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Morphological transitions of cationic PISA
particles by salt, triflate ions and temperature;
comparison of three polycations†

Vikram Baddam, Lauri Välinen, Linus Kuckling and Heikki Tenhu *

Three strong polycation stabilizers, poly((vinylbenzyl) trimethylammonium chloride), PVBTMAC, poly((2-

(methacryloyloxy)ethyl)trimethylammonium chloride), PMOTAC, and poly((3-acrylamidopropyl) trimethyl-

ammonium chloride), PAMPTMAC have been synthesized with reversible addition–fragmentation chain

transfer, RAFT, reactions. Solubilities of the polycations change with hydrophobic counterions such as

triflate. PVBTMAC undergoes a thermal phase transition with a low amount of triflate, whereas PMOTAC

or PAMPTMAC do not. These three cationic macro chain transfer agents were chain extended with a

hydrophobic core forming monomer diacetone acrylamide, DAAM, in polymerization-induced self-

assembly (PISA) processes. In aqueous sodium chloride solutions, the obtained particles show morpho-

logical transitions from spheres to aggregated structures and to vesicles with increasing the ionic ratio

(salt concentration). With either increasing the DP of the PVBTMAC block or using other polycations, the

particle morphologies change to raspberry-like ones at high salt or solids concentration. When

PVBTMACs were used as stabilizers in aqueous LiOTf dispersions at elevated temperatures, spherical par-

ticles fused together. Upon cooling, the particles either aggregated or formed worm-like structures. On

the other hand, no morphological changes were observed when other two polycations were used as

CTAs. The results show how changes in the chemical structure and hydrophilicity of the polycation affect

the morphologies of the particles. Particle morphologies may be further tuned with hydrophobic coun-

terions, with which also thermoresponsive morphological changes can be induced.

Introduction

Polymerization induced self-assembly (PISA) is a much studied
method for synthesizing block copolymer nanoparticles with
various morphologies. During the polymerization, the growing
block copolymers assemble into spheres, worms and vesicles.
The final morphology of the nanoparticles depends on several
parameters like, e.g., mole fractions of hydrophilic and hydro-
phobic chains, solids content, pH, solvent, and ionic
strength.1–16

Often block copolymers self-assemble to kinetically trapped
spheres in PISA, due to either steric hindrance by the long
stabilizer blocks or charge repulsions of polyelectrolyte
stabilizers.7,17–19 Several strong polycations e.g. imidazolium
containing ones and especially quaternary ammonium salts,

have been chain extended with core forming methacrylate/acry-
late monomers in PISA.20–26 In most of the cases, the copoly-
mer morphology was limited to only spheres due to high
charge density in the corona. However, diluting the charges by
using non-ionic co-stabilizers in aqueous systems leads to a
morphological transition from spheres to worms or vesicles.
This has been well demonstrated for a few (meth)acrylate
based polyelectrolytes with or without salt.20,22

Under certain conditions, the particles obtained through
PISA can undergo morphological transitions when the copoly-
mers respond to external stimuli and/or due to the surface
plasticization of the core forming blocks. For example, several
aqueous PISA systems with partially hydrophilic poly(2-hydro-
xypropyl methacrylate) (PHPMA) as a core forming block
show thermally induced morphological transitions.27–33 Due
to the hydration changes of the PHPMA block segments, the
morphological transformation takes place from vesicles or
worms to spheres upon cooling to 4 °C or below.27,34–36

Poly(glycerol monomethacrylate)-poly(2-hydroxypropyl meth-
acrylate) (PGMA-PHPMA) diblock copolymers carrying car-
boxylic groups in the end of the hydrophilic block undergo
order–order transitions with changing the pH, due to the pro-
tonation of the acid end groups.29,37 Poly (diacetone acryl-

†Electronic supplementary information (ESI) available: Characterization
methods, 1H NMR spectra of polycation macroCTAs and diblock copolymers,
lists of the syntheses of nanoparticles, TEM images of the particles, DLS size dis-
tributions of the particles obtained from LiOTf series at 15 w/w%. See DOI:
https://doi.org/10.1039/d2py00301e

Department of Chemistry, PB 55, University of Helsinki, Helsinki FIN-00014,

Finland. E-mail: heikki.tenhu@helsinki.fi

3790 | Polym. Chem., 2022, 13, 3790–3799 This journal is © The Royal Society of Chemistry 2022

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 6

/8
/2

02
5 

5:
15

:4
9 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://rsc.li/polymers
http://orcid.org/0000-0001-5957-4541
https://doi.org/10.1039/d2py00301e
https://doi.org/10.1039/d2py00301e
http://crossmark.crossref.org/dialog/?doi=10.1039/d2py00301e&domain=pdf&date_stamp=2022-06-23
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2py00301e
https://pubs.rsc.org/en/journals/journal/PY
https://pubs.rsc.org/en/journals/journal/PY?issueid=PY013025


amide) (PDAAM) is another example of a core-forming block in
aqueous PISA. Morphological transitions from spheres to
worms and vesicles or lamella have been observed for the copo-
lymers of PDAAM. However, the transitions are rather weak to
stimulus changes and depend on the core composition.38–40

In contrast to aqueous PISA systems, particles of poly(stearyl
methacrylate)-poly(benzyl methacrylate) (PSMA-PBzMA) block
copolymers in mineral oil undergo vesicles to worm to spheri-
cal/sphere transition upon heating.41,42 The diblock copolymer
worms prepared by chain extension of poly[2-(dimethylamino)
ethyl methacrylate]s with 3-phenylpropyl methacrylate via RAFT
dispersion polymerization in ethanol show changes in mor-
phologies from worms to spheres upon heating to 70 °C.43

Temperature induced morphological transitions in the non-
aqueous systems are rapid compared to the aqueous ones dis-
cussed above.

It has been shown that aqueous polycations may be turned
into thermoresponsive polymers, and they can undergo either
UCST or LCST type phase transitions. The type of the thermal
transition depends on the details of the structure of the cat-
ionic unit, but also on the counter ion.44–50 Together with
bulky counter ions, styrene-based polycations are relatively
hydrophobic and thus, they undergo a thermal phase tran-
sition easier than more hydrophilic (meth)acrylate-based
polycations.44,51 We have recently shown that using styrene
based polycations as sole stabilizer blocks in PISA, one can
produce a full window of morphologies by adjusting the ionic
strength in the reactions.52 In addition, the self-assembled
nanostructures can be turned to thermoresponsive ones with
addition of triflate (OTf−) ions.

Herein, we widen the scope of our studies on cationic block
copolymers in PISA. First, styrene-based polycation macroCTAs
(PVBTMAC) with three different degrees of polymerizations
were chain extended with DAAM in aqueous salt solutions to
construct a full morphological phase diagram. The particle
morphologies were then compared with those obtained
from two other copolymers of DAAM. Thus, two polycations,
poly((2-(methacryloyloxy)ethyl)trimethylammonium chloride)
(PMOTAC) and poly((3-acrylamidopropyl)trimethylammonium
chloride) (PAMPTMAC) were chain extended with DAAM. In
addition, we also used triflate counterions in the PISA reac-
tions. Because the solubilities of the polycations change in the
presence of triflate ions, by using relatively small amounts of
triflate in the PISA reactions may be expected to induce higher-
order morphologies at elevated temperature. This approach
should also enable morphological transitions with changing
temperature. No reports exist on morphological transitions
triggered by hydrophobic counter ions in aqueous PISA
systems where polycations are used as stabilizers.

Experimental part
Materials

(Vinylbenzyl)trimethylammonium chloride (VBTMAC;
99%), (3-acrylamidopropyl)trimethylammonium chloride

(AMPTMAC; 75 wt% in H2O), [2-(methacryloyloxy)ethyl]tri-
methylammonium chloride (MOTAC; 75 wt% in H2O),
diacetone acrylamide (DAAM; 99%), 2-(2-carboxyethyl-
sulfanylthiocarbonylsulfanyl) propionic acid (CTPA; 95%),
4-((((2-carboxyethyl)thio)carbonothioyl)thio)-4-cyanopentanoic
acid (CCTPA) (95%) and 4,4′-azobis(4-cyanovaleric acid)
(ACVA; ≥75%) were received from Sigma Aldrich. Sodium
chloride (NaCl) was from Fisher Scientific (≥99.0%).
Lithium trifluoromethanesulfoate (LiOTf; 99.995%) and
methanol (HPLC grade, ≥99.9%) were from Sigma Aldrich.
Deionized water was from ELGA pure lab ultra-purification
system. Regenerated cellulose membrane tubes (MCWO of
1 kDa) from Spectrumlabs were used in dialysis. All deute-
rated solvents were purchased from Eurisotop (Cambridge
Isotope Laboratories, UK).

Syntheses of polycation macroCTAs

The polycation stabilizers were synthesized via RAFT solution
polymerization. The chain transfer agent, CTPA, was used in
the polymerization of both VBTMAC and APMTMAC. For
PMOTAC macroCTA, another suitable chain transfer agent,
CCTPA, was used.

For instance, the procedure for the synthesis of the
PVBTMAC50 macro-chain transfer agent (macroCTA) was
as follows. In a reaction flask, the reagents 1.93 g
(9.142 mmol) of VBTMAC, 38.77 mg (0.152 mmol) of CTPA
and 7.16 mg (0.025 mmol) of ACVA as initiator were mixed
in 11 ml of water. Then the reaction mixture was purged
with inert gas for 45 min prior to the flask was transferred
to a preheated oil bath at 70 °C. After 3.5 h, the reaction
was quenched by liquid N2. The crude polymer was purified
by dialysis for two or three days and then collected by
freeze-drying. The reaction aliquots were characterized with
NMR and SEC for the monomer conversion. The same pro-
tocol was applied for the syntheses of other macroCTAs.
Reaction conditions and molar masses of the macroCTAs
are reported in Table 1.

Synthesis of diblock copolymers via aqueous RAFT dispersion
polymerization

RAFT dispersion polymerizations of DAAM were conducted
with different polycation macroCTAs. In the first series, the
polymerizations were conducted with targeting a constant
DP of PDAAM and changing the parameters such as
NaCl concentration (see Table S1†) and solids content
(see Table S2†). In the latter series, all polycation
macroCTAs were chain extended with DAAM in aqueous tri-
flate solutions with varying the LiOTf and solids contents
(Table S3†).

All the polymerizations of DAAM were conducted in a
similar fashion. First, stock solutions of the reagents were pre-
pared in aqueous medium. Then, required amounts were
transferred to the reaction vials and purged with N2 gas for
∼25 min. The polymerizations were conducted at 70 °C for
3–4 h. The dispersions obtained from all series were character-
ized by NMR, DLS and TEM, see ESI.†
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Results and discussion
Polycation macroCTAs

Three chemically different (styrene, acrylamide, methacrylate)
quaternary ammonium chloride macroCTAs were synthesized
via RAFT polymerization (Scheme 1). In addition, two more
styrenic ones with different molar masses were prepared. Two
different CTAs were used. Styrene and acrylamide derivatives
were synthesized as described earlier.48 CPA does not work
with the methacrylate monomer, however, and in that case we
switched to CCPA.

The degrees of polymerization and molar masses of the
pure polymers were determined with NMR and SEC, see
Table 1. In the NMR analysis, methyl proton peaks (3H, –CH3

around 1 ppm) from CPA were used as a reference to deter-
mine the final DP of PVBTMAC and PAMPTMAC macroCTAs.
In the case of PMOTAC macroCTA the proton peak at 2.25 ppm
from CCPA was used to calculate the DP (1H NMR spectra of
macroCTAs are shown in Fig. S1†). The DPs of PVBTMAC
macroCTAs from the end group analysis are 24, 50 and 61,
which are close to the theoretical ones. A shift in the retention
volume distributions agree with the increasing molar mass of

Table 1 List of polycation macroCTAs synthesized via RAFT polymerization

Entry [M] : [CTA] : [I] CTA Conversion (%) Mn (theo)
a (g mol−1) Mn (NMR)

b (g mol−1) DP(NMR)
b Mn (SEC)

c PDI(SEC)
c

PVBTMAC24 30 : 1 : 0.2 CPA 86 5700 5330 24 5100 1.27
PVBTMAC50 60 : 1 : 0.16 CPA 87 11 300 10 900 50 8747 1.30
PVBTMAC61 85 : 1 : 0.1 CPA 77 14 100 13 100 61 10 549 1.36
PAMPTMAC29 30 : 1 : 0.1 CPA 91 5900 6300 29 6225 1.30
PMOTAC24 30 : 1 : 0.2 CCPA 96 6300 5300 24 5767 1.34

a Theoretical Mn was calculated from the equation Mn ¼ ½M�
½CTA� � conv:%�Mmonomer þMCTA.

b Mn and DP were calculated from NMR by end

group analysis Mn = DP × Mmonomer + MCTA.
c Mn and PDI were collected from size exclusion chromatography.

Scheme 1 Syntheses of polycation macroCTAs via RAFT polymerization; (A) PVBTMAC, (B) PAMPTMAC and (C) PMOTAC.
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macroCTAs. However, broadening of the molar mass distri-
butions with increasing DP of PVBTMAC indicates poor
control in the polymerizations. The polydispersity indices of
the polymers are shown in Table 1, see also SEC eluograms in
Fig. 1A. Broad molar mass distributions were also observed in
the other two macroCTAs synthesized with target DP 30. We
assume strong charge repulsions along the polymer backbone
might have led to either a poor control of polymerizations or a
poor separation in SEC.53 The final DPs and molar masses
from NMR were used when conducting the dispersion poly-
merizations of DAAM.

UCST type phase separation of macroCTAs in triflate solutions

Solution properties of polycation macroCTAs were studied in
aqueous triflate solutions. In the presence of hydrophobic
triflates, the polycations with aromatic functionalities
phase separated upon cooling. However, other macroCTAs
PAMPTMAC and PMOTAC were well soluble at all tempera-
tures in 100 mM LiOTf. Styrenic CTA differs from the other
two owing to its hydrophobicity, which is in agreement with
previous studies on chemically different polycations.44

Behavior of PVBTMAC is strongly dependent on the molar
mass. With increasing the DP, the cloud points shifted to
higher temperatures when salt concentration was kept con-
stant (Fig. 1B). Based on these observations we consider the
styrenic polycation PVBTMAC more hydrophobic than the
methacrylate or acrylamide ones.

Dispersion polymerization of DAAM

The first series of polymerizations of DAAM (the ‘NaCl series’)
were conducted in aqueous solutions using five different poly-
cation macroCTAs (Table S1†). Three of these were styrenic
ones with DPs 24, 50, and 61. The DPs of acrylamide and
methacrylate CTAs were 29 and 24, respectively. The salt con-
centration was varied while keeping the solids content con-
stant, 15 w/w%, and target DP of PDAAM 500. The abbreviation

V24-D500 shows the DP of the CTA (24) and that of PDAAM
(500). V stands for the styrenic CTA, M for the methacrylate,
and A for acrylamide. Within 3 hours of reaction time, over
98% monomer conversions were achieved in almost every case.
Polymerizations conducted with PVBTMAC50 showed low
monomer conversions at high salt concentrations, see
Table S1.† Due to the poor solubility in most solvents, diblock
copolymers could not be characterized with SEC. Even the
attempts to measure the polymers in methanol and various
salts fail because of the adsorption of the polymers to the
stationary phase. The problem has often been encountered in
PISA investigations.20,22 With increasing the salt concen-
tration, the turbidities of the dispersions increased. At high
salt concentrations, V24-D500 dispersions are highly viscous
fluids, different from the low viscosity dispersions obtained
with other macroCTAs. Similar turbid dispersions were
obtained at high solids content 20 w/w%, fluid gel dispersions
formed for V24-D500 at ionic ratio [NaCl]/[Cp] 12 (Table S2†).

In the latter series, the polymerizations were done in
aqueous LiOTf solutions (the ‘OTf series’). With either
increasing the ionic ratio [LiOTf]/[Cp], [moles of salt per poly-
cation repeating unit] or the molar mass of PVBTMAC, reac-
tion mixtures turned heterogeneous at room temperature. At
70 °C the turbid mixtures became transparent as the solubi-
lity of the polycations increased. The self-assembling of the
polymers was observed after 30 minutes, when the reaction
mixtures turned cloudy again. Later, with increasing degrees
of polymerization the systems with high salt concentrations
phase separated at 70 °C. Poor DAAM conversions were
observed in the polymerizations conducted at high [LiOTf],
see Table S3.†

Polymerization kinetics of DAAM were studied using
different macroCTAs in aqueous salt (1 M NaCl) solutions, tar-
geting to DP 500 at 15 w/w% solids. As is shown in Fig. 2A the
conversion of DAAM rapidly increased during the first 30 min.
In all cases, high monomer conversions of DAAM were

Fig. 1 (A) SEC eluograms of polycation macroCTAs in water/acetonitrile (60/40) with 0.1% trifluoroacetic acid as an eluent. (B) Transmittance
cooling curves for polycation macroCTAs (1 mg mL−1) in 100 mM aqueous LiOTf solutions.
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achieved within 2 h (>97%) as determined by 1H NMR spec-
troscopy. The corresponding semi logarithmic plot (Fig. 2B)
shows the rate of polymerization increased linearly after a
15 minutes induction period. Then, after 60 minutes the
increase turned minimal as the monomer concertation
decreased. Overall, the rate of polymerizations followed typical
reaction kinetics for PISA conducted via RAFT dispersion
polymerizations.22,38,52 The 1H NMR spectra of the block
copolymers obtained with different macroCTAs are shown in
Fig. S2.†

Particles from the NaCl series: morphologies at various ionic
ratios

The intensity averaged hydrodynamic diameters and size dis-
tributions collected for the dispersions of the NaCl series are
plotted in Fig. 3 and summarized in Table S1.† In V24-D500 dis-
persions, hydrodynamic diameters of the particles increased
with increasing the ionic ratio from 0 to 16. At ionic ratio 20, a
drastic increase of the particle sizes up to 400 nm indicated a
morphological transition (Fig. 3f). Interestingly, the polymers

Fig. 2 Kinetics of RAFT dispersion polymerization of DAAM using various macro-CTAs. (A) Conversion of DAAM versus time and (B) corresponding
semi logarithmic plots.

Fig. 3 The size distribution of the dispersions obtained from the NaCl series with varying ionic ratio, (a) V24-D500, (b) V50-D500, (c) V61-D500,
(d) M24-D500, (e) A29-D500. The ionic ratio [NaCl]/[Cp] is indicated for each curve on the right axis. (f ) Intensity averaged hydrodynamic diameters of
the particles. *[Cp] = [polycation repeating unit].
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prepared with the acrylamide macroCTA, A29-D500 followed the
same trends as V24-D500. The styrenic macroCTAs with higher
DPs, 50 and 61 produced copolymer particles, the sizes of
which increased moderately without showing any indications
of morphological changes. The particle diameters were limited
to 200 nm in high salt concentrations. The copolymers
obtained using the methacrylate CTA, M24-D500 behaved in a
way very similar to the ones with a long styrenic block.

As is typical in PISA, only spherical particles were obtained
from the salt-free dispersions using any of the cationic
macroCTAs. When screening the charge density with salt, the
reactions led to dispersions with various morphologies. As the
polyelectrolytes shrink with ionic screening, efficient chain
packing can be expected to allow the fusion of the particles.
The morphological phase diagram for the particles is shown
in Fig. 4. With short styrenic stabilizers, a clear morphological
transition from spheres to fused spheres or aggregated ones
and to vesicles took place with increasing the ionic ratio.
These observations partially confirm our previous findings,
where the morphological transition from spheres to worms to

vesicles occurred with increasing salt.52 In that case, however,
the targeting DP of PDAAM was around 250 and the solids
content was high, 20 w/w%. The spherical particles were
obtained with ionic ratio up to 12 (Fig. 4a and S3a–d†). When
the ionic ratio was increased up to 16 the particles consisted of
few fused spheres and they looked like cloudberries under
TEM (Fig. S3e†). While keeping the ionic ratio 20, the particle
morphologies in V24-D500 dispersions evolved to vesicle struc-
tures (Fig. 4d). Similar morphological changes from spheres to
berries occurred either using long styrene based stabilizers or
the PMOTAC24 macroCTA (Fig. 4 and Fig. S4–6†). On the other
hand, V50-D500, V61-D500 and M24-D500 dispersions (at ionic
ratio 20) built up raspberry-like structures, however, no vesicles
were observed (see Fig. 4e, f and j).

Chain extension of PAMPTMAC with DAAM at any ionic
ratio led to particles with different sizes. Small spherical par-
ticles around 20 nm were present in all dispersions (see
Fig. 4g, h and S7†). At ionic ratio 16 or below, bigger spherical
particles were visible, which were composed of small ones. On
the other hand, when increasing the ionic ratio the particles

Fig. 4 TEM images of the particles obtained from the NaCl series. (a and d) V24-D500, (b and e) V50-D500, (c and f) V61-D500, (g and h) A29-D500,
(i and j) M24-D500. The phase diagram of the particle morphologies at various ionic ratios. S = spheres (●), CS = cloudberry structures (■) RS =
raspberry structures (◙) and V = vesicles (○).
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started to look like raspberries (Fig. 4h). Distinguishing
between cloudberries and raspberries was done based on the
TEM analysis. The cloudberry particles consist of a low
number of fused spheres. In the raspberries, the number of
spheres is higher but the spheres are smaller than those in the
cloudberries (see enlarged TEM images Fig. S3e and S5e†).

The diameters of the particles measured from TEM images
are shown in Fig. S8.† In the dry state, the particle diameters
were slightly smaller than those obtained from the DLS
(Fig. 3f). In high salt range, the diameters of the A29-D500 par-
ticles from TEM are almost half of those obtained from DLS.
Either this is due to the aggregation in the dispersions or to
the hydrophilic nature of acrylamide-based polycation stabil-
izers. Long hydrophilic grafts on particle surfaces may affect
the values obtained with DLS in water.

Fig. 5 shows TEM micrographs of the particles obtained at
ionic ratio 24 with three chemically different macroCTAs. With
short styrenic macroCTA, vesicles were obtained (Fig. 5a).
When the acrylamide based CTA was used, the particles were
dense raspberry-like ones (Fig. 5b). Similar morphologies
(raspberries) but smaller in size built up when using methacry-
late based macroCTA (Fig. 5c).

Increasing the solids content should favor the aggregation
processes. Thus, the next experiments were done at 20 w/w%
solids using low ionic ratios, either 6 or 12 (Table S2†).
Cloudberry-like aggregated structures were obtained with
styrene and/or methacrylate based macroCTAs at a low ionic
ratio 6 (see Fig. 6a–c). A mixed phase of worms, lamella and
vesicles was obtained with increasing the ionic ratio to 12 in
the case of V24-D500 dispersion (Fig. 6e), corroborating our
earlier findings. In the previous paper we have additionally
shown that also pure worm and/or vesicle phases may exist
with varying salt concentrations.52 Importantly, with a longer
styrenic CTA (DP 50, ionic ratio 12), the particles were berry-
like (Fig. 6f). The copolymers obtained with methacrylate or
acrylamide CTAs formed mainly raspberry-like structures, see
Fig. 6.

Morphological transition with triflate ions and temperature
(the OTf series)

Based on solution properties of the polycations discussed
above, we expected that with triflate ions one could easily
quench the charges in the polycation corona. Therefore, the
final series of polymerizations was conducted in aqueous tri-

flate solutions. The LiOTf concentration was adjusted
respective to the polycation repeating units. The ionic ratio
[LiOTf]/[Cp] and solids content were varied while keeping a
constant target DP of PDAAM 500. Fig. 7 shows the TEM

Fig. 5 TEM images of the particles obtained at 15 w/w% using high ionic ratio [NaCl]/[Cp] = 24. Target DP was 500. Details are given in the text.

Fig. 6 TEM images of the particles obtained at 20 w/w% using ionic
ratios [NaCl]/[Cp] 6 and 12. DP of PDAAM was 500. Details are given in
the text.

Paper Polymer Chemistry

3796 | Polym. Chem., 2022, 13, 3790–3799 This journal is © The Royal Society of Chemistry 2022

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 6

/8
/2

02
5 

5:
15

:4
9 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2py00301e


images of particles obtained at 15% solids content. The size
distributions of the particles from hot solutions are shown
in Fig. S9c.† Using ionic ratio [LiOTf]/[Cp] = 1, the copoly-
mers V24-D500 self-assembled in to mixtures of spheres and
fused spheres at elevated temperature. Upon cooling, the
spherical particles aggregated (Fig. 7a and b). For the TEM
measurements, the samples were first diluted either at elev-
ated or at room temperature and then applied on the grids.
Temperatures of the heated samples certainly change during
the application process, however, in such dilute systems
morphological transitions are improbable.38 Interestingly,
V50-D500 formed fused spheres, whereas the copolymers
obtained with longer styrenic stabilizers produced only
spherical particles at 70 °C (Fig. 7c and e). Wormlike
network structures appeared at room temperature as the
polycation coronas underwent phase separation upon cooling
(Fig. 7d and f). Several copolymer systems have been shown
to undergo morphological transitions (order–order tran-
sitions) with changing temperature. Very often, hours or days
are needed to allow the transitions to fully take
place.28,29,54,55 In the present case, however, we were follow-
ing the UCST transition, which was fast and correspondingly,

the morphological changes in concentrated samples were
instantaneous. With ionic ratios higher than 1, the particles
with styrenic blocks precipitated at 70 °C. Thus, the experi-
ments were limited to the ratio 1.

The other polycation stabilizers, PMOTAC and PAMPTMAC,
are considered to be more hydrophilic than the styrenic one in
the presence of the triflate ions. Consequently, in the disper-
sions of A29-D500 and M24-D500 only spherical particles existed
at elevated temperatures (Fig. S9a and b†). No morphological
transitions took place upon cooling. The findings are impor-
tant and support the hypothesis that the solubility of the poly-
cation is an essential parameter in PISA, tuning the morpho-
logical transitions.

The dispersions of V24-D500 turned out to be very sensitive
to the solids content. With 17 w/w% solids spherical particles
were seen, which aggregated upon cooling (Fig. S10†). With a
slightly higher solids content, 20% (ionic ratio kept at 1), a
mixture of vesicles and spheres was obtained (Fig. 8a). The
vesicles contained small lumens, indicating the membrane
had grown inwards to the particles (inset Fig. 8a). The inwards
grown vesicles have been observed in nonionic copolymer

Fig. 7 TEM micrographs of the particles from Vn-D500 dispersions
obtained in LiOTf solutions at 15 w/w% with ionic ratio [LiOTf]/[Cp] = 1.
TEM samples were collected from both hot (from 70 °C, left) and
cooled (at room temperature, right) dispersions. See text for details.

Fig. 8 TEM micrographs of the particles obtained in LiOTf solutions
with ionic ratio [LiOTf]/[Cp] = 1 at 20 w/w%. DP of PDAAM was 500. The
samples were collected from both hot (70 °C, left) and cooled (room
temperature, right) dispersions. More details in the text.
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systems where the core-forming block is thermoresponsive.56–58

Cooling the dispersions led to interconnected vesicles
(Fig. 8b).

In the case of longer styrenic polycations, the particles from
hot dispersions were fused spheres similar to those shown in
Fig. 7; TEM images are shown in ESI (Fig. S11†). Upon cooling,
the polymers completely precipitated as the cationic stabilizers
lost their solubility. At elevated temperatures, the dispersions
obtained from M24-D500 and A29-D500 at 20 w/w% consisted
only of kinetically trapped spheres. Because triflate ions do not
change the solubilities of polymethacrylates or polyacryl-
amides, only spheres existed also at room temperature (Fig. 8c
and d for M24-D500, e and f for A29-D500).

Conclusions

Three types of chemically different cationic macroCTAs (meth-
acrylate, acrylamide, styrene) with varying molar masses were
synthesized with RAFT. The macroCTAs were chain extended
with a hydrophobic core forming monomer DAAM in aqueous
solutions with changing the NaCl and total solids concen-
trations. Only spherical particles were obtained in pure water.
However, the morphological transition from spheres to fused
spheres or cloudberry-like structures to vesicles was observed
with increasing the ionic ratio in case of short styrene based
polycation stabilizers V24-D500. Either using long styrene based
polycations or the better soluble methacrylate and acrylamide
polycations, particle morphologies changed from spheres to
cloudberry to raspberry-like structures. At high solids, the poly-
mers with short styrenic cation blocks formed mixed phases;
the ones with more soluble polycations were not affected by
the solids content.

Next, polymerizations were conducted in aqueous LiOTf
solutions at 70 °C. Using ionic ratio [LiOTf]/[Cp] 1, fused
spherical structures were obtained in the dispersions of Vn-
D500. Upon cooling to room temperature, the Vn-D500 particles
fused together or even built worm-like networks. Increasing
the solids content, the particle morphology changed to vesicles
in case of the short styrenic CTA, V24-D500. The morphological
changes were mainly due to the changing solubility of the
styrenic polycations in the presence of LiOTf. In the case of
more hydrophilic macroCTAs, no changes in the morphologies
were observed.

To sum up, we have shown that particles with various mor-
phologies can be obtained using sole polycation stabilizers by
screening the charges in the coronas with NaCl. With hydro-
phobic counterions like triflate, morphological changes can be
induced even with a low ionic ratio. Because the triflate ions
turn the styrenic polycations thermoresponsive, one can tune
the morphologies also with temperature.
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