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Introduction

Functionalization of nano-objects in living anionic
polymerization-induced self-assembly and their
use for improving thermal properties of epoxy
resins

Guicun Guo, Jiali Wu, Jingwei Zhang, Peng Zhou, Ding Shen, Penghan Li and
Guowei Wang & *

Nano-objects generated via a scalable polymerization-induced self-assembly (PISA) process can serve as
organic nancfillers, replacing the widely used inorganic nanofillers in composites. In this contribution,
polyisoprene (Pl)-b-polystyrene (PS) (PI-b-PS) or Pl-b-PS/PS nano-objects were prepared via a living
anionic polymerization-induced self-assembly (LAPISA) process or a derived process of living anionic
polymerization-induced cooperative assembly (LAPICA) using nonpolar n-heptane as a solvent, which
facilitated the control over morphologies and sizes. After the living species in the core region were in situ
crosslinked by divinylbenzene (DVB) monomers, stabilized PDVB@(PI-b-PS) or PDVB@(PI-b-PS/PS) nano-
objects were generated. After hydroxylated or epoxidized nano-objects were obtained through thiol-ene
or epoxidation reactions on the double bonds of the PI stabilizer, the miscibility between the nano-
objects and epoxy resin was improved, and the functionalized nano-objects could be introduced into
epoxy resin. Differential scanning calorimetry (DSC), thermogravimetric analysis (TGA) and thermomech-
anical analysis (TMA) results affirmed that the organic nano-objects could improve the thermal properties
of the composites, which were obviously superior to commercial inorganic silica nano-objects. In par-
ticular, the composites with smaller spherical nano-objects had a higher glass transition temperature (Tg)
than those with larger spherical ones or worm-like ones. Transmission electron microscopy (TEM)
measurements verified the uniform distribution of organic nano-objects and the formation of sufficiently
integrated interfaces between the epoxy resin and nano-objects, thereby improving the thermal pro-
perties of the composites.
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silica, alumina, glass fibers, and so on.
However, inorganic nanofillers have relatively poor dispersibil-

Epoxy resin, after being chemically crosslinked with amines,
anhydrides, imidazoles, etc., can be widely used in adhesives,
coatings, and composites."” As important thermosetting
materials, epoxy resin composites feature excellent corrosion
resistance, heat resistance, chemical stability, etc.® However,
the intrinsic tensile strength, glass transition temperature (75)
and Young’s modulus of epoxy resin composites are always
lowered due to the introduction of flexible curing agents, such
as polyether-amine.”™* Thus, high-strength application scen-
arios are still limited, while being urgently required.'>"?
Generally, the enhancement of epoxy resin composites can be
realized by incorporating inorganic nanofillers such as nano-
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ity in epoxy resin. To optimize the function of the nanofillers,
the surface of inorganic nanofillers should be pre-treated or a
powerful dispersing device employed to avoid the possible
aggregation.>> >’ These processes are troublesome, as well as
resulting in low production efficiency. Nevertheless, the inevi-
table separated interfaces between inorganic nanofillers and
epoxy resin have a negative effect on the physicochemical pro-
perties of the composites.”®*° Alternatively, organic nanofil-
lers can be sufficiently mixed and fused with the epoxy resin,
and the interfaces can be integrated. Thus, the function of
organic nanofillers and the epoxy resin can be maximized,
and the properties of the epoxy resin composites can be
enhanced. However, organic-nanofiller-enhanced epoxy resin
composites are still rarely used. The reason might be the
limited availability of nanofillers with scalable production and
synergistic effects on the overall properties of epoxy resin
composites.*
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Recently, polymerization-induced self-assembly (PISA) has
become an effective technique to prepare nano-objects with
diverse morphologies and high solid contents (up to 50
w/w%).>>7>" The preliminary works showed that nano-objects
from the PISA process had potential applications in multiple
fields.”>>* For example, the pioneering work by Rieger et al.
showed that nanofibers with a high T, could be used as rein-
forcing fillers for soft acrylic water-based coatings.>® However,
further development of the application of PISA-based nano-
objects was still challenging. The reason might be either the
difficult synthesis of organic nano-objects with scalable pro-
duction or the immature theory on the structure-property
relationships of organic nano-object-based composites.
Among all the controlled/living polymerization mechanisms,
living anionic polymerization (LAP) has the characteristics of
providing 100% monomer conversion, narrow molecular
weight distributions (MWDs), controllable molecular weights
(MWs) and monomer sequences, and well-defined
structures.’®”” With these advantages in mind, previously, we
have successfully synthesized nano-objects with polyisoprene
(PI) as a stabilizer and polystyrene (PS) as the core using a
living anionic polymerization-induced self-assembly (LAPISA)
process or the derived process of living anionic polymeriz-
ation-induced cooperative assembly (LAPICA).***° Uniquely, in
the LAPISA or LAPICA process, the living species in the core
region could be in situ crosslinked and the nano-objects could
be stabilized. Due to the living and controlled characters of
LAP, both the crosslinking position and crosslinking density
in the core region could be effectively modulated. Given the
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controlled crosslinking and stabilization of the nano-objects,
the morphologies formed in the LAPISA or LAPICA process
could be fixed, which could impart the functions of nano-
objects into certain practical applications.

Aiming to explore the application of nano-objects generated
in the LAPISA or LAPICA process, herein, nano-objects were
selectively modified and introduced into epoxy resin. In detail,
PI-b-PS or PI-b-PS/PS nano-objects were firstly prepared via a
LAPISA or LAPICA process using styrene (St) and isoprene (Is)
as monomers, n-heptane as a solvent, n-butyllithium
(n-Bu"Li') as an initiator, and N,N,N',N'-tetramethyl-
ethylenediamine (TMEDA) as a regulator (Scheme 1). The
living species in the core region were in situ crosslinked with
divinylbenzene (DVB) monomers and stabilized PDVB@(PI-b-
PS) or PDVB@(PI-b-PS/PS) nano-objects were generated. Using
the efficient thiol-ene or epoxidation reaction, the double
bonds on the PI stabilizer were hydroxylated or epoxidized.
Subsequently, the functionalized nano-objects were introduced
into epoxy resin. Size exclusion chromatography (SEC), proton
nuclear magnetic resonance ("H NMR) and dynamic light scat-
tering (DLS) measurements were employed to characterize the
compositions and structures of the copolymers and nano-
objects. Differential scanning calorimetry (DSC), thermo-
gravimetric analysis (TGA) and thermomechanical analysis
(TMA) measurements were used to evaluate the thermal pro-
perties of the epoxy resin composites. Furthermore, trans-
mission electron microscopy (TEM) measurements were per-
formed and the possible reason for the improved properties
was deduced.

n-Heptane, R.T.

AIBN, toluene, 75 °C \
—_—
n-Bu

Scheme 1 lllustration of the synthetic route for hydroxylated and epoxidized nano-objects.
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Results and discussion

Synthesis and characterization of hydroxylated or epoxidized
nano-objects

With reference to our previous works,*®*’ the typical PI-b-PS
and PI-b-PS/PS nano-objects were prepared via a LAPISA or
LAPICA process using n-heptane as a solvent, n-Bu"Li" as an
initiator, and TMEDA as a regulator. First, the PI"Li" macroini-
tiator was synthesized via a homogeneous LAP process of the
Is monomer using n-Bu Li" as an initiator. Subsequently, the
St monomer was added and PI-b-PS nano-objects were gener-
ated in a heterogeneous LAPISA process due to the decreased
solubility of the PS core in n-heptane. Alternatively,
accompanied with the addition of the St monomer, n-Bu Li"
was also supplied and PI-b-PS/PS nano-objects were obtained
via a LAPICA process. Finally, the difunctional DVB monomers
(30 wt% relative to St) was added to crosslink the living species
in the core region and the nano-objects were stabilized.
According to the typical mechanism of PISA,”*°®° after the
crosslinking or stabilization, the PDVB formed the innermost
core, the PS composed the interlayer and the PI served as the
outermost shell. Thus, the nano-objects were labelled as
PDVB®@(PI-b-PS) or PDVB@(PI-b-PS/PS). Obviously, in the
LAPISA process, the nano-objects were generated from a PI-b-
PS diblock copolymer. Alternatively, in the LAPICA process, the
nano-objects were generated from a PI-b-PS diblock copolymer
and PS homopolymer, which were cooperatively self-
assembled. Uniquely, it should be mentioned that the P(S3;--
c0-DVBg,)@PL,4; nano-objects were prepared by simultaneous
addition of St and DVB monomers, and PDVB;,,@PI,3, nano-
objects were prepared without addition of St monomers.
Comprehensively using the LAPISA or LAPICA process,*®*’
nano-objects with different sizes and morphologies were syn-
thesized by varying the degree of polymerization of PI (DPp)
and PS (DPpg), as well as the addition mode of the St
monomer and n-Bu~Li" initiator (Table 1). The successful syn-
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thesis of the nano-objects facilitated the applications in this
work.

As per the SEC traces shown in Fig. 1(A and B), the PI
macroinitiator precursor, PI-b-PS diblock copolymer and PS
homopolymer were obtained with controlled MWs and narrow
M,/M,s. From the "H NMR spectrum for the stabilized
PDVB,;@(PIg,-b-PS105) nano-objects, shown in Fig. 2(A), the
characteristic resonance signal for phenyl protons (-C¢H;) on
the PS block was assigned between 6.27-6.84 ppm. On the PI
block, the resonance signal for the alkene proton (CH,—CH-)
on the 3,4-addition Is unit was assigned at 5.76 ppm, and the
alkene protons (-C(CHz)=CH-, CH,—C(CHj;)-, CH,—CH-) on
the 1,4-addition, 1,2-addition, and 3,4-addition Is units were
assigned between 4.47-5.34 ppm. According to the 'H NMR
spectrum in Fig. 2(A), the content of 1,4-addition, 1,2-addition,
and 3,4-addition Is units in PDVB,s@(PIs,-b-PS;05) could be
calculated as 22.8%, 14.3% and 62.9%, respectively. Similarly,
according to the '"H NMR spectrum in Fig. 2(B), the content of
1,4-addition, 1,2-addition, and 3,4-addition Is units in
PDVB,;@(PlL,4-b-PS;03) could be calculated as 64.7%, 0%, and
35.3%, respectively. It should be mentioned that the content
of different addition units could be adjusted by modulating
the molar ratio of the TMEDA mediator to n-Bu Li" initiator.
From the DLS curves shown in Fig. 3(A-C), it could be found
that the nano-objects were stable in THF, and stabilized nano-
objects with different sizes were actually achieved when modu-
lating the DPp; and DPypg, as well as the polymerization techno-
logy. Comparatively, the unstabilized PI,¢-b-PSe, diblock copo-
lymer showed a size of around 2.0 nm in the DLS curve, indi-
cating completely dissolved macromolecules, as THF was a
good solvent for both PI and PS blocks.

Due to the relatively low polarity of the PI block, the
copolymers or nano-objects had low miscibility or compat-
ibility with the employed epoxy resin of UVR-6110. Thus, a
suspension was always formed when directly adding the
nano-objects into the epoxy resin. Aiming to improve the

Table 1 The formulation and characterization of the nano-objects and their precursors?

PI PI-b-PS or PI-b-PS/PS
Targeted Mn,PS/ Mn,PI C/ Mw/ Mn,PI—bfPS C/ Mw/ Mn,PS C/ Mw/ Sizes®

Samples” M pr g mol™ M,° g mol™" M,° g mol™ M,° Morphologies? (nm)
PL-b-PSo, 2/1 5300 1.05 14800 1.08

PDVB,@(Plgs-b-PS,5/PS;4) 2/1 5800 1.09 13600 1.06 3900 1.06  Sphere 680
PDVB,s@(Plg,-b-PS15) 2/1 5600 1.09 16500 1.06 Sphere 43
PDVB @ (Plgs-b-PS325) 4/1 5800 1.06 29500 1.06 Worm 450
PDVB, ,0@PLy30 11 16 300 1.06 Sphere 58
P(S317-C0-DVBoo)@PLy4s 2/1 16 600 1.05 Sphere 66
PDVBg,@(Plyss-b-PS3153) 2/1 17 200 113 49700 1.09 Sphere 50
PDVBg,@(Ploog-b-PS203/PS160)  2/1 15 600 114 36600 1.06 17600 1.07  Sphere 530
PDVB,;@(PL,¢-b-PS10;) 2/1 5100 1.06 15800 1.04 Sphere 41
PDVB,;@(Pl0-5-PS,5) 2/1 13700 1.08 42600 1.06 Sphere 50

“The solid content was set as 20% w/w. ” The subscripts represented the DP of each block, which could be calculated using the M,, p;, targeted
M, ps/M;, pr and the fed DVB (30 wt% relative to St). “ The M,, and M,,/M,, were obtained via SEC measurements using THF as the eluent and PS as
the standard. ¢ The morphologies of the nano-objects were monitored via TEM measurements. ° The sizes of the nano-objects were obtained via

DLS measurements.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 SEC traces of the Pl macroinitiator (solid line), PI-b-PS diblock copolymer and PS homopolymer (dotted line) targeting (A) nano-objects with
relatively short Pl blocks (DP between 76 and 92), and (B) nano-objects with relatively long Pl blocks (DP between 202 and 252) (using THF as the
eluent and PS as the standard).
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Fig. 2 IH NMR spectra for (A) PDVB,s@(Plg-b-PSqgs) (solid line) and PDVB,s@(HPlg,-b-PS;gs) (dotted line), and (B) PDVB,s@(Ply6-b-PS103) (solid
line) and PDVB,s5@(EPI,¢-b-PS;03) (dotted line) (using CDCls as the solvent).
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Fig. 3 DLS of (A) original (solid line) and hydroxylated (dotted line) diblock copolymer or nano-objects with relatively short Pl block (DP between 76
and 92), (B) original (solid line) and hydroxylated (dotted line) nano-objects with relatively long Pl block (DP between 202 and 252), and (C) original
(solid line) and epoxidized (dotted line) nano-objects (using THF as the solvent).
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miscibility or compatibility, the PI-b-PS diblock copolymer,
PDVB®@(PI-b-PS) or PDVB@®@(PI-b-PS/PS) nano-objects were
purified and recovered from methanol, and hydroxyl and
epoxy groups were introduced onto the PI block via thiol-
ene or epoxidation reactions using THF and/or toluene as
the solvent. It should be mentioned that the adoption of
THF and/or toluene was to sufficiently swell the nano-objects
and solubilize the outermost PI, as well as to increase the
solubility of the polar 3-mercaptopropane-1,2-diol agent or
hydrogen peroxide/formic acid (H,0,/HCOOH) agents, which
facilitated the hydroxylation and epoxidation reaction on the
double bond of the PI block. As per the "H NMR spectrum
shown in Fig. 2(A), after the thiol-ene reaction with 3-mer-
captopropane-1,2-diol, the characteristic resonance signal at
5.76 ppm attributed to the alkene proton (CH,=CH-) on the
3,4-addition Is unit completely disappeared. The resonance
signal attributed to alkene protons (-C(CHz)=CH-, CH,=C
(CH3)-, CH,=CH-) between 4.47-5.34 ppm was also wea-
kened. Meanwhile, the resonance signal attributed to
protons (HOCH,CH(OH)-) at 3.45-3.90 ppm and protons
(-CH,SCH,-) at 2.42-2.83 ppm could be clearly discrimi-
nated. After the epoxidation reaction in the presence of
H,0,/HCOOH, the resonance signal attributed to the alkene
protons (-C(CH3)=CH-) on the 1,4-addition Is units between
4.56-5.26 ppm was significantly reduced (Fig. 2(B)).
Meanwhile, a resonance signal between 2.50-2.98 ppm
attributed to the epoxy proton (-C(CH3;)OCH-) was observed.
Based on the "H NMR spectra, the degree of hydroxylation
on PDVB,;@(HPIg,-b-PS;y5) was calculated as 14.8%, and the
degree of epoxidation on PDVB,s;@(EPI,¢-b-PS;93) was calcu-
lated as 64.7%. The degrees of functionalization were rather
close to the respective contents of 1,2-addition or 1,4-
addition Is units on the nano-objects. Thus, the 'H NMR
results confirmed that the thiol-ene reaction predominantly
happened on the 1,4-addition Is units, while the epoxidation
preferred to occur on the 1,4-addition Is units, which was
actually consistent with our previous works®>®> and the
literatures.®>®* The functionalized nano-objects were further
characterized via DLS measurements using THF as the
solvent, which showed close sizes to those before the modifi-
cation (Fig. 3(A-C)). The consistent sizes between the orig-
inal and functionalized nano-objects further confirmed the
successful stabilization, and additionally, no side reactions
happened on the PI block during the modification process.

As shown in Fig. 4, the original PDVB,5;@(Plg,-b-PS1¢s)
had poor miscibility with the epoxy resin UVR-6110 and was
completely suspended on the upper layer. After the hydroxy-
lation reaction, the PDVB,s;@(HPIg,-b-PS195) and PDVB,s@
(HPIgs-b-PS;5/PS35), with different sizes, could be effectively
dispersed into the epoxy resin, and a clear homogeneous
solution was achieved. Uniquely, the dispersibility of the
organic nano-objects was somewhat superior to that of in-
organic SiO,-1# and SiO,-2# nano-objects. The improved mis-
cibility between the nano-objects and epoxy resin greatly
facilitated the following application as additives in epoxy
resin composites.

This journal is © The Royal Society of Chemistry 2024
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(A) (B) (©) (D) (E)

Fig. 4 Pictures of (A) PDVB,s@(Plgz-b-PSios), (B) PDVBss@(HPlgy-b-
PSi05), (C) PDVB,e@(HPlgs-b-PS75/PSzg), (D) SiO,-1#, and (E) SiO,-2#
dispersions in epoxy resin UVR-6110 at room temperature (25 °C).

Thermal properties of epoxy resin composites improved with
nano-objects

Based on the improved miscibility or compatibility of the
nano-objects with epoxy resin UVR-6110, the nano-objects
were introduced into the epoxy resin. For comparison, the
functionalized Pl,6-b-PSy, diblock copolymer, and inorganic
SiO,-1# and SiO,-2# were also introduced into the epoxy resin.
As shown in Fig. 5, DSC measurements of the PI,¢-b-PSq,
diblock copolymer and nano-objects before and after
functionalization were firstly performed and compared. For
the PDVB,s@(Plgs-b-PS;5/PS;5), PDVB,s@(Plgy-b-PSy05), and
PDVBg,@(PlIge-b-PS,,5) Nnano-objects, the T,s attributed to the
crosslinked core were detected at 101.8 °C, 113.8 °C, and
103.4 °C, respectively (Fig. 5(A)). For the PI,-b-PSo, diblock
copolymer, a relatively low T, attributed to the PS block was
detected at 81.7 °C. However, in all cases, no T, attributed to
the PI block could be discriminated due to the relatively low
DPyp;s (between 76 and 92). Meanwhile, for the PDVBg,@(PL,s5,-
b-PS313) and PDVBg,@(Plyys-b-PS,03/PS169) Nano-objects with
relatively high DPp;s (between 202 and 252), the Tgs attributed
to the PI block could be detected around 10.7 °C and 11.8 °C,
and the Tgs attributed to the crosslinked core were detected at
103.2 °C and 109.1 °C, respectively (Fig. 5(B)). For the
PDVB,,0@PlLy39 and P(S;17-c0-DVBg)@PI,,; nano-objects, the
T,s attributed to the PI block could be detected around 18.0 °C
and 8.7 °C, respectively. However, due to the high crosslinking
of the core region, the T,s for the crosslinked core could not
be detected. Furthermore, after the hydroxylation of the nano-
objects, the T,s for the crosslinked core of PDVBg,@(HPI,5,-b-
PS313) and PDVBg,@(HPI,y5-b-PS,03/PS169) Were detected at
95.9 °C and 100.0 °C (Fig. 5(C)), respectively. However, no
signal attributed to HPI,5, or HPI,,g could be discriminated.
The absence of T,s for HPI,;5, or HPI,,5 might attributed to the
introduction of hydroxyl groups onto the PI block.
Correspondingly, this result confirmed that the hydroxylation
reaction was successfully performed. Comparing all the DSC
results in Fig. 5(A-C), it could be discerned that the sizes
(from 41 nm to 680 nm) and morphologies (spheres or worms)
of the stabilized nano-objects (Table 1) had less effect on the
evolution of the T,s of the cores or stabilizers. Meanwhile, the

Polym. Chem., 2024, 15, 4637-4649 | 4641
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Fig. 5 DSC curves (derived from the second heating run from —65 °C to 150 °C at a heating rate of 10 °C min~* under a nitrogen atmosphere) for
(A) the original diblock copolymer or nano-objects with relatively short Pl blocks (DP between 76 and 92), (B) the original nano-objects with rela-
tively long PI blocks (DP between 202 and 252), (C) the original PDVBg,@(Pl;52-b-PS313) and PDVBg4@(Ply28-b-PS203/PS169), hydroxylated PDVBg,@
(HP|252-b-PS313) and PDVBg4@.(HP|228-b-P5203/P5169) nano-objects, and (D) the original PDVst@(P|78-b-P5101) and PDVB73@.(P|202-b-P5278), epoxi-

dized PDVBZG@(EP|73'b'P5101) and PDVB73@(EP|202‘b'PSz78) nano-objects.

stabilization made a significant contribution to the T,s of the
crosslinked core in comparison with the T, of the PS block in
PI;6-b-PSs,, and the Tgs of the PI block were seriously affected
by the DPp;.

For PDVB,;@(PI;6-b-PS;93) and PDVB,;@(PI,0,-b-PS,7s), the
Tes for the PI block were observed at —38.5 °C and —38.8 °C,
and the Tys for the crosslinked core were discriminated at
97.9 °C and 99.3 °C, respectively (Fig. 5(D)). After the epoxi-
dation of the nano-objects, the T,s for the crosslinked core
were observed at 96.7 °C and 97.6 °C, respectively. Meanwhile,
the T,s for the EPI block were observed at 28.7 °C and 26.6 °C,
respectively, which were obviously higher than those for the PI
blocks before the epoxidation reaction. The reason could be
the transformation of the 1,4-addition Is units into epoxy
groups, which significantly reduced the softness of the PI
block.

Subsequently, the functionalized nano-objects were
blended with the epoxy resin UVR-6110 and the thermal pro-
perties of the cured epoxy resin composites were investigated
via DSC measurements. As shown in Fig. 6(A), the T, of the
epoxy resin composites without any additives was 176.6 °C.

4642 | Polym. Chem., 2024, 15, 4637-4649

When the amount of spherical PDVB,;@(HPIg,-b-PS;5) nano-
objects was varied from 4.5 wt% to 15.0 wt%, the T,s of the
epoxy resin composites increased in a regular manner.
Meanwhile, the Tys of the epoxy resin composites were also
improved when the amount of spherical PDVB,s@(HPIgs-b-
PS,5/PS3g) nano-objects was changed from 4.5 wt% to 9.0 wt%.
However, the further addition of PDVB,¢@(HPIgs-b-PS;5/PS3s)
nano-objects to 15.0 wt% led to a decrease in the T,. The
reason could be the aggregation of the spherical nano-objects
at relatively high concentration and with large sizes. Similarly,
the addition of 4.5 wt% to 9.0 wt% worm-like PDVB4,@(HPIge-
b-PS,,5) nano-objects contributed to increased T,s of the epoxy
resin composites. However, when the amount of PDVB4,@
(HPIg6-b-PS,55) was increased to 15.0 wt%, the nano-objects
could not be efficiently dispersed into the epoxy resin. The
reason could be explained as the serious entanglement of the
worm-like nano-objects at relatively high concentration.
Herein, the sizes and morphologies exhibited a significant
effect on the Tgs of the cured epoxy resin composites. The
composites with smaller spherical PDVB,s@(HPIg,-b-PS;¢s)
nano-objects (43 nm) showed higher T,s than those with the
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Fig. 6 Evolution of Tys (derived from the second heating run from 25 °C to 250 °C at a heating rate of 10 °C min~! under a nitrogen atmosphere)
for cured epoxy resin composites improved with (A) hydroxylated diblock copolymer or nano-objects with relatively short Pl blocks (DP between 76
and 92), (B) hydroxylated nano-objects with relatively long PI blocks (DP between 202 and 252), and (C) epoxidized nano-objects, and comparison

of the Tgs with those improved with SiO,-1# and SiO,-2# nano-objects.

larger spherical PDVB,s@(HPIgs-b-PS;5/PS;5) nano-objects
(680 nm) or worm-like PDVB4,@(HPIge-b-PS,,5) nano-objects
(450 nm). Comparatively, the hydroxylated PI,s-b-PSo, diblock
copolymer showed a reduced contribution to the T, of the
composites with addition from 4.5 wt% to 15.0 wt% (Fig. 6(A)).
Obviously, the stabilization of the nano-objects was essential
for the additives. Meanwhile, 15.0 wt% of inorganic SiO,-1#
and SiO,-2# nano-objects were also introduced into the epoxy
resin and used for comparison. From Fig. 6(A), it could be
found that the improvements of T, with 15 w/w% inorganic
SiO,-1# and SiO,-2# were less than those with the stabilized
organic nano-objects.

In the above composites, the DPp;s were between 76 and
92. The relatively short PI blocks might limit the incorporation
of the nano-objects within the epoxy resin matrix. Aiming to
improve the miscibility, the nano-objects with higher DPp;s
(between 202 and 252) were also introduced into the epoxy
resin and investigated. As shown in Fig. 6(B), the epoxy resin
composites containing PDVBg,@(HPI,5,-b-PS313), PDVBg,@
(HPI,,5-b-PS,03/PS160), PDVB;,0@HPI,30, and P(S;;,-c0-DVBgo)
@HPI,,; nano-objects contributed to increased T,s with the
addition between 4.5 wt% and 15.0 wt%. Unlike the compo-
sites in the above section, at the addition of 15.0 wt%, all the
nano-objects could increase the T, of the epoxy resin compo-
sites regardless of the sizes. The reason could be the relatively
long HPI block, which further increased the miscibility
between the nano-objects and the epoxy resin. That was, at
relatively high percentages, the nano-objects could be effec-
tively dispersed in the composites and improvement in the T,
could be realized. Comprehensively comparing the epoxy resin
composites  containing = PDVBg, @(HPIL,5,-b-PS313) and
PDVBg,@(HPI,55-b-PS;03/PS169)  With  those  containing
PDVB;,0@HPI,39 and P(S3;7-c0-DVBgo)@HPL,,3, it should be
noted that the topologies of the crosslinked core had less
influence on T,s. Compared with the epoxy resin composites
containing the HPI,¢-b-PSy, diblock copolymer, again, it could
be concluded that the stabilization of the nano-objects was
essential for the additives. Additionally, with DPp;s between
202 and 252, the T,s of the epoxy resin composites with stabil-

This journal is © The Royal Society of Chemistry 2024

ized organic nano-objects were also higher than those with 15
w/w% of inorganic SiO,-1# and SiO,-2#.

As shown in Fig. 6(C), the improvement in the T,s of epoxy
resin composites with epoxidized nano-objects was also inves-
tigated. In all cases, the epoxidized PDVB,5;@(EPI;¢-b-PS1¢3)
and PDVB,;@(EPI,,-b-PS,,5) nano-objects contributed to
improved T,s in the epoxy resin composites. The addition of
9.0 Wt% PDVB,s@(EPI,¢-b-PS;03) and PDVB,;@(EPI,0,-b-PS,s)
nano-objects resulted in the highest T,s. Thus, the epoxidized
nano-objects could be employed as alternative additives to
modify the epoxy resin.

Furthermore, TGA measurements were performed and ana-
lysed. As demonstrated in Fig. 7(A), the TGA curves showed
that the thermal decomposition temperatures of PDVB,s@
(PIgy-b-PS195) and PDVB,¢@(Plgs-b-PS;5/PS3s) nano-objects
were higher than that for the PI,¢-b-PSo, diblock copolymer,
and further higher than that for cured pure epoxy resin. After
the curing of the epoxy resin composites containing 15.0 wt%
nano-objects, the TGA curves showed distinct thermal
decomposition behaviours. From Fig. 7(B), it could be dis-
cerned that the epoxy resin composites containing 15.0 wt%
PDVB,;@(PIg,-b-PS;05) Or PDVB,@(Plgs-b-PS,5/PS;5) nano-
objects start to decompose at 310 °C. However, the epoxy resin
composites containing 15.0 wt% Pl,4-b-PSo, diblock copoly-
mer, SiO,-1# or SiO,-2# nano-objects had a similar start temp-
erature of 250 °C. Above 450 °C, the PDVB,5@(PIgy-b-PS15)- Or
PDVB,s@(Plgs-b-PS;5/PS35)-based composites had a higher
content of residue than the PI,4b-PSg,-based composite,
although these composites had the same amounts of addi-
tives. The TGA results showed that the composites with stabil-
ized nano-objects had enhanced resistance to thermal
decomposition. That was, the stabilized nano-objects
improved the T,s as well the thermal stability of the compo-
sites. Thus, the improvement in the T,s and thermal stability
of the composites by the nano-objects was relevant and
consistent.

Besides the DSC and TGA analyses on the epoxy resin com-
posites, the dimensional stability, as an important factor for
epoxy resin composites, was also characterized via TMA
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Fig. 7 TGA curves (heating from 50 °C to 600 °C at a heating rate of 10 °C min™! under a nitrogen atmosphere) for (A) cured epoxy resin without
additives, pure Plyg-b-PSg, diblock copolymer, pure PDVB,s@(Plga-b-PS10s5) and pure PDVB,s@(Plgs-b-PS,5/PSsg) nano-objects, and (B) cured epoxy
resin with 15.0 wt% additives of Pl,¢-b-PSy, diblock copolymer, PDVB,s@(Plg>-b-PS1gs), PDVB,e@(Plgs-b-PS;5/PSsg), SiOx-1# or SiO,-2# nano-

objects.

measurements. From Fig. 8, it could be observed that the
coefficients of thermal expansion (CTEs) of all the epoxy resin
composites were similar to that for pure epoxy resin. That is,
the introduction of nano-objects has no deteriorative effect on
the dimensional stability of the composites and could be
applied as an efficient strategy to modify the epoxy resin.

Thus, all the thermal analyses confirmed that the stabilized
nano-objects contributed a positive effect on the thermal pro-
perties of the epoxy resin composites. The reason could be pro-
posed as the following. The hydroxyl or epoxy groups on the
periphery of the nano-objects might take part in the cross-
linking reaction with the epoxy resin to form a dense network.
Meanwhile, the crosslinked core region of the nano-objects
themselves was also a dense network. Additionally, due to the
excellent miscibility between the nano-objects and epoxy resin,
the nano-objects could be homogeneously dispersed. Thus,
the nano-objects and epoxy resin were sufficiently mixed, and

100

Coefficient of Thermal Expansion (ppm)

Fig. 8 Evolution of the CTE for the cured epoxy resin composites con-
taining 15.0 wt% diblock copolymer or nano-objects.
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a dense network in the cured epoxy resin could be formed.
Correspondingly, the improvement in the Tgs of the epoxy
resin composites was realized.

Finally, aiming to monitor the distribution of the nano-
objects in the epoxy resin composites, TEM measurements
were performed and analysed. As shown in Fig. 9, the stabil-
ized original or hydroxylated nano-objects with spherical
(Fig. 9(a, b, d and e)) and worm-like (Fig. 9(g and h)) mor-
phologies could be effectively dispersed in THF, and good
maintenance of the sizes and morphologies in THF further
revealed that the nano-objects were stable. Meanwhile, the
TEM results were rather consistent with those from the DLS
measurements (Fig. 9(1)). After the introduction of the nano-
objects into the cured epoxy resin, the spherical (Fig. 9(c and
f)) or worm-like (Fig. 9(i)) morphologies could still be dis-
cerned. Meanwhile, it was found that the nano-objects could
be uniformly dispersed in the epoxy resin composites.
Consistent with the above analyses of the T,s of the compo-
sites, the homogeneity of larger spherical nano-objects was
inferior to that of smaller spherical ones. In particular, the
serious entanglement of the worm-like structures resulted in
the poor dispersion of the nano-objects in epoxy resin. Thus,
the conclusion that the nano-objects with relatively small sizes
and spherical morphologies contributed to the best thermal
properties was supported by the TEM results. Similarly, the
reference inorganic SiO,-1# and SiO,-2# nano-objects could be
also uniformly dispersed into the epoxy resin composites
(Fig. 9(j and k)). However, with close weight percentages, the
numbers of inorganic silica nano-objects were less than those
of the organic nano-objects. Thus, the improvement of the
thermal properties of epoxy resin composites with inorganic
SiO,-1# and SiO,-2# nano-objects was restricted. Also, it could
be observed that the organic nano-objects could be sufficiently
blended with the epoxy resin and the interfaces were signifi-
cantly integrated. However, the inorganic SiO,-1# and SiO,-2#
nano-objects had clear interfaces with the epoxy resin matrix.

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4py01008f

Published on 22 October 2024. Downloaded by Fudan University on 3/13/2026 2:38:19 AM.

Polymer Chemistry

(a) PDVBs@(Plg-b-PS195) (b) PDVB,s@(HPlgp-b-PS195)

(c) PDVB,s@(HPlg,-b-PS 105) @EpOXY

(d) PDVBs@(Plgs-b-PS;5/PS3) (€) PDVBy@(HPlgs-b-PS;5/PS3)

(f) PDVB,s@(HPlgs-b-PS 5/PS ;) @Epoxy

(9) PDVBg,@(Plgs-b-PS22) (h) PDVBg,@(HPlg5-b-PS )

(i) (SiO,-1#)@Epoxy (k) (Si0,-2#)@Epoxy

(i) PDVBg@(HPlgs-b-PS,5) @Epoxy

Volume (%)

PDVB, @(HPI,-5-PS )
.\ PDVB,@PI -5PS )

PDVB, @(HPI,-5PS, IPS )

PDVB_@(PI,-5-PS, PS ) /\

PDVB,_@(HPI,-5PS,,,)
PDVB_@(PI -6-PS )

Si0 -1#  Si0 -2#
7 2

Y\

=
1 10 100 1000

Hydrodynamic Diameter (nm)

View Article Online

Paper

Fig. 9 TEM images of the original nano-objects (a, d, g) and hydroxylated nano-objects (b, e, h) in THF, hydroxylated nano-objects (c, f, i) and SiO,-
1# and SiO,-2# nano-objects (j, k) in cured epoxy resin composites, and the corresponding DLS results of the original (solid line) and hydroxylated
(dotted line) nano-objects in THF (1). The amounts of the PDVB,s@(HPlg,-b-PS10s), PDVB,¢@(HPIgs-b-PS;5/PS3s) and PDVBgo@(HPlgg-b-PS,,g) nano-

objects were 15.0 wt%, 15.0 wt%, and 9.0 wt%, respectively.

Occasionally, there were some agglomerations of inorganic and TGA analyses, which comprehensively confirmed that the
SiO,-1# and SiO,-2# nano-objects. Thus, the TEM measure- stabilized organic nano-objects could be used as novel and

ments provided consistent results with those from the DSC efficient nanofillers for epoxy resin composites.

This journal is © The Royal Society of Chemistry 2024
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Experimental

Materials

Isoprene (Is, 99.0%, TCI), styrene (St, 99%, Adamas) and N,N,
N',N-tetramethylethylenediamine (TMEDA, 99%, Adamas)
were dried over CaH,, distilled and stored in a refrigerator at
—5 °C. n-Heptane (99%, Sinopharm Chemical Reagent Co.
(SCR)) was dried over CaH, and distilled prior to use.
n-Butyllithium (n-Bu~Li", 1.6 M in hexane, Adamas), 3-mercap-
topropane-1,2-diol (98%, TCI), 2,2-azobis(2-methyl-
propionitrile) (AIBN, 98%, Adamas), 3,4-epoxycyclohexyl-
methyl-3’,4-epoxycyclohexanecarboxylate (UVR-6110, Jiangsu
Tetra New Material Technology Co., Ltd), 1-methylimidazole
(99.0%, Aladdin), hydrogen peroxide (H,O,, 30%, SCR), formic
acid (HCOOH, 98%, SCR), and divinylbenzene (DVB, 80% of
ortho-, meta-, and para-isomers, Aladdin) were used as
received. Methylhexahydrophthalic anhydride was kindly pro-
vided by Shanghai Kangda Chemical New Material Group Co.,
Ltd. Spherical silica nano-objects (SiO,-1#, SiO, > 95% and
SiO,-2#, SiO, > 95%) were kindly provided by Denka. All other
reagents were purchased from SCR and used as received
unless declared otherwise.

Preparation of stabilized nano-objects via the LAPISA process

According to our previous works,*® the PDVB@(PI-b-PS) nano-
objects were synthesized via a LAPISA process and in situ cross-
linked with DVB monomers. Using the synthesis of the stabil-
ized PDVB,s@(PILg,-b-PS;05) as an example, the detailed pro-
cedures were illustrated as follows. First, the dried Is (9.0 mL,
6.10 g), TMEDA (0.30 mL), and n-heptane (120 mL, 81.90 g)
were sequentially added into a dried 250 mL round-bottom
flask equipped with a stirrer, and the flask was charged with
argon. Before the addition of the measured n-Bu™Li" solution
(0.60 mL, 0.96 mmol), the impurities in the flask were con-
sumed via dropwise addition of n-Bu"Li'. After 2.0 h, 0.50 mL
of the mixture was withdrawn for characterization.
Subsequently, the St (13.5 mL, 12.10 g) was added. After 4.0 h,
0.50 mL of the mixture was withdrawn for characterization.
Finally, the DVB (4.50 mL, 4.10 g) was added and the polymer-
ization was terminated with 0.20 mL methanol after another
18.0 h. The nano-objects were purified and recovered via pre-
cipitation from methanol three times. Plg, macroinitiator,
SEC: M,, sgc = 5600 g mol ™!, My,/M,, = 1.09. Plg,-b-PS o5 diblock
copolymer, SEC: Mysec = 16500 g mol™', M, /M, = 1.06.
PDVB,5@(Plg,-b-PS;105), "H NMR (CDCl;, 8, ppm, TMS): 0.82
(CH3;CH,- on residual n-butyl group), 1.23-2.26 (m, -C(CH;)-
on PI, aliphatic main chain-CH,CH- on PS), 4.60-4.70 (-(CHz)
C=CH, of 3,4-addition Is unit), 4.96 (-CH=CH, of 1,2-
addition Is unit), 5.07 (-CH=C(CHj,)- of 1,4-addition Is unit),
5.71 (-CH=CH, of 1,2-addition Is unit), 6.29-7.30 (m, aro-
matic C¢Hs on PS).

Similarly, the stabilized PDVBg,@(Plge-b-PS,55), PDVBg,@
(Ply52-b-PS313), PDVB50@Pl;30, P(S317-c0-DVBog)@Pl,43,
PDVB,s;@(Pl;6-b-PS103), and PDVB;;@(Ply,-b-PS;75) nano-
objects were synthesized via the LAPISA process.
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Preparation of stabilized nano-objects via the LAPICA process

According to our previous works,* the PDVB@(PI-b-PS/PS)
nano-objects were synthesized via a LAPICA process and in situ
crosslinked with DVB monomers. Using the synthesis of the
stabilized PDVB,s@(Plgs-b-PS;5/PS35) as an example, the
detailed procedures were illustrated as follows. First, the dried
Is (9.0 mL, 6.10 g), TMEDA (0.30 mL), and n-heptane (120 mL,
81.90 g) were sequentially added into a dried 250 mL round-
bottom flask equipped with a stirrer, and the flask was
charged with argon. Before the addition of the measured
n-Bu"Li" solution (0.60 mL, 0.96 mmol), the impurities in
flask were consumed via dropwise addition of n-Bu™Li". After
2.0 h, 0.50 mL of the mixture was withdrawn for characteriz-
ation. Subsequently, the n-BuLi" solution (1.20 mlL,
1.92 mmol) and the St (13.5 mL, 12.10 g) were sequentially
added. After 4.0 h, 0.50 mL of the mixture was withdrawn for
characterization. Finally, the DVB (4.50 mL, 4.10 g) was added
and the polymerization was terminated with 0.20 mL metha-
nol after another 16.0 h. The nano-objects were purified and
recovered via precipitation from methanol three times. Plgs
macroinitiator, SEC: My sgc = 5800 g mol™', M, /M, = 1.09.
Plgs-b-PS;5 diblock copolymer, SEC: M, sgc = 13 600 g mol ',
M,/M,, = 1.06. PS;3 homopolymer, M, sgc = 3900 g mol™", M,/
M, = 1.06. PDVB,;@(Plgs-h-PS,5/PSs5), 'H NMR (CDCls, 8,
ppm, TMS): 0.82 (CH3;CH,- on residual n-butyl group),
1.23-2.26 (m, —-C(CH3)- on PI, aliphatic main chain-CH,CH-
on PS), 4.60-4.70 (-(CH3)C=CH, of 3,4-addition Is unit), 4.96
(-CH=CH, of 1,2-addition Is unit), 5.07 (-CH=C(CH3)- of 1,4-
addition Is unit), 5.71 (-CH=CH, of 1,2-addition Is unit),
6.29-7.30 (m, aromatic C¢Hs on PS).

Similarly, the stabilized PDVBg,@(PLy,5-b-PSy03/PS169) Nano-
objects were synthesized via the LAPICA process.

Preparation of hydroxylated nano-objects via the thiol-ene
reaction

The PI block on the nano-objects could be functionalized with
3-mercaptopropane-1,2-diol via the thiol-ene reaction, and
hydroxyl groups were introduced. Using the modification of
PDVB,;@(PlIg;-b-PS195) nano-objects as an example, the
detailed procedure is illustrated as follows. First, the PDVB,s@
(PIg,-b-PS;5) nano-objects (3.0 g) were added into a 250 mL
round-bottom flask and dispersed in a mixture of THF (65 mL)
and toluene (65 mL). Subsequently, 3-mercaptopropane-1,2-
diol (0.25 g, 2.30 mmol) and AIBN (100.0 mg, 0.63 mmol) were
sequentially added. After the oxygen in the flask was replaced
by bubbling with argon, the flask was placed in an oil bath at
65 °C for 24 h. The product was obtained via precipitation into
methanol three times. The hydroxylated PI was labelled as
HPI, and the nano-objects were labelled as PDVB,s@(HPIg,-b-
PS105). PDVB,s@(HPIg,-h-PS15), '"H NMR (CDCl;, 6, ppm,
TMS): 0.82 (CH3CH,- on residual n-butyl group), 1.23-2.26 (m,
-C(CH;3)- on HPI, aliphatic main chain-CH,CH- on PS,
-SCH,CH,- on HPI), 2.37-2.77 (m, -CH,SCH,-), 3.47-3.88 (m,
HOCH,CH(OH)-), 4.60-4.70 (-(CH3)C—CH, of 3,4-addition Is
unit), 4.96 (-CH=CH, of 1,2-addition Is unit), 5.07 (-CH=C
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(CH3)- of 1,4-addition Is unit), 6.29-7.30 (m, aromatic ~CeHs
on PS).

Preparation of epoxidized nano-objects via the epoxidation
reaction

The 1,4-addition Is units on the nano-objects could be epoxi-
dized in the presence of H,0,/HCOOH agents. Using the
epoxidation of PDVB,;@(PL¢-b-PS;03) nano-objects as an
example, the detailed procedures were illustrated as follows.
The PDVB,;@(PI;6-b-PS;3) nano-objects (3.0 g) were firstly dis-
persed into toluene (100.0 mL) in a 250 mL round-bottom
flask. Subsequently, the HCOOH (0.72 mL) and H,0,
(4.42 mL) were sequentially added. After the flask was placed
into an oil bath at 50 °C for 2.0 h, the product was obtained
via precipitation into methanol three times. The epoxidized PI
was labelled as EPI, and the nano-objects were labelled as
PDVB,s@(EPL,¢-b-PS;03). PDVB,s@(EPIL,¢-b-PS;05), ‘H NMR
(CDCl;, 6, ppm, TMS): 0.82 (CH3CH,- on residual n-butyl
group), 1.23-2.26 (m, -C(CH;)- on EPI, aliphatic main chain-
CH,CH- on PS), 2.60-2.85 (m, -COCHCH,-), 4.60-4.70 (-(CH;)
C=CH, of 3,4-addition unit), 6.29-7.30 (m, aromatic C¢Hs on
PS).

Epoxy resin modified with hydroxylated or epoxidized nano-
objects

Using the hydroxylated PDVB,s;@(HPIg,-b-PS;5) nano-objects
as an additive for epoxy resin, the detailed procedures were
illustrated as follows. First, the epoxy resin UVR-6110 (2.10 g,
8.70 mmol), methylhexahydrophthalic anhydride (2.40 g,
14.30 mmol), and a dispersion of hydroxylated PDVB,;@
(HPIg,-b-PS145) nano-objects (0.10 g dried nano-objects in
2.30 mL THF) were sequentially added and mixed in a 100 mL
round-bottom flask. After the THF solvent was completely
evaporated out under vacuum, the catalyst 1-methylimidazole
(16.0 mg, 0.20 mmol) was added. Finally, the mixture was
cured on a hot plate at 125 °C for 30 min and further cured at
150 °C for 90 min, and the epoxy resin composite was thus pre-
pared. The epoxy resin composite was labelled as PDVB,;@
(HPIg5-b-PS;05) @EpOXYy.

Similarly, the epoxy resins modified with epoxidized nano-
objects, SiO,-1# or SiO,-2# were prepared using a similar pro-
cedure. By varying the weight ratio of nano-objects to
UVR-6110, the contents of the nano-objects were modulated as
4.5 wt%, 9.0 wt% and 15.0 wt%, respectively.

Instruments and characterization

The molecular weight (MW) and molecular weight distribution
(My/My,) of the polymers were analysed via size exclusion
chromatography (SEC) measurements, which were performed
in THF at 35 °C with an elution rate of 1.0 mL min™" on an
Agilent 1100 equipped with a G1310A pump, a G1362A refrac-
tive index detector, and a G1314A variable wavelength detector.
One 5 pm LP gel column (molecular weight range 500-2 x 10*
g mol ') and two 5 pm LP gel mixed bed columns (molecular
weight range 200-3 x 10° g mol™") were calibrated using PS
standards. The injection volume was 20 pL, and the concen-
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tration was 5-10 mg mL™". The proton nuclear magnetic reso-
nance ("H NMR) spectra of the polymers were recorded on a
Bruker (400 MHz) spectrometer in CDCl; with tetramethyl-
silane (TMS) as the internal reference at 298 K. Dynamic light
scattering (DLS) using a Malvern Zetasizer Nano ZS90 was
employed to determine the average hydrodynamic diameters
and distributions, and the scattered light was detected at an
angle of 173°. The differential scanning calorimetry (DSC)
measurements were performed using a TA DSC250 instrument
under a nitrogen flow rate of 50 mL min~". For the diblock
copolymer or nano-objects, the samples were first heated from
—65 °C to 150 °C at a heating rate of 10 °C min™" under a
nitrogen atmosphere (1* run), followed by cooling to —65 °C at
—10 °C min™" after stopping at 150 °C for 1 minute (2" run),
then from —65 °C to 150 °C at a heating rate of 10 °C min™"
after stopping at —65 °C for 1 minute (3™ run). For the compo-
sites, a similar procedure was adopted, except that the temp-
erature range was set between 25 ©°C and 250 °C.
Thermogravimetric analysis (TGA) was performed on a Mettler
instrument. The samples were heated from 50 to 600 °C with a
heating ramp of 10 °C min~" in an atmosphere of nitrogen.
The thermal expansion behaviours of the samples were
measured using a Mettler Toledo-SDTA841e thermomechani-
cal analyser (TMA), with measurements performed from 30 °C
to 240 °C at a heating rate of 10 °C min~" under a nitrogen
flow rate of 50 mL min~". Transmission electron microscopy
(TEM) was performed using a HITACHI-HT7800 Plus micro-
scope operated at 120 kV. The as-prepared nano-objects were
diluted in THF to give 0.02 wt%-0.06 wt% dispersions. After
one drop of the dispersion was deposited onto carbon-coated
copper grids, the copper grids were dried in air for 24 h and
used for TEM measurements. Ultrathin sections of the cured
epoxy resin composites were cut using a Leica cryo-ultramicro-
tome (FC7-UC7) and used for TEM measurements.

Conclusions

In summary, stabilized spherical and worm-like organic nano-
objects with different sizes and morphologies were prepared
via a LAPISA or LAPICA process in a one-pot manner. After
thiol-ene or epoxidation reactions on the double bonds of the
PI block, hydroxyl and epoxy groups were introduced onto the
nano-objects. The miscibility or compatibility of the nano-
objects with epoxy resin was greatly improved and the functio-
nalized nano-objects were smoothly introduced into epoxy
resin. The DSC, TGA and TMA analyses affirmed that the
organic nano-objects could improve the thermal properties of
epoxy resin composites, which were obviously superior to the
composites with the diblock copolymer or inorganic silica
nano-objects. Generally, the composites with smaller spherical
nano-objects had higher T, than those with larger spherical
ones or worm-like ones, which showed that the sizes and mor-
phologies exhibited significant effects on the T,s. The TEM
images showed that the organic nano-objects could be uni-
formly distributed into the epoxy resin and the interfaces were
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actually integrated, which was attributed to the intrinsic
reason for the improved T,s of the composites. The results in
this work provided an alternative route to modify epoxy resin
composites, further enriching the applications of nano-objects
in the PISA process.
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