European Polymer Journal 139 (2020) 109989

Contents lists available at ScienceDirect

POLYMER
JOURNAL

European Polymer Journal

journal homepage: www.elsevier.com/locate/europolj

Check for
updates

Confined crystallization and degradation of six-arm star PCL with core of
cyclotriphosphazene in epoxy thermosets

Pengli Zhang, Yanfang Zhao, Rentong Yu", Jianhe Liao"

School of Materials Science and Engineering, Hainan University, Haikou 570228, PR China

ARTICLE INFO ABSTRACT

Six-arm star polycaprolactone with core of cyclotriphosphazene (s-PCL) was synthesized via ring-opening
polymerization and characterized by NMR and GPC. Epoxy thermosets incorporating 10-40 wt% of this copo-
lymer were cured with 4,4’-methylenebis(2-chloroaniline) (MOCA) and 4,4’-diaminodiphenyl sulfone (DDS),
respectively. In these thermosets, intermolecular specific interactions had a significant impact on their
morphologies. Specifically, no discernable macroscopic phase separation was found in FESEM images of MOCA-
cured epoxy resins. However, for the DDS-cured system, s-PCL was partially miscible with the epoxy thermosets,
as evidenced with FTIR and DMA. This is may be owning to enriched concentration of hydroxyl groups in the s-
PCL favored the miscibility between PCL subchains of carbonyl and the epoxy matrix. Dispersed phase, further
confirmed by XRD to be amorphous, with a diameter of 0.34-0.44 um could be observed (s-PCL’ content < 20 wt
%) in this system. Nevertheless, crystallization of PCL could not be suppressed completely (s-PCL’ content >

30 wt%). Besides, epoxy thermosets containing crystalline PCL were found to be more resistant to thermal
degradation but sensitive to alkaline degradation (10% NaOH aqueous solution) according to TGA and FESEM
results. This work presented here is a meaningful report on the presence of alkaline-labile crosslinking points
through the whole networks.

Keywords:

Confined crystallization
Epoxy thermosets

Six-arm star PCL with core of
cyclotriphosphazene
Degradation

1. Introduction

In the past decades, numerous amphiphilic block copolymers and
hybrid copolymers have been synthesized and utilized as modifiers for
bisphenol A diglycidyl ether (DGEBA) type epoxy resin, a typical and
commonly used thermoset. Based on exquisite molecular design of co-
polymers, epoxy thermosets affected by reaction induced micro-phase
separation or self-assembly mechanism could be achieved with various
kinds of morphologies such as spherical, bicontinuous, hexagonal as
well as lamellar phases, endowing them with excellent properties [1-4].
By tailoring the microstructure of these thermosets, their mechanical
properties can be improved notably. Fracture toughness of these ma-
terials, for example, can be enhanced by nanostructured morphologies
of wormlike micelles, vesicles, etc. [5]. Epoxy thermosets can also be
functionalized on account of characteristics of their subchains. The
charge transfer complexes formed between poly(ethylene oxide)-b-poly
(N-vinylcarbazole) and fullerene-capped poly(ethylene oxide) reduced
the dielectric constant of epoxy matrix [6]. Besides, epoxy thermosets
with well-organized structure could serve as templates for peculiar
purposes. For instance, nanoporous epoxy resin with high protein ad-
sorbability can be obtained via self-assembly of diblock copolymer [7].
Modulating the morphology of epoxy thermosets has been proved to be
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pivotal for their wide applications.

Polycaprolactone (PCL), a semicrystalline and biodegradable
polymer, has often been employed in blending with epoxy resin [8-10].
PCL is a suitable additive which is miscible with epoxy matrix cured
with certain amine-type curing agents, such as 4,4’-methylene bis(2-
chloroaniline) (MOCA), due to intermolecular interactions (hydrogen
bonding) in cured systems [11]. Particularly, diverse amphiphilic co-
polymers and hybrid copolymers containing PCL can be incorporated
into epoxy thermosets, which may have a critical influence on the be-
havior of phase separation behavior in epoxy matrix [12,13]. However,
it is commonly recognized that amine-type curing agents are not bound
to facilitate the miscibility between PCL and epoxy matrix [14,15]. For
DDS-cured blends, the formation of hydrogen bonding between sec-
ondary hydroxyl groups in the epoxy crosslinks and the carbonyl groups
of linear-PCL is suppressed due to the existence of OH---S=O0 hydrogen
bonding interactions [11]. Hereby, whether the miscibility of DDS-
cured epoxy resin/PCL blends can be improved in case that the per unit
volume concentration of hydroxyl groups of PCL could be increased? In
this case, multi-armed PCL could be miscible with DDS-cured epoxy
matrix. In other words, enriched proportion of carbonyl groups ac-
companying conformation motion of PCL subchains may exercise in-
fluence on the competitive hydrogen bonding interactions and then

Received 29 June 2020; Received in revised form 26 August 2020; Accepted 29 August 2020

Available online 07 September 2020
0014-3057/ © 2020 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/00143057
https://www.elsevier.com/locate/europolj
https://doi.org/10.1016/j.eurpolymj.2020.109989
https://doi.org/10.1016/j.eurpolymj.2020.109989
https://doi.org/10.1016/j.eurpolymj.2020.109989
http://crossmark.crossref.org/dialog/?doi=10.1016/j.eurpolymj.2020.109989&domain=pdf

P. Zhang, et al.

facilitate the miscibility between PCL and epoxy matrix. Moreover, the
change in miscibility may affect crystallization behavior of PCL. It is
normally accepted that linear PCL crystallizes well in epoxy thermosets
cured with DDS, although chain folding and crystallization of PCL
would be suppressed by the crosslinking structure of epoxy matrix
[16,17]. Apparently, the crystallization of linear PCL is confined in a
three-dimensional network in this case. It is reasonable to speculate that
degradation of epoxy thermosets containing PCL would be affected by
the condensed structure of PCL, amorphous or crystalline.

In this work, six-arm star polycaprolactone with core of cyclo-
triphosphazene (s-PCL) was synthesized, introduced to epoxy resin, and
then cured with MOCA and DDS, respectively. The miscibility between
PCL subchains and epoxy matrix was investigated by means of FTIR and
DMA. The morphologies of the blends were characterized by FESEM
and XRD analyses. The relationship between confined crystallization of
the subchains of s-PCL and miscibility of the compounds was also
evaluated. Furthermore, thermal degradation and alkaline hydrolysis of
the two amine-type cured thermosets were investigated.

2. Material and methods
2.1. Materials

Sodium borohydride 4,4’-diaminodiphenyl sulfone and solvents in-
cluding tetrahydrofuran, n-hexane and toluene were supplied by
Shanghai Reagent Co, China. Prior to use, the solvents were dried by
distillation over sodium. Hexachlorocyclotriphosphazene (HCCP), so-
dium hydride (60% dispersion in mineral oil), 4-hydroxybenzaldehyde,
stannous (II) octanoate [Sn(Oct).], 4,4’-methylene-bis(2-chloroaniline)
and anhydrous ethanol were purchased from J&K Scientific Reagent
Co., China. HCCP was recrystallized twice from anhydrous hexane be-
fore use. Calcium hydride was supplied by Aladdin Reagent Co, China.
e-Caprolactone was obtained from Sigma-Aldrich Reagent Co., dried
over calcium hydride for one week and distilled under reduced pressure
before use. Methanol and ethanol were purchased from Xilong Science
Reagent Co, China. Bisphenol A diglycidyl ether (DGEBA), with epoxy
equivalent weight of 185-210, was supported by Shanghai Resin Co.,
China. Deionized water was prepared in our laboratory.

2.2. Synthesis of the hexa-hydroxyl initiator

The hexa-hydroxyl initiator (HHMPCP) was synthesized according
to Luo's work [18]. In a typical procedure, sodium hydride (1.8 g,
45 mmol) was dissolved in 50 mL of anhydrous tetrahydrofuran in a
flask with stirring under nitrogen. A solution of 4-p-hydro-
xybenzaldehyde (5.5 g, 45 mmol) in 50 mL anhydrous tetrahydrofuran
was then added into the above solution slowly. The reaction was carried
out at room temperature for 4 h. Then, HCCP (1.7 g, 5 mmol), dissolved
in 50 mL anhydrous tetrahydrofuran, was reacted with the aforemen-
tioned system and the reaction was performed at reflux temperature for
48 h. The mixture was suction filtered and then concentrated via rotary
evaporation thrice. The crude product, (hexa[p-(aldehyde)phenoxy]
cyclotriphosphazene, HAPCP), was recrystallized from ethyl acetate
twice and dried under vacuum overnight (yield of HAPCP: 53%).

Next, HAPCP (0.8 g, 0.93 mmol) was dissolved in anhydrous tet-
rahydrofuran/methanol (50 mL, v/v = 1:1) and added into a flask.
Then, sodium borohydride (0.27 g, 7.19 mmol) was mixed in the flask
step by step with vigorous stirring in ice-water bath. After that, the
reaction was allowed to proceed at room temperature for 14 h. The
reaction mixture was concentrated by rotary evaporation. Before fil-
tration under vacuum, the crude initiator (hexa[p-(hydroxymethyl)
phenoxy] cyclotriphosphazene, HHMPCP) was washed with deionized
water 3 times. The mixture was recrystallized with ethanol, and then
dried under vacuum overnight (yield of HHMPCP: 67%).

HAPCP: 'H NMR (CDCls, ppm): 9.93 (6H, CHO), 7.72, 7.15 (24H,
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CeHa)
HHMPCP: 'H NMR (DMSO-de, ppm): 7.18, 6.78 (24H, CgH,), 5.22
(6H, OH), 4.43 (12H, CH,).

2.3. Synthesis of six-arm star polycaprolactone with cyclotriphosphazene
core

In the presence of the hexa-hydroxyl initiator, -caprolactone was
adopted as monomer with stannous (II) octanoate as the catalyst to
synthesize s-PCL by ring opening polymerization (ROP)[18]. Typically,
HHMPCP (0.304 g, 0.3 mmol), e-caprolactone (10.564 g, 92.6 mmol)
and stannous (II) octanoate (2 wt%o of e-caprolactone) were mixed in a
flask with a magnetic agitator. The flask was installed to a Schlenk
system to degas oxygen completely. The polymerization was performed
under nitrogen at 110 °C for 48 h. The reaction product was pre-
cipitated into cold petroleum ether. After filtration in vacuo, the re-
sidues were dried under vacuum overnight (yield of s-PCL: 96.2%).

s-PCL: H NMR (CDCl, ppm): 4.06 (2H,
HOCH2CH2CH2CH2CH20CO0), 2.31 (2H, —OCOCH2), 1.65 (4H,
OCOCH2CH2CH2CH2CH2), 1.39 (2H, OCOCH2CH2CH2CH2CH2).

2.4. Preparation of epoxy thermosets

Planned amounts of s-PCL and DGEBA, and a stoichiometric amount
of DDS vis-a-vis DGEBA were blended. The MOCA curing system was
prepared in the same way. The mixtures were vigorously stirred at 150
°C (for DDS-cured system) and 100 °C (for MOCA-cured system) until
they became transparent and homogenous. The systems were cured at
150 °C for 3 h and then post-cured at 180 °C for 2 h.

2.5. Measurements and techniques

Nuclear magnetic resonance spectra (*H NMR and 3P NMR) were
conducted on a Bruker AV 400 NMR spectrometer at 400 MHz and 25
°C, using deuterated chloroform (CDCl;) and dimethyl sulfoxide
(DMSO-dg) as solvents and tetramethylsilane (TMS) as the internal
standard. Gel permeation chromatography (GPC) of s-PCL were ob-
tained on a Waters 1515 system provided with Waters polystyrene
columns and a Waters refractive index detector, whereas tetra-
hydrofuran was employed as the eluent at a rate of 1.0 mL/min. Fourier
transform infrared spectra (FTIR) were made an acquisition on a
PerkinElmer Spectrum One FTIR spectrometer. All samples were
blended with KBr in the form of powder and then compressed into ta-
blets. The spectra were collected with 16 scans and a resolution of
2 c¢cm~ !, Thermal gravimetric analysis (TGA) was conducted on a TA
Q600 thermogravimetric analyzer. The specimen was heated from 30 °C
to 600 °C under nitrogen atmosphere at a rate of 10 °C/min. All the
samples were dried in an 80 °C oven for 24 h prior to testing. Dynamic
mechanical thermal analysis (DMA) was performed on a TA Q800 in-
strument. The materials were heated from 30 °C to 250 °C at a rate of
3.0 °C/min with the frequency of 1.0 Hz and in single cantilever mode.
The specimen dimensions were 30 X 10 X 3 mm?®. X-ray diffraction
(XRD) characterization was carried out on a Brucker D 8 Advance dif-
fractometer with Cu Ka radiation (A = 1.542 ;\). The specimen was
scanned from 10° to 90°, with step size of 0.02 and scan speed of 6°/
min. Field emission scanning electron microscopy (FESEM) was per-
formed using a ZEISS SIGMA Field Emission SEM with an electron
voltage of 10 kV. The samples were fractured in liquid nitrogen, dried
in vacuum oven and coated with gold before scanning. The samples
were immersed in 10% NaOH aqueous solution at 40 °C for degrada-
tion. After 30 days, the samples were taken out, washed with ethanol
and sonicated. The materials were dried at 60 °C for 48 h before tests.
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Scheme 1. Synthesis of the hexa-hydroxyl initiator (HHMPCP).

3. Results and discussion
3.1. Synthesis of the hexa-hydroxyl initiator

The synthetic procedure for the hexa-hydroxyl initiator (HHMPCP)
is presented in Scheme 1. HAPCP was synthesized via a substitution
reaction between 4-p-hydroxybenzaldehyde and HCCP. After all the
—CHO groups of HAPCP were reduced to -OH groups with sodium
borohydride, the hexa-hydroxyl initiator was obtained. The product was
confirmed by the results of NMR (Fig. 1; Fig. S1) and FTIR (Fig. S2)
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Fig. 1. 'H NMR spectra of intermediate (HAPCP, the solvent was CDCl3) and
HHMPCP (the solvent was DMSO-dg).

analyses. In the 'H NMR spectrum of HAPCP shown in Fig. 1, the signal
at 9.94 ppm was ascribed to the —CHO proton of HAPCP, and the weak
peaks which appeared at chemical shifts of 7.74 ppm and 7.15 ppm
were assigned to the protons from benzene ring. In the 'H NMR spec-
trum of HHMPCP, the signal of the —CHO proton in HAPCP completely
disappeared, and several new signals at 5.22 ppm and 4.47 ppm ap-
peared, indicating the presence of —OH and —CH, groups of the in-
itiator, respectively (Fig. 1). Therefore, the initiator was obtained suc-
cessfully, which was also verified by FTIR (Fig. S2). The FTIR
absorption peaks observed at 600 cm ™~ * and 520 cm ™~ ! were due to the
vibration band of —P—Cl— in HCCP. After the substitution reaction, a
new band appeared at 1705 cm™', which was attributed to the
stretching vibration of aromatic aldehyde —CHO of HAPCP. Besides, the
new absorption peaks at 1598 cm ™! and 1501 cm ™! were assigned to
aromatic skeleton vibration, suggesting that chlorine atoms of HCCP
were substituted by 4-p-hydroxybenzaldehyde successfully. Compared
with the spectrum of HAPCP, a broad band appeared at 3373 cm ™! in
the spectrum of HHMPCP due to the stretching vibration of hydroxyl
groups -O-H of HHMPCP.

3.2. Synthesis of six-arm star polycaprolactone with cyclotriphosphazene
core

The synthetic route of six-arm PCL is depicted in Scheme 2.
HHMPCP was used as the initiator for the ring-opening polymerization
of s-PCL. Fig. 2 illustrates the '"H NMR spectrum of s-PCL. Signals of
resonance at 4.06 ppm, 3.65 ppm, 2.31 ppm, 1.65 ppm, and 1.39 ppm
were assigned to the methylene protons (—CH,) of PCL chains. Weak
signals appeared at chemical shifts of 7.16 ppm and 6.92 ppm, which
were due to the protons of benzene ring in s-PCL. The results were
further confirmed by FTIR (Fig. S3). An absorption band at 1727 cm ™ *
was attributed to the stretching vibration of carbonyl —C=0. Fig. 3
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Fig. 3. GPC curve of s-PCL (the solvent was tetrahydrofuran).

shows the GPC curves and molecular weight information of s-PCL. The
polydispersity index of s-PCL was 1.20, suggesting that the distribution
of molecular weight was adequately narrow. From Fig. 3, the number
averaged molecular weight of s-PCL was calculated to be 29.7 x 10° g/
mol.

3.3. Preparation of epoxy thermosets containing six-arm PCL and
intermolecular specific interactions between them

In this work, two amine-type curing agents, MOCA and DDS, were
selected to cure the blends of DGEBA and s-PCL. Details of the curing
systems are shown in Table 1. Prior to curing, s-PCL, DGEBA and the
curing agents were transparent without any macroscopic phase se-
paration. After curing, the cured products with MOCA were trans-
parent, while the thermosets cured with DDS were opaque (Fig. S4).
Fig. S5 presents the FTIR spectra of MOCA-cured and DDS-cured ther-
mosets. In contrast to the cured system without PCL, the absorption
peak of the carbonyl groups —C=O0 appeared at the wavenumber of
1727 cm ™' in epoxy thermosets containing PCL.

Additionally, in order to investigate the intermolecular specific in-
teractions between carbonyl groups of s-PCL subchains and secondary
hydroxyls of epoxy matrix cured with DDS, FTIR spectra with respect to
carbonyl stretching vibration are shown in Fig. 4a with the region be-
tween 1660 cm ' and 1800 cm ™. Upon increasing the content of s-
PCL, the absorption band of carbonyl stretching vibration shifted to low
wavenumber. Hence, the existence of intermolecular specific interac-
tions between PCL and epoxy matrix can be confirmed [11]. Moreover,
a band appeared at 1727 cm ™! for the sample with 40 wt% of s-PCL,
which is the characteristic evidence of carbonyl of crystalline PCL.
Generally, bands at 1735 cm™! and 1727 cm ™' can be assigned to

Table 1
Formulas and thermal degradation data of the epoxy thermosets.

Sample Hardener s-PCL Ts (°C) Char yield (%)
M-1 MOCA 10 wt% s-PCL 334 28.7
M-2 20 wt% s-PCL 333 32.2
M-3 30 wt% s-PCL 329 29.4
M-4 40 wt% s-PCL 317 29.3
D-1 DDS 10 wt% s-PCL 349 31.2
D-2 20 wt% s-PCL 336 23.3
D-3 30 wt% s-PCL 261 21.0
D-4 40 wt% s-PCL 334 27.0

Bisphenol A diglycidyl ether (DGEBA) acts as the epoxy precursor. The values of
char yield of samples were obtained at 600 °C.
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amorphous and crystalline states of PCL, respectively [11]. However,
they could not be easily distinguished due to overlap. To overcome this,
Fourier deconvolution method was used and the corresponding results
are presented in Fig. 4b. With increase in the content of s-PCL, the in-
tensity of the band centered at 1735 cm ™! became significantly weaker,
suggesting that crystallization of the s-PCL subchains could not be
suppressed completely. At the same time, the carbonyl band indicated
that intermolecular specific interactions shifted to low wavenumber
from 1709 cm ! to 1707 cm™'. When the content of s-PCL was set at
40 wt%, the opposite trend was observed and the evidence of crystal-
lization (band at 1727 cm™!) became clear. In other words, crystal-
lization of the PCL subchains could not be restricted. The crystallization
may be predominant, and affected by the crosslinking structure and
intermolecular specific interactions. Although hydrogen bonding in-
teractions still existed in the two amine-type cured systems, this kind of
intermolecular force in DDS-cured systems was weaker than that in
MOCA-cured systems [11]. This weak hydrogen bonding was in-
sufficient to restrict PCL chains in the cured system, causing macro-
scopic phase separation. It was also affected by the PCL content in the
mixtures [19-21].

3.4. Phase structure of epoxy thermosets

From the aforementioned analysis, it is clear that s-PCL was miscible
with epoxy resin cured with MOCA. The intermolecular specific inter-
actions also favored the miscibility between PCL subchains and epoxy
matrix cured with DDS. However, the interactions did not suppress
crystallization of s-PCL completely when the weight fraction of s-PCL
was as high as 40 wt%. For epoxy thermosets containing s-PCL, the
crosslinked networks inevitably retarded the chain folding of PCL and
then restrain crystallization of PCL [16]. FESEM images of the epoxy
thermosets containing s-PCL are shown in Fig. 5. It can be found that
macro-phase separation did not occur for all the MOCA-cured epoxy
thermosets (Fig. 5a-d). In consideration of the amphipathic nature of s-
PCL in epoxy matrix, self-assembly behavior could occur. Hence, na-
noscale dispersed phase could be observed. In Fig. 5a-d, dispersed
phase with a diameter of dozens of nanometers can be observed in the
MOCA-cured epoxy thermosets, especially for the epoxy thermoset with
40 wt% s-PCL. For this curing system, nanostructures were readily
achieved even along with crystals due to strong intermolecular specific
interactions [22]. In contrast, the epoxy thermosets cured by DDS

Fig. 5. FESEM images of the epoxy thermosets. (a)-(d) cured by MOCA, containing (a) 10, (b) 20, (c) 30 and (d) 40 wt% of s-PCL; (e)-(j) cured by DDS, containing (e)

10, (f) 20, (g) 30 and (h)-(j) 40 wt% of s-PCL.
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Fig. 6. XRD profile of the epoxy thermosets containing s-PCL. (a) cured by
MOCA; (b) cured by DDS.

(Fig. 5e-j), exhibited distinct microstructures. Spherical particles with
the average diameter of 0.34 pm and 0.44 pum (Table S1) were observed
when the weight fraction of s-PCL was 10 wt% and 20 wt%, respec-
tively. The diameter of dispersed phase reached 1.06 pm when the
concentration of s-PCL was 30 wt%. Moreover, volume fraction of the
dispersed phase increased obviously. It should be noted that spherulites
were observed in the thermoset with the incorporation of 40 wt% s-PCL,
indicating that crystallization of the PCL was developed. Since phase
structure has a significant impact on the properties of polymer blends,
another problem could be revealed -Whether the dispersed phase was
amorphous or crystalline for the DDS-cured epoxy thermosets with
lower s-PCL concentration. If dispersed phase is crystalline, the degree
of crystallinity should also be determined. In general, polymer mate-
rials with dispersed regions that are crystalline or highly ordered can
effectively resist penetration of small molecules such as water. As a
result, the degradation of the polymer material would not be easily
impaired. To answer this question, XRD analysis was implemented in
the study of the phase structure further.

The XRD profiles of epoxy thermosets cured with different hard-
eners are presented in Fig. 6. For MOCA-cured thermosets (Fig. 6a),
there were only broad diffused peaks on the XRD curves, which are
typical amorphous diffraction peaks. This indicates that all PCL crystals
were not detected. As a semi-crystalline polymer, XRD pattern of PCL
always shows sharp crystalline diffraction peaks between 20° and 30°
[23]. The absence of crystallinity of s-PCL can be interpreted in the facts
of those: 1) due to the intermolecular hydrogen bonds, s-PCL was
miscible with DGEBA before and after curing with MOCA. After curing,
s-PCL acted as plasticizer of the epoxy thermosets, which resulted in the
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decrease in glass transition temperature [24,25], which was verified by
the DMA curves; 2) crosslinking structure of epoxy resin (3-D confine-
ment) suppressed the chain folding of s-PCL, and hence hindered the
crystallization of s-PCL [14]. On the other hand, for the DDS-cured
thermosets, the results were remarkably different (Fig. 6b). With 40 wt
% of s-PCL, the DDS-cured thermoset displayed sharp diffraction peaks
at the diffraction angles (26) of 21.4°, 22.1° and 23.8°, respectively,
corresponding to the crystal planes (110), (111) and (200) of PCL. The
crystallinity of s-PCL was also calculated by the following equation
approximately, Eq. (1) :

XC = 7210
ZIC + zIa (€]

where Xc is the crystallinity, Y, Ic is the integrated intensity of crystal
diffraction peaks, and ) I, is the integrated intensity of amorphous
diffraction peaks. According to the results of calculation, when the
content of s-PCL reached 40 wt% in DDS-cured epoxy resin, its crys-
tallinity was about 9%, which is in accordance with the fact that
spherulitic structure could be detected by FESEM (Fig. 5j, 1). The dif-
ferent branched chain structures or molecular weights of PCL would
have an important impact on its crystallization behaviors [26,27], and
intermolecular hydrogen interactions would also limit these behaviors
significantly. However, the crystallization of PCL could not be sup-
pressed when the content of s-PCL was high enough. Besides, there was
a weak crystalline peak at 21.4° in these materials with 30 wt% of s-PCL
and the degree of crystallization was difficult to calculate due to the
weak peak intensity. For the samples containing 10-20 wt% of s-PCL,
there was no obvious crystallinity detected by XRD measurement. It can
be concluded that crystallinity of PCL was effectively suppressed when
the content of s-PCL was lower than 30 wt% for the DDS cured system.

3.5. Dynamic mechanical thermal analysis of epoxy resin

The different crystallization behavior was further confirmed by
dynamical mechanical thermal analysis, as shown in Fig. 7. It was found
that atransition temperature decreased with the increase in content of
s-PCL for the MOCA-cured system (Fig. 7a and Table 2). With tem-
peratures over the melting temperature of PCL, the storage moduli
decreased rapidly, especially for the epoxy thermoset containing 40 wt
% of s-PCL. For the DDS-cured system (Fig. 7b), the storage modulus
can be maintained at a much higher temperature compared with
MOCA-cured system, except for the sample with 40 wt% of s-PCL.
Compared to other samples in DDS-cured system, when the crosslinked
sample had 40 wt% of s-PCL, the storage moduli showed a different
trend, decreasing in two stages with the increase in temperature.
Therefore, crystallization of PCL in blends did not have a reinforcing
effect on storage modulus. Crosslinking density may play an important
role in improving the storage modulus [28]. In this work, the cross-
linking density is discussed based on the equation derived from the
theory of rubber elastic [29,30] Eq. (2):

v E
" 6RT 2
where v, is the crosslinking density, and its unit is mol/m?; R is the gas
constant, its value is 8.314] mol™' K7!; T is the absolute temperature,
its value is the Kelvin temperature of T, plus 40 K; and E is the storage
modulus of the rubber plateau region.

The crosslinking densities of the obtained epoxy thermosets are
summarized in Table 2. The results of crosslinking density exhibited a
downward trend with the increase in content of s-PCL, regardless of the
curing agent used. The storage moduli of DDS-cured epoxy thermosets
containing 10-20 wt% of s-PCL could not be easily lowered compared to
the samples cured with MOCA, although their crosslinking densities
were similar. As discussed above, the miscibility between s-PCL and
epoxy matrix cured with DDS was lower compared to the counterparts
cured with MOCA. Chain orientation derived from de-mixing effect
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Fig. 7. DMA curves of the epoxy thermosets containing s-PCL. (a) cured by
MOCA; (b) cured by DDS.

between the dispersed phase and the matrix should enhance storage
modulus. However, there was an apparent decline when the heating
temperature reached around 65 °C for the epoxy thermoset with 40 wt%
of s-PCL. Moreover, there was a corresponding melting peak of s-PCL on
the tand curve of this sample. Therefore, crystallization of s-PCL could
not be completely suppressed despite the confinement of crosslinked
networks. This is in good accordance with the results of XRD and
FESEM. From the tand curves of DDS-cured samples, it was observed
that the a transition temperature of epoxy thermosets shifted to lower
temperatures with the increase in content of s-PCL. This result indicated
that PCL was partially miscible with the epoxy matrix cured with DDS.
The miscibility between linear PCL and epoxy thermosets cured with
DDS has been investigated exhaustively previously [14]. Zheng pro-
posed that the intermolecular specific interactions existing between
carbonyl groups of linear PCL and hydroxyl groups of epoxy matrix
were suppressed due to competitive hydrogen bonding interactions
between OH---S=O0 and OH---C=O0[11]. In this work, the s-PCL struc-
ture could enrich the local concentration of carbonyl groups in the same
space reasonably. Thus, the association between carbonyl group and
hydroxyl group of epoxy thermosets would be improved. This inference
was supported by means of FTIR analysis above.
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Fig. 8. TGA curves of the epoxy thermosets containing s-PCL. (a) cured by
MOCA; (b) cured by DDS.

3.6. Thermal properties of epoxy thermosets

Change in structure has a significant impact on the properties of
epoxy thermosets. Here, thermal gravimetric analysis (TGA) was used
to analysis the thermal properties of the epoxy thermosets and these
curves are illustrated in Fig. 8. Characteristic data are presented in
Table 1. All the specimens exhibited two steps of thermal degradation
behavior. The Ts (the characteristic temperature corresponding to 5%
weight loss) of MOCA-cured epoxy thermosets showed a slight reduc-
tion from 334 °C to 317 °C with the increase in content of s-PCL. In
comparison, Ts varied from 349 °C to 334 °C for the DDS-cured epoxy
thermosets. Therefore, epoxy thermosets cured with DDS were more
thermally stable than those cured with MOCA. Besides, thermal stabi-
lity decreased with the increase in content of s-PCL. Interestingly, Ts of
the DDS-cured sample containing 40 wt% of s-PCL was 334 °C, ob-
viously higher than other samples. Combined with the XRD analysis of
the DDS-cured epoxy thermosets, s-PCL in these thermosets was almost
amorphous when its’ content was less than 40 wt%, yet there had a
proportion of crystalline s-PCL in the thermoset containing 40 wt% s-

Table 2
Thermal dynamic mechanical properties of epoxy thermosets.
M-1 M-2 M-3 M-4 D-1 D-2 D-3 D-4
Tg/°C 145.00 126.30 111.10 97.00 205.90 206.40 201.20 195.10
T/K 458.15 439.45 424.25 410.15 519.05 519.55 514.35 508.25
E/MPa 22.19 16.76 14.02 10.23 24.37 20.59 18.82 7.32
Ve/10™ 3 mol/cm® 0.97 0.76 0.66 0.50 0.94 0.79 0.73 0.29
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Fig. 9. FESEM images of the epoxy thermosets degraded in alkaline solution for 30 days. (a)-(d) cured by MOCA, (a) 10, (b) 20, (c) 30 and (d) 40 wt% of s-PCL;

(e)-(h) cured by DDS, (e) 10, (f) 20, (g) 30 and (h) 40 wt% of s-PCL.

PCL. According to the relationship between the structure and properties
of polymer, the condensed structure of the substance would affect the
thermogravimetric behavior of polymers. Specifically, chain segments
in crystalline part of s-PCL were stacked orderly, and their movements
could consume more energy, for example, melting enthalpy, than that
of amorphous s-PCL under heating, which led to an increase in the
thermal decomposition temperature of these thermosets containing
crystalline s-PCL. Besides, the crosslinking density and free volume
content of epoxy resins may also affect their thermal stability
[19,31,32].

3.7. Degradation of s-PCL/epoxy thermosets

Fig. 9 and Fig. S6 show the cross-sectional morphologies and photos
of the two amine-type epoxy thermosets after being immersed in 10%
NaOH aqueous solution for 30 days, respectively. It can be seen that
holes and cracks were dispersed in the cross-sections of the epoxy
matrixes. Before being immersed in NaOH aqueous solution, the sur-
faces of epoxy thermosets were relatively smooth, while irregular holes
and many small cracks were observed after degradation and many
fragments appeared in the solution. This is mainly because PCL was
evenly distributed in the epoxy matrix, and a small amount of hydroxyl
groups might tether to the end of PCL subchains participated in the
reaction with the epoxy group. This reaction introduced a large number
of ether bonds, which could provide active points of degradation, into
the structures of epoxy thermosets. These ether bonds together with the
ester groups of PCL would undergo cleavage under alkaline environ-
ment. In addition, epoxy resin could also absorb a certain amount of
water to deteriorate PCL. Moreover, water absorption may locally
generate internal stress in the epoxy matrixes [33-36]. When the in-
ternal stress is large enough, cracks would be produced, which could
also promote the NaOH aqueous solution to penetrate into the interior
gradually. In addition, the epoxy thermosets cured with MOCA were
more sensitive to alkaline degradation than that cured by DDS. More
holes and cracks were found in the MOCA-cured samples than the DDS-
cured samples for the same s-PCL content. This was probably due to the
difference in intermolecular specific interactions between s-PCL and the
two epoxy matrixes. In particular, when the intermolecular specific

interaction became weak and could no longer completely suppress the
crystallization of PCL, degradation of PCL crystalline microdomains was
observed on the surface of the epoxy thermoset containing 40 wt% s-
PCL by FESEM. The PCL spherulites are hard to be attacked of alkaline
solution for the same amount, because PCL subchains stacked closely
and the solution was not easy to diffuse into spherulites. As depicted in
Fig. 10, alkaline solution would attack the dispersed phase step by step
if there are no PCL crystals in the matrix. Moreover, alkaline solution
(viz. NaOH aqueous solution) would deteriorated the PCL spherulite to
some degree, which was also detected in the film of tetra-armed PCL-b-
PDLA diblock copolymer [37].

4. Conclusion

We synthesized the six-arm star PCL with cyclotriphosphazene core
via ROP successfully, and then introduced into epoxy thermosets cured
with MOCA and DDS, respectively. Intermolecular specific interactions
affected the morphologies of the thermosets significantly. Due to the
miscibility between s-PCL and epoxy thermosets, there was no macro-
phase separation for all the epoxy thermosets cured with MOCA.
However, it was different for the DDS-cured system. The six-arm co-
polymer was partially miscible with the epoxy matrix cured with DDS,
which might be due to the enriched local concentration of carbonyl
groups in the hybrid copolymer. Consequently, amorphous dispersed
phases with diameter of 0.34-0.44 um were found in the epoxy ther-
mosets cured with DDS containing 10-20 wt% s-PCL. However, crys-
tallization of PCL was not completely suppressed when the content of s-
PCL was more than 30 wt%, although the crystallization of PCL was
hindered by intermolecular specific interactions and crosslinking net-
works of the epoxy thermosets. The difference in microphase structure
in turn had an important influence on the thermal and alkaline de-
gradation of the epoxy thermosets. Interestingly, the MOCA-cured and
DDS-cured crosslinked blends were more resistant to thermal de-
gradation but were more sensitive to alkaline degradation. MOCA-
cured thermosets were degraded more easily by alkaline than DDS-
cured thermosets. And we believe that this work may give the in-
spiration for design of a recycling path for thermosets after their service
life.
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DDS-cured epoxy thermosets
(containing 40 w% of s-PCL)
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Fig. 10. Schematic diagram of epoxy thermosets degradation. (a) MOCA-cured epoxy thermosets; (b) DDS-cured epoxy thermosets containing 40 wt% of s-PCL.
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