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ABSTRACT: Poly[(vinylbenzyl) trimethylammonium chloride]
(PVBTMAC) has been used as a stabilizer in the polymerizationinduced self-assembly polymerizations of diacetone acrylamide
(DAAM). A whole spectrum of particle morphologies was
obtained simply by adjusting the ionic strength of the reaction
mixtures; no dilution of the cationic charges with noncharged
comonomers or with noncharged polymers was needed. In
addition to the ionic strength, the eﬀects of solid content and
the length of the PDAAM block on the morphologies of the
particles were studied in detail. The experiments are a continuation
to previous studies on solution properties of PVBTMAC. It has been shown earlier that the solubility of the polycation may be tuned
with counterions. Hydrophobic triﬂate ions induce an upper critical solution temperature behavior. In the present case, the chains
bound to hydrophobic cores of the particles show either a one-step phase separation in aqueous triﬂate solutions or under certain
conditions, a two-step transition. The step-wise transition is typical for responsive polymers with limited mobility.

■

INTRODUCTION
Amphiphilic block copolymers are able to build up various
nano-objects such as spherical micelles, worm-like micelles,
and lamellae or vesicles.1−3 The morphology of the nanoobjects depends on the ratio of the hydrophobic and
hydrophilic block lengths, temperature, solvent composition,
and chemical nature of the blocks.4,5 In charged block
copolymers, the charge density of the polyelectrolyte blocks
and their length inﬂuence the morphologies.6−9 Morphological
changes may be induced by changing the pH or salt
concentration.10−12
Ionic or nonionic copolymers may self-assemble during the
polymerization process, preferably when controlled radical
polymerization techniques are used in aqueous emulsions or in
dispersions.13−19 A polymerization-induced self-assembly
(PISA) technique has become a straightforward tool for
synthesizing amphiphilic nano-objects with diﬀerent morphologies.20−25 In PISA, polymers self-assemble during the
polymerization in which solvophilic chains are extended with
another monomer that forms an insoluble block. The ﬁnal
morphology of the copolymer nanoparticles can be tuned by
adjusting the reaction parameters.26−32
When synthesizing electrosterically stabilized nano-objects,
the PISA technique often leads only to spherical structures. In
the polyelectrolyte-stabilized particles, the growth of higherorder morphologies is limited due to the charge repulsion
between ionic units.14,33−37 However, the higher-order
morphologies in ionic copolymers have been achieved by
reducing the charge repulsions. One way to reduce the charge
density is to utilize stabilizers comprising randomly distributed
© 2021 The Authors. Published by
American Chemical Society

ionic and nonionic repeating units. Another way is to use a
mixture of charged and noncharged stabilizers. Worm-like
micelles were obtained when statistical copolymers of acrylic
acid and poly(ethylene glycol) methyl ether acrylate were
chain-extended with styrene.38 Worms and vesicles were
produced from copolymers of 2-hydroxypropyl methacrylate
(HPMA), using a mixture of nonionic macro chain transfer
agent poly(glycerol monomethacrylate) and anionic poly(potassium 3-sulfopropyl methacrylate).33 The addition of a
cosolvent has also been used to promote higher-order
morphologies in ionic copolymer systems.27,30,39−41 The ﬁnal
morphologies of the particles may also depend on parameters
such as pH, salt, solvent composition, stirring speed, and block
ratio.20,31,38,42
Few polycations have been used as macro chain transfer
agents, macro-CTAs, in aqueous PISA to prepare charged
nanoparticles. 34,43,44 Recently, a polycation poly(2(acryloyloxy)ethyltrimethylammonium chloride), PATAC,
was chain-extended with a core-forming monomer diacetone
acrylamide (DAAM). Higher-order morphologies were
achieved when the charge density in the corona was reduced
using a binary mixture of PATAC and nonionic poly(N,NReceived: December 15, 2020
Revised: March 20, 2021
Published: April 22, 2021
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Scheme 1. Synthesis of Macro-CTA PVBTMAC (A) and Diblock Copolymer PVBTMAC−PDAAM (B) via RAFT
Polymerization

dimethylacrylamide) as macro-CTAs.45 However, using sole
polycations, only spherical particles have been observed when
either the pH or salt concentration was varied. To date, access
to higher-order morphologies in aqueous PISA by utilizing sole
polycation stabilizers remains unattained.
In our recent studies, we have shown that the solubility of
polycations in water can be changed with various salts.46−49
Depending on the cationic moiety and the counterion, the
polycations phase-separate above the lower critical solution
temperature (LCST) and/or below the upper critical solution
temperature (UCST). Due to the aromatic units, polystyrenebased polycations undergo phase separation with a less amount
of hydrophobic ions compared to more hydrophilic methacrylate-based polycations.47,48 We envisioned that a styrenebased polycation, poly[(vinylbenzyl)trimethylammonium
chloride] (PVBTMAC), could be used as a sole stabilizer in
PISA to produce nanoparticles with cationic shells. The
assumption was that the charge density in the corona layer can
be easily reduced with salts. Interestingly, by introducing
hydrophobic counter ions, it should be possible to turn the
nanoparticles thermoresponsive.
Among the acrylamide-based water-miscible monomers,
DAAM has been utilized in several PISA syntheses.45,50−52
Nonionic and/or ionic hydrophilic chains extended with
DAAM build up nanostructures. In some of those, the particle
morphologies may change with temperature and the core
composition.51,53 The ketone functionality of DAAM may be
used for postpolymerization functionalization or for crosslinking the particle core.50,54
In this work, a cationic PVBTMAC macro-CTA was chainextended with DAAM. In order to allow sphere−sphere fusion

and further evolution of particle morphologies, polymerizations were carried out in the presence of NaCl. With a
systematic increase in the salt concentration, morphological
transitions from spheres to worms and vesicles were achieved.
Various nanostructures in constant salt concentration were
attained by varying the PDAAM length, as well as solid
contents. In aqueous triﬂate solutions, the nanoparticles
undergo a UCST-type phase separation similar to homopolymers of PVBTMAC. To the best of our knowledge, this is the
ﬁrst report on a cationic styrenic polymer as a single stabilizer
block in PISA. Using PVBTMAC as the sole polycation
stabilizer in PISA, one can induce morphological changes just
by adding NaCl. On the other hand, adding LiOTf (triﬂate) to
the dispersions leads to the build-up of thermoresponsive
particles.

■

EXPERIMENTAL SECTION

Materials. (Vinylbenzyl)trimethylammonium chloride
[VBTMAC; 99%], DAAM (99%), chain transfer agent 2-(2carboxyethylsulfanylthiocarbonylsulfanyl)propionic acid (CTPA;
95%), and 4,4′-azobis(4-cyanovaleric acid) (ACPA; ≥75%) were
used as received from Sigma-Aldrich. Sodium chloride (NaCl) was
purchased from Fisher Scientiﬁc (≥99.0%), and triﬂuoromethanesulfonic acid lithium salt (LiOTf; 99.995%, Sigma-Aldrich) and
methanol (HPLC grade, ≥99.9%) were also from Sigma-Aldrich.
1,1,1,3,3,3-Hexaﬂuoro-2-propanol (HFIP) was received from Fluorochem. Deionized water was puriﬁed with an ELGA pure lab
ultrapuriﬁcation system. Regenerated cellulose membrane tubes
(MWCO of 1 kDa) from Spectrumlabs and Maxi Pur-A-Lyzer
dialysis tubes (MWCO 6−8 kDa) from Sigma-Aldrich were used for
puriﬁcation of polymers. All deuterated solvents were purchased from
Eurisotop (Cambridge Isotope Laboratories, U.K.).
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Figure 1. 1H NMR spectra of PVBTMAC27 (A) and diblock copolymer PVBTMAC−PDAAM (B) in MeOD-d4.
1
H NMR. The dispersions were further characterized with dynamic
light scattering (DLS), electrophoresis, and transmission electron
microscopy (TEM) techniques.
One of the copolymer compositions was chosen to study the
reaction kinetics. PVBTMAC27 macro-CTA was chain-extended with
DAAM to DP 827 in aqueous salt solutions (1 M). In a series of
several syntheses, each was stopped after a certain reaction time and
the conversion was determined. The proton peaks assigned to
aromatic ring around 6.7 ppm were used as a reference.
All the characterization methods are reported in the Supporting
Information.

Synthesis of Macro-CTA PVBTMAC via RAFT Solution Polymerization. In a typical synthesis, 3.008 g of cationic monomer VBTMAC
(0.0142 mol), 0.121 g (0.475 mmol) of CTPA, and ACVA (40.7 mg,
0.145 mmol) were charged to a three-neck round-bottom ﬂask (250
mL). The precursors were dissolved in 30 mL of deionized water, and
the reaction mixture was adjusted to acidic pH conditions. The sealed
reaction mixture was purged with argon gas for 45 min and then
transferred to a preheated oil bath at 70 °C. After 5 h, the reaction
was quenched by immersing in liquid nitrogen and then by exposure
to air. The ﬁnal conversion of the monomer, 82%, was determined
with 1H NMR spectroscopy. The crude polymer was dialyzed against
deionized water for 2 days with changing the water several times.
Finally, pure macro-CTA PVBTMAC was collected by freeze-drying
from aqueous polymer solution. A mean degree of polymerization
(DP) was determined by end-group analysis with 1H NMR and UV
spectroscopy.
Synthesis of Block Copolymer Nanoparticles via RAFT Aqueous
Dispersion Polymerization. Syntheses of diblock copolymer nanoparticles were ﬁrst conducted in water by changing various parameters
such as DPs of PDAAM, total solids, and salt concentrations. The
syntheses are listed in Table S2 (entry 1−12), Table S3 (entry 1−3),
and Table S4 (entry 1−4). For instance, the copolymer
PVBTMAC21−PDAAM216 diblock copolymer nanoparticles were
prepared with 23 w/w % solids in pure water as follows. In a
reaction vial, 0.5 g (2.95 mmol) of DAAM, 64 mg of PVBTMAC21
macro-CTA (4725 g/mol; 13.54 μmol), and 0.83 mg of ACPA (2.96
μmol) were mixed with 1.9 mL of deionized water. Then, the reaction
mixture was purged with inert gas for 40 min prior to transfer in a
preheated oil bath. The polymerization was conducted for 3 h at 70
°C and then quenched by exposure to air in an ice bath. A milky
dispersion was obtained, and the monomer conversion over 99% was
measured by 1H NMR spectroscopy. The same protocol was applied
for all the copolymer nanoparticles synthesized in aqueous salt
solutions. The salt concentrations were adjusted with a 5 M NaCl
stock solution.
The next series of syntheses was conducted in constant volumes
while varying the parameters: salt concentration, DP, and solid
content. The syntheses are listed in Table S3 (entry 4−9) and Table
S4 (entry 5−14). First, the stock solutions of the reactants were
prepared and then targeted amounts of reagent solutions were
injected into the reaction vials. The degassed vials were immersed in a
preheated oil bath at 70 °C. After 3 h reaction time, the vials were
quenched in an ice bath while exposing to air. The aliquots from the
dispersions were taken to determine the ﬁnal conversion of DAAM by

■

RESULTS AND DISCUSSION
Syntheses. PVBTMAC Macro-CTA. The polycation macroCTAs were synthesized via RAFT polymerization in aqueous

Figure 2. Photograph of dispersions of PDAAM-block-PVBTMAC27.
(A) DP 250 (at 16.5 w/w %, 0 M NaCl), (B) DP 216 (at 16.9 w/w %,
1 M NaCl), and (C) DP 413 (at 16.7 w/w %, 1 M NaCl).

solutions at 70 °C (Scheme 1). The theoretical molar masses
of the macro-CTAs were obtained from the monomer
conversions determined by 1H NMR spectroscopy. The
mean DPs and molar masses obtained with diﬀerent methods
are listed in Table S1. From size-exclusion chromatography
(SEC), a narrow molar mass distribution was obtained (Đ =
1.2) for the macro-CTA2, which conﬁrms the controlled
polymerization of VBTMAC (Figure S2). Furthermore, the
ﬁnal mean DPs and molar masses of the macro-CTAs were
measured with NMR and UV end group analysis (see
Supporting Information, Section S2). With UV spectroscopy,
the molar masses of the macro-CTAs were determined using
the molar extinction coeﬃcient values obtained for CTPA
4290
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were synthesized with targeting to constant DP of PDAAM
while changing the NaCl concentration and the solid content
(Table S3). The ﬁnal series of syntheses was conducted in
constant NaCl concentration, changing the other two
parameters (Table S4). Monomer conversions were high
(>95%) as determined by 1HNMR. The theoretical molar
masses of the copolymers are reported in Tables S2−S4.
In the ﬁrst series, both PVBTMAC21 and PVBTMAC27 were
used as macro-CTAs under salt-free conditions. During the
polymerizations, the reaction mixtures turned from transparent
to cloudy ones, indicating the in situ self-assembly of
copolymers in each case. The cloudiness of the dispersions
increased with either increase in the solid content or DP of
PDAAM. The monomer DAAM showed poor solubility in
high solids (>28 w/w %). The 1H NMR spectrum of the
copolymer obtained from the salt-free dispersions is shown in
Figure 1B.
Polymerizations in Salt Solutions. The PVBTMAC27
macro-CTA was chain-extended with targeting PDAAM DP
≈ 250 in salt solutions. The NaCl concentrations varied from
0.3 to 2 M in the syntheses conducted with diﬀerent solid
contents (16.6−20%). In the presence of a salt (0.3 and 0.5
M), the aqueous mixtures turned opaque within few min after
immersing in an oil bath at 70 °C. The dispersions obtained at
20 w/w % showed the characteristics of free-standing gels with
increasing the salt concentration from 0.5 to 1 M (entries 6−8,
Table S3). When further increasing the salt concentration up
to 2 M, the reaction mixtures turned milky white dispersions
(entries 3 and 9, Table S3).
Next, the reactions were conducted keeping NaCl (1 M)
concentration constant. With increasing the DP of PDAAM,
the reaction mixtures changed from turbid dispersions (entry
5, Table S4) to gels (entries 1 and 6, Table S4) and ﬁnally, the
gel structures broke into viscous ﬂuids or milky dispersions
(entries 2, 3, 7−11, and 13, Table S4). A photograph of the
dispersions with varying parameters is shown in Figure 2. The
changes in the appearances of the dispersions indicated
morphological changes typical in PISA. At high solids, 23
and 25 w/w %, with target DPs above 400 (entries 4 and 14,
Table S4), a reverse physical change from ﬂuid to free-standing
gels occurred.
Kinetic Studies. One of the copolymer compositions was
used to study the reaction kinetics. A series of several syntheses

Figure 3. Conversion of DAAM (black□) versus time and the
corresponding semilogarithmic plot (redΔ) for the polymerization of
DAAM with PVBTMAC27 at 70 °C.

(Figure S1). The integrated intensities of the aromatic proton
peaks of VBTMAC in the NMR spectra were compared with
those of the methyl protons of the CTA end group (Figure
1A). From the UV analysis, higher molar masses were obtained
for both macro-CTAs compared to the values obtained from
NMR and the theoretical ones. It has been shown that the UV
end group analysis is very sensitive to small shifts in the
absorbance maxima and the scattering eﬀect from the polymer
solutions can also aﬀect the absorbance values.55 This is why
the molar masses from NMR were used in the copolymer
syntheses. The macro-CTAs were named PVBTMAC21 and
PVBTMAC27 based on their molar masses 4725 and 5970 g
mol−1 from NMR.
PVBTMAC−PDAAM Copolymers via Aqueous RAFT
Dispersion Polymerization. PVBTMAC−PDAAM block
copolymer nanoparticles were synthesized by the chain
extension of cationic macro-CTAs with water-miscible
monomer DAAM via RAFT polymerization (Scheme 1B).
The ﬁrst series of nanoparticles was synthesized in salt-free
water, varying the target DP of PDAAM and solid content
(Table S2). Then, the solvent was changed to aqueous salt
solutions. In the second series, the copolymer nanoparticles

Table 1. List of Copolymer Nanoparticles Obtained from RAFT Aqueous Dispersion Polymerization and Summary of
Characterization Data
entry

copolymer Vn-Dm-m%-x M

sizeDLS (d·nm)a

zeta potential (mV)b

mobility (μm cm/Vs)b

morphologyTEM

PDIDLS

1
2
3
4
5
6
7
8
9
10
11
12

V21-D68-9.5-0 M
V21-D151-8.2-0 M
V21-D206-9.3-0 M
V21-D72-16.3-0 M
V21-D143-15.2-0 M
V21-D206-16.7-0 M
V21-D48-25.7-0 M
V21-D142-24.6-0 M
V21-D216-23-0 M
V27-D250-16.5-0 M
V27-D415-16.8-0 M
V27-D335-28.5-0 M

40
37
53
41
63
62
45
104
153
78
163
384

63.3
64.3
54
58.5
64.6
49.3
60.5
65.3
61.4

4.9
5.0
4.2
4.6
5.0
3.8
4.7
5.1
4.8

62
61.4

4.8
4.8

spheres
spheres
spheres
spheres
spheres
spheres
spheres
spheres
spheres
spheres
spheres
spheres

0.125
0.148
0.249
0.073
0.049
0.196
0.085
0.063
0.042
0.077
0.055
0.077

a

Mean hydrodynamic diameters from CONTIN at 90° by DLS. bAverage zeta potentials and electrophoretic mobilities from three consecutive
measurements using a Zetasizer.
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Figure 4. TEM images of spherical nanoparticles obtained from the salt-free dispersions with varying DP of DAAM and total solids (w/w %).

Table 2. Nanoparticles Obtained from Dispersion Polymerizations Conducted with PVBTMAC27 in Salt Solutions at Diﬀerent
Solid Contents (w/w %)
entry

copolymer (Vn-Dm-m%-x M)

sizeDLS (d·nm)a

zeta potential (mV)b

mobility (μmcm/Vs)b

morphology (TEM)

PDIDLS

1
2
3
4
5
6
7
8
9

V27-D250-16.6-0.3 M
V27-D252-16.8-0.5 M
V27-D250-16.6-2 M
V27-D248-20-0 M
V27-D248-20-0.3 M
V27-D248-20-0.5 M
V27-D248-20-0.7 M
V27-D248-20-1 M
V27-D248-20-1.5 M

155
113
565*
83
148
785*
876*
684*
227

50
45
51

3.9
3.5
4.0

fused spheres
fused spheres
vesicles, lamellae
spheres
fused spheres
worms
worms
worms, lamellae
spheres, vesicles

0.035
0.129
0.151
0.073
0.066
0.154
0.181
0.271
0.104

a
Mean hydrodynamic diameters from CONTIN at 90° by DLS. bAverage zeta potentials and electrophoretic mobilities from three consecutive
measurements using a Zetasizer. *Apparent values calculated for a sphere.

results are consistent with those on nonionic copolymer
systems of PDAAM.50,54
The estimation of the molar masses of the polymers was
based on NMR. Several trials were made to get information
from SEC, with no success, however. Methanol is a good
solvent for both blocks but instead of separation, the samples
were absorbed in the columns. The homo-polycation was
successfully measured with water/acetonitrile as an eluent.
HFIP dissolves the polymers but the separations were of very
low quality, even for the polycation.
PVBTMAC−PDAAM Nanoparticles. The dispersions obtained from the polymerizations were characterized by DLS
and TEM. For details, see the Supporting Information. The
abbreviations used for the samples give the reaction conditions
as follows. Vn-Dm-m%-x M; Vn = PVBTMAC with DPNMR, Dm
= PDAAM block with target DP m, m % = total solids (w/w
%), and x M is the NaCl concentration in the reaction mixture.

was conducted in aqueous salt solutions (1 M) with the same
PDAAM target DP 827 at 20 w/w %. The conversion samples
were collected from the polymerizations quenched at diﬀerent
time intervals. Integrated intensities of the residual proton
peaks of the vinyl group of DAAM were measured using
PVBTMAC27 aromatic signals (6.45−7 ppm) as a reference.
From the NMR analysis, it was clear that the full conversion of
DAAM can be achieved within 1.5−3 h reaction time. The
monomer conversions are plotted against time in Figure 3. The
transparent reaction solutions turn turbid within 2 min and
with further increasing the reaction time, the dispersions
become milky white. Due to the in situ self-assembly of
copolymers, there is an increase in local concentration of
monomers within the particles. Therefore, after a short
initiation period, high monomer conversions are achieved
within 60 min. The semilogarithmic plot in Figure 3 shows that
the rate of polymerization increased linearly after 15 min. This
indicates that the polymerization is controlled. The kinetic
4292
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Figure 5. TEM images of nanoparticles from saline aqueous dispersions with two diﬀerent solid contents, 20 w/w % (a−e), and 16−17% (g,h,f). In
particle phase diagram (i), S = spheres, FS = fused spheres, W = worms, L = lamellae, and V = vesicles.

When using polyelectrolyte stabilizers in PISA polymerizations,
only kinetically trapped spheres have been observed.33,43 With
increasing solid content or DP of PDAAM, the diameters of
the particles increased but no morphological changes occurred.
Because of electrostatic repulsion, no fusion of the spheres
took place. Similar diblock copolymer systems have been
reported earlier, where polyelectrolyte stabilizer chains were
extended with DAAM or hydroxypropyl methacrylate. As in
the present case, under salt-free conditions, only an increase in
the spheres was observed.34,43−45
Two macro-CTAs with nearly similar DPs (21 and 27) were
tested, and it is worth noting that the small diﬀerence in the
DP did not aﬀect the particle morphologies. In the following,
we will discuss only the cases where PVBTMAC27 was used.
When the target DP of PDAAM was increased from 250 to
415, the particle diameters almost doubled while the
distributions remained very narrow (entry 11 in Table 1,
Figures 4A−F and S3). In the sample with the highest solid
content, sample 12 in Table 1, bimodal size distributions were
observed by both DLS and TEM (see also Figures 4B and S3).
Obviously, the electrostatic repulsion is getting too high under
these conditions.
In PISA, morphological transitions in the self-assembled
structures can occur either by fusion of spheres or exchange of
the copolymer chains within the neighbor aggregates. The ﬁnal
morphologies can be altered by changing the packing
parameter by either increasing the hydrophobic block length
or solid content. In nanoparticles stabilized by charged chains,
the morphological transitions are more complicated than those
in nonionic systems. In previous investigations,33,38,43,44 the
higher-order morphologies were achieved by incorporating
nonionic repeating units. Another strategy used to decrease the
repulsion was the use of a mixture of charged and noncharged
stabilizers.44 The ﬁnal morphologies of the particles have also
been observed to depend on the ionic strength or pH.31,38
Therefore, we used NaCl to screen the electrostatic repulsions
in the shell region and thus to promote the higher-order
morphologies. The dispersions obtained from the polymerizations conducted in the presence of NaCl are listed in Table
2.

Table 3. List of Nanoparticles Obtained with Varying the
Target DP of PDAAM and Solid Content at Constant Salt
Concentration (1 M NaCl)
entry

copolymer
(Vn-Dm-m%-x M)

sizeDLS
(d·nm)a

1
2
3
4
5
6
7

V27-D216-16.9-1 M
V27-D413-16.7-1 M
V27-D835-16.4-1 M
V27-D420-23-1 M
V27-D82-20-1 M
V27-D165-20-1 M
V27-D330-20-1 M

778*
632*
584
1006*
90
405*
566*

8
9
10
11
12
13
14

V27-D413-20-1
V27-D496-20-1
V27-D580-20-1
V27-D827-20-1
V27-D413-10-1
V27-D413-15-1
V27-D413-25-1

M
M
M
M
M
M
M

503*
456*
475*
530
120
424*
681*

morphology (TEM)

PDIDLS

Worms
vesicles, lamellae
Vesicles
worms, lamellae
Spheres
Worms
worms, lamellae, and
vesicles
lamellae, vesicles
lamellae, vesicles
lamellae, vesicles
Vesicles
Spheres
vesicles, lamellae
lamellae, worms

0.171
0.127
0.012
0.218
0.173
0.277
0.113
0.099
0.155
0.126
0.005
0.002
0.121
0.099

a

Mean hydrodynamic diameters from CONTIN at 90° by DLS.
*Apparent values calculated for a sphere.

Nanoparticles from Salt-Free Dispersions. The intensityaveraged hydrodynamic diameters measured by DLS for the
dispersions (0.1 w/w %) are shown in Table 1. As is typical in
PISA reactions, the copolymers self-assembled to various
nanostructures in situ while increasing the length of the coreforming block. The hydrodynamic diameters of the nanoparticles increased in each case with the increase in the DP of
the PDAAM block at diﬀerent solid contents. The intensityaveraged size distributions are shown in Figure S3. The
distributions seemed to get narrower with the increase in the
solid content. The zeta potentials show that the nanoparticles
are stabilized by positively charged shells. The electrophoretic
mobilities and zeta potentials of the particles varied without
any clear tendency (Table1).
TEM analysis shows that only spherical nanoparticles are
obtained in salt-free reaction mixtures (Figures 4 and S4).
4293
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Figure 6. TEM micrographs of nano-objects obtained in the presence of NaCl (1 M) with diﬀerent target DP of PDAAM and solids. (a−f) Target
DP increases from 82 to 827 at 20 w/w %; (g,h) target DP 216 and 835 at low solids w/w %; (j−m) diﬀerent solid contents w/w %; and (i) phase
diagram of particles.

Morphologies in the Presence of a Salt. Particle sizes
increased with the addition of salt in the polymerizations. The
size distributions of the particles obtained at low solid content
are shown in Figure S5. With the increase in the salt
concentration up to 2 M, the diameters of the particles
increased drastically (entries 1−3 in Table 2). With TEM, we
see the morphological changes induced by the increasing salt
concentration, while the target DP and solid content are kept
constant. With 0.3 or 0.5 M salt, fused spheres were obtained.
Polymerization in 2 M NaCl leads to the formation of vesicles
and lamellar structures (Figure 5f−h). It was expected that
following the zeta potentials (and electrophoretic mobilities)
of the nanostructures would shed more light on the
mechanisms of the evolvement of various morphologies.
However, the small diﬀerences between the samples are
more or less random.
As is seen in Figure 5a−e, the whole range of morphologies
was obtained in dispersions with constant solid content (20 w/
w %) and DP of PDAAM (248), see also Table 2, rows 4−9.
With increase in NaCl concentration, the particle morphologies changed from spheres to fused spheres to worms to
lamellae or vesicles. The addition of 0.3 M salt (Figure 5b)
leads to the formation of fused spheres. Figure 5c shows
mixtures of worms with diﬀerent structures obtained at 0.5 M
NaCl. In TEM, elongated linear worm micelles with sphere
heads can be seen, as well as branched worms with either two
or three branches (see an enlarged micrograph in Figure S6).
In the case of worm or lamellar structures, the particle size data
from DLS are naturally not correct but are shown because it
gives the order of magnitude of the structures. Upon increasing
the salt concentration to 0.7 M, a few micrometers long worms
with a diameter of 56 nm appeared (Figure 5d). The diameter
is of the same order of magnitude as the diameters of spherical

particles obtained in salt-free systems (70 nm, measured from
the TEM image). This behavior resembles the self-assembling
of small surfactant molecules in salt solutions. At 1.5 M salt
concentration, the repulsive interactions in corona are
expected to be very much suppressed. Therefore, vesicle
structures start to build up of the copolymer V27-D248 (Figure
5e). Besides the vesicles, a high number of spherical particles
were also found in the dispersions in high NaCl concentrations.
The observations are very much in line with previous
research by others12,29,38,43 on polyelectrolyte-stabilized PISA
systems. In several cases, the charge density in the particle
shells was reduced using either a mixture of charged and
noncharged stabilizers33,44 and/or adding a cosolvent or
changing pH.34,39 In the present case, the addition of salt to
the reaction mixture is enough to decrease the charge density
in the macro-CTAs and to make the particle shells shrink. This
promotes the 1D fusion of the particles. With increasing the
salt concentration, the repulsive interactions decrease. The
aggregation number increases with a decrease in the surface
area per chain, which allows further changes in the morphology
of the particles. Worm-like structures are promoted via radial
elongation of the core even without increasing the PDAAM
block length or solid content. Hydrophobicity of the surfaces
increases and this favors such collisions of the entities, which
lead to either branching or long ﬁber-like worm structures. In
high salt regimes, the polymers start to behave as noncharged
ones, and to minimize the surface energy, the hydrophobic
cores force the entities into lamellar or vesicular structures.
The progress of the morphologies follows well the theoretical
predictions by Borisov and Zhulina.10
Eﬀect of DP of PDAAM Block and Solid Content (w/w %).
To systematically study the eﬀect of the essential parameters,
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Figure 7. Particle morphology versus ionic strength with changing the parameters (A) NaCl, (B) DP of PDAAM, and (C) solid content (w/w %).
(D) Corresponding illustration of salt-induced morphological transition.

with either nonionic PEG or ionic PAA stabilizers.57,58 At high
target PDAAM DP > 800 in both 16.4 and 20% solid contents,
large nonuniform vesicles were observed under TEM (see
Figure 6h,f). The topologies of the vesicles are similar to the
large compound vesicles obtained from PS−PEO copolymer
particles.58 For clarity, the vesicles obtained from the samples
11 and 3 (Table 3) were further characterized with other
imaging techniques cryo-TEM and FESEM (see Figure S8).
Imaged with FESEM in the dry state, the vesicles looked like
dense raisins, and with cryo-TEM, similar morphologies were
observed as in TEM. The TEM images of individual
nanoparticles from this series are shown in Figure S7d.
The particles synthesized varying the solid content and
targeting a constant DP 413 are shown in Figure 6j−m.
Regardless of salt concentration, only spherical particles were
obtained at 10% (Figure 6j). The spheres are narrowly
dispersed with a diameter of 120 nm. Increasing the solid
content to 15 and 20 w/w % leads to a transition from spheres
to mixtures of lamellae and vesicles. At 15%, the copolymers
profoundly favored lamellar structures. A further increase to 23
and 25 (w/w %) leads to mixtures of worms and lamellae
connected with worm structures (Figures 6m and S7C). These
morphological changes at high solids are somewhat diﬀerent
from a previous report where a zwitterionic stabilizer chain was
extended with HPMA with DP ≈ 400.20
Figure 7 summarizes the observations. In Figure 7A, one can
see how the morphologies change from spheres to worms,

DP of PDAAM and total solid content, several syntheses were
conducted by keeping the salt concentration constant. The
particles obtained from these syntheses are listed in Table 3,
together with DLS and TEM data.
As was shown above, at high salt regimes, the polycation
macro-CTA can act as a nonionic stabilizer. At low target DP
82, only spherical particles were formed at 20% solids (Figure
6a). However, when the target DP of PDAAM was doubled to
165, worm-like micelles with diﬀerent lengths were obtained at
20% solids (Figure 6b). A long entangled worm phase was
observed at DP 216 in low solid contents, see Figure 6g.
Further increasing the DP of the second block, the charge
repulsions are further reduced in the coronas upon the radial
elongation of the hydrophobic cores. Thus, with PDAAM
target DP 248 and 330, mixtures of worms and lamellae and/or
vesicles were obtained (Figure 6c,d).
The morphological transitions from worms to bilayer
structures were attained with further increase in the DP of
DAAM. However, the V27-Dm copolymers formed mixtures of
vesicles and lamellae or interconnected vesicles with lamellae
in the target DP range from 413 to 580 (see Figures 6e and 1,
S7a,b). An et al. reported PISA of PDAAM copolymers, where
a nonionic stabilizer was chain-extended with DAAM. The
mixed phase of lamellae and vesicles was prone to form in high
solid content (25% w/v), whereas at low solid contents, pure
lamellae phase was observed.56 The interconnected vesicle
phases are similar to those in polystyrene copolymer systems
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Figure 8. Particles synthesized in salt-free solutions. (A) Normalized transmittance cooling curves for spherical nanoparticles of V21-D48 (0.1 w/w
%) in aqueous triﬂate solutions with diﬀerent cation/anion ratios. (B) Corresponding heating curves. (C) Transmittance cooling curves for
PVBTMAC27 (1 mg/mL) in aqueous triﬂate solutions (LiOTf concentrations are next to the lines). (D) Endotherms obtained for spherical
nanoparticles of V21-D48 (0.1 w/w %) with diﬀerent cation/anion ratios. Heating rate 1 °C/min.

Figure 9. Thermoresponsive behavior of nanoparticles with diﬀerent morphologies in aqueous triﬂate solutions with a cation/anion ratio of 1:10
(left). The solid content is indicated in parentheses next to the sample code. TcU = cloud point temperature.

Thermoresponsive Behavior in Triﬂate Solutions. As we
have shown earlier, it is possible to modulate thermal behavior
of PVBTMAC with hydrophobic counterions. In the presence
of triﬂate ions (OTf), the aqueous polymer phase-separates at
temperatures below UCST.48 Correspondingly, OTf turn the
polycation-stabilized nanoparticles thermoresponsive. The
addition of OTf increases the cloudiness of the dispersions,
thus indicating the aggregation of the particles. The trans-

lamellae, and vesicles with increasing salt concentration. A
similar change is observed in Figure 7B with the increase in the
DP of PDAAM. Finally, Figure 7C shows how the
morphologies evolve with increasing solid content. The salt
concentration is crucial; when the salt/cation ratio is below 3,
mainly spheres exist, and with the ratio 10 or above, only
lamellae and/or vesicles are found (Figure 7A,B). Between
these extremes, the entities are mainly worms.
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polymers with reduced mobilities. It remains to be seen if we
can substitute the chloride ion with triﬂate in the polymerization reactions; one may expect that much less negative ions
would be needed in that case to control the particle
morphologies.

mittances of dispersion of spheres synthesized in salt-free
solutions change interestingly while cooling the samples. When
adding ﬁve equivalents of OTf per cationic unit, the cloudiness
of the dispersions increased. Normalized transmittance curves
for dispersions of V21-D48 (Table 1, sample 7), measured in
diﬀerent OTf concentrations (5, 7.5, and 10 equivalents), are
shown in Figures 8A,B. Upon cooling, the particles start to
phase-separate around 65 °C. The process is reversible with
heating. Comparing to homopolymers PVBTMAC (Figure
8C), the cloud points of the polycation stabilizers are shifted to
high temperatures in the presence of OTf (10 or 20
equivalents). The phase separation is diﬃcult to be studied
with DSC owing to the very low content of the polycation. A
very weak endotherm can be observed during heating, however
(Figure 8D). The transmittance curves are diﬀerent for
polymers with diﬀerent compositions, see Figure S9.
The observation that the transition under certain conditions
takes place in two steps is important. It may be assumed that
the segments of the polycation close to the hydrophobic core
collapse ﬁrst, and the outer parts of the chains contract later, at
lower temperature. An observation which serves indirect
support for this assumption is that during repeated cooling−
heating cycles, two steps are observed only during the ﬁrst
cooling. This suggests that after the ﬁrst contraction, some
polymer segments remain collapsed and thus, later, only one
transition is observed. The ﬁnding is of general interest
because it is analogous to the behavior of PNIPAM chains
bound to surfaces. We have observed that the chains bound to
gold nanoparticles show two clear transition steps upon
heating, the segments close to the surface collapse ﬁrst and
those further out follow afterward.59 The two transitions have
recently been discussed also by Winnik et al.60
Particles with diﬀerent morphologies were obtained in saline
systems. They all show the thermal collapse of the polycation
when triﬂate has been added. In Figure 9, it is seen that in the
case of a sphere with a small core, the change in transmittance
is huge. The magnitude of the transmittance changes with the
particle morphology. In the ﬁgure, the cation/anion ratio is
1:10 in all samples, but sample concentrations vary because
due to the strong scattering, the dispersions needed to be
diluted in diﬀerent ratios. However, the more the samples
contain the stabilizer, the greater is the change.
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■

CONCLUSIONS
Polyelectrolyte-stabilized copolymer nanoparticles have been
synthesized via RAFT aqueous dispersion polymerization. A
cationic macro-CTA, PVBTMAC, was chain-extended with
DAAM to create self-assembled core−shell nanoparticles. Due
to the electrostatic repulsion, only kinetically trapped spherical
particles were obtained in salt-free dispersions. Using a simple
salt NaCl, morphological transitions from spheres to fused
spheres, worms, lamellae, and vesicles became possible. Worms
and lamellae or vesicles could also be prepared by varying the
DP of PDAAM or the solid content in the formulations in 1 M
aqueous NaCl. The experiments show that PVBTMAC is a
versatile cationic stabilizer; the whole spectrum of morphologies can be obtained by adding salt. No dilution of cationic
charges with noncharged comonomers or polymers is needed.
When adding hydrophobic triﬂate counterions, the polycation
blocks turn thermoresponsive with UCST behavior. Interestingly, with certain triﬂate concentrations, the phase separation
taking place upon cooling occurs in two steps. Two-step
transitions have earlier been observed with aqueous LCST
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