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A highly active aryl-ether-ether-ketone diphenol intermediate (m-DHPBP) was synthesized by molecular

design. Then it was introduced into benzoxazine (BA-a) as a modifier and a new modified benzoxazine

resin system (BA-a/m-DHPBP-X) with varying contents of m-DHPBP was prepared. Differential scanning

calorimetry (DSC) and Fourier transform infrared spectroscopy (FT-IR) were used to characterize the

curing behaviour and to explore the polymerization mechanism of the BA-a/m-DHPBP-X mixtures by

following major changes in the functional groups during the curing process. A significant reduction in

the peak reaction temperature in the DSC curves and in the gel-time of BA-a/m-DHPBP-X indicated that

m-DHPBP was an effective catalyst for the ring-opening polymerization (ROP) of benzoxazine. As the

amount of m-DHPBP increased, the variation in benzene ring substituents of poly(BA-a/m-DHPBP-X)

implied that m-DHPBP reacted with BA-a and finally embedded in the three dimensional networks of

poly(BA-a). The thermal properties of the BA-a/m-DHPBP-X mixtures were evaluated by dynamic

mechanical analysis (DMA) and thermogravimetric analysis (TGA); they exhibited a higher initial storage

modulus, maintained a high glass transition temperature (Tg) and displayed a higher char yield compared

with the neat poly(BA-a). Furthermore, the tensile properties of poly(BA-a/m-DHPBP-X) were good. Thus

a modified benzoxazine resin system with “high strength, high modulus and high toughness” was

prepared, and a more than 60% increase in tensile strength and 78% increase in elongation at break were

observed by incorporating 20 wt% m-DHPBP into poly(BA-a). We believe that this modified benzoxazine

system can be applied as a matrix for high-performance composites due to its excellent processibility

and superior comprehensive mechanical properties.
Introduction

Benzoxazines are newly developed heat-resistant resins and
possess a series of intriguing properties, such as molecular
design exibility,1–3 near-zero shrinkage upon curing,4,5 high
glass transition temperature (usually much higher than the
curing temperature), low water absorption,6,7 low surface
energy,8–11 good mechanical properties and good thermal
stability.12–17 However, their high curing temperature and the
brittleness of polybenzoxazine restrict their application. A
number of studies have been done with the aim of increasing
the toughness of polybenzoxazines and they can be summarized
into three broad categories: one method is to introduce exible
chains into the structure of benzoxazines,18–20 or prepare main-
chain type benzoxazines by using diphenol and diamine.21–24

The toughening effect of this method is good but it is complex
and difficult to get the desired benzoxazine precursors. The
second method is to blend polybenzoxazine directly with
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elastomers or plastics with exible molecular chains,25–32 which
is believed to be convenient and effective. However, the increase
of the melt viscosity from the highmolecular weight gives rise to
deterioration in the processability of the benzoxazines, and
synchronously this method hampers the thermal properties
and strength. The third method is to form multiphase
structures by reaction-induced phase separation (RIPS) in ben-
zoxazine/thermoplastic33–35 or benzoxazine/thermosetting36–39

systems. The toughening effect of this method is obvious, but it
is difficult and complicated to control the formation of different
phase structures, especially the prospective multiphase struc-
ture during actual production. Hence, choosing high-
performance engineering plastic oligomers as modiers might
be an efficient way to toughen polybenzoxazine without causing
deterioration in processability.

The high curing temperature was another shortcoming for
benzoxazine resins. Various catalytic systems, such as organic
acids,40,41 metal halides,42,43 thiol compounds,44–46 imidazoles
and primary amine compounds47,48 have been employed to
decrease the curing temperature and promote the curing reac-
tion of benzoxazine. Nevertheless, the thermostability of poly-
benzoxazines deteriorates because these catalysts keep
polybenzoxazine in the form of micro-molecules or form weak
RSC Adv., 2017, 7, 1617–1625 | 1617
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bonds in the crosslinked structures of polybenzoxazine.
However, phenols can not only catalyze the ring-opening reac-
tion of benzoxazine monomers and lower their curing temper-
ature, but will also react with benzoxazines through
electrophilic substitution reactions to form similar chemical
structures to polybenzoxazine. Hamerton et al.49 added 15 wt%
of bisphenol-A into bisphenol-A/aniline benzoxazine (BA-a), and
found that the exothermic peak temperature of BA-a was
decreased from 245 �C to 215 �C because of the catalytic action
of phenol. Kolanadiyil et al.50 studied the catalytic effect of
various phenolic nucleophiles on a trifunctional benzoxazine
(T-BZ). The results suggested that hydroquinone, 2-methyl
resorcinol and pyrogallol showed high activity in the ring-
opening reaction between phenols and T-Bz. Additionally,
Arnebold et al.51 and Endo et al.52 demonstrated that 2-methyl
resorcinol and resorcinol displayed high reactivity whether
acting as nucleophiles or phenol components of benzoxazine.
These studies mainly focused on the inuence of phenolic
compounds on the curing reaction of benzoxazine and the
thermal properties of polybenzoxazine, whereas they did not
investigate the effects on mechanical properties, especially
toughness.

Therefore, some strategies can be used to improve the
toughness of polybenzoxazine and decrease the curing
temperature. In this study, an aryl-ether-ether-ketone diphenol,
with a highly reactive terminal phenol hydroxyl and ductile
ether linkage (m-DHPBP), was rstly synthesized and was then
used to catalyze the polymerization of BA-a. The polymerization
mechanism of the blends of BA-a and the diphenol was
explored. Furthermore, the effects of m-DHPBP on the thermal
properties and toughness of poly(BA-a) were evaluated.
Experimental
Reagents

Chemicals, with purities greater than 99%, were purchased from
ChengDu KeLong Chemical Reagent Co. Ltd. (China), including
formaldehyde (37 wt% in water), bisphenol-A, aniline, 4,40-
diuorobenzophenone (DFBP), m-dihydroxybenzene (m-DHB),
potassium carbonate, hydrochloric acid (37 wt% in water),
N-methyl-2-pyrrolidone (NMP), toluene, tetrahydrofuran (THF)
and ethyl alcohol. All the reagents were used without further
purication.

Bisphenol A-aniline benzoxazine monomer (BA-a) was
synthesized from formaldehyde (37 wt% in water), aniline and
bisphenol-A. The detailed procedure is provided in the ESI;†
The 1H NMR spectrum and FTIR spectrum of m-DHPBP are
illustrated in Fig. SIII and SIV,† respectively.
Synthesis of aryl-ether-ether-ketone diphenol (m-DHPBP)

The synthesis of m-DHPBP was conducted in a 500 ml round
bottom ask equipped with a Dean–Stark collector, condenser
and magnetic stirrer. A synthetic method was designed to
prepare m-DHPBP, as shown in Scheme 1.

A mixture of m-DHB (39.67 g, 0.36 mol), DFBP (15.72 g, 0.07
mol) and potassium carbonate (49.78 g, 0.36 mol) in 252 ml
1618 | RSC Adv., 2017, 7, 1617–1625
NMP and 72 ml toluene was slowly heated to 140 �C and
retained at that temperature for 4 h. Then the temperature was
increased to 180 �C and kept at that temperature for another
2 h. Aer that, the solution was cooled to 160 �C and concen-
trated under vacuum. Next the mixture was cooled to room
temperature, abundant distilled water was added and the pH
was adjusted to 3 through adding HCl. The new precipitate was
then ltered, washed with deionized water, and dried in
a vacuum oven at 60 �C overnight to give 28.7 g of m-DHPBP as
a white powder (81% yield). The 1H NMR spectrum and FT-IR
spectrum of m-DHPBP are illustrated in Fig. SI and SII,†
respectively. 1H NMR (400 MHz, DMSO-d6, (CH3)4Si, dH, ppm):
9.78 (4H, Ar-OH, s), 7.79, 7.77 (12H, Ha, d), 7.55, 7.53, 7.51 (1H,
Hb, t). FT-IR (KBr, cm�1): 3500–3200 cm�1 (Ar-OH symmetrical
stretching), 1644 (C]O symmetrical stretching), 1230 and 1160
cm�1 (symmetrical stretching and asymmetrical stretching of
ether), 770 and 677 cm�1 (1,3-substitution). The number
average molecular weight (Mn) of m-DHPBP was characterized
by size exclusion chromatography (GPC) as shown in Fig. SV.†
The results of GPC and 1H NMR illustrated that m-DHPBP was
a blend of oligomers of two different molecular weights.

Blending and curing

BA-a andm-DHPBP were blended in various weight ratios in THF
at 60 �C. The weight ratios of BA-a to m-DHPBP were 100 : 0,
95 : 5, 90 : 10, 85 : 15 and 80 : 20 (named as BA-a/m-DHPBP-0, BA-
a/m-DHPBP-5, BA-a/m-DHPBP-10, BA-a/m-DHPBP-15 and BA-a/m-
DHPBP-20, respectively). The solutions were cast onto glass plates
and then dried at 80 �C for 2 h under vacuum. Then, these blends
were treated according to the following curing procedure: vacuum
at 160 �Cmaintained for 7 h with samples removed at 3 h and 5 h,
and then at 170, 180 and 190 �C for 2 h at each temperature. The
obtained lms were transparent and yellow, and are named
as poly(BA-a/m-DHPBP-0), poly(BA-a/m-DHPBP-5), poly(BA-a/m-
DHPBP-10), poly(BA-a/m-DHPBP-15) and poly(BA-a/m-DHPBP-20).

Measurements

FT-IR spectra (KBr, cm�1) were obtained with a Nicolette 560 FT-
IR spectrometer using a spectral width ranging from 500 to 4000
cm�1, a resolution of 4 cm�1 and an accumulation of 32 scans.
The samples were prepared on KBr pellets by the tableting
method. 1H NMR measurements were carried out using
a Bruker TD-65536 NMR (400 MHz), with deuterium dimethyl
sulfoxide (DMSO-d6) as the solvent and tetramethylsilane (TMS)
as the internal reference. Differential scanning calorimetry
(DSC) was recorded with a DSC-Q20 (TA Instruments) at
a heating rate of 10 �C min�1 from 40 �C to 350 �C under
nitrogen. The gel-times were obtained by using a gel-time
testing instrument. The sample cell of the instrument was
rst heated to the required temperature. Then, about 1 g resin
was placed in the cell and spread on a disk with a stir-stick. The
sample was kneaded by pressing it uniformly every second until
it was no longer stuck to the spatula, and this time was dened
as the gel-time (tgel). Number average molecular weights were
estimated by gel permeation chromatography (GPC) on
a Waters 2414 system, equipped with two consecutive
This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Synthesis of m-DHPBP.
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polystyrene gel columns (Waters Styrage HR 2 DMF 7.8 � 300
mm and Waters Styrage HR 4 DMF 7.8 � 300 mm) and
refractive index (RI) detectors, using DMF as an eluent at a ow
rate of 1.0 ml min�1, calibrated with polystyrene standards.
Thermogravimetric analysis (TGA) was determined with a TGA
Q600 at a heating rate of 10 �Cmin�1 under nitrogen. Dynamic
mechanical analyses (DMA) were conducted on a Q800
analyzer (TA Instruments) at 1.0 Hz at a heating rate of 5 �C
min�1. Tensile properties were recorded with a KQL KD-5
testing machine according to ASTM D882 at a crosshead
speed of 2 mm min�1 with samples 5 cm long. The tensile
properties of each sample were determined from an average of
ve tests at least.
Results and discussion
Effects of m-DHPBP content on polymerization of BA-a/m-
DHPBP-X blends

The DSC curves of BA-a/m-DHPBP-X systems and the corre-
sponding initial reaction temperatures (Tonset), peak reaction
temperatures (Tpeak) and gel-times at 180 �C (tgel 180 �C) are
represented in Fig. 1. According to Fig. 1a, aer addition of m-
DHPBP, the Tonset and Tpeak exhibited obvious shis toward
lower temperature. When the content of m-DHPBP reached 20
wt% (BA-a/m-DHPBP-20), the Tonset and Tpeak were 184.1 �C and
212.3 �C, respectively, which are 69 �C and 47 �C lower than
those of BA-a (Tonset ¼ 253.1 �C and Tpeak ¼ 259.6 �C). Moreover,
as seen in Fig. 1b, tgel 180 �C of BA-a/m-DHPBP-X decreased
exponentially with increasing m-DHPBP. When the content of
m-DHPBP was 15 wt%, the gel-time was reduced to 9.8 min. The
above results suggest that the addition of m-DHPBP can effec-
tively lower the ROP temperature of BA-a and promote the
curing reaction.
Fig. 1 DSC curves of BA-a/m-DHPBP-X (X ¼ 0, 5, 10, 15, 20) (a), and th

This journal is © The Royal Society of Chemistry 2017
FT-IR spectra of BA-a/m-DHPBP-X and poly(BA-a/m-DHPBP-
X) are presented in Fig. 2. For BA-a/m-DHPBP-X, a weak and
broad band appeared at 3600–3200 cm�1 due to the OH group
in m-DHPBP and this increased with increasing m-DHPBP. The
absorption bands around 1494 cm�1 (characteristic band of
1,2,4-trisubstituted benzene), 1230 and 1030 cm�1 (character-
istic bands of asymmetric and symmetric stretching of C–O–C),
and 947 cm�1 (characteristic band of the oxazine ring) were
wholly retained in BA-a/m-DHPBP-X, demonstrating that there
had been no ROP of the oxazine rings during the sample
preparation process. Compared with the spectra of BA-a/m-
DHPBP-X, the spectra of poly(BA-a/m-DHPBP-X) changed
signicantly (Fig. 2b). In particular, the absorption in the region
of 3600–3200 cm�1 had obviously intensied, especially the
band near 3385 cm�1 corresponding to the intermolecular
–OH/O hydrogen bonding stretching frequency. These
features implied that the hydrogen bonding networks of
poly(BA-a) were enriched with the introduction of extra phenolic
hydroxyl groups (m-DHPBP). In contrast, the absorption bands
around 1494, 1230, 1030 and 947 cm�1 were signicantly
weakened or had even disappeared, and a new and intense band
appeared at approximately 1486 cm�1 (characteristic band of
1,2,3,5-tetrasubstituted benzene).

To clarify the effect of m-DHPBP on the polymer structure,
the bands in the range of 1530–1340 cm�1 (from Fig. 2b) were
resolved using IR-peak-resolving analysis, and the peak heights
of the peaks at 1494 and 1486 cm�1 were calculated using the
band at 2964 cm�1 as an internal standard. Then, the relative
peak heights of 1494 and 1486 cm�1 in poly(BA-a/m-DHPBP-X)
were normalized with respect to those in poly(BA-a/m-DHPBP-
0). As illustrated in Fig. 2c, it was found that the relative
content of the 1,2,4-trisubstituted benzene structure increased
gradually and that of the 1,2,3,5-tetrasubstituted benzene
e variation of Tonset, Tpeak and tgel 180 �C with m-DHPBP content (b).

RSC Adv., 2017, 7, 1617–1625 | 1619
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Fig. 2 FT-IR spectra of BA-a/m-DHPBP-X (a) and poly(BA-a/m-
DHPBP-X) (b) at each curing stage, and the relative contents of 1,2,4-
trisubstituted benzene and 1,2,3,4-tetrasubstituted benzene in pol-
y(BA-a/m-DHPBP-X) (c).
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structure decreased in poly(BA-a/m-DHPBP-X) as the amount of
m-DHPBP increased. The results above indicate that the intro-
duction of m-DHPBP could change both the polymerization
mechanism of benzoxazine and the chemical structure of
poly(BA-a); these ndings will be discussed in detail in the
following section.
1620 | RSC Adv., 2017, 7, 1617–1625
The polymerization mechanism of poly(BA-a/m-DHPBP-X)

To explore the inuence ofm-DHPBP on the curing reaction and
polymer structure, the samples of BA-a/m-DHPBP-0 and BA-a/m-
DHPBP-20 at each curing stage were characterized by DSC and
FT-IR.

Fig. 3 presents the DSC curves of BA-a/m-DHPBP-0 and BA-a/
m-DHPBP-20 at each curing stage, and the corresponding
reaction extents were calculated by the residual reaction
enthalpy (the integrated area of the exothermic peak) employing
eqn (1):

a ¼ DH0 � DHn

DH0

� 100% (1)

where a is the reaction extent, DH0 is the reaction enthalpy of
uncured BA-a/m-DHPBP-X (X ¼ 0 or 20) and DHn is the residual
reaction enthalpy of BA-a/m-DHPBP-X at the n-th curing stage.
The curing peak temperatures (Tpeak) and the reaction extents at
each stage are illustrated in Fig. 4.

As displayed in Fig. 3 and 4, all DSC curves of BA-a/m-
DHPBP-0 and BA-a/m-DHPBP-20 at each curing stage showed
a single curing exothermic peak. However, the curing reactions
of the two resin systems exhibited different trends. For BA-a/m-
DHPBP-0, the Tpeak was about 260 �C. When the sample was
heated at 160 �C, the Tpeak slowly shied to lower temperature
as the curing time increased but when the curing temperature
was increased to 170 �C and was held for 2 h, the Tpeak of the
sample rapidly reduced to 235 �C. Meanwhile, the extent of the
reaction was only 28%. It is worth noting that there was a sharp
increase in the extent of the reaction (from 28% to 70%) in the
sample cured at 180 �C for 2 h, and the reaction extent nally
reached 90% aer curing at 190 �C for 2 h. However, the Tpeak of
the corresponding sample then shied toward a higher
temperature. Tpeak of the uncured blend for BA-a/m-DHPBP-20
was signicantly reduced to 211.5 �C when compared to that
of the BA-a/m-DHPBP-0 sample. When BA-a/m-DHPBP-20 was
cured at 160 �C, the Tpeak gradually shied toward higher
temperature as the curing time increased, and yet the extent of
reaction reached 60% aer curing at 160 �C for 7 h. Curing at
170 �C, 180 �C and 190 �C for 2 h each, caused the corre-
sponding Tpeak to increase continuously and the extent of the
reaction rose to 95% at the end of the curing process. The
difference in the curing process of the two kinds of systems may
be related to the curing mechanisms. For the BA-a/m-DHPBP-
0 system, thermal polymerization behaviour was observed, i.e.
the ring-opening reaction of BA-a slowly occurred under heat
with the generation of a certain amount of phenolic hydroxyl in
the early curing stage (160 �C/7 h + 170 �C/2 h), which catalyzed
the ROP of the benzoxazine monomer and made the Tpeak
gradually lower. Thus, when the temperature increased to
180 �C or higher, the ROP was accelerated under the effect of
both heat and phenolic hydroxyl groups, and the reaction extent
improved rapidly. Consequently, the number of oxazine rings
decreased and the curing reaction became diffusion controlled,
which made the Tpeak gradually shi to a higher temperature.
For the BA-a/m-DHPBP-20 system, the phenolic hydroxyl of
m-DHPBP directly catalyzed the ROP of benzoxazine, which
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 DSC curves of BA-a/m-DHPBP-0 (a) and BA-a/m-DHPBP-20 (b) at each curing stage.

Fig. 4 The reaction extents (solid shapes) and peak curing tempera-
tures (open shapes) of BA-a/m-DHPBP-0 (squares) and BA-a/m-
DHPBP-20 (circles) at each curing stage.

Fig. 5 The dissolvable mass fraction (open shapes) and the corre-
sponding Mn (closed shapes) of BA-a/m-DHPBP-0 (squares) and BA-
a/m-DHPBP-20 (circles) at each curing stage.
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resulted in a low Tpeak (211 �C) and a high polymerization rate at
the beginning of the curing reaction. Aer curing at 160 �C for
7 h, a high reaction extent of 60% was produced. Similar to the
BA-a/m-DHPBP-0 system, the viscosity of the BA-a/m-DHPBP-20
system increased as the reaction proceeded, and the curing
reaction became diffusion controlled, resulting in the Tpeak shi
to higher temperature.

Additionally, to study the difference in gel behaviours of BA-
a/m-DHPBP-0 and BA-a/m-DHPBP-20, the solubility of samples
at each curing stage and the molecular weights (Mn) of the
corresponding soluble parts were measured; the results are
shown in Fig. 5. Aer curing at 170 �C for 2 h, BA-a/m-DHPBP-
0 was still a completely soluble oligomer and the correspond-
ing Mn was only 2600 g mol�1 due to the low extent of the
reaction. Aer the reaction at 180 �C for 2 h, insoluble
substance appeared.

This phenomenon suggested that BA-a/m-DHPBP-0 had
turned into a sol–gel system, in which the chemical reaction was
becoming diffusion controlled. These results are consistent
with the increase of the Tpeak. However, for the BA-a/m-DHPBP-
20 system, aer it was cured at 160 �C for 5 h, a sol–gel
behaviour appeared and its corresponding Mn and a were
10 748 g mol�1 and 51.3%, respectively, which are obviously
This journal is © The Royal Society of Chemistry 2017
higher than those of the BA-a/m-DHPBP-0 system (2600 g mol�1

and 27.7%). A further study was required on the reaction
mechanism and the chemical structures.

As shown as Fig. 6c, at the early reaction stages (160 �C/3 h
and 160 �C/5 h), the consumption rate of the oxazine ring
(namely the ROP rate, characterized by the band at 947 cm�1) in
the BA-a/m-DHPBP-20 system was higher than that of the BA-a/
m-DHPBP-0 system because of the catalysis bym-DHPBP, which
is consistent with the change of the Tpeak observed in the DSC
analysis. Actually, during the curing process of benzoxazine, the
oxazine ring opens rstly and forms highly reactive intermedi-
ates, i.e. carbocations or iminium species. Then the interme-
diates react with aromatic rings via electrophilic substitution
reactions.53 When there was no m-DHPBP in the system, the
oxazine ring opened and its intermediate attacked the corre-
sponding ortho-position of the bisphenol-A structure in BA-a.
Hence, the 1,2,4-trisubstituted benzene structure of BA-
a (1494 cm�1) decreased and gradually translated into the
1,2,3,5-tetrasubstituted benzene structure of PBA-a (1486 cm�1).
In the whole process, the oxazine ring and 1,2,4-trisubstituted
benzene structure reduced synchronously, and nally only 4.6%
remained of both. However, this phenomenon was totally
different for the BA-a/m-DHPBP-20 system, in which the 1,2,4-
RSC Adv., 2017, 7, 1617–1625 | 1621
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Fig. 6 IR spectra of BA-a/m-DHPBP-0 (a) and BA-a/m-DHPBP-20 (b),
and the variation of characteristic peaks at 1494 and 947 cm�1 for BA-
a/m-DHPBP-0 and BA-a/m-DHPBP-20 (c), at each curing stage.

Scheme 2 Polymerization reaction process of BA-a/m-DHPBP-X.
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trisubstituted benzene structure (1494 cm�1) obviously
increased in the early curing stage, and then decreased slowly in
the mid- and late-stages. This variation could be ascribed to the
reactive carbocation in the intermediates rst attacking the
ortho-position of terminal phenolic hydroxyls in m-DHPBP and
then forming a new type of 1,2,4-trisubstituted benzene struc-
ture, which is signicantly enhanced in the total contents.
1622 | RSC Adv., 2017, 7, 1617–1625
Furthermore, the copolymerization between BA-a andm-DHPBP
resulted in the prolongation of linear chains similar to those in
the “Chain-Extension Reaction” in thermosets. This result is
consistent with the increase inMn. In themid- and late-stages of
the reaction, the 1,2,4-trisubstituted benzene structure (1494
cm�1) decreased and the 1,2,3,5-tetrasubstituted benzene
structure (1486 cm�1) increased gradually with the self-
polymerization of residual BA-a monomer. Nevertheless, the
copolymerization between BA-a and m-DHPBP led to the
reduction of self-polymerization of BA-a, so the residual content
of the 1,2,4-trisubstituted benzene structure was as high as
46.1%. This result is consistent with those in Fig. 2, i.e. the
content of m-DHPBP inuenced the contents of the 1,2,4-
trisubstituted benzene structure and the 1,2,3,5-tetrasub-
stituted benzene structure in poly(BA-a/m-DHPBP-X). Moreover,
the results further illustrated the copolymerization reaction
mechanism between m-DHPBP and BA-a and the impact on
polymer molecular chain structures. Therefore, we propose
a curing reaction procedure of BA-a/m-DHPBP-X blends, as
shown in Scheme 2.
Thermal properties of poly(BA-a/m-DHPBP-X)

The variation of crosslinking structures of poly(BA-a/m-DHPBP-
X) will affect the thermal and mechanical properties of poly(BA-
a/m-DHPBP-X). DMA curves of poly(BA-a/m-DHPBP-X) and the
corresponding data are presented in Fig. 7 and Table 1.

With the addition of m-DHPBP, the storage modulus (E0) at
50 �C of poly(BA-a/m-DHPBP-X) increased from 4.79 GPa to 5.36
GPa (Fig. 7a). This is because the introduction of electronegative
carbonyl groups and phenolic hydroxyls can enrich the hydrogen
bonded networks and reinforce the interaction between molec-
ular chains. As the testing temperature increased, E0 of poly(BA-a/
m-DHPBP-X) exhibited a sharp decrease in the range of 170–
220 �C, indicating a transformation from a glassy state to
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Dynamic mechanical analysis of poly(BA-a/m-DHPBP-X) (X ¼
0, 5, 10, 15, 20): (a) storage modulus; (b) tan delta; and (c) Tgs and
crosslink densities.

Table 1 Dynamic mechanical analysis of poly(BA-a/m-DHPBP-X)

System

Storage
modulus
(50 �C) MPa

Tg,loss
modulus

�C
Tg,tan
delta

�C

Crosslink
density �
103 mol m�3

Poly(BA-a/
m-DHPBP-0)

4.79 206.5 233.9 11.11

Poly(BA-a/
m-DHPBP-5)

5.08 202.4 220.1 9.52

Poly(BA-a/
m-DHPBP-10)

5.11 198.3 215.1 8.32

Poly(BA-a/
m-DHPBP-15)

5.18 192.5 208.0 7.18

Poly(BA-a/
m-DHPBP-20)

5.36 188.5 205.5 6.04
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a rubber state. As the content of m-DHPBP increased, the glass
transition temperatures (Tgs) of poly(BA-a/m-DHPBP-X) gradually
decreased as seen from Fig. 7b and c. This phenomenon may be
attributed to the following two reasons: (1) m-DHPBP, as a so
segment, is inserted into the poly(BA-a/m-DHPBP-X) crosslinked
network. Consequently, the three dimensional networks of pol-
y(BA-a/m-DHPBP-X) are toughened and the corresponding Tgs
diminish; (2) theoretically, the oxazine ring and the potential site
of the crosslinking reaction (ortho-position of the phenolic
hydroxyl) in the BA-a monomer are equimolar. Aer incorpo-
ratingm-DHPBP, BA-a rstly reacts with the new potential site on
m-DHPBP (as discussed in the section on polymerization), which
results in vacancies of potential crosslinking reaction sites and
This journal is © The Royal Society of Chemistry 2017
the prolongation of the average molecular weights between
crosslinking points (Mc) (as shown in Scheme 2). As a conse-
quence, the crosslink density and Tgs of poly(BA-a/m-DHPBP-X)
decrease. The crosslink densities of poly(BA-a/m-DHPBP-X)
were estimated from the plateau of the elastic modulus in the
rubbery state using eqn (2) from the statistical theory of rubber
elasticity:

r ¼ E 0

6RT
(2)

where r is the crosslink density, T is the absolute temperature,
E0 is the equilibriummodulus in the rubbery region (T¼ Tg + 40)
and R is the gas constant, 8.314 J mol�1 K�1.

As shown in Fig. 7c, the crosslink densities of poly(BA-a/m-
DHPBP-X) decrease linearly as m-DHPBP is increased. With the
addition of 20 wt% m-DHPBP, the crosslink density decreased
from 11.11 � 103 mol m�3 (poly(BA-a/m-DHPBP-0)) to 6.04 �
103 mol m�3 (poly(BA-a/m-DHPBP-20)), which conrms that the
addition ofm-DHPBP lowers the crosslink density of poly(BA-a),
consistent with the results in the polymerization section.

Thermal stability is another important thermal property for
high performance resins. The thermal stability of poly(BA-a/m-
DHPBP-X) was explored by TGA, and the corresponding TGA
curves are shown in Fig. 8. To some extent, the addition of m-
DHPBP improved the thermal stability of poly(BA-a), which may
be attributed to the high heat-resistance of the chemical
structure of m-DHPBP.
Tensile properties of poly(BA-a/m-DHPBP-X)

Another goal of this work was to improve the toughness of
poly(BA-a) by introducing m-DHPBP. Therefore the tensile
properties of poly(BA-a/m-DHPBP-X) lms were investigated to
characterize their toughness, and the results are illustrated in
Fig. 9.

As shown in Fig. 9, the tensile modulus of poly(BA-a/m-
DHPBP-X) gradually increased with the addition of m-DHPBP,
and this is consistent with the results of the storage modulus in
the DMA. It is worth noting that both the tensile strength and
the elongation at break increased as the content of m-HDPBP
increased. Compared with poly(BA-a/m-DHPBP-0), the tensile
RSC Adv., 2017, 7, 1617–1625 | 1623
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Fig. 8 TGA curves of poly(BA-a/m-DHPBP-X).

Fig. 9 Tensile properties of poly(BA-a/m-DHPBP-X).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 4
/1

/2
02

6 
10

:0
2:

36
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
strength and elongation at break of poly(BA-a/m-DHPBP-20)
increased by 160% and 178%, respectively. This illustrates
that polybenzoxazine can be toughened effectively by adding
m-DHPBP. The poly(BA-a/m-DHPBP-X) system shows excellent
performance with “high modulus, high strength and high
toughness”.
Conclusions

In summary, we synthesized a new modier (m-DHPBP) with an
aryl-ether-ether-ketone structure and high catalytic activity, and
we prepared a series of modied benzoxazine resins with
varying contents of m-DHPBP. The analysis by DSC, gel-time
testing, GPC and FT-IR demonstrated that m-DHPBP not only
acted as an efficient catalyst to lower the curing temperature
and promote the ROP of BA-a, but was also a desired co-
monomer with high reactivity, which could copolymerize with
BA-a and ultimately embed itself into the three dimensional
networks of poly(BA-a). With the addition of increasing m-
DHPBP, the Tg and crosslink density of poly(BA-a/m-DHPBP-X)
decreased. However, the tensile modulus, the tensile strength
1624 | RSC Adv., 2017, 7, 1617–1625
and the elongation at break increased with increasing
m-DHPBP. We believe that these blends can satisfy the demands
of applications relating to matrices for high-performance
composites with “high modulus, high strength and high
toughness”.
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