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We report for the first time in situ reversible addition—fragmentation
chain transfer (RAFT) dispersion polymerization in an epoxy resin
mixture for toughening of epoxy. Good dispersion of latex particles
in the epoxy resin by the selection of suitable monomers and block
copolymerization eliminated the need for tedious re-dispersion of
preformed particles.

Epoxy polymers are widely used in adhesives and structural
engineering applications due to their high Young’s moduli and
failure strengths.' However, a highly crosslinked epoxy structure
after curing with a hardener often results in undesired brittleness.
Hence, liquid rubber or core-shell rubber particles are typically
used to increase the toughness of epoxy resins.*® The dispersed
rubber phases can effectively dissipate the impact energy, thereby
producing a strong toughening effect on the epoxy polymers by
preventing crack initiation and growth.” In a simple technique
of blending with liquid rubber, curing conditions mainly
determine the morphology of the rubber phase, which often
with a poor state of dispersion leads to a deterioration of the
thermomechanical properties.'®"> Meanwhile, dispersion of
pre-formed well-defined core-shell latex particles provides a
promising alternative in terms of morphology control and a
separate examination of the toughening effect.”">'*

Core-shell rubber particles are usually dispersed in
epoxy resins by two methods. The first method utilizes
coagulated latex particles of heterogeneous polymerization
for re-dispersion in the epoxy resin.'>*® However, dispersion
of coagulated latex particles in epoxy resins is difficult (if not
impossible) even by applying a strong mechanical shear force.
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The second method involves the dispersion transfer of latex
particles to a solvent(s), followed by their uniform re-dispersion
in the epoxy resin and the removal of volatile components.*®
This method represents a complex multi-step process and
requires the selection of a suitable solvent depending on the
type of rubber particles. Thus, there is a need for an alternative
method that removes the hardship of re-dispersion and saves
time and valuable resources.

Spherical core-shell particles are used in various applications,
such as thermosets, coatings, adhesives, sealants, and biomedical
devices.">'”™"° Heterogeneous (such as emulsion or dispersion)
polymerization is usually used to design and synthesize well-
defined particles with desired cores, shell functionalities, sizes,
and shell thicknesses.">”°?* In recent years, heterogeneous
reversible addition-fragmentation chain transfer (RAFT) polymer-
ization that forms dispersions and (minilemulsions has
developed as a promising technique due to its ability to synthesize
a wide variety of nano-objects (such as spheres, worms, and
vesicles) via polymerization-induced self-assembly (PISA).>*°
Besides the usual aqueous continuous phase, PISA based on
RAFT dispersion polymerization in non-conventional continuous
phases, such as alcoholic, and aqueous-alcoholic ones as well as
in supercritical CO,, alkanes, and silicone oil indicated their
tolerance towards various solvent systems.>>>”~°

RAFT polymerization is well-known for the preparation of
polymers with predetermined molecular weights (MWs) and
narrow molecular weight distributions (MWDs).>'™® 1t
proceeds by achieving an equilibrium between propagating
radicals and dormant species through a degenerative chain-
transfer reaction. Thiocarbonylthio compounds with the
generic formula R-S-(C=S)-Z are typically used as the active
reversible chain transfer agents (RAFT agents), which allow the
rapid establishment of equilibrium and production of polymers
with narrow MWDs.**> Controlled polymerization is possible
in the RAFT technique because the majority of polymer chains
exist as the dormant species with thiocarbonylthio moieties
(living chains).***” Nonetheless, a small amount of dead chains
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Scheme 1 (a) RAFT dispersion polymerization and preparation of the

core-shell particle dispersed epoxy resin. (b) Synthesis of P(MMA-co-
GMA) as a macro-RAFT agent with [RAFT agentlo:[GMA]q: [MMA]q:
[initiator]lp = 1:68:23:0.1in DMF at 70 °C, followed by the RAFT dispersion
polymerization of EHMA with [P(MMA-co-GMA)lp: [EHMA]y: [AIBN]y =
1:400:0.3 in the EtOH/water/epoxy mixture at 65 °C.

without the thiocarbonylthio moiety are also formed through
the termination reactions of propagating radicals. Due to the
living nature, macro-RAFT agents can also participate in chain
extension reactions into diverse polymer architectures, including
well-defined block copolymers.*®**° In the RAFT PISA process of
block copolymer synthesis, a solvophilic macro-RAFT agent is
chain-extended by a solvophobic monomer to form soluble block
copolymers at the beginning of the polymerization process.
As the conversion increases, the growing block copolymers
become insoluble in the continuous phase at a critical MW of
the solvophobic moiety, leading to the in situ formation of self-
assembled nano-objects.*®

Here, we report a new synthetic method of in situ RAFT
dispersion polymerization in a mixture of ethanol/water/epoxy
for the good dispersion of core-shell rubber particles in the
epoxy resin (Scheme 1). Poly(methyl methacrylate-co-glycidyl
methacrylate) (P(MMA-co-GMA)) and poly(2-hydroxypropyl
methacrylate) (PHPMA) were synthesized for their utilization
as the macro-RAFT agent and steric stabilizer forming the shell in a
RAFT dispersion polymerization. Chain extension of macro-RAFT
agents with a solvophobic monomer, 2-ethylhexyl methacrylate
(EHMA) or hexyl acrylate (HA), was then performed in a RAFT
dispersion polymerization to form the rubbery core. This work
confirms the effect of the selection of macro-RAFT agents and block
extension on polymerization kinetics, control over MW and
dispersity (D), particle size, and impact strength of the particle
dispersed epoxy system.

The selection of a suitable RAFT agent (R-Z) is essential for
the synthesis of well-defined polymers. Previously, RAFT agents
bearing a trithiocarbonate moiety with an alkyl chain (Z group)
and an isobutyronitrile moiety (R group) were successfully used for
the polymerization of (meth)acrylic monomers.***' PHPMA and
P(MMA-co-GMA) have been widely reported as steric stabilizers in
alcoholic media and epoxy resins, respectively.”>™* Hence,
two macro-RAFT agents (P(MMA-co-GMA) and PHPMA) were
initially prepared by RAFT solution polymerization using 2-cyano-
2-propyl dodecyl trithiocarbonate as the RAFT agent and
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azobisisobutyronitrile (AIBN) as the thermal initiator. P(MMA-co-
GMA) was prepared by heating a mixture of [RAFT agent], : [MMA],:
[GMA],:[AIBN], = 1:75:25:0.1 in N,N-dimethylformamid (DMF)
at 70 °C. The polymerization conversion reached 95% at 12 h,
as determined by "H NMR spectroscopy. The theoretical num-
ber fraction of living chains (livingness, L = 93%) during
polymerization was calculated using the equation (see the ESIT
and Table $1):*%°

[RAFT],
[RAFT]o+2f[T]y(1 — e *ar)(1 = (fe/2))

After precipitation in methanol, the number-average MW
(M,) and dispersity (P = My/M,,) of P(MMA-co-GMA) measured
by SEC were 11.5 kg mol " and 1.13, respectively. The M, sgc of
P(MMA-co-GMA) matched well with the theoretical M,, value
(11.2 kg mol ). The SEC chromatogram and "H NMR spectrum
of P(MMA-co-GMA) are shown in Fig. Si(a) and (b) (ESIY),
respectively. The degrees of polymerization (DP) of MMA and
GMA in P(MMA-co-GMA) were 71 and 27, respectively. PHPMA
was also prepared by heating a mixture of [RAFT agent],:
[HPMA], : [initiator], = 1:50: 0.1 in DMF at 70 °C. The polymer-
ization conversion reached 96% at 12 h with M,, = 11.3 kg mol "
(DP = 75) and D = 1.14. The M, sec of PHPMA was higher than
the theoretical M, value of 7.30 kg mol ™! because of the small
amount of dimethacrylate impurity in the HPMA monomer.*?
Further, this might be due to the loss of low-MW PHPMA
during the repeated precipitation process. The SEC chromato-
gram and "H NMR spectrum of PHPMA are shown in Fig. S1(c)
and (d) (ESIt), respectively.

RAFT dispersion polymerizations were performed by heating
the synthesized macro-RAFT agent, a monomer, HA or EHMA,
and AIBN in an epoxy resin (bisphenol A diglycidyl ether),
ethanol, and water mixture at 65 °C. The chain growth leads
to the formation of core-shell nanoparticles with a rubbery core
of PHA or PEHMA and a glassy shell of P(MMA-co-GMA) or
PHPMA for toughening of the epoxy matrix. The detailed
synthetic procedure is described in the ESL}

The dispersion polymerization of EHMA was performed
using a mixture of [P(MMA-co-GMA)],:[EHMA],:[AIBN], =
1:400:0.3. P(MMA-co-GMA) was utilized as both the chain
transfer agent and steric stabilizer. During polymerization,
samples were taken periodically for the "H NMR spectroscopy
measurement to monitor the conversion of EHMA by comparing
it with epoxy (Fig. S2 and S3, ESIf). The monomer conversion
was 95% after 24 h of reaction. A semi-logarithmic plot of the
monomer concentration versus time is presented in Fig. 1(a). It
shows that the rate of polymerization significantly increased
after 4 h, with the homogeneous reaction medium turning
opaque. This indicates the formation of micelles (reaction loci),
responsible for an increase in the rate of polymerization at a
high local EHMA concentration. The DLS analysis also shows the
presence of nanometer-scale polymer particles, which further
confirmed the establishment of a compartmentalized system
(micelles) that increased the rate of polymerization due to the
segregation of propagating radicals. Fig. 2(a) displays the narrow
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Fig. 1 Kinetic analysis of the RAFT dispersion polymerization of EHMA

using P(MMA-co-GMA). (a) Plot of In([Mlo/[M]) versus time. (b) SEC
chromatograms recorded at different conversions between 0% and 95%.

particle size distribution (37-53 nm, polydispersity index: 0.277)
of the dispersion polymerization. The results of the dispersion
polymerizations including the chain extensions of PHPMA and
P(MMA-co-GMA) with HA are summarized in Table 1 (as well as
in Fig. S4 and S5, ESIt). Finally, the solvents, ethanol and water
in the latex dispersion, were distilled out under reduced pressure
to produce an epoxy resin with dispersed polymer particles. The
chemical structure of P(MMA-co-GMA)-b-PEHMA was confirmed
by 'H NMR spectroscopy (Fig. S2, ESIt). The peaks in the
spectrum corresponded well with the magnetically different
protons of the resulting polymers and epoxy resin in the mixture.
The "H NMR spectra of PHPMA-b-PHA and P(MMA-co-GMA)-b-
PHA are also shown in Fig. S4(c) and S5(c) (ESIt), respectively.
The MW of the synthesized polymer was measured using
SEC by mixing it with a small amount of THF. In Fig. 1(b), the
SEC chromatograms show the molecular weight transition
(with a shorter elution time, tg) due to the chain addition
reaction of EHMA. The resulting P(MMA-co-GMA)-b-PEHMA
polymer exhibited My,exp = 55.5 kg mol ™' and D = 1.41. In the
SEC trace of the P(MMA-co-GMA)-b-PEHMA polymer, most of
the P(MMA-co-GMA) chains participated in the chain extension
reaction, while a less intense broad peak remained in the lower
MW region corresponding to the 12% of unreacted P(MMA-co-
GMA). This is in good agreement with the calculated amount of
the dead chains formed during synthesis (L ~93%). The small
deviation is due to the production of low-MW polymers through
radical initiation and chain termination.*® In contrast to the
polymerization reaction of EHMA, the dispersion polymerization
of HA with PHPMA or P(MMA-co-GMA) resulted in SEC
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Fig. 2 (a) DLS number-based particle size distribution of the P(MMA-co-
GMA)-b-PEHMA copolymer prepared by RAFT dispersion polymerization.
Inset: TEM image of the P(MMA-co-GMA)-b-PEHMA particles dispersed in
the epoxy resin. The scale bar is 500 nm. (b) DSC curves of the unmodified
epoxy and the modified epoxy containing the P(MMA-co-GMA)-b-PEHMA
particles. (c) Impact strengths of the unmodified epoxy and the modified
epoxy containing the P(MMA-co-GMA)-b-PEHMA particles.

chromatograms showing bimodal distributions representing a
mixture of the chain-extended polymers and unreacted macro-
RAFT agents (Fig. S4 and S5, ESIt). It is related to the initial rate
of reaction in the continuous phase and the subsequent ability
to form a micellar system.

Since the propagation rate constants of EHMA are smaller
than those of HA, the initial chain extension reaction (in the
continuous phase) proceeds slowly in the presence of EHMA."
Thus, this slow chain growth is responsible for the induction
period before the formation of micelles during the dispersion
polymerization of EHMA. However, after the attainment of the
critical MW in the continuous phase, micelles with uniform
size are formed via the self-assembly of PEHMA blocks. Thus,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 MW analysis of the macro-RAFT agents and chain-extended
block copolymers and diameters of block copolymer particles

My sec” Conversion” Diameter®

(kg mol™) B* (%) (nm)
PHPMA 11.3 1.14 95.8 —
P(MMA-CO-GMA) 11.5 1.13 94.5 —
PHPMA-b-PHA 21.4 1.64 72.6 51.0
P(MMA-CO-GMA)-b-PHA 29.8 1.78 73.5 60.0
P(MMA-CO-GMA)-ZJ-PEHMA 55.5 1.41 94.6 43.0

“ M, and D were determined in SEC using poly(methyl methacrylate)
calibration standards. > Monomer conversion was calculated by
"M NMR spectroscopy. ¢ The particle size in the solvent mixture
(epoxy/ethanol/water) was measured by DLS.

a perfect phase separated system results in particles with cores
consisting of PEHMA blocks that increase the interaction
degree/solubility of the EHMA monomer, thereby promoting
rapid chain growth with an almost full conversion of macro-
RAFT chains and the highest monomer conversion (~95%). In
the case of HA, even though the higher propagation rate in the
continuous phase results in a rapid formation of phase-
separated (heterogeneous) system, it does not result in uniform
self-assembly into nanoparticles. Hence, the lack of a perfect
compartmental system decreases the chance of 100% conver-
sion of macro-RAFT chains during the dispersion polymeriza-
tion of PHA. For this reason, the dispersion polymerization
reaction also did not result in a higher monomer conversion
(~75%). These results indicate that only the RAFT dispersion
polymerization of EHMA involving P(MMA-co-GMA) proceeded
with typical characteristics of controlled radical polymerization.

The digital photographs of the samples (P(MMA-co-GMA)-b-
PEHMA, P(MMA-co-GMA)-b-PHA, and PHPMA-b-PHA in epoxy)
after the removal of ethanol and water are shown in Fig. S6
(ESIT). In the figure, PHPMA caused the aggregation of polymer
particles in the epoxy matrix, while P(MMA-co-GMA) exhibited
good dispersibility without aggregation. Although both P(MMA-
c0-GMA) and PHPMA are soluble in the ethanol/water/epoxy
mixture, the relatively high apparent solubility of P(MMA-co-
GMA) in epoxy indicates its superior compatibility and steric
stabilization properties as the particle shell material as
compared to particles with PHPMA shells. To check the
dispersion of the particles in the epoxy resin, the amine cured
epoxy sample was measured by TEM. The sample was prepared
by mixing equal amounts of the curing agent and diethylene-
triamine with the epoxy resin containing dispersed particles,
and curing by hot-pressing at 120 °C. The TEM image (inset of
Fig. 2(a)) shows that the P(MMA-co-GMA)-b-PEHMA particles
are uniformly dispersed in the epoxy resin. After considering all
the above results, only the epoxy resin with uniformly dispersed
well-defined P(MMA-co-GMA)-b-PEHMA particles was investigated
for other physical properties.

The glass transition temperature (T,) and mechanical
properties of the cured epoxy resin containing dispersed
P(MMA-co-GMA)-b-PEHMA  particles measured and
compared with those of the unmodified cured epoxy (details
of the testing procedure are provided in the ESI). In the DSC

were
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plot in Fig. 2(b), the modified epoxy exhibits a lower T, of
125 °C than the unmodified epoxy (T, = 155 °C). This indicates
the plasticization effect of P(MMA-co-GMA)-b-PEHMA particles
on the epoxy matrix. Due to the same reason, the tensile
strength of the modified epoxy is also smaller than that of
the unmodified epoxy (for the unmodified epoxy, tensile
strength (TS) = 75.4 MPa; for the particle modified epoxy,
TS = 41.9 MPa)."®" However, this was expected to increase
the toughness of the epoxy resin. Therefore, the impact
strengths of the modified and unmodified epoxy resins were
measured by performing Izod impact tests to investigate the
effect of core-shell rubber particles. In Fig. 2(c), the epoxy resin
with well-dispersed P(MMA-co-GMA)-b-PEHMA particles exhi-
bits a higher impact strength of 7.99 MPa than the unmodified
epoxy (4.39 MPa). This proves that the uniformly well-dispersed
P(MMA-co-GMA)-b-PEHMA rubber particles increased the
toughness of the epoxy polymer.

Conclusions

Core-shell rubber particles were synthesized as a dispersed
phase in the epoxy matrix via the simple RAFT dispersion
polymerization in the epoxy/ethanol/water mixture. For this
purpose, P(MMA-co-GMA) and PHPMA macro-RAFT agents
were prepared and employed as the reversible chain transfer
agents and steric stabilizers in the dispersion polymerization of
EHMA or HA. The RAFT dispersion polymerization of EHMA
with P(MMA-co-GMA) led to a successful uniform chain
extension, while the RAFT dispersion polymerization of HA
resulted in a mixture with the residual unreacted macro-RAFT
agents (P(MMA-co-GMA) or PHPMA). The obtained block
copolymer P(MMA-co-GMA)-b-PEHMA was characterized by SEC,
'H NMR spectroscopy, DLS, and TEM. The formed P(MMA-co-
GMA)-b-PEHMA polymer particles had a size of 45 nm, a M,,ep, 0f
55.5 kg mol™", and a P of 1.41; moreover, they produced a strong
plasticization effect on the epoxy resin and considerably increased
its impact strength. Thus, we believe that this RAFT dispersion
polymerization in the ethanol/water/epoxy mixture can be
potentially useful for the future design and synthesis of various
polymer particles in a different reaction medium.
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