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Emulsifier-free reversible addition–
fragmentation chain transfer emulsion
polymerization of alkyl acrylates mediated by
symmetrical trithiocarbonates based on
poly(acrylic acid)
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Abstract

Emulsifier-free batch emulsion polymerization of n-butyl acrylate and its semi-batch copolymerization with
2,2,3,3,4,4,5,5-octafluoropentyl acrylate and 2,2,3,4,4,4-hexafluorobutyl acrylate both mediated by poly(acrylic acid)
containing the trithiocarbonate group in the chain was employed to produce amphiphilic triblock copolymers. The
polymerization-induced self-assembly of these copolymers in aqueous media gave rise to spherical core–shell particles.
Irrespective of the experimental conditions, the polymeric product was characterized by a bimodal molecular weight distri-
bution. The apparent violation of the reversible addition–fragmentation chain transfer polymerization mechanism may be
attributed to restricted accessibility of the trithiocarbonate group in the self-assembled block copolymers for propagating
radicals that enter into the particle. Mean-field theoretical arguments were employed to explain the exclusively spherical
morphology of the particles observed in the experiment.
© 2019 Society of Chemical Industry
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INTRODUCTION
Block copolymers comprising blocks of homopolymers or copoly-
mers of various chemical natures are capable of self-assembly
in bulk or in selective solvents thus giving rise to the forma-
tion of nanostructures of various morphologies.1 Among them,
amphiphilic block copolymers attract special interest due to the
wide potential of their applications in environmentally friendly
processes and formulations, in pharmaceutical and personal care
products etc.2,3

Traditionally, self-assembled nanostructures of amphiphilic
block copolymers are produced by molecularly dispersing block
copolymer in a common solvent followed by dialysis against a
solvent selective for one of the blocks and poor for another one.1

Alternatively, insolubility of one of the blocks can be triggered by
varied external conditions, e.g. by varying temperature if one of
the blocks is thermosensitive. The macromolecules self-assemble
in polymeric micelles according to the model of close associa-
tion above the critical micelle concentration. However, in many
cases the polymeric micelles are characterized by low lability, i.e.
changes of the aggregation number, the structure of the core
or the shell is kinetically hindered, and this feature becomes
more pronounced with increase in the length of the blocks and
increase in the glass transition temperature of the lyophobic
block.4,5

It is well known that AB block copolymers are capable of
self-assembly giving rise to micelles of diverse morphologies
(spherical, cylindrical) or to lamellar structures or polymersomes.
AB diblock copolymers with lyophilic block A and lyophobic
block B form a spherical morphology when the ratio of poly-
merization degrees of the blocks is PB/PA ≤ 1.6,7 An increase of
the lyophobic block length to PB/PA ≫ 1 makes micelles with
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spherical morphology thermodynamically unfavorable and, as a
result, worm-like micelles, lamellae or vesicles are found as equi-
librium structures.5,8,9 It is important to notice that the driving
force for formation of non-spherical aggregates is gain in con-
formational entropy of the long core-forming blocks. Therefore,
at equilibrium non-spherical micelles are formed only by block
copolymers with essentially asymmetric composition, i.e. with
longer hydrophobic blocks. In such micelles the thickness of the
corona is smaller than the radius of the core (so-called crew-cut
aggregates).10,11 For block copolymers with PB/PA ≫ 1 fine tuning
of the aggregate morphology is possible also by slight change of
the environmental conditions (pH, ionic strength, composition of
solvent, concentration of block copolymer etc.).12

Recently a versatile approach to producing amphiphilic block
copolymers capable of self-assembly into nano-sized core–shell
particles directly in the course of synthesis was developed. This
approach is known as polymerization-induced self-assembly
(PISA).13–17 The main idea of PISA has been described in detail in
numerous reviews and is based on the above-mentioned ability
of amphiphilic block copolymers to self-assemble in a solvent
which is good for one of the blocks and poor for another provided
that the poorly soluble block is long enough.18,19 Usually, poly-
merization of the monomers comprising the associating block is
performed in the presence of a living polymer in a solvent which
is thermodynamically good for the living polymer and poor for
the growing polymer. The living polymer is chain-extended and
the growing block of the polymerized monomer progressively
loses its solubility. As a result, the self-assembly of the formed
block copolymer into aggregatively stable particles occurs and
further growth of the solvophobic block continues inside the
particles. Thus, the living polymer performs two functions: it initi-
ates the growth of the block copolymer and stabilizes the formed
polymeric particles.

Depending on the solubility of the monomers in the reaction
medium, PISA formulations include dispersion and emulsion
polymerization, while the mechanism of formation of the
block copolymer is usually based on the various types of
reversible deactivation radical polymerization.20–22 Reversible
addition–fragmentation chain transfer (RAFT) polymerization is
most frequently used because of its versatility and tolerance to
a wide range of monomers and solvents.23–26 RAFT dispersion
polymerization, which starts from homogeneous conditions, is
known to produce various morphologies of particles even within
the same polymerization system if the synthesis conditions are
varied.27 In contrast, emulsifier-free RAFT emulsion polymeriza-
tion usually results in the formation of core–shell particles with
spherical morphology.28 However, recently significant progress
was achieved in extending the spectrum of morphologies formed
in emulsion polymerization.19

RAFT formulations are based typically on monofunctional RAFT
agents, e.g. dithiobenzoates or non-symmetrical trithiocarbonates
that give rise to AB block copolymers. The progress achieved in
PISA of AB block copolymers mediated by monofunctional RAFT
agents was summarized in recent reviews.13–15 In contrast, bifunc-
tional RAFT agents, e.g. symmetrical trithiocarbonates that enable
the synthesis of ABA triblock copolymers, have attracted much less
attention. In our previous studies of emulsion homopolymeriza-
tion and copolymerization of n-butyl acrylate (BA) in the presence
of poly(acrylic acid) (PAA) based macroRAFT agents containing
the trithiocarbonate group within the chain, we have analyzed the
influence of monomer(s) to the medium volume ratio, the poly-
merization degree and the chemical nature of the co-monomer in

the macroRAFT agent on polymerization kinetics, particle size and
morphology, and the molecular weight distribution (MWD) of the
polymerization products.29–32

Dispersion polymerization of acrylates mediated by symmetric
hydrophilic or amphiphilic polymeric trithiocarbonates of general
structure A–S–C(=S)–S–A usually provides relatively good con-
trol of the MWD. However, this control is lost at high conversions
and, as a result, high molecular weight polymer is produced and
the MWD gets broader. In these systems, independently of the
polymerization conditions, i.e. the monomer to solvent ratio and
the concentrations of macroRAFT agent and initiator (the former
determines the ratio of A and B block lengths), particles of spheri-
cal morphology are formed.31,32

In contrast, emulsifier-free emulsion polymerization of acrylates
mediated by the same macroRAFT agents A–S–C(=S)–S–A, based
on for example PAA trithiocarbonate, leads to different results.29–32

In contrast to products of solution or dispersion polymerization,
the products of emulsion polymerization are typically character-
ized by a bimodal MWD in a wide range of monomer conversion.
Moreover, in all cases the formation of particles of spherical mor-
phology was observed.

The bimodal MWD was also described previously by Chenal
et al.33 for emulsifier-free emulsion polymerization of BA and by
Chaduc et al.34 for styrene polymerization, both mediated by PAA
with a terminal trithiocarbonate group with attached dodecyl or
propyl substituent. However, in the latter systems the evolution
of the MWD depends on pH and monomer nature: at alkaline
pH the locus of oligomeric mode on SEC traces remains constant
throughout polymerization, while at acidic pH it first shifts to
the higher molecular weight region and then remains constant.
This effect is more pronounced in styrene polymerization.34

The formation of the high molecular weight product is accom-
panied by slow consumption of the oligomeric one. Chenal
et al.33 ascribe this phenomenon to the low chain transfer coef-
ficient of the macroRAFT agent. However, this interpretation
disagrees with the higher efficiency of the same macroRAFT
agent in solution and dispersion polymerization. The formation
of an oligomeric product with molecular weight higher than
the molecular weight of the macroRAFT agent also remains
unexplained.

The kinetic features of BA emulsion polymerization mediated by
a macroRAFT agent with a similar nature of a leaving polymeric
substituent, PAA, but a different locus of the trithiocarbonate
group in the chain are also different.30,33 In particular, the induction
period on the kinetic curves is longer, the number-average particle
diameter is smaller and the rate of consumption of macroRAFT
agent upon increasing monomer conversion is higher in the case
of PAA with terminal trithiocarbonate group.33

Based on our previous results and literature data, we decided to
look more deeply at the experimental conditions that lead to the
bimodal MWD of polymers and the spherical morphology of the
polymeric particles in emulsifier-free emulsion polymerization of
alkyl acrylates in the presence of PAA with trithiocarbonate group
located within the chain.

In particular, we systematically varied the conditions of
emulsifier-free emulsion (co)polymerization of BA mediated
by PAA trithiocarbonate and analyzed the MWD of the polymer-
ization products as well as the average diameter of the formed
particles and, in some cases, their morphology. We also suggest
an explanation for our experimental observations in terms of
the morphology of the resulting nanoparticles and support it by
mean-field theoretical arguments.
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In addition to the emulsion batch polymerization of BA, in the
present study we performed semi-batch emulsion copolymeriza-
tion of BA with fluoroalkyl acrylates. The choice of fluoroalkyl acry-
lates is primarily explained by the presence of a long fluoroalkyl
group, which provides the low glass transition temperature of the
polymer and its high hydrophobicity. The latter property may be
particularly useful for coating applications. Previously, we have
examined the batch copolymerization of these monomers and
have discovered its general features.31

EXPERIMENTAL
Materials and polymer synthesis
Directly before use, the monomers acrylic acid, BA, 2,2,3,3,4,4,5,
5-octafluoropentyl acrylate (OFPA) and 2,2,3,4,4,4-hexafluorobutyl
acrylate (HFBA) and the solvents 1,4-dioxane and N,N-dimethyl
formamide (DMF) were distilled. Initiators azo-bis-isobutyronitrile
(AIBN) and 4,4′-azo-bis-cyanopentanoic acid were recrystallized
from methanol and dried in vacuum; potassium persulfate (PSK)
(ACS reagent, Aldrich) was used without further purification. The
RAFT agent dibenzyl trithiocarbonate (BTC) was synthesized and
characterized as described elsewhere.35

For the synthesis of PAA trithiocarbonate (PAATC), 1.45 g of BTC
and 0.082 g of AIBN were dissolved in 25 mL of 1,4-dioxane. Then
25 mL of acrylic acid was added to this solution up to an equal
volume ratio of the monomer and solvent. The final concentra-
tion of BTC in the reaction mixture was 0.1 mol L−1 and that
of AIBN 1× 10−3 mol L−1. The reaction mixture was poured into
an ampoule, degassed by repeating three freeze–evacuate–thaw
cycles and sealed under vacuum. After heating at 80 ∘C for 24 h, the
reaction mixture was cooled, then diluted with 1,4-dioxane and
subjected to dialysis against water. The polymer was lyophilized
from the water solution. According to SEC, Mn = 4600, Ð= 1.24.

Emulsifier-free emulsion polymerization of alkyl acrylates was
conducted in batch and semi-batch regimes in a glass reactor
equipped with a water jacket, stirrer and condenser in a nitrogen
atmosphere on stirring (300 rpm) at 70 ∘C. The volume ratios of the
monomer to aqueous phase were equal to 1:10.

In a general procedure, a macroRAFT agent (10 wt% to
monomer) was dissolved in bidistilled water. After that the
pH was adjusted to 5.4. BA was added to the aqueous solution.
The reactor with the prepared solution was purged with nitrogen
for 30 min with stirring (300 rpm). Then the required amount of
the initiator aqueous solution was added to the reactor (in the
case of AIBN, it was added with monomer) and the system was
purged with nitrogen again. In the case of the semi-batch regime,
OFPA or HFBA was added dropwise a definite period after the
start of BA polymerization; the molar ratio of BA and fluoroalkyl
acrylate was 4:1. At required periods the samples were taken for
analysis.

A typical recipe includes 0.8935 g of PAATC as the macroRAFT
agent, 100 mL of bidistilled water as the continuous phase, 8.935
(10 mL) of BA and 0.111 g of PSK as the initiator. In the semi-batch
regime, for example, 7.151 g (8 mL) of BA and 3.977 g (2.7 mL) of
OFPA are used.

The total monomer conversion was determined by gravimetry
taking into account the weight of PAATC in the probe.

To estimate the locus of the trithiocarbonate group in the macro-
molecules, the polymer solution (1 wt%) in DMF was subjected to
methylation by diazomethane. After methylation was completed,
5 mL of the methylated polymer solution was added to AIBN
(0.1 mol L−1). Then the solution was degassed and the ampoule
was sealed and immersed in a water bath pre-heated at 80 ∘C for
24 h. The polymer solution was cooled and analyzed by SEC.

Instrumentation
The average molecular weights and dispersity (Ð=Mw/Mn) were
determined by SEC. The SEC measurements were performed in
DMF containing 0.1 wt% LiBr at 50 ∘C with a flow rate of 1.0 mL
min−1 using a chromatograph GPC-120 PolymerLabs equipped
with refractive index detector and with two columns PLgel 5 μm
MIXED B for the molecular weight range 5× 102 –1× 107. The SEC
system was calibrated using narrow dispersed linear poly(methyl
methacrylate) standards with molecular weight ranging from 800
to 2× 106 g mol−1. A second-order polynomial was used to fit the
log10 M versus retention time dependence. All polymers contain-
ing units of acrylic acid were subjected to methylation by dia-
zomethane before analysis.

The average diameter of particles of the polymeric dispersions
was determined by dynamic light scattering (DLS) using a photon
analyzer Zetasizer Nano-ZS Malvern equipped with a He–Ne laser
as a light source (𝜆= 633 nm and light source power 5 mW) with a
measurement range of particle sizes from 0.6 to 6000 nm. The ini-
tial dispersions were diluted with bidistilled water and dedusted
by filtration. The measurements were conducted at room tempera-
ture with a scattering angle of 173∘ in the automatic mode accord-
ing to the standard procedure.

Microphotographs of the dispersions were obtained using a
Leo 912 AB Omega (Karl Zeiss) transmission electron microscope
operating at an accelerating voltage of 100 kV; 1 μL drops of
the diluted emulsion solutions were deposited on carbon-coated
copper TEM grids and dried at room temperature.

The absorption spectra of the polymers (1 mg mL−1) were
recorded in tetrahydrofuran at room temperature on a Unico 2804
UV–visible spectrometer (USA).

RESULTS AND DISCUSSION
Emulsifier-free emulsion homopolymerization
and copolymerization of n-butyl acrylate mediated
by poly(acrylic acid) with trithiocarbonate group in the chain
Chain extension of a hydrophilic or amphiphilic (co)polymer
with the trithiocarbonate group in the chain by hydrophobic
monomer B proceeds via a complicated mechanism. The reaction
between the propagating hydrophobic oligoradical B• and the
macroRAFT agent A–SC(=S)S–A located in the aqueous phase
results in the formation of the amphiphilic diblock copolymer
A–SC(=S)S–B and release of the macroradical A• capable of initi-
ating polymerization of monomer B:

Polym Int (2019) © 2019 Society of Chemical Industry wileyonlinelibrary.com/journal/pi
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where A is PAA and B is BA, HFBA and OFPA. The further
determination of the process is determined by the length of the
oligoradical B• attached to the macroRAFT agent. In turn, this
length of the oligoradical depends on, besides other conditions,
the concentrations of macroRAFT agent and monomer.

Diblock copolymers may continue to participate in the reversible
chain transfer reactions (see below) in the case of a relatively short
hydrophobic block and/or a low copolymer concentration in the
solution that prevents formation of micelles.

However, according to our previous data, the insertion of several
units of alkyl acrylate into the PAA chain results in enhancing the
surface active properties of the polymer.29–32 After reaching the
critical micelle concentration, which is typically below 0.1 wt%32

(it corresponds to ca 1% conversion of polymeric RAFT agent), the
amphiphilic block copolymers form micelles. The incorporation
of A• or AB• oligoradical into the micellar core, which may also
contain a certain amount of hydrophobic monomers, launches
the nucleation of the polymeric particles and the sequence of
reversible chain transfer reactions:

In the ideal case, this sequence will lead to the formation of
triblock copolymer AB–SC(=S)S–BA and a certain amount of
homopolymer B–SC(=S)S–B. However, deviation from this mech-
anism, e.g. desorption of intermediate products from the micelles
or particles and the termination reactions of radical species (prop-
agating radicals, intermediate radicals), may cause also the forma-
tion of ‘dead’ chains.

Batch emulsion polymerization
As mentioned above, the typical feature of acrylate emulsion
homopolymerization and copolymerization in the presence of a
hydrophilic or amphiphilic macroRAFT agent based on symmetric
trithiocarbonate is a bimodal MWD of the products. At the same
time, unlike ab initio emulsion polymerization, both dispersion and
solution polymerizations of BA mediated by PAATC resulted in uni-
modal MWD.29,31 We suppose that the low molecular weight frac-
tion corresponds to the block copolymer with a short hydrophobic
block formed during stage I of the emulsion batch polymeriza-
tion, while the high molecular weight mode can be attributed to

wileyonlinelibrary.com/journal/pi © 2019 Society of Chemical Industry Polym Int (2019)
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further grown polymer. This is a debatable statement. Therefore,
we have studied this process again in both batch and semi-batch
regimes searching for the conditions that enable us to minimize
the oligomeric fraction. In the case of the batch regime, our stud-
ies of BA emulsion polymerization initiated by PSK and mediated
by PAATC were supplemented by additional investigations of the
influence of the PSK and PAATC concentrations on the kinetics and
MWD of the products. The range of concentrations was chosen on
the basis of our previous results.30,31

Figure 1 illustrates the kinetics of emulsifier-free emulsion poly-
merization of BA initiated by PSK in the presence of PAATC with
various concentrations of PAATC (Fig. 1(a)) and PSK (Fig. 1(b)) at a
water to monomer volume ratio equal to 10. The S-shaped pro-
file of the kinetic curves is typical for emulsion polymerization.
The induction period corresponding to stage I of the emulsion
polymerization is not influenced by PAATC concentration, but it is
shortened with an increase in the PSK concentration. The length of
the growing block naturally shortens with an increase in the PAATC
concentration. However, under chosen conditions (10–20 wt% of
PAATC corresponding to [PAATC]= (1.8–3.6)× 10−3 mol L−1) the
formation of a hydrophobic block of critical length should occur
at very low monomer conversion, i.e. after a short polymerization
time, which results in a similar induction period. In contrast, PSK
provides an increase in the number of initiating radicals and even
a minor decrease in the initiator concentration results in slowing
down the nucleation of the particles. In general, both an increase
in PAATC and a decrease in PSK result in diminution of the polymer-
ization rate, and therefore a bigger molar ratio [PSK]/[PAATC]≥ 1 is
required to achieve monomer conversion above 90%.

The number-average hydrodynamic diameter (Dn) of the parti-
cles, as determined by DLS, is slightly affected by PAATC concen-
tration (Fig. 2(a)). After the end of stage I, Dn either remains con-
stant or grows during the main process of polymerization. The final
value of Dn slightly decreases with increase of PAATC content from
10 to 15 wt% and then it grows at 20 wt% of PAATC. In contrast,
the value of Dn is practically independent of PSK concentration
(Fig. 2(b)).

A similar transformation of the MWD of the polymers formed in
the course of polymerization was discovered irrespective of the
polymerization conditions used. As can be seen from Fig. 3 (curves
1–3), a slight shift of the chromatogram to the high molecular
weight region is observed in the initial stages of polymerization
(during the induction period) for the system described in Fig. 1(b)
(curve 3). The end of the induction period is followed by the
formation of a high molecular weight product and transformation
of the MWD shape from unimodal to bimodal (Fig. 3, curve 4). In
contrast to the data presented by Chenal et al.33 where shorter
PAA was used with a hydrophobic terminal –SC(=S)S–C12H25

group, PAATC with the –SC(=S)S– group in the chain is rapidly
chain-extended which leads to the formation of block copolymers
with a short hydrophobic block. The slight change in molecular
weight and the number of possible reactions resulting in a change
of the locus of the –SC(=S)S– group in the chain make difficult
a reliable estimation of the exact structure of block copolymers
formed at this stage by aminolysis36 or by performing the reaction
with excess of initiator.37

Nevertheless, we tried to estimate the locus of the trithiocarbon-
ate group in the product formed during the induction period. In
order to do this, we performed the reaction of the polymer formed
after 5 min of polymerization with an excess of initiator using the
procedure described by Chernikova et al.37 If the structure of the
formed macromolecules is PnSC(=S)SPm, then upon heating with
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Figure 1. Dependence of monomer conversion on the reaction time for
the batch emulsion polymerization of BA at 70 ∘C in the presence of PAATC;
water:monomer= 10:1 v/v, pH 5.4: (a) 0.9 wt% of PSK, PAATC 10 wt% (curve
1), 15 wt% (curve 2) and 20 wt% (curve 3); (b) 10 wt% PAATC, PSK 0.75 wt%
(curve 1), 0.9 wt% (curve 2) and 1.0 wt% (curve 3).

excess of radical initiator a consequent cleavage of polymeric sub-
stituents from the macromolecule should occur and the released
macroradicals should be terminated by the initiator radicals. This
reaction leads to the formation of new macromolecules with lower
molecular weight compared to that of the initial macromolecules.
Figure 4 presents the SEC traces of the product of emulsion poly-
merization formed after 5 min during the induction period (curve
1), and the same polymer after heating at 80 ∘C in the presence
of 100-fold excess of AIBN (curve 2). The chromatogram of the
polymer after its thermal treatment with AIBN has shifted to the
low molar mass region indicating the locus of the trithiocarbon-
ate group inside the chain. The set of columns used in SEC does
not allow us to detect low molar mass products; however, they can
separate effectively macromolecules with molecular weight larger
than 103 g mol−1.

Incorporation of BA units in the PAA chain can be confirmed
independently by a slight change of the glass transition temper-
ature from 120 ∘C for PAATC to 99 ∘C for the product formed after
5 min of polymerization (1.8% of monomer conversion).

Finally, we confirmed that macromolecules formed during the
induction period and just after its completion keep their thiocar-
bonyl functionality. The products formed after 3, 5 and 15 min of
polymerization (Fig. 3, curves 1, 2 and 4) were dissolved in tetrahy-
drofuran (1 mg mL−1) and analyzed by UV–visible spectroscopy
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Figure 2. Dependence of the number-average diameter Dn of the particles
on polymerization time for the batch emulsion polymerization of BA
at 70 ∘C in the presence of PAATC; water:monomer= 10:1 v/v, pH 5.4: (a)
0.9 wt% of PSK, PAATC 10 wt% (points 1), 15 wt% (points 2) and 20 wt%
(points 3); (b) 10 wt% PAATC, PSK 0.75 wt% (points 1), 0.9 wt% (points 2)
and 1.0 wt% (points 3).

(Fig. 5). Figure 5 illustrates the absorption spectra of the poly-
mers taken at the same weight concentration. As seen from the
UV–visible spectra, an intense maximum at 305–307 nm which
corresponds to absorption of the trithiocarbonate group37 is
observed. The absorption maximum intensity slightly decreases
upon increase of the polymerization time. However, this decrease
is caused by an increase of the molecular weight of the polymer
and hence a decrease of the concentration of the chains in a probe
of the same weight. Thus, the amount of chains formed during the
induction period and containing trithiocarbonate groups remains
approximately constant.

Hence, after completion of the induction period the newly
formed product is slowly consumed; simultaneously a product
with higher molecular weight is formed, i.e. the MWD becomes
bimodal (Fig. 6).

Upon progress in the monomer conversion, the molecular
weight of the high molecular weight product increases. Evidently,
the slow consumption of the oligomeric block copolymer cannot
be explained by its low efficiency in polymerization from a chem-
ical standpoint. First, it exhibits high efficiency in dispersion and
solution polymerizations.29,31 Moreover, in the structure of the
intermediate radical which is formed after addition of the propa-
gating radical to the C=S bond of the block copolymer with the
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Figure 3. SEC curves normalized to unit area for polymers formed at various
monomer conversions during the batch emulsion polymerization of BA at
70 ∘C mediated by 10 wt% PAATC, 1 wt% of PSK, water:monomer= 10:1 v/v,
after 3 min (curve 1), 5 min (curve 2), 10 min (curve 3) and 15 min (curve 4)
of polymerization.

103 104 105

2
1

Figure 4. SEC curves normalized to unit area for the product of emulsion
polymerization formed during the induction period (curve 1) and the same
polymer after heating with 0.1 mol L–1 AIBN in DMF solution at 80 ∘C for
24 h (curve 2).

trithiocarbonate group, the chemical nature of all the monomer
units attached to sulfur atoms of the trithiocarbonate group of the
intermediate product is the same. Hence, fragmentation of the
intermediate product should result in the revival of macroradicals
capable of further propagation. At the same time, one could
hypothesize that, in the case of the block copolymer with a short
hydrophobic block based on symmetrical trithiocarbonate, the
trithiocarbonate group is located close to the interface of the
particle. Upon progress in the monomer conversion, a fraction
of these groups is hidden from the propagating radicals and is
excluded from participation in the reversible chain transfer reac-
tions. As a result, the molar concentration of the growing chains
decreases and control of the MWD may worsen. Variation of the
PSK or PAATC concentrations has practically no visible effect on
the ratio between the oligomeric and polymeric fractions.

However, analysis of the number-average molecular weight Mn

of the high molecular weight product shows that Mn grows in
the course of polymerization to limiting high conversions. This
observation implies that the high molecular weight polymeric
product is living (Fig. 7).
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Figure 5. UV–visible spectra of the products of the batch emulsion
polymerization of BA at 70 ∘C mediated by 10 wt% PAATC, 1 wt% PSK,
water:monomer= 10:1 v/v, after 3 min (curve 1), 5 min (curve 2) and 15 min
(curve 3) of polymerization.

This product is characterized by a low dispersity Ð=Mw/Mn up to
about 30% of monomer conversion. The simultaneous deviation
from linear dependence of Mn versus conversion observed at
intermediate conversions correlates with an increase in dispersity
and indicates violation of the RAFT mechanism. These features
are probably related to the chosen molar ratio [PSK]/[PAATC]≥ 1,
which typically results in the simultaneous formation of living
and dead macromolecules. In this case, estimation of the locus of
the trithiocarbonate group in the macromolecules formed at high
monomer conversion becomes too rough due to the coexistence
of both living and dead polymer chains in the product.

Even in the case when dispersions of the particles obtained after
polymerization comprise two fractions of macromolecules with
different molecular weights and do not contain any additional
stabilizer, the particles keep their aggregative stability for at least
several weeks. Analysis of the morphology of their thin films
by TEM reveals the formation of spherical particles; a typical
micrograph is presented in Fig. 8.

Semi-batch emulsion polymerization
The semi-batch regime was applied to emulsion copolymeriza-
tion of BA with fluoroalkyl acrylates (HFBA and OFPA) mediated
by PAATC. As we have shown previously, the batch regime results
in a prolonged induction period and slow kinetics for these sys-
tems compared to BA homopolymerization under similar con-
ditions. Moreover, copolymerization of BA and OFPA is strongly
retarded.31 The dropwise addition of fluoroalkyl acrylate in 10 min
after the start of the BA polymerization accelerates the polymer-
ization kinetics (Fig. 9(a), curves 1 and 2). However, an increase of
the hydrophobicity of fluoroalkyl acrylate, i.e. replacement of HFBA
by OFPA, results in a reduction of the polymerization rate (Fig. 9(a),
curves 2 and 3). In this case, an increase in the initiator concentra-
tion improves the polymerization kinetics (Fig. 9(b)).

Before addition of fluoroalkyl acrylates, the average value of Dn

of the already formed particles in the studied systems was about
65 nm. After addition of fluoroalkyl acrylates, the value of Dn grows
progressively in the course of polymerization (Fig. 7). An increase
in hydrophobicity of the co-monomer leads to a slight decrease
in the value of Dn for the final dispersions: 138 nm for HFBA and
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Figure 6. SEC curves normalized to unit area for the polymers formed at
various monomer conversions during the batch emulsion polymerization
of BA at 70 ∘C mediated by 10 wt% PAATC, water:monomer= 10:1 v/v, for a
concentration of PSK of (a) 1 wt%, (b) 0.9 wt% and (c) 0.75 wt%.

111 nm for OFPA (Fig. 10(a)). A change in PSK concentration has no
visible effect on the average size of the particles (Fig. 10(b)).

The semi-batch regime of emulsion polymerization has no effect
on the evolution of the MWD with monomer conversion: a bimodal
shape of the MWD is observed for both co-monomers HFBA
(Fig. 11(a)) and OFPA (Fig. 11(b)). An increase in concentration of
PSK leads to additional broadening of the maximum in the MWD
corresponding to the fraction of high molecular weight product
(Fig. 11(c)).
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Figure 7. Dependence of Mn and Ð on monomer conversion for the
high molecular ‘grown’ polymers formed during the batch emul-
sion polymerization of BA at 70 ∘C mediated by 10 wt% PAATC,
water:monomer= 10:1 v/v, for a concentration of PSK of 1 wt% (points 1),
0.9 wt% (points 2) and 0.75 wt% (points 3).

Figure 8. TEM image of the thin film formed from the dispersion pro-
duced by the emulsion polymerization of BA in the presence of PAATC;
water:monomer= 10:1 v/v.

As expected, the semi-batch regime has no effect on the mor-
phology of the particles because both copolymerization systems
exhibit similar kinetic features, as described above for batch
emulsion polymerization. Typical TEM micrographs of thin films
obtained from the dispersions after completion of polymerization
are presented in Fig. 12. As seen from the figure, spherical particles
with sharp edges and an average diameter similar to that deter-
mined by DLS are observed.

Summarizing, we conclude that independently of the polymer-
ization conditions the emulsion homopolymerization and copoly-
merization of BA mediated by PAA containing the trithiocarbon-
ate group in the chain results in the synthesis of polymers with
a bimodal MWD. These polymers form a stable dispersion in situ
of particles of spherical morphology with the core–shell struc-
ture. As a plausible hypothesis, we suppose that the low molecular
weight fraction corresponds to the block copolymer with a short
hydrophobic block, while the high molecular weight fraction com-
prises block copolymers with a long hydrophobic block, the length
of which is about two orders of magnitude longer than that of the
hydrophilic block, and the homopolymer of BA. In this case, the
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Figure 9. Dependence of monomer conversion on the reaction time
for the emulsion copolymerization of BA and fluoroalkyl acrylates at
70 ∘C in the presence of 10 wt% PAATC, water:monomers= 10:1 v/v,
[BA]/[HFBA]= [BA]/[OFPA]= 80/20 mol mol−1: (a) 1 wt% of PSK, monomer
HFBA (curves 1 and 2) and OFPA (curve 3), batch regime curve 1 and
semi-batch regime curves 2 and 3; (b) monomer OFPA, semi-batch regime,
PSK content 1 wt% (curve 1), 1.5 wt% (curve 2) and 2 wt% (curve 3).

core of the particles comprises both BA blocks of the block copoly-
mer and poly(BA) chains. In the following section, we use simple
theoretical arguments for analysis of the effect of the presence of
the homopolymer in the core on the shape of the core–shell par-
ticles.

Morphology of core–shell–corona nanoaggregates: a
theoretical model
Here we consider nanoaggregates formed upon co-assembly
of amphiphilic diblock copolymers (NA and NB being the degrees of
polymerization of the hydrophilic and hydrophobic blocks, respec-
tively) and ‘droplets’ formed by long hydrophobic polymers chem-
ically identical to blocks B phase separated from aqueous solu-
tion. We note that, since both A and B blocks in such aggregates
are stretched, our results apply with good accuracy to a system
comprising, instead of a diblock, a triblock copolymer ABA with
a doubled length of the central B block. Block copolymers sta-
bilize droplets of homopolymer B against aggregation by form-
ing a layer at the droplet–water interface with B blocks con-
stituting a dry (solvent free) shell and A chains protruding into
the aqueous phase and forming a solvated corona (Fig. 13). We
consider the case when homopolymer B chains are sufficiently
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Figure 10. Dependence of the number-average diameter Dn of the par-
ticles on polymerization time for semi-batch emulsion copolymerization
of BA and fluoroalkyl acrylates at 70 ∘C in the presence of 10 wt% PAATC,
water:monomers= 10:1 v/v, [BA]/[HFBA]= [BA]/[OFPA]= 80/20 mol mol−1:
(a) 1 wt% of PSK, monomer HFBA (points 1) and OFPA (points 2); (b) OFPA,
PSK content 1 wt% (points 1), 1.5 wt% (points 2) and 2 wt% (points 3).

long and do not penetrate into the shell formed by stretched
B blocks.

We aim to analyze how the size of the inner core comprising
the hydrophobic B homopolymer affects the morphologies of
the core–shell–corona aggregates, i.e. to establish parameter
ranges corresponding to thermodynamic stability of spherical
versus cylindrical aggregates.

The free energy of an aggregate of arbitrary morphology (calcu-
lated per one block copolymer chain) can be presented as the sum
of three contributions:

F(i) (s) = F(i)
shell (s) + F(i)

surf
(s) + F(i)

corona (s) (1)

where s is the area per block copolymer molecule at the B
shell–A corona interface and i = 1, 2, 3 refers to spheres, cylin-
ders and lamellae, respectively. The respective contributions to
the free energy in Eqn (1) account for the conformational entropy
of extended B blocks in the shell, the excess free energy of the
shell–corona interface and conformational entropy and excluded
volume interactions of solvated A blocks in the corona domain.
Assuming good solvent conditions for soluble blocks A we can
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Figure 11. SEC curves normalized to unit area for polymers formed at var-
ious monomer conversions during semi-batch emulsion copolymerization
of BA and fluoroalkyl acrylates at 70 ∘C in the presence of 10 wt% PAATC,
water:monomers= 10:1 v/v, [BA]/[HFBA]= [BA]/[OFPA]= 80/20 mol mol−1:
(a) HFBA, 1 wt% PSK; (b) OFPA, 1 wt% PSK; (c) OFPA, 1.5 wt% PSK.

present the free energy of the corona (in a mean-field approxima-
tion, following Zhulina and Borisov8) as

F(i)
corona (s) = F(1)

corona (s)
[

1 + 1 − i
3

D(1)

R

]
(2)

where R is the radius of curvature of the B shell–A corona interface
and

F(1)
corona (s) =

31∕3

2
NAv2∕3

( s
a2

)−2∕3

D(1) = 1

31∕3
NAv1∕3

( s
a2

)−1∕3
(3)
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Figure 12. TEM image of the thin films formed from the dispersion produced by the semi-batch emulsion copolymerization of BA and fluoroalkyl acrylates
at 70 ∘C in the presence of 10 wt% PAATC and 1 wt% of PSK, water:monomers= 10:1 v/v, [BA]/[HFBA]= [BA]/[OFPA]= 80/20 mol mol−1: (a) HFBA; (b) OFPA.

Figure 13. Schematic presentation of a core–shell nanoparticle formed by
an AB block copolymer and homopolymer B. NA and NB are the degrees
of polymerization of the hydrophilic, (A) and hydrophobic (B) blocks,
respectively. M is the total number of monomer units in homopolymer
chain(s) per one block copolymer. Rc is the radius of the central core formed
by homopolymers. R is the outer radius of the insoluble shell formed by B
blocks of the block copolymers and H is the thickness of this shell.

are, respectively, the free energy and the thickness of a brush
formed by A chains tethered to the planar interface between the
B shell and solvent (in the limit R → ∞) and the second term in
Eqn (2) is the first-order correction in powers of reduced curvature
D/R. Here v > 0 is the second virial coefficient (excluded volume
parameter) for A monomer units; all lengths are measured in the
monomer unit length a whereas all energy values are expressed in
units of thermal energy kBT .

The excess free energy of the interface between the dry B shell
and water can be presented as

Fsurf (s) = 𝛾s (R) a−2 (4)

where 𝛾 is the dimensionless surface tension and

s
(

Ri

)
=

i
(

NB + M
)

𝜑Ri

(5)

is the area of the interface per one block copolymer chain with
M being the number of B monomers in the core per one block
copolymer. Equation (5) follows from the condition of a uniform
volume fraction 𝜑 of monomer units B in both the core domain
formed by homopolymer B and the shell domain formed by B
blocks of the diblock copolymers.

By minimizing the free energy Eqn (1) with respect to s(R) we find
the equilibrium surface area per chain:

𝜕F
𝜕s

= 0 → s = 31∕5

(
NA

𝛾

)3∕5

v2∕5a2 (6)

which in a first approximation is the same in the aggregates of
any morphology as long as we account only for the balance of the
leading terms in Eqn (1), i.e. F(1)

corona (s) + Fsurf (s) .
The binodal line corresponding to coexistence of aggre-

gates of morphologies i and i + 1 is found from the condition
F(i)(s)= F(i + 1)(s), which leads to

F(i)
shell (s) +

1 − i
3

F(1)
corona (s)D(1)

R(i) (s)
= F(i+1)

shell (s) +
(−i)

3

F(1)
corona (s)D(1)

R(i+1) (s)
(7)

or, taking into account Eqns (3) and (5),

F(i+1)
shell (s) − F(i)

shell (s) =
1

2i (i + 1)
N2

Av𝜑

NB + M
(8)

The conformational free energy of the stretched B blocks in the
shell can be calculated as

Fshell (z) = ∫
H

0
felast (z) s (z)dz (9)

where

felast (z) =
1

s (z)
3𝜋2

8N2
Ba2 ∫

H

z
z
′
s
(

z
′
)
𝜑

(
z
′
)

dz
′

(10)

is the density of the elastic free energy and H is the thickness of the
shell (see Fig. 14),

s (z) = s (R)
(R − z

R

)i−1

(11)

and 0< z <H. Under the conditions of a constant density of the
shell

𝜑

(
z
′
) ≡ 𝜑 (12)
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and finally we obtain

Fshell (Z) =
3𝜋2

8N2
Ba2

i
(

NB + M
)

𝜑R ∫
H

0
z
′2

(
R − z

′

R

)i−1

dz
′

i = 1, 2, 3 (13)

From packing conditions the thickness of the shell is

Hi = Ri

[
1 −

(
1 + NB

M

)– 1∕i
]

Then the conformational free energy of the B shell is given by

F(2)
shell =

𝜋2

16N2
Ba2

M + NB

R2
(2)

(
4H3

(2)R(2) − 3H4
(2)

)
(14)

in the cylindrical case (i = 2) and

F(3)
shell =

3𝜋2

80N2
Ba2

M + NB

R3
(3)

(
10R2

(3)H
3
(3) − 15H4

(3)R(3) + 6H5
(3)

)
(15)

in the spherical case (i = 3).
We introduce the notation x =M/NB and the

geometry-dependent function

Ii (x) =

[
1 −

(
1 +

NB

M

)– 1∕i
]
=
[

1 −
( x

x + 1

)1∕i
]

(16)

Taking account of these notations, Eqns (14) and (15) can be
rewritten as follows.

Cylindrical case:

F(2)
shell =

𝜋2NB

𝜑2s2a−4
(x + 1)3 I3

(2) (x)
[

1 − 3
4

I(2) (x)
]

(17)

Spherical case:

F(3)
shell =

34𝜋2NB

23𝜑2s2a−4
(x + 1)3 I3

(3) (x)
[1

3
− 1

2
I(3) (x) +

1
5

I2
(3) (x)

]
(18)

Then the binodal line for the sphere–cylinder transition can be
presented as

𝜋2NB

𝜑2s2a2
(x + 1)3

{
34

23
I3
(3) (x)

[1
3
− 1

2
I(3) (x) +

1
5

I2
(3) (x)

]

−I3
(2) (x)

[
1 − 3

4
I(2) (x)

]}
= 1

12

N2
Av𝜑

NB (1 + x)
(19)

or

12𝜋2N2
B

a2𝜑2s2N2
Av𝜑

(x + 1)4

{
34

23
I3
(3) (x)

[1
3
− 1

2
I(3) (x) +

1
5

I2
(3) (x)

]

−I3
(2) (x)

[
1 − 3

4
I(2) (x)

]}
= 1 (20)

We further introduce the function

G (x) = (x + 1)4

{
34

23
I3
(3) (x)

[1
3
− 1

2
I(3) (x) +

1
5

I2
(3) (x)

]

−I3
(2) (x)

[
1 − 3

4
I(2) (x)

]}
(21)

G (0) = 0.0875

Figure 14. Binodal lines separating regions of thermodynamic stability
of spherical and cylindrical core–shell–corona nanoparticles at different
numbers M of hydrophobic monomer units in the core. The black line
(M= 0) corresponds to coexistence between spherical and cylindrical
micelles formed by the pure block copolymer AB.

Finally the equation for the binodal line separating ranges of
thermodynamic stability of spherical and cylindrical aggregates
can be written as

N(2↔3)
B =

𝜑3∕2 N8∕5
A v9∕10

33∕10 ∗ 2𝜋𝛾3∕5

1√
G (x)

(22)

Obviously, at x = 0 we recover the binodal line for the sphere
to cylinder transition in a pure AB diblock copolymer micelle. An
increase in x, i.e. an increase in the size of the inner B core, leads to
a shift of the transition from spheres to cylinders to larger NB.

Equation (22) can be rewritten as

N(2↔3)
A =

[
2𝜋33∕10

√
G (x)

]5∕8 (
𝛾3∕8∕v9∕16𝜑15∕16

)
N5∕8

B (23)

In Fig. 14, N(2↔3)
A

(
NB

)
is plotted according to Eqn (23) for x = 0

(M= 0, sphere to cylinder binodal for the pure block copolymer
system) and for selected values of M= 100, 200, … (setting 𝛾 =
1, 𝜈 = 1, 𝜑 = 1). We see that upon increase in M the binodal
line separating ranges of stability of spherical and cylindrical
aggregates is shifted down towards larger values of NB (smaller
values of NA).

Hence, block copolymers that form cylindrical micelles alone
are capable of spherical particle formation if the core size is large
enough. In other words, an increase in the core size stabilizes
the spherical morphology of the aggregates even when the block
copolymers alone form cylindrical wormlike micelles.

CONCLUSIONS
The results of our studies have revealed the unusual behavior
of macroRAFT agents based on symmetrical trithiocarbonates
in emulsifier-free emulsion polymerization. We anticipate that
this specific property of the macroRAFT agent can be explained
by the locus of the trithiocarbonate group in the middle of the
chain. In contrast to solution and dispersion polymerization, emul-
sion polymerization leads to a polymeric product which is char-
acterized by a bimodal MWD. This result is achieved irrespec-
tive of the chemical nature of the PAA-based macroRAFT agent
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with trithiocarbonate group located within the chain and polymer-
ization conditions that include the chemical nature of the initiator,
the molar ratio of initiator to macroRAFT agent, the volume ratio
of water to monomer, monomer addition regime etc.

We suppose that the low molecular weight fraction consists
of block copolymers with a short hydrophobic block. The high
molecular fraction may consist of block copolymers with a long
hydrophobic block, which exceeds the hydrophilic block by at
least two orders of magnitude, and a certain amount of hydropho-
bic homopolymer (or copolymer when a mixture of hydrophobic
monomers is used). This apparent violation of the RAFT polymer-
ization mechanism may be due to restricted access of the trithio-
carbonate group in the block copolymer with short hydrophobic
block for propagating radicals that penetrate into the particle. As a
result, most of the macromolecules with short hydrophobic block
serve as stabilizers of the particles rather than macroRAFT agents.
Additionally, in this case, polymeric particles formed in the course
of emulsion polymerization reveal only spherical morphologies.

We have used mean-field theoretical arguments to prove that
the presence of insoluble homopolymer chains or block copoly-
mers with negligibly short hydrophilic blocks in the core leads to
extension of the thermodynamic stability range of spherical aggre-
gates that correlates with our experimental observation.
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