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Abstract: Reversible addition-fragmentation chain transfer polymerization was successfully applied
to the synthesis of the gradient copolymer of acrylic acid and vinyl acetate in the selective solvent. The
gradient degree of the copolymer was varied by the monomer feed. The monomer conversion was
found to affect the ability of the copolymer to self-assemble in aqueous solutions in narrowly dispersed
micelles with an average hydrodynamic radius of about 250 nm. Furthermore, the synthesized
copolymers also tended to self-assemble throughout copolymerization in the selective solvent.

Keywords: reversible addition-fragmentation chain transfer (RAFT) polymerization; copolymerization;
gradient copolymers; self-assembly

1. Introduction

The direct synthesis of block copolymers self-assembled in the core-shell nanoparticles
of various morphologies has gained significant interest over the past decade [1–9]. This
process, known as polymerization-induced self-assembly (PISA), is based on the ability
of block copolymers to self-assemble in a selective solvent. In this case, the first block
is solvophilic, while the second block is solvophobic. PISA requires the use of a living
or reversible-deactivation radical mechanism and may be performed using a two-stage
process [7]. In the first stage, the solvophilic living polymer is prepared through solution
polymerization. In the second stage, this polymer is dissolved in a thermodynamically
good solvent. Then, it is chain-extended through dispersion or emulsion polymerization of
the second monomer that forms a solvophobic block. Alternatively, a one-pot approach
may be used. Solvophilic living polymer is prepared directly in the desired media, and the
second monomer, forming a solvophobic block, is introduced in the reaction media after full
consumption of the first monomer. After the solvophobic block reaches the critical length,
the self-assembly of the block copolymer into nanoparticles occurs, and further growth of
the solvophobic block continues inside the particles. Thus, the living polymer provides the
formation of the block copolymer and stabilizes the formed nanoparticles. PISA may be
performed via a stable free-radical (SFRP) mechanism, atom transfer (ATRP) mechanism,
or reversible addition-fragmentation chain transfer (RAFT) mechanism [10–15].

A similar result may be achieved in the case when two monomers possess significantly
different reactivity in reversible-deactivation radical copolymerization, and homopoly-
mers formed by these monomers are solvophobic and solvophilic concerning the chosen
solvent (reaction medium), respectively [16–20]. Depending on the absolute values of
the monomer reactivity ratio, a random, gradient, block gradient, or block copolymer
may form. Both factors, namely, monomer reactivity and solvent selectivity, are crucial
to provoke the self-assembly of the forming copolymers. The rate of the insertion of the
given monomer in the macromolecule throughout copolymerization may be controlled by
several parameters: monomer feed, monomer reactivity, and the rate of gradual addition
of one or both monomers in the reaction [21,22]. In the case of polar and low polarity
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monomers, monomer reactivity may be varied by the polarity of the solvent and polarity
of the macroinitiator (or macro-RAFT agent) [23,24].

Recently ring-opening metathesis polymerization (ROMP) was employed to demon-
strate that gradient copolymers could induce in situ self-assembly of conjugated polymers
in organic solvents [3]. Another example is the aqueous PET-RAFT copolymerization of
specific monomers such as oligo(ethylene glycol), methyl ether methacrylate (OEGMA),
and diacetone acrylamide (DAAm) or OEGMA with 2-hydroxypropyl methacrylate [17].
In situ self-assembly was also observed in the TEMPO-mediated bulk copolymerization of
styrene and N-vinylpyrrolidone [25]. These are a few examples of the known systems able
to cause gradient polymerization-induced self-assembly.

The present research reports the gradient polymerization-induced self-assembly in
the RAFT copolymerization of vinyl acetate (VAc) and acrylic acid (AA). Vinyl acetate
is a “less activated” monomer, while acrylic acid is a “more activated” monomer. Thus,
their activity in copolymerization is disparate: rAA = 10, rVAc = 0.01 in bulk, rAA = 3.2,
rVAc = 0.05 in ethanol (abs.), rAA = 2.6, rVAc = 0.04 in ethanol/water (93/7 w/w) solution,
rAA = 0.96, rVAc = 0.06 in ethanol/water (1/1 w/w) solution, and rAA = 1.18, rVAc = 0.04
in methanol [26,27]. We expect that choosing an appropriate selective solvent, which is
thermodynamically good for polyAA and thermodynamically poor for PVAc, may provide
in situ self-assembly of the formed gradient copolymer of AA and VAc which would
stimulate the growth of a gradient copolymer. In addition, the formed polymer should
form micelles upon dilution in a selective solvent.

2. Materials and Methods
2.1. Materials and Polymer Synthesis

Monomers—acrylic acid, vinyl acetate, and the solvents-1,4-dioxane and N, N-dimethyl
formamide (DMF) of the “Acros Organics” (Fair Lawn, NJ, USA), were distilled before use.
Initiator potassium persulfate (PSK, ACS reagent) and RAFT agents dibenzyl trithiocar-
bonate (C6H5CH2–S–C(=S)–S–CH2C6H5) and poly(ethylene glycol) methyl ether (4-cyano-
4-pentanoate dodecyl trithiocarbonate) (CH3(OCH2CH2)kOC(=O)CH2CH2C(CH3)(CN)–
S–C(=S)–S–C12H25, PEG-TC, Mn = 5400) purchased from “Aldrich” (St. Louis, MO, USA)
were used without further purification.

RAFT copolymerization of AA and VAc was conducted according to the following
general procedure. First, the RAFT agent was dissolved in 1,4-dioxane, and VAc and AA
were added. After that, the solution of PSK in bidistilled water was added drop-wise on
stirring to the prepared solution. The final mixture was poured into ampoules. The reaction
mixtures were degassed through four freeze−pump−thaw cycles and sealed. Next, the
ampoules were immersed into the thermostat pre-heated at 80 ◦C for the required time.
Then, the samples were cooled in liquid nitrogen; polymers were dissolved in the 10-fold
excess of 1,4-dioxane and dried by lyophilization in a vacuum.

The typical receipt includes 0.022 g of PEG-TC (10−3 mol/L) as a RAFT agent, 2.3 mL
of bidistilled water, 1.6 mL of 1,4-dioxane, 1 mL of AA, 1 mL of VAc, and 0.0011 g of PSK
(10−3 mol/L) as an initiator. Table 1 summarize the formulations of reaction mixtures for
copolymerization. The total monomer conversion was determined by gravimetry, taking
into account the weight of PEG-TC in the probe.

Table 1. Formulations of reaction mixtures for copolymerization.

VAc/AA,
mole/mole

VAc AA 1,4-Dioxane Water PSK PEG-TC

mL mole mL Mole mL mL mg mole mg Mole

43/57 6.0 0.065 6.0 0.087 10 14 6.6 2.4 × 10−5 129 2.4 × 10−5

55/45 7.4 0.080 4.6 0.067 10 14 6.6 2.4 × 10−5 129 2.4 × 10−5

70/30 9.1 0.099 2.9 0.042 10 14 6.6 2.4 × 10−5 129 2.4 × 10−5
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2.2. Instrumentation

The average molecular weights and dispersity (Ð = Mw/Mn) were determined by
size exclusion chromatography (SEC). The SEC measurements were performed in DMF
containing 0.1 wt% of LiBr at 50 ◦C with a flow rate of 1.0 mL/min using a chromatograph
GPC-120 “PolymerLabs” (Hichrom Limited, Theale, UK) equipped with refractive index
and with two columns PLgel 5 µm MIXED B for MW range 5 × 102–1 × 107. The SEC
system was calibrated using narrow dispersed linear poly(methyl methacrylate) standards
with MW ranging from 800 to 2 × 106 g mol−1. A second-order polynomial was used
to fit the log10M versus retention time dependence. All copolymers were subjected to
methylation by diazomethane before analysis.

The average hydrodynamic radius Rh of the particles of polymeric dispersions was
determined by dynamic light scattering (DLS). DLS measurements were performed by a
static/dynamic compact goniometer (DLS/SLS-5000, ALV, Langen, Germany). A HeNe
laser with a power of 22 mW emitting a polarized light at λ= 633 nm was used as the
incident beam. The studies were carried out at 23 ◦C and a scattering angle of 90◦. Typ-
ical weight concentrations of the samples were 0.01 and 0.05 g/L; bidistilled water and
1,4-dioxane were used as solvents. Distributions over decay times were obtained using a
nonlinear regularized inverse Laplace transformation method (CONTIN) [28].

The copolymer composition was analyzed by 1H NMR using the “VARIAN XR-400”
spectrometer (Paolo Alto, CA, USA) at 400 MHz. The samples were prepared by dissolving
the copolymers in DMSO-d6, which was used as an internal standard.

3. Results and Discussion
3.1. Copolymerization of Vinyl Acetate and Acrylic Acid

Acrylic acid is a “more activated” monomer, unlike “less activated” vinyl acetate, in-
dependent of the solvent polarity [25]. However, its monomer reactivity ratios vary widely
for copolymerization in bulk or solution. Thus, to estimate the monomer feed providing the
formation of a gradient copolymer, we calculated the instantaneous molar part of acrylic
acid in the copolymer as a function of the overall monomer conversion for extreme values
of the known monomer reactivity ratios for this monomer pair (rAA = 0.96, rVAc = 0.06 and
rAA = 10, rVAc = 0.01 [26]). The dependences of instantaneous copolymer composition on
the monomer conversion at different monomer feeds are presented in Figure 1. When AA
is 16 times more active in the copolymerization than VAc (rAA = 0.96, rVAc = 0.06, Figure 1a),
the noticeable change of FAA at high monomer conversions is observed at fAA < 50 mole%.
If the difference in the monomer reactivity is 103 (Figure 1b), the noticeable change of FAA
is observed even at fAA < 90 mole%. The decrease of AA content in the monomer feed
enhances this change in both cases. In conditions of conventional radical copolymerization,
the noticeable change of instantaneous copolymer composition results in the formation of
copolymers with high composition heterogeneity, while in conditions of RAFT copolymer-
ization, the formation of a gradient copolymer is expected. Thus, based on the assumption
that the monomer reactivity ratio of AA and Vac, lying within the limits of the mentioned
values of rAA and rVAc, we chose monomer feeds at fAA < 60 mole% for further experiments.

The performance of gradient polymerization-induced self-assembly is based on the
use of the selective solvent for one of the monomers. The bulk RAFT copolymerization
of AA and VAc (fAA = 10 and 50 mole%) was conducted first in the presence of dibenzyl
trithiocarbonate, which is more suitable for AA and less suitable for VAc [29,30]. Polyacrylic
acid is insoluble in its monomer, ketones, and esters [31], including VAc, while polyvinyl
acetate has good solubility in VAc and AA, as we have checked experimentally. In this
case, acrylic acid being more active in the copolymerization than vinyl acetate, is consumed
first and should form a low soluble product. Bulk copolymerization proceeds very rapidly
and results in the formation of the product non-soluble in any organic solvent or water,
indicating that the RAFT mechanism is violated. The non-soluble (cross-linked) polymer
formation is probably caused by chain transfer to polymers and monomers [32,33].
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Figure 1. The instantaneous molar part of acrylic acid FAA in copolymer as a function of the overall
monomer conversion calculated for rAA = 0.96, rVAc = 0.06 (a) and rAA = 10, rVAc = 0.01 (b) at different
monomer feeds fAA = 30 (1), 40 (2), 50 (3), 60 (4), 70 (5), 80 (6), and 90 mole% (7).

Thus, the reaction media should be a good solvent for polyacrylic acid and a poor
solvent or non-solvent for polyvinyl acetate. Simultaneously, the decrease of monomer
concentration by diluting the mixture with the solvent should decrease the probability of
the side reactions, such as transfer to polymers or intermediate radical termination that are
sensitive to the concentration of propagating species. Water is the better selective solvent
for the chosen monomer pair, as it is a good solvent for polyacrylic acid and is non-solvent
for polyvinyl acetate. However, vinyl acetate also has low solubility in water. Therefore, a
mixed solvent was used, containing water and 1,4-dioxane taken in 1.4 to 1 volume ratio.
This composition corresponds to the requirement of the selective solvent. PEG-TC was
used as a water-soluble RAFT agent to achieve the RAFT mechanism, and as an initiator,
PSK is soluble both in water and 1,4-dioxane.

Figure 2 present the time-dependent conversion for the systems containing 30, 45,
and 57 mole% AA in monomer feed. For high VA content in the monomer feed, the
induction period is observed on the kinetic curves. Its duration decreases, and the overall
rate increases with VA content decrease in the monomer feed. This behavior is typical for
the RAFT homo- and copolymerization of VA and is caused by the slow fragmentation of
the intermediate radicals and their cross- or self-termination [29].

PEG-TC is a moderately efficient RAFT agent. Figure 3 present MWDs of the copolymers
formed from various monomer feeds at different monomer conversions. At low monomer
conversion, the reaction products are characterized by bimodal MWD (Figure 3a,b). The low
molecular weight mode corresponds to PEG-TC, while the high molecular weight mode
corresponds to the formed copolymer. Throughout copolymerization, the intensity of the
mode assigned to PEG-TC rapidly decreases, and it disappears after 50–55% of monomer
conversion. As a result, the mode of the grown copolymer shifts to the region of high
molecular weights. This behavior is typical for the RAFT mechanism and is observed for all
the studied systems. In the case of the system containing 57 mole% AA in monomer feed,
copolymerization proceeds rather fast, so it becomes impossible to stop it at low or middle
conversions. Thus, MWDs are mostly unimodal, as PEG-TC is fully consumed (Figure 3c).
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Figure 3. MWDs of the copolymers synthesized through RAFT copolymerization of VAc and AA
at 80◦C in water–1,4-dioxane mixture in the presence of PEG-TC and PSK at fAA = 30 (a), 45 (b),
and 57 mole% (c) in monomer feed. (a) conversion: 0.9 (1), 14.5 (2), 28.2 (3), 33.0 (4) and 33.7% (5);
(b) conversion: 1.5 (1), 10.8 (2), 30.1 (3), 38.3 (4), 48 (5) and 57% (6); (c) conversion: 28 (1), 59 (2), 75 (3)
and 77% (4). MWD of initial PEG-TC is given for comparison.
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The SEC modes on the chromatograms were separated, and the molecular weight
characteristics of the higher molecular weight mode corresponding to the growing copoly-
mer were analyzed. The dependence of number-average molecular weight, Mn of the
growing copolymers is plotted in Figure 4a; corresponding data are given in Table S1
(Supporting Information file). It is seen that Mn increases with the progress of monomer
conversion independently of the monomer feed, confirming the RAFT mechanism of the
polymerization. Dispersity of the copolymers increases with monomer conversion from 1.2
to 1.8 (Figure 4b) due to the equimolar ratio of the initiator and RAFT agent concentrations,
i.e., the amount of “dead” chains increases during the course of polymerization.
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Figure 4. Dependence of the number-average molecular weight, Mn (a), and dispersion Mw/Mn

(b) on monomer conversion for the copolymers synthesized from the monomer feed with fAA = 30 (1),
45 (2), and 57 mole% (3).

1H NMR spectroscopy was used to estimate the copolymer composition. Figure 5b
present the typical 1H NMR spectrum of the copolymer formed in DMSO-d6; other spectra
are given in ESI, Figure S1. As the RAFT mechanism is achieved, the copolymer mainly has
the following structure (k~100; m and n values depend on monomer feed and conversion).

The analysis of the 1H NMR spectra confirms the copolymer structure. The detailed
assignment of the signals is given in ESI. The average copolymer composition was de-
termined using the signals of AA units at 12.25 ppm (COOH of acrylic acid) and Vac
units at 4.80 ppm (CH of the backbone). The results of the calculation of the copolymer
composition are summarized in Table 2. The copolymer is enriched with AA independent
of the monomer feed confirming the high activity of AA in the copolymerization compared
to VAc.

Table 2. Composition of the copolymer of AA and VAc synthesized in PEG-TC mediated copolymer-
ization from various monomer feed.

fAA, mole% Conversion,% <FAA> *, mole%

57
28.0
59.0
77.0

89
82
80

45 57.0 75
30 33.7 65

* <FAA>—the average molar part of AA in the copolymer determined by 1H NMR spectroscopy.
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assignment of the signals is given in ESI. The average copolymer composition was de-
termined using the signals of AA units at 12.25 ppm (COOH of acrylic acid) and Vac 
units at 4.80 ppm (CH of the backbone). The results of the calculation of the copolymer 
composition are summarized in Table 2. The copolymer is enriched with AA independ-
ent of the monomer feed confirming the high activity of AA in the copolymerization 
compared to VAc. 

Table 2. Composition of the copolymer of AA and VAc synthesized in PEG-TC mediated copoly-
merization from various monomer feed. 

fAA, mole% Conversion,% <FAA> *, mole% 

57 
28.0 
59.0 
77.0 

89 
82 
80 

45 57.0 75 
30 33.7 65 

* <FAA>—the average molar part of AA in the copolymer determined by 1H NMR spectroscopy. 
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Figure 5. (a) Chemical structure of the synthesized copolymer of VAc and AA; (b) 1H NMR spectrum
in DMSO-d6 of the copolymer of VAc and AA synthesized in PEG-TC mediated copolymerization
from monomer feed containing 45 mole% of AA at 57% conversion.

Thus, we have shown that the copolymerization of AA and VAc proceeds through the
RAFT mechanism and results in the formation of the diblock copolymer, which contains
the short PEG block (~115 units) and the long block of the copolymer of VAc and AA
(~1500–1900 units). The microstructure of the second block depends on the monomer
reactivity and monomer conversion. Our preliminary estimations suppose that the gradient
copolymer of VAc and AA is formed in all cases. It may also be presumed that the gradient
degree for copolymer formed at fAA = 30 mole% is low due to low monomer conversion.
With the growth of monomer conversion, the gradient degree should increase. Thus, the
copolymer formed at fAA = 57 mole% is the most preferable for further investigations due
to the maximum value of the achieved monomer conversion.

3.2. Self-Assembly

It is known that gradient copolymers in selective solvents have the pronounced ability
for self-assembly similar to that of regular block copolymers with various assembled
structures [34–36]. Sometimes, gradient copolymers are even more preferable for the
micelles’ formation due to lower aggregation number, specific internal structure, and
one-step polymerization process [37].
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In the system under study, self-organization is expected to occur directly during the
polymerization process due to the self-assembly of the growing gradient copolymers under
the influence of selective to the second “block” mixed 1,4-dioxane–water solvent. The
PEO block’s length is short compared to the length of the grown copolymer of AA and
VAc. Moreover, the PEO block is connected with hydrophilic AA units, and the product’s
overall structure may be considered a gradient as it is transferred from hydrophilic to
hydrophobic units. Indeed, we noted that the reaction mixtures were continuously losing
their transparency and became opaque after copolymerization (Figure 6). The preliminary
studies of the reaction mixture by SAXS and TEM confirmed that self-assembly occurs
throughout copolymerization (ESI, Figures S2 and S3).
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Figure 6. The photographs of the reaction mixtures obtained for copolymerization at fAA = 57 mole%
after 10 min, 28% conversion (1), and 300 min, 77% conversion (2).

Moreover, self-organization is also expected for the purified gradient copolymers in
selective solvents, and it is important for further applications. We investigated the ability
of the synthesized products to form microstructures in 1,4-dioxane (good solvent) and
water (selective solvent), using the dynamic light scattering (DLS) method. Figure 7a
confirms that the behavior of the gradient copolymer of VAc and AA formed at 77% of
monomer conversion (fAA = 57 mole%) in solution depends strongly on the solvent nature.
In 1,4-dioxane, which is a good solvent for both poly(VAc) and poly(AA) [32], the DLS
method shows that macromolecules are mainly dispersed in the solution as unimers, i.e.,
single polymer chains. This is typical for polymers in good solvents. A small number of
aggregates is also noted. The latter observation is probably explained by the immediate
vicinity of the critical temperature of solubility of this copolymer in 1,4-dioxane.
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However, the change of the solvent from good to selective, in our case to water, which
is a good solvent for poly(AA) and poor solvent for poly(VAc) [32], reveals the formation
of quite monodisperse spheres. DLS data shows a narrow peak corresponding to the
sphere with a hydrodynamic radius (Rh) of about 250 ± 30 nm. We suppose that it is the
gradient structure responsible for the relatively high radius of the particles. Indeed, the
rough estimate of the contour length of macromolecules L = Pl (P—is the polymerization
degree, l—the length of the monomer unit equal to 0.25 for vinyl polymers) gives the value
ca. 500 nm. The unperturbed dimensions of copolymers may be roughly estimated from
the empiric equation for PAA:

〈
h2〉

Θ = 6.7·2PlCC where lCC is the length of a C–C bond
equal to 0.154 nm [22]. Therefore, the Rh of the unperturbed coil can be calculated as

(Rh)Θ =
〈h2〉Θ

1
2

1.5
√

6
≈ 17.5 nm. As is seen, the hydrodynamic radius is more than 10 times

higher than the unperturbed dimensions of the individual coil and twice lower than the
contour length of the macromolecule. However, the rod-like conformation of the lightly
charged amphiphilic macromolecule in the selective solvent is unlikely. Thus, the obtained
value of Rh of the particles of gradient copolymer can be interpreted as the formation of
micelles caused by hydrophobic interactions of low polar VAc units. According to the
RAFT mechanism and higher activity of AA in copolymerization, the micelle consists of
the hydrophilic shell formed by the short block of PEG with a gradient block of copolymer
enriched with AA and the hydrophilic core formed by gradient copolymer enriched with
VAc. The Rg/Rh value for the dispersion of gradient copolymer (fAA = 57 mole%) in water
was found to be equal to 0.47, which is usually attributed to a sphere with a more dense
core and less dense corona.

Visually, the copolymer solution in 1,4-dioxane looks transparent, while in water, it
is opaque without visible inhomogeneities. To confirm the stability of micelles, the DLS
study in water solution was repeated at different copolymer concentrations (Figure 7b).
The increase of copolymer concentration results in a slight broadening of Rh distribution,
while the average size of the aggregates remains similar. Thus, in the water solution, the
self-assembly of the gradient copolymer occurs, resulting in the formation of stable micelles.

Due to the higher activity of AA in copolymerization with VAc, the gradient degree of
the copolymer increased with the progress in the monomer conversion. Thus, the ability
of the copolymer to self-assemble should was dependent on the monomer conversion.
To confirm this statement, 0.1 wt% of aqueous solutions of the copolymers formed at
conversions 28, 58, and 77% were analyzed by DLS (Figure 8a). The aggregates with
random Rh distribution were observed for the copolymer formed at 28% of the monomer
conversion. This points out that the hydrophobic block was not yet sufficiently long enough
to promote the micelle formation. We presume that at this stage of polymerization, the VAc
monomer units were rare and randomly distributed between AA units. For the copolymer
formed at 58% of monomer conversion, the weight fraction of the small aggregates fall, and
the aggregates with broad Rh distribution and the average Rh of about 250 nm prevailed.
The copolymer obtained at 77% of monomer conversion formed the micelles with a narrow
Rh distribution and a similar Rh of about 250 nm. This copolymer had the largest number
of hydrophobic units. At this conversion, the sequence of VAc units was long enough,
encouraging the appearance of the micelle with a hydrophobic core and hydrophilic shell.

A similar result was observed by changing the monomer feed (Figure 8b). The decrease
of the AA content in the monomer feed should increase the gradient degree. However, in
this case, the monomer conversion was noticeably reduced. As a result, the ability of the
copolymer to self-assemble in water was decreased with the reduction of hydrophilic AA
content in the monomer feed. The copolymer synthesized from fAA = 30 mole% at 33.7%
conversion could not form distinct self-assembled structures. That could be explained by a
mostly random distribution of AA and VAc units in the grown copolymer. The copolymer
synthesized at higher conversion and AA content (57% and fAA = 45 mole%) exhibited the
ability to self-assemble in aqueous solution; however, it formed aggregates with bimodal
Rh distribution probably due to the formation of micelles and intermolecular aggregates
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caused by low gradient degree. Finally, the copolymer obtained at fAA = 57 mole% and 77%
conversion was characterized by the narrowest size distribution.

It should be noted that the obtained copolymers also showed a tendency to form mi-
crostructures in the mixed solvent “water/dioxane” as that was used in the polymerization
process. The example of hydrodynamic radius distribution is presented in Figure S4. It
indirectly supports the idea of the self-assembly happening during the synthesis.

Polymers 2022, 14, x FOR PEER REVIEW 10 of 13 
 

 

with random Rh distribution were observed for the copolymer formed at 28% of the 
monomer conversion. This points out that the hydrophobic block was not yet sufficiently 
long enough to promote the micelle formation. We presume that at this stage of 
polymerization, the VAc monomer units were rare and randomly distributed between 
AA units. For the copolymer formed at 58% of monomer conversion, the weight fraction 
of the small aggregates fall, and the aggregates with broad Rh distribution and the aver-
age Rh of about 250 nm prevailed. The copolymer obtained at 77% of monomer conver-
sion formed the micelles with a narrow Rh distribution and a similar Rh of about 250 nm. 
This copolymer had the largest number of hydrophobic units. At this conversion, the 
sequence of VAc units was long enough, encouraging the appearance of the micelle with 
a hydrophobic core and hydrophilic shell. 

A similar result was observed by changing the monomer feed (Figure 8b). The de-
crease of the AA content in the monomer feed should increase the gradient degree. 
However, in this case, the monomer conversion was noticeably reduced. As a result, the 
ability of the copolymer to self-assemble in water was decreased with the reduction of 
hydrophilic AA content in the monomer feed. The copolymer synthesized from fAA = 30 
mole% at 33.7% conversion could not form distinct self-assembled structures. That could 
be explained by a mostly random distribution of AA and VAc units in the grown co-
polymer. The copolymer synthesized at higher conversion and AA content (57% and fAA 
= 45 mole%) exhibited the ability to self-assemble in aqueous solution; however, it 
formed aggregates with bimodal Rh distribution probably due to the formation of mi-
celles and intermolecular aggregates caused by low gradient degree. Finally, the copol-
ymer obtained at fAA = 57 mole% and 77% conversion was characterized by the narrowest 
size distribution. 

It should be noted that the obtained copolymers also showed a tendency to form 
microstructures in the mixed solvent “water/dioxane” as that was used in the polymeri-
zation process. The example of hydrodynamic radius distribution is presented in Figure 
S4. It indirectly supports the idea of the self-assembly happening during the synthesis. 

10-1 100 101 102 103 104

Rh, nm

(a)

(1)

(2)

(3)

 
100 101 102 103 104

Rh, nm

(b)

(1)

(2)

(3)

 
 

Figure 8. (a) Hydrodynamic radius Rh distribution of gradient copolymer (fAA = 57 mole%) formed 
at different conversions 28 (1), 58 (2), and 77% (3) in 0.1 wt% aqueous solution; (b) Rh distribution of 
gradient copolymers formed at monomer feed fAA = 30 (1), 45 (2), and 57 mole% (3) and conversion 
33.7 (1), 57 (2) and 77% (3) in 0.1 wt% aqueous solution. 

4. Conclusions 
Reversible deactivation radical copolymerization of the monomers with greatly dif-

ferent activity is commonly hard for realization irrespective of the specific mechanism of 

Figure 8. (a) Hydrodynamic radius Rh distribution of gradient copolymer (fAA = 57 mole%) formed
at different conversions 28 (1), 58 (2), and 77% (3) in 0.1 wt% aqueous solution; (b) Rh distribution of
gradient copolymers formed at monomer feed fAA = 30 (1), 45 (2), and 57 mole% (3) and conversion
33.7 (1), 57 (2) and 77% (3) in 0.1 wt% aqueous solution.

4. Conclusions

Reversible deactivation radical copolymerization of the monomers with greatly dif-
ferent activity is commonly hard for realization irrespective of the specific mechanism
of its implementation. This is due to the different conditions required for the activation
(revival) of the propagating species with terminal units of “more activated” or “lower
activated” monomers. Nonetheless, in the present work, we successfully synthesized
the gradient copolymer of acrylic acid (AA) and vinyl acetate (VAc) using asymmetrical
trithiocarbonate based on polyethylene oxide. RAFT copolymerization of AA and VAc
proceeded in the mixed solvent—1,4-dioxane/water. This solvent is a selective solvent
for forming the AA-VAc gradient copolymer since 1,4-dioxane is a good solvent for both
poly(AA) and poly(VAc), while water is a good solvent for poly(AA) and poor solvent for
poly(VAc). This leads to the self-assembly of the growing copolymer chain directly in the
polymerization mixture.

Moreover, the obtained gradient copolymers showed a strong tendency for self-
organization in the water in micelles. This ability was found to be controlled by the
gradient degree of the copolymer, which in turn depends on the monomer feed and the
monomer conversion. Finally, the gradient copolymer containing 80% of AA forms the
narrowly dispersed micelles in an aqueous solution with an average hydrodynamic ra-
dius of about 250 nm. Such micelles with soft poly(VAc) hydrophobic core and poly(AA)
hydrophilic corona can be further utilized as containers for the delivery of hydrophobic
substances or as nanoreactors. In addition, the known ability of PAA to react upon pH
change may lead to the pH sensitivity of the formed micelles.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14030555/s1, Figure S1: 1H NMR spectra in DMSO-d6
of the copolymers of VAc and AA synthesized in PEG-TC mediated copolymerization from various
monomer feeds; Figure S2: TEM microphotographs of the thin film of the copolymer synthesized
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through RAFT copolymerization of vinyl acetate and acrylic acid at fAA = 45 mol.% at 57% of
monomer conversion; Figure S3: Structure factor of the reaction mixture of vinyl acetate and acrylic
acid, fAA = 57 mole%, after 300 min of copolymerization at 80oC, obtained by SAXS method;
Figure S4: Hydrodynamic radius Rh distribution of gradient copolymer (fAA = 57 mole%) at conver-
sion 77 in 0.1 wt% in dioxane/water solvent mixture; Table S1: Molecular weights of the copolymers
grown in copolymerization of acrylic acid and vinyl acetate in the presence of PEG-TC.

Author Contributions: Conceptualization, E.V.C.; methodology, E.Y.K. and A.V.P.; investigation,
E.Y.K. and A.V.P.; writing—E.V.C. and E.Y.K. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by Russian Science Foundation, grant number 19-73-20030.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: The authors are thankful to A. Bolshakova of Moscow State University for the
TEM study of the copolymer. SAXS measurements were performed in the National Research Centre
“Kurchatov Institute” at Kurchatov Synchrotron Radiation Source by Georgy Peters.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Derry, M.J.; Fielding, L.A.; Armes, S.P. Industrially-Relevant Polymerization-Induced Self-Assembly Formulations in Non-Polar

Solvents: RAFT Dispersion Polymerization of Benzyl Methacrylate. Polym. Chem. 2015, 6, 3054–3062. [CrossRef]
2. Khan, H.; Cao, M.; Duan, W.; Ying, T.; Zhang, W. Synthesis of Diblock Copolymer Nano-Assemblies: Comparison Between PISA

and Micellization. Polymer 2018, 150, 204–213. [CrossRef]
3. Varlas, S.; Foster, J.C.; O’Reilly, R.K. Ring-Opening Metathesis Polymerization-Induced Self-Assembly (ROM-PISA). Chem.

Commun. 2019, 55, 9066–9071. [CrossRef] [PubMed]
4. Le, D.; Keller, D.; Delaittre, G. Reactive and Functional Nanoobjects by Polymerization-Induced Self-Assembly. Macromol. Rapid

Commun. 2019, 40, 1800551. [CrossRef] [PubMed]
5. Penfold, N.J.W.; Yeow, J.; Boyer, C.; Armes, S.P. Emerging Trends in Polymerization-Induced Self-Assembly. ACS Macro Lett. 2019,

8, 1029–1054. [CrossRef]
6. Mane, S.R. Trending Methods Employed for Polymerization Induced Self-Assembly. New J. Chem. 2020, 44, 6690–6698. [CrossRef]
7. D’Agosto, F.; Rieger, J.; Lansalot, M. RAFT-Mediated Polymerization-Induced Self-Assembly. Angew. Chem. Int. Ed. 2020, 59,

8368–8392. [CrossRef]
8. Liu, C.; Hong, C.Y.; Pan, C.Y. Polymerization Techniques in Polymerization-Induced Self-Assembly (PISA). Polym. Chem. 2020, 11,

3673–3689. [CrossRef]
9. Cornel, E.J.; Jiang, J.; Chen, S.; Du, J. Polymerization-Induced Self-Assembly with Various Polymerization Techniques. CCS Chem.

2020, 2, 2104–2125.
10. Delaittre, G.; Nicolas, J.; Lefay, C.; Save, M.; Charleux, B. Aqueous Suspension of Amphiphilic Diblock Copolymer Nanoparticles

Prepared In Situ from a Water-Soluble Poly(Sodium Acrylate) Alkoxyamine Macroinitiator. Soft Matter. 2006, 2, 223–231.
[CrossRef]

11. Zhang, X.; Rieger, J.; Charleux, B. Effect of the solvent composition on the morphology of nano-objects synthesized via RAFT
polymerization of benzyl methacrylate in dispersed systems. Polym. Chem. 2012, 3, 1502–1509. [CrossRef]

12. Hatton, F.L.; Lovett, J.R.; Armes, S.P. Synthesis of Well-Defined Epoxy-Functional Spherical Nanoparticles by RAFT Aqueous
Emulsion Polymerization. Polym. Chem. 2017, 8, 4856–4868. [CrossRef]

13. Wang, K.; Wang, Y.; Zhang, W. Synthesis of Diblock Copolymer Nano-Assemblies by PISA Under Dispersion Polymerization:
Comparison Between ATRP and RAFT. Polym. Chem. 2017, 8, 6407–6415. [CrossRef]

14. Sugihara, S.; Armes, S.P.; Lewis, A.L. One-Pot Synthesis of Biomimetic Shell Cross-Linked Micelles and Nanocages by ATRP in
Alcohol/Water Mixtures. Angew. Chem. Int. Ed. 2010, 49, 3500–3503. [CrossRef] [PubMed]

15. Sugihara, S.; Sugihara, K.; Armes, S.P.; Ahmad, H.; Lewis, A.L. Synthesis of Biomimetic Poly(2-(Methacryloyloxy)Ethyl Phospho-
rylcholine) Nanolatexes via Atom Transfer Radical Dispersion Polymerization in Alcohol/Water Mixtures. Macromolecules 2010,
43, 6321–6329. [CrossRef]

16. Yañez-Macias, R.; Kulai, I.; Ulbrich, J.; Yildirim, T.; Sungur, P.; Hoeppener, S.; Guerrero-Santos, R.; Schubert, U.S.; Destarac, M.;
Guerrero-Sanchez, C.; et al. Thermosensitive spontaneous gradient copolymers with block- and gradient-like features. Polym.
Chem. 2017, 8, 5023–5032. [CrossRef]

17. Xu, S.; Zhang, T.; Kuchel, R.P.; Yeow, J.; Boyer, C. Gradient Polymerization–Induced Self-Assembly: A One-Step Approach.
Macromol. Rapid Commun. 2019, 41, 1900493. [CrossRef] [PubMed]

http://doi.org/10.1039/C5PY00157A
http://doi.org/10.1016/j.polymer.2018.07.048
http://doi.org/10.1039/C9CC04445K
http://www.ncbi.nlm.nih.gov/pubmed/31322148
http://doi.org/10.1002/marc.201800551
http://www.ncbi.nlm.nih.gov/pubmed/30325550
http://doi.org/10.1021/acsmacrolett.9b00464
http://doi.org/10.1039/C9NJ05638F
http://doi.org/10.1002/anie.201911758
http://doi.org/10.1039/D0PY00455C
http://doi.org/10.1039/b515267d
http://doi.org/10.1039/c2py20071f
http://doi.org/10.1039/C7PY01107E
http://doi.org/10.1039/C7PY01618B
http://doi.org/10.1002/anie.201000095
http://www.ncbi.nlm.nih.gov/pubmed/20376839
http://doi.org/10.1021/ma101136v
http://doi.org/10.1039/C7PY00495H
http://doi.org/10.1002/marc.201900493
http://www.ncbi.nlm.nih.gov/pubmed/31709698


Polymers 2022, 14, 555 12 of 12

18. Xu, S.; Corrigan, N.; Boyer, C. Forced gradient copolymerisation: A simplified approach for polymerization-induced self-assembly.
Polym. Chem. 2021, 12, 57–68. [CrossRef]

19. Zhang, J.; Farias-Mancilla, B.; Destarac, M.; Schubert, U.S.; Keddie, D.J.; Guerrero-Sanchez, C.; Harrisson, S. Asymmetric
Copolymers: Synthesis, properties and applications of gradient and other partially segregated copolymers. Macromol. Rapid
Commun. 2018, 39, 1800357. [CrossRef]

20. Kozhunova, E.Y.; Gavrilov, A.A.; Zaremski, M.Y.; Chertovich, A.V. Copolymerization on Selective Substrates: Experimental Test
and Computer Simulations. Langmuir 2017, 33, 3548–3555. [CrossRef]

21. Madruga, E.L. From classical to living/controlled statistical free-radical copolymerization. Prog. Polym. Sci. 2002, 27, 1879–1924.
[CrossRef]

22. Moskowitz, J.D.; Wiggins, J.S. Semibatch RAFT copolymerization of acrylonitrile and Nisopropylacrylamide: Effect of comonomer
distribution on cyclization and thermal stability. Polymer 2016, 84, 311–318. [CrossRef]

23. Chernikova, E.V.; Zaitsev, S.D.; Plutalova, A.V.; Mineeva, K.O.; Zotova, O.S.; Vishnevetsky, D.V. Control over the relative
reactivities of monomers in RAFT copolymerization of styrene and acrylic acid. RSC Adv. 2018, 8, 14300–14310. [CrossRef]

24. Mineeva, K.O.; Osipova, N.I.; Zaitsev, S.D.; Plutalova, A.V.; Medentseva, E.I.; Serkhacheva, N.S.; Lysenko, E.A.; Chernikova, E.V.
Synthesis of Amphiphilic Copolymers of Acrylic Acid and Styrene with the Desired Microstructure and Their Properties. Polym.
Sci. Ser. B 2020, 62, 630–640. [CrossRef]

25. Zaremski, M.Y.; Kozhunova, E.Y.; Abramchuk, S.S.; Glavatskaya, M.E.; Chertovich, A.V. Polymerization-induced phase separation
in gradient copolymers. Mendeleev Commun. 2021, 31, 277–279. [CrossRef]

26. Zaldivar, C.; del Sol, O.; Iglesias, G.D. On the preparation of acrylic acid/vinyl acetate copolymers with constant composition—1.
Copolymerization reactivity ratios. Polymer 1997, 39, 245–246. [CrossRef]

27. Wang, W.; Xie, W.-Y.; Wang, G.-X.; Xu, W.; Liang, E. PET-RAFT copolymerization of vinyl acetate and acrylic acid. Iran. Polym. J.
2021, 30, 1–7. [CrossRef]

28. Provencher, S.W. CONTIN: A general purpose constrained regularization program for inverting noisy linear algebraic and
integral equations. Comput. Phys. Commun. 1982, 27, 229–242. [CrossRef]

29. Chernikova, E.V.; Yulusov, V.V.; Mineeva, K.O.; Golubev, V.B.; Garina, E.S. Pseudoliving Polymerization of Vinyl Acetate Mediated
by Reversible Addition-Fragmentation Chain-Transfer Agents. Polym. Sci. Ser. B 2011, 53, 438–448. [CrossRef]

30. Egorova, E.A.; Zubov, V.P.; Bakeeva, I.V.; Chernikova, E.V.; Litmanovich, E.A. Controlled Synthesis of Oligomeric Poly(acrylic
acid) and Its Behavior in Aqueous Solutions. Polym. Sci. Ser. A 2013, 55, 519–525. [CrossRef]

31. Kargin, V.A. Encyclopedia of Polymers. In Soviet Encyclopedia; Sovetskaya Entsiklopediya: Moscow, Russia, 1972. (In Russian)
32. Brandrup, J.; Immergut, E.H.; Crulue, E.A. (Eds.) Polymer Handbook; Wiley: New York, NY, USA, 1999.
33. Lindeman, M.K. The Mechanism of Vinyl Acetate Polymerization. In Vinyl Polymerization, V. 1, Part I; Ham, G.E., Ed.; Marcel

Dekker: New York, NY, USA, 1967; Chapter 4.
34. Lee, S.B.; Russell, A.J.; Matyjaszewski, K. ATRP Synthesis of Amphiphilic Random, Gradient, and Block Copolymers of

2-(Dimethylamino)ethyl Methacrylate and n-Butyl Methacrylate in Aqueous Media. Biomacromolecules 2003, 4, 1386–1393.
[CrossRef] [PubMed]

35. Seno, K.I.; Tsujimoto, I.; Kanaoka, S.; Aoshima, S. Synthesis of Various Stimuli-Responsive Gradient Copolymers by Living
Cationic Polymerization and their Thermally or Solvent Induced Association Behavior. J. Polym. Sci. Part A Polym. Chem. 2008, 46,
6444–6454. [CrossRef]

36. Kravchenko, V.S.; Abetz, V.; Potemkin, I.I. Self-assembly of gradient copolymers in a selective solvent. New structures and
comparison with diblock and statistical copolymers. Polymer 2021, 235, 124288.

37. Kravchenko, V.S.; Potemkin, I.I. Micelles of Gradient vs Diblock Copolymers. Difference in the Internal Structure and Properties.
J. Phys. Chem. B 2016, 120, 12211–12217. [CrossRef]

http://doi.org/10.1039/D0PY00889C
http://doi.org/10.1002/marc.201800357
http://doi.org/10.1021/acs.langmuir.7b00406
http://doi.org/10.1016/S0079-6700(02)00023-0
http://doi.org/10.1016/j.polymer.2015.12.035
http://doi.org/10.1039/C8RA00048D
http://doi.org/10.1134/S1560090420060081
http://doi.org/10.1016/j.mencom.2021.03.045
http://doi.org/10.1016/S0032-3861(97)00363-7
http://doi.org/10.1007/s13726-020-00868-8
http://doi.org/10.1016/0010-4655(82)90174-6
http://doi.org/10.1134/S1560090411070025
http://doi.org/10.1134/S0965545X13080026
http://doi.org/10.1021/bm034126a
http://www.ncbi.nlm.nih.gov/pubmed/12959610
http://doi.org/10.1002/pola.22953
http://doi.org/10.1021/acs.jpcb.6b10120

	Introduction 
	Materials and Methods 
	Materials and Polymer Synthesis 
	Instrumentation 

	Results and Discussion 
	Copolymerization of Vinyl Acetate and Acrylic Acid 
	Self-Assembly 

	Conclusions 
	References

