/PDMAEMA corona.
As Fig. 5a shows, the black dots are the stained PCEMA cores
with a diameter of approximately 8 to 10 nm, surrounded by a
mixed PMMA/PDMAEMA coronas which are hard to identify
due to beam degradation. During subsequent dialysis of these
core-corona micelles into a non-solvent for both PMMA and
PCEMA, self-assembly took place: the PMMA/PDMAEMA
patches of the corona rearranged to minimize the energetically
unfavorable PMMA/non-solvent interface, inducing aggregation
along the exposed PMMA patches, which stimulated clustering
into homogeneously oval multicompartment micelles with mi-
crophase separation (Fig. 5b). PMMA266-b-PCEMA121-b-
PDMAEMA269 multicompartment micelles have discrete do-
mains of PCEMA compartments (black), as shown more clearly
in Fig. 5c. However, as Fig. 5d shows, the cores of PMMA266-b-
PCEMA121-b-PDMAEMA269 multicompartment micelles
shrink at pH 4, and the two black regions of PCEMA are closer.
Herein, the completed protonated PDMAEMA coronas stabi-
l i z ed PMMA266 -b -PCEMA121 -b -PDMAEMA269

multicompartment micelles with electrostatic repulsion (pKa is
6.8±0.1 as shown in Table 1).Meanwhile inside themicelles, the
compartmentalized corewas contracted and the PCEMApatches
clustered spontaneously to reduce the area of PMMA/water and
PCEMA/water interfaces, induced by the decrease in pH.

Apart from the oval multicompartment micelles formed by
self-assembly of PMMA266-b-PCEMA121-b-PDMAEMA269

core-corona micelles, another type of multicompartment mi-
celles had been found through TEM observation. Figure 6a
displays the multicompartment micelles of PMMA319-b-
PCEMA162-b-PDMAEMA316 triblock terpolymer. With a
slightly larger average size compared to PMMA266-b-
PCEMA121-b-PDMAEMA269 multicompartment micelles
(also see Fig. 4b), PMMA319-b-PCEMA162-b-PDMAEMA316

multicompartment micelles also exhibit a generally oval

Fig. 4 a The variation of hydrodynamic diameters of PMMA-b-
PCEMA-b-PDMAEMA annealed in isopropanol/acetonitrile and
further dialyzed in water. b DLS CONTIN plots of PMMA-b-PCEMA-
b-PDMAEMA annealed in isopropanol/acetonitrile and further dialyzed
in water

Table 2 Polymer solubility test results

Solvent PMMA PCEMA PDMAEMA

Isopropanol + – +++

Acetonitrile +++ + +++

Isopropanol/Acetonitrile (3:1 v/v) ++ – +++

Water – – +++

+++ Readily soluble, ++ soluble, + partially soluble, − insoluble
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structure. PMMA core of the main population (highlighted by
the red-dashed circles) is compartmented by a monolithic
PCEMA patch as shown more clearly in Fig. 6b.

During the annealing procedure, PMMA319-b-PCEMA162-
b-PDMAEMA316 triblock terpolymers underwent the forma-
tion of core-corona micelles, similar to PMMA266-b-
PCEMA121-b-PDMAEMA269 (TEM image omitted). Howev-
er, subsequent dialysis led to another morphology of self-as-
sembly, different from PMMA266-b-PCEMA121-b-
PDMAEMA269. The difference in morphology between
PMMA319-b-PCEMA162-b-PDMAEMA316 and PMMA266-
b-PCEMA121-b-PDMAEMA269 multicompartment micelles
might be attributed to the different proportion of the middle

PCEMA block within the two triblock terpolymers that had
influenced the self-assembly process during the solvent
change: the PCEMA block weight fractions in PMMA319-b-
PCEMA162-b-PDMAEMA316 and PMMA266-b-PCEMA121-
b-PDMAEMA269 are 0.28 and 0.32, respectively. During the
dialysis procedure, both of PMMA266-b-PCEMA121-b-
PDMAEMA269 and PMMA319 -b -PCEMA162 -b -
PDMAEMA316 had gone through the PMMA/PDMAEMA
corona rearrangement to minimize the unfavorable
PMMA/non-solvent interface. The red-dashed triangular
frames in Fig. 6a mark fusion events of the core-corona mi-
celles during the self-assembly. Eventually, core-corona mi-
celles clustered into multicompartment micelles, along with

Fig. 5 TEM images of
PMMA266-b-PCEMA121-b-
PDMAEMA269 a annealed in
isopropanol/acetonitrile (3:1 v/v),
b, c dialyzed in water, and d
dialyzed in water at pH 4 (RuO4

staining: PCEMA black, PMMA
bright gray, PDMAEMA light
gray)

Fig. 6 TEM images of
PMMA319-b-PCEMA162-b-
PDMAEMA316 dialyzed (after
annealing in isopropanol/
acetonitrile) in water a, b at pH
6.86, and c at pH 9.18 (RuO4

staining: PCEMA black, PMMA
bright gray, PDMAEMA light
gray)
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PMMA patches aggregating into a core embraced in the
PDMAEMA corona. As for self-assembly of PMMA319-b-
PCEMA162-b-PDMAEMA316 core-corona micelles, the hy-
drophobic PCEMA patches are so large that they gather to-
gether to be conjunct as a whole, resulting in compartmenting
the PMMA core from the middle of it rather than existing in
discrete domains. Although stabilized homogeneously in
nanoscale range, PMMA319-b-PCEMA162-b-PDMAEMA316

multicompartment micelles are sensitive to pH increase.
When the pH value was adjusted to 9.18, the PDMAEMA
corona was uncharged and contracted that induced the side-
by-s ide assembly of PMMA319-b -PCEMA162-b -
PDMAEMA316 multicompartment micelles into warm-like
linear aggregates as shown in Fig. 6c. Scheme 3 illustrates
the proposed mechanism of morphology evolution of step-
wise self-assembly of PMMA-b-PCEMA-b-PDMAEMA tri-
block terpolymers.

Conclusions

A series of tirblock terpolymers PMMA-b-PCEMA-b-
PDMAMEA with designed molecular weight and narrow
polydispersity has been synthesized successfully, which is
confirmed by HNMR analysis and GPC measurement. Di-
rect dissolution of the polymers into water yields self-
assemblies with the average sizes of from 50 to 373 nm
as molecular weight increases. Inconsistent to the non-
surface active nature of polymers with a DP larger than
20 that form dynamically frozen micelles in water, the
series of PMMA-b-PCEMA-b-PDMAMEA show the sur-
face active property, resulting from the few frozen micelles

adsorbed at the air/water interface, which was weakened
by the image charge effect between the micelle corona
and the water surface at a lower pH value. Annealing in
isopropanol/acetonitrile (3:1 v/v) ensured a homogeneous
equilibrium of core-corona micelles assembled from
PMMA-b-PCEMA-b-PDMAMEA molecules, with an av-
erage diameter below 10 nm; subsequent dialysis into wa-
ter triggered the formation of multicompartment micelles
with an average diameter of 30 to 40 nm, inside which
t h e PCEMA and PMMA blo ck s f o rmed t h e
compartmented hydrophobic core. The tunable structures
of the hydrophobic core within the multicompartment mi-
celles were realized by changing the middle PCEMA
block length. Besides, the pH-sensitive PDMAEMA coro-
na induced the reversible morphological transition of the
multicompartment micelles, which leaded to core-
contracted multicompartment micelles at low pH and
worm-like aggregates at high pH, respectively. Based on
the features, there is the potential application for the ther-
apeutic delivery of multiple incompatible drug payloads.
Also, the ability to achieve separate chemical environ-
ments within one nanostructure may also afford unique
nanocatalysis opportunities.
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