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Abstract: The 2,2-bis[4-(3,4)-dicyanophenoxy phenyl]
propane (BAPh)/polyarylene ether nitrile (PEN-OH) 
prepolymers and polymers were prepared by heat poly
merization. Firstly, BAPh/PEN-OH systems were charac-
terized using differential scanning calorimetry, dynamic 
rheological analysis, and thermal gravimetric analysis. 
The results revealed that the polymerization reaction can 
be controlled by various concentrations of PEN-OH and 
postcuring temperatures, and BAPh/PEN-OH prepoly-
mers had low curing temperatures (229.3–300.4°C), large 
processing windows (∼106.5°C) with low melt viscosities, 
and excellent thermal stabilities. Then, the polymeriza-
tion reaction and surface structures of BAPh/PEN-OH 
systems were investigated using Fourier transform infra-
red and scanning electron microscopy, respectively. The 
interpenetrating polymer networks were found in BAPh/
PEN-OH polymers, suggesting that the addition of PEN-
OH can not only promote the curing behaviors of BAPh 
but also increase the toughness of the polymers. The flex-
ure strength and modulus of BAPh/PEN-OH polymers 
increased with the introduction of PEN-OH. The dielectric 
properties of BAPh/PEN-OH polymers were investigated, 
which had little dependence on the frequency. BAPh/PEN-
OH systems can be used as a good candidate for high-per-
formance polymeric materials.

Keywords: bisphthalonitrile; mechanical properties; 
polyarylene ether nitrile; polymerization; thermal 
properties.

1  Introduction

Thermosets, such as epoxy and phthalonitriles, are known 
for their dimensional stability and stiffness [1–3]. In the 
past 30 years, a series of high-performance phthalonitrile 
polymers have been reported by Keller’s group [4–6]. As 
a kind of thermosetting resin, phthalonitriles have been 
widely used for marine [7], aerospace [8], and microelec-
tronic [9] industries. The heterocyclic ring structures and 
high level of aromatic characters make phthalonitrile 
polymers exhibit high-temperature-resistant proper-
ties. More importantly, the phthalonitrile thermosetting 
polymers derived from phthalonitrile monomers exhibit 
many attractive properties, such as high glass tempera-
tures (Tgs), excellent mechanical properties, outstanding 
thermal stabilities, and good moisture resistance, which 
make it receive increasing attention from industries and 
academia [10–13]. However, the brittleness, poor impact 
resistance, and big internal stress have limited their wide 
applications [14]. Previous investigations demonstrated 
that there are mainly two ways to decrease the brittleness 
and improve the processabilities of phthalonitriles: the 
chemical method is to incorporate the flexible linkages 
into phthalonitrile terminals. The chemical structure of 
the cross-linked polymer network can be changed, and 
the formation of plastic deformation into nonuniform 
structure can lead to the toughening of phthalonitriles 
[15]. The physical method is to mix the toughener with 
thermosets directly. Compared with the former method, 
the latter is more easily to be carried out and cost-effective 
[16]. Therefore, the physical method is going to be used in 
the following experiment.

A toughener, such as a rubber elastomer, has been 
added into the thermosets to conquer the weakness of  
phthalonitriles, but it can decrease the modulus and 
thermal stabilities at the same time [16]. It is severely 
important to choose the right toughener. Engineering 
thermoplastics have been widely used in high-perfor-
mance fields for their high thermal stability, outstanding 
mechanical strength, excellent chemical, and fire resist-
ance. Polyarylene ether nitrile (PEN), a kind of engi-
neering thermoplastic, exhibits outstanding electrical 
isolation and excellent toughness [17–20]. The existence 
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of -CN makes PEN to have the potential power of being 
cross-linkable. Compared with other engineering ther-
moplastics such as PEEK, PEN possesses good processing 
performance. The thermoset-thermoplastic interpenetrat-
ing polymer network (IPN) materials exhibit synergistic 
properties. In addition, the other properties of IPN mate-
rials are more outstanding than the single component 
[21]. IPN, as a new kind of blend modification technol-
ogy, exhibits characteristic properties, such as synergis-
tic effect, interface interpenetrating, and forced mutual 
capacitance. Thus, its chemical blends and interpenetrat-
ing network have attracted much attention and consider-
able research [22–24].

In this article, to modify the intrinsic brittleness of 
bisphthalonitriles, IPN was tested as an effective method. 
Therefore, a kind of PEN end-capped with hydroxyl groups 
(PEN-OH) was used as a toughener. A series of novel 
2,2-bis[4-(3,4)-dicyanophenoxy phenyl]propane (BAPh)/
PEN-OH prepolymers and polymers were prepared without 
sacrificing other desirable high-performance properties 
of bisphthalonitriles. The curing behaviors and thermal 
properties were evaluated using differential scanning 
calorimetry (DSC), dynamic rheological analysis (DRA), 
and thermal gravimetric analysis (TGA). Fourier transform 
infrared (FTIR) was used to investigate the polymeriza-
tion reaction of BAPh/PEN-OH systems, and the fracture 
surfaces of BAPh/PEN-OH polymers were investigated 
using scanning electron microscopy (SEM). In addition, 
the mechanical and dielectric properties of the BAPh/BPA 
polymers were investigated in this paper.

2  Materials and methods

2.1  Materials

4,4′-Diaminodiphenyl sulfone (DDS) and N-methyl-2-pyr-
rolidone (NMP) were obtained from Tianjin BODI Chemi-
cals (Tianjin, China). BAPh (Tm = 194–200°C) and PEN-OH 
were synthesized in our lab [25, 26]. All materials were 
used without further purification. The chemical struc-
tures of BAPh, PEN-OH, and heterocyclic rings are shown 
in Figure 1.

2.2  Synthesis of PEN-OH

Biphenyl (30.5 g, 0.1696 mol), 1,4-benzenediol (4.4 g, 
0.0400 mol), 2,6-dichlorobenzonitrile (34.4 g, 0.2000 mol), 
25 ml methylbenzene, and 75 ml NMP were added into a 

250 ml three-neck flask. K2CO3 (33 g) was added in several 
portions during the course of the reaction. The mixtures 
were heated at 190°C–200°C for 4 h. After cooling to room 
temperature, the viscous product mixture was poured into 
500 ml of dilute HCl solution to remove K2CO3 and boiled 
in water four times. Then, the white product was dissolved 
in NMP and heated at 190°C–200°C for 30 min, and the 
viscous liquid was slowly poured into deionized water, 
boiled several times, and vacuum dried. PEN-OH can be 
obtained according to the above procedure.

2.3  �Preparation of BAPh/PEN-OH 
prepolymers and polymers

BAPh/PEN-OH prepolymers were obtained by heat 
polymerization. BAPh monomer and PEN-OH were 
melted at 200°C in the electric thermostat oil bath. When 
both BAPh monomer and PEN-OH were melted, 2% DDS 
(the weight DDS is 2% by weight of BAPh) was added to 
the mixture to get a homogeneous BAPh/PEN-OH liquid 
after stirring for 20 min. The blackish green liquid was 
rapidly cooled to room temperature for use in FTIR, DSC, 
and DRA studies. The weight ratios of PEN-OH contents 
were 0%, 5%, 10%, and 15%. In addition, BAPh/PEN-OH 
prepolymers were heated for another 10  min until dark 
green liquid appeared and then poured into a preheated 
polytetrafluoroethylene mold; the cavity dimensions 
were 65 × 15 × 5 mm. The samples were cured in the oven 
by the procedure as follows: 200°C for 4 h, 240°C for  
4 h, 280°C for 4 h, and 300°C for 4 h. BAPh/PEN-OH poly-
mers were removed from the molds and cooled gradually 
to room temperature.

2.4  Characterizations

The FTIR spectra of BAPh/BPA mixtures and polymers 
were recorded on NICOLET MX-1E FTIR spectrometer 
(MA, USA) in KBr pellets between 4000 and 400  cm-1 
in air. DSC analysis was investigated using TA Instru-
ments Modulated DSC-Q100 (DE, USA) with a heating 
rate of 10°C/min and a nitrogen flow rate of 50 ml/min. 
DRA was investigated using TA Instruments Rheom-
eter AR-G2 (DE, USA) with 25  mm diameter parallel 
plates at a frequency of 1.0 Hz. TGA was investigated 
using TA Instruments TGA Q50 (DE, USA) with a heating 
rate of 20°C/min under nitrogen or air with a purge of  
40 ml/min. The mechanical properties of the compos-
ite laminates were investigated using a SANS CMT 6104 
Series Desktop Electromechanical Universal Testing 
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Figure 1: Chemical structures of BAPh, PEN-OH, and heterocyclic rings.

Machine (Guangdong, China). The composite laminates 
were cut into strips of about 80 mm in length and 15 mm 
in width, and three strips were needed to gain an average 
value. The dielectric properties were tested using a TH 
2819A Precision LCRmeter (Tong hui Electronic Co., Ltd., 
Shanghai, China). The microstructures of the compos-
ite laminates were investigated using SEM (JEOL TSM-
5900LV, Japan).

3  Results and discussion

3.1  �FTIR characterization of PEN-OH and  
10% BAPh/PEN-OH systems

Typical IR characteristic data: 2231  cm-1 (-CN), 3290, 
1010 cm-1 (phthalocyanine ring), 1360, 1520 cm-1 (triazine 
ring), 1630 to 1670 cm-1 (C = N band in isoindole ring), and 
3300–3500 cm-1 (phenolic hydroxyl group).

The FTIR spectrum of PEN-OH is shown in Figure 2A, 
with the characteristic stretching band at 2231 cm-1 (-CN) 
and 3440 cm-1 (-OH), which offer support for the structure 
of PEN-OH containing the functional group of -CN and 
-OH. The FTIR spectra of 10% BAPh/PEN-OH prepolymers 
and polymers are shown in Figure 2B. The characteristic 
peaks of phthalocyanine ring at 1010 cm-1 [27], stretching 

vibration in triazine ring at 1360 cm-1 [28], and C = N bond 
in isoindole ring at 1660  cm-1 [29] were clearly found in 
BAPh/PEN-OH prepolymers, suggesting that the poly
merization between -CN groups in BAPh and -OH group 
in PEN-OH had happened. Their high level of heterocyclic 
ring structure can make BAPh/PEN-OH polymers exhibit 
high-temperature-resistant properties, and the detailed 
reaction mechanism between -CN and -OH has been given 
in our previous study [30]. With increasing postcuring 
temperature, the characteristic peaks of isoindole ring 
disappeared and the stretching vibration of triazine ring 
at 1520 cm-1 appeared on the FTIR spectrogram, because 
the isoindole ring can completely react with -CN to form 
phthalocyanine ring and triazine ring. Based on these 
results, PEN-OH can be used as a kind of thermoplastic to 
effectively react with BAPh. However, the hydroxyl group 
at 3300–3500 cm-1 can still be found in the BAPh/PEN-OH 
polymer, which means that only a part of PEN-OH had 
reacted with BAPh. Because PEN-OH had large molecu-
lar and long main chains, some -OH may be embedded in 
the main chains of PEN-OH and there will be a decrease 
of active H atoms. The unreacted PEN-OH and BAPh can 
make up the thermoset-thermoplastic IPN materials and 
exhibit synergistic properties. Thus, further investiga-
tions about the curing behaviors, mechanical properties, 
thermal stabilities, and inner structures of BAPh/PEN-OH 
systems were carried out.
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Figure 2: FTIR curves of PEN-OH (A) and 10% BAPh/PEN-OH (B) systems.

Figure 3: DSC curves of BAPh/PEN-OH prepolymers with various 
PEN-OH contents.

3.2  �Curing behaviors of BAPh/PEN-OH 
prepolymers

Figure 3 shows the DSC curves of BAPh/PEN-OH prepoly-
mers with various PEN-OH contents. Two melt peaks (at 
171.9°C and 194.7°C) and no characteristic curing peak 
can be seen on the curve of BAPh/PEN-OH prepolymer 
with 0% PEN-OH; the two melt peaks were attributed to 
the melting temperature of DDS and BAPh, respectively. 
However, with the introduction of PEN-OH, 5%, 10%, 
and 15% BAPh/PEN-OH prepolymers each exhibited a 
single melt peak at 193.9°C, 192.1°C, and 190.1°C, respec-
tively. The one endothermic peak suggested that BAPh/
PEN-OH systems exhibited no phase separation. With the 
contents of PEN-OH increased from 5% to 15%, the peak 

temperature of the exothermic peak ranged from 300.4°C 
to 229.3°C and the corresponding exothermic heat flow 
(ΔHcuring) ranged from 1.3 to 24.7 J/g, the thermal prop-
erties of these polymers were summarized in Table 1 as 
well. The decreased exothermic peak and ΔHcuring referred 
to the occurrence of polymerization reaction between the 
-OH group in PEN-OH and the -CN group in BAPh and 
the easy formation of heterocyclic rings in Figure 2 [31]. 
PEN-OH can efficiently improve the cross-link rate for 
BAPh/PEN-OH systems [32]. In addition, the endothermic 
and exothermic peaks both shifted to lower temperatures 
with the content of PEN-OH increased to 10%. This is 
because, with more content of PEN-OH, the polymeriza-
tion rate of BAPh became faster and the polymerization 
reaction was more complete. However, when the PEN-OH 
contents increased from 10% to 15%, the curing tem-
perature shifted to higher temperature. The main reason 
might be that 15% BAPh/PEN-OH prepolymers contained 
more PEN-OH and a part of -OH functional group was 
wounded inside the PEN-OH main chain, so the content 
of effective -OH decreased. Therefore, too much contents 
of PEN-OH will decrease the polymerization reaction of 
BAPh. To better understand the curing reaction between 
BAPh and PEN-OH, the rheological measurements on 
BAPh/PEN-OH prepolymers was conducted.

Table 1: Thermal properties of BAPh/PEN-OH prepolymers with 
various PEN-OH contents.

ω (PEN-OH) wt (%) Tmelt 1 (°C) Tmelt 2 (°C) Ttop (°C) ΔHcuring (J/g)

0 171.9 194.7 – –
5 – 193.9 300.4 1.3
10 – 192.1 229.3 21.9
15 – 190.1 235.6 24.7
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To determine the processability of a material, the rhe-
ological behavior is an important factor. Figure 4 shows 
the temperature vs. viscosity curves of BAPh/PEN-OH 
prepolymers with various PEN-OH contents. When the 
temperature increased from 175°C to 225°C, the initial melt 
viscosity slightly increased and was between 1 and 10 Pa s.  
The 0%, 5%, 10%, and 15% BAPh/PEN-OH prepolymers 
displayed an abrupt complex viscosity increase at 360°C, 
215°C, 213°C, and 237°C, respectively. Compared with 0% 
BAPh/PEN-OH prepolymers, the temperatures of abruptly 
increased complex viscosities for other BAPh/PEN-OH 
prepolymers were much lower, suggesting that PEN-OH 
can effectively speed up the curing reaction of BAPh 
[21]. The findings were consistent with the above curing 
temperature of the DSC results. More importantly, the 
relatively lower complex viscosity of BAPh/PEN-OH pre-
polymers at moderate temperatures can be a promise for 
good processability. In Figure 4, the polymerization rate of 
BAPh/PEN-OH prepolymers can be controlled by various 
contents of PEN-OH. To select the premium content of 
PEN-OH is seriously important for material processing. 
Among the four kinds of BAPh/PEN-OH prepolymers, the 
viscosity of 10% BAPh/PEN-OH prepolymers exhibited 
the fastest rate at the lowest curing temperature, which 
was therefore selected as the premium content to inves-
tigate the influence of various temperatures on complex 
viscosities.

It is necessary to control the polymerization rate 
for the fabrication of the composites, and before gela-
tion occurs, the melt needs to be impregnated com-
pletely. Figure 5 shows the time vs. viscosity curves 
with 10% PEN-OH content of BAPh/PEN-OH prepoly-
mers at various temperatures. The 10% BAPh/PEN-OH 

Figure 4: Temperature vs. viscosity curves of BAPh/PEN-OH pre-
polymers with various PEN-OH contents.

prepolymers investigated at 180°C, 200°C, and 220°C 
exhibited an abrupt increase in viscosity at 15, 10, and 5 
min, respectively. The higher the postcuring temperature 
is, the more active are the molecular chains of BAPh/
PEN-OH, the faster is the polymerization reaction of 
BAPh/PEN-OH processes, and the viscosity increases, 
but lesser time is needed. The time for an abrupt viscos-
ity increase at 220°C was too short for a full reaction to 
be completed, suggesting that the polymerization reac-
tion was carried out too fast. An increase at 180°C was 
too long to be cost-effective, suggesting that the polym-
erization reaction was carried out rather slowly. The time 
vs. viscosity curves of 10% BAPh/PEN-OH prepolymer at 
200°C had the lowest initial complex viscosity at rela-
tively high temperature, which promises good wetting 

Figure 5: Time vs. viscosity curves with 10% BAPh/PEN-OH prepoly-
mers at various temperatures.

Figure 6: Time vs. viscosity curves with 10% BAPh/PEN-OH pre-
polymers at 200°C.
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of fibers and proves to be useful for processability [33]. 
Therefore, 200°C was the proper initial postcuring tem-
perature for BAPh/PEN-OH prepolymers. Higher curing 
temperature can make the rate of complex viscosity 
increase faster, which means that the polymerization 
reaction of BAPh/PEN-OH systems can be accelerated by 
higher curing temperature.

Figure 6 shows the time vs. viscosity curves with 
10% PEN-OH content of BAPh/PEN-OH prepolymers at 
200°C. The storage modulus (G′) and loss modulus (G″) 
were referred to as the solid state and viscosity flow 
state of the samples, respectively. With longer process-
ing time, both G′ and G″ increased. The storage modulus 
increased quickly from 6 to 12 min and the loss modulus 
increased at the same time, and the corresponding 
BAPh/PEN-OH prepolymers were transferred from flow 
state to solid state, which means that the cross-link 
network structures started to form. According to the rhe-
ological theory, the gelation time (G crossover point) was 
observed at 12 min [34], suggesting that the prepolymers 
underwent gelation transition. The sharp peak of the tan 
δ was 8 min, indicating that BAPh can be polymerized 
with PEN-OH under a certain temperature. The curve of 
tan δ underwent an increase first to reach a maximum 
then decreased. This can also be better demonstrated as 
that BAPh/PEN-OH systems were transferred from flow 
state to solid state during the postcuring reaction. Thus, 
the rheological measurements revealed that the curing 
rate of BAPh/PEN-OH systems can be easily controlled 
by varying the contents of PEN-OH and different curing 
temperatures. These rheological behaviors of BAPh/
PEN-OH prepolymers are useful to the process and 
application.

Figure 7: Flexure strength of BAPh/PEN-OH polymers cured at 
300°C.

Figure 8: Flexure modulus of BAPh/PEN-OH polymers cured at 300°C.

3.3  �Mechanical properties of BAPh/PEN-OH 
polymers

The flexure strength and modulus of BAPh/PEN-OH poly-
mers maximum cured at 300°C are shown in Figures 7 and 
8, respectively. The flexure strength of 0%, 5%, 10%, and 
15% BAPh/PEN-OH polymers were 78.5, 91.0, 103.2, and 
80.4 MPa, respectively, whereas the flexure modulus of 0%, 
5%, 10%, and 15% BAPh/PEN-OH polymers were 4338.7, 
5338.6, 9746.9, and 7377.4 MPa, respectively. With increas-
ing PEN-OH contents, the flexure strength and modulus 
of the polymers both increased to a maximum point and 
then decreased, indicating that the mechanical properties 
of BAPh/PEN-OH polymers can be affected by various con-
tents of PEN-OH. When the contents of PEN-OH increased 
to 10%, the flexure strength and modulus increased to 
103.2 and 9746.9 MPa, respectively. The mechanical prop-
erties exhibited a decrease as the concentration of PEN-OH 
increased to 15%. Except for a part of PEN-OH that partici-
pated in the polymerization reaction with -CN, the BAPh 
network offered a rigid frame, and other flexible PEN-OH 
chains, BAPh, and heterocyclic rings wound around the 
framework of each other. Therefore, with the introduc-
tion of PEN-OH, the mechanical properties of BAPh/
PEN-OH polymers can be raised. However, too much con-
tents of PEN-OH could decrease the mechanical proper-
ties, because -OH functional groups were wounded in the 
PEN-OH main chain, making the effective -OH decrease 
and the polymerization reaction of BAPh/PEN-OH pre-
polymers become incomplete. Although the mechani-
cal properties of 15% BAPh/PEN-OH polymers exhibited 
a slight decrease, the flexure strength and modulus of 
15% BAPh/PEN-OH polymers were still higher than 0% 
BAPh/PEN-OH polymers. Therefore, the introduction of 
PEN-OH can effectively modify the intrinsic brittleness of 
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BAPh. Bisphthalonitriles/PEN polymers exhibited flexure 
strength and modulus at 94.8 and 3675.7 MPa when cured 
at 250°C for 4 h, 280°C for 4 h, 300°C for 4 h, 350°C for 6 h, 
and 380°C for 2 h [14]. Thus, the mechanical properties had 
improved with the introduction of PEN-OH. The results of 
this investigation demonstrated that the suitable content 
of PEN-OH showed an excellent balance of the desirable 
properties of BAPh/PEN-OH polymers with an improve-
ment in ambient mechanical properties.

3.4  �Thermal stabilities of BAPh/PEN-OH 
polymers

The thermal and thermal-oxidative stabilities of BAPh/
PEN-OH polymers were evaluated by TGA. The tempera-
ture of 5% weight loss (T5%) and the retention of weight 
at 800°C in nitrogen and air atmosphere are summa-
rized in Table 2. When heated in nitrogen atmosphere, 
0%, 5%, 10%, and 5% BAPh/PEN-OH polymers started 
to lose weight at temperatures (T5%) of 484.1°C, 486.1°C, 
487.2°C, and 487.2°C, respectively, and the retention of 
weight at 800°C was in the range of 68.5%–72.7%. In 
contrast, in air atmosphere, the T5% of BAPh/PEN-OH 
polymers were 484.6°C, 487.1°C, 490.6°C, and 486.7°C, 

Table 2: Thermal and thermal-oxidative properties of BAPh/PEN-OH polymers with various proportions.

ω (PEN-OH) wt (%) Nitrogen Air

T5% (°C) Retention of weight 
(%) at 800°C

T5% (°C) Retention of weight 
(%) at 800°C

0 484.1 72.1 484.6 40.5
5 486.1 72.7 487.1 44.6
10 487.2 71.5 490.6 34.1
15 487.2 68.5 486.7 24.9

respectively, and the retention of weight at 800°C was in 
the range of 24.9%–44.6%. The T5% and the retention of 
weight at 800°C was somewhat higher in air atmosphere 
than in nitrogen atmosphere. Based on these data, various 
contents of PEN-OH had little effect on the thermal and 
thermal-oxidative stabilities of BAPh/PEN-OH polymers. 
Taking the mechanical properties and thermal and ther-
mal-oxidative stabilities of BAPh/PEN-OH polymers into 
consideration, the introduction of PEN-OH can improve 
the toughness of BAPh without sacrificing the high per-
formance of BAPh. The good thermal stabilities are due to 
the flexible PEN-OH chains, BAPh, and heterocyclic rings 
wounded around the framework of each other. Thus, their 
thermal stabilities were not largely affected. More impor-
tantly, the polymerization reaction between nitrile groups 
on the BAPh and the hydroxyl groups of PEN-OH had 
occurred, and the formation of heterocyclic ring in FTIR 
results indicated high-temperature-resistant properties.

3.5  �Dielectric properties of BAPh/PEN-OH 
polymers

The influence of frequency on the dielectric constant 
of BAPh/PEN-OH polymers is shown in Figure 9A, with 

Figure 9: Influence of frequency on the (A) dielectric constant of BAPh/PEN-OH polymers and (B) dielectric loss of BAPh/PEN-OH polymers.
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A

B C

Figure 10: SEM micrographs of 0% (A), 10% (B), and 15% (C) BAPh/PEN-OH polymers.

PEN-OH increasing from 0% to 15%. The dielectric constant 
ranged from 2.7 to 3.5. Compared with 0% PEN-OH BAPh/
PEN-OH polymers, the addition of PEN-OH can increase the 
dielectric constant to some degree. However, the dielectric 
constant showed little dependence on various contents of 
PEN-OH. The dielectric constant of the pure PEN-OH was 
approximately 4.0. The decreased dielectric constant for 
BAPh/PEN-OH polymers may be attributed to the occur-
rence of polymerization reaction and the formation of non-
polar phthalocyanine ring and triazine ring as symmetrical 
structures. As the frequency increased from 100 to 200 
kHz, the dielectric constant of BAPh/PEN-OH prepolymers 
exhibited little change. The influence of frequency on the 
dielectric loss of BAPh/PEN-OH polymers is shown in Figure 
9B. The dielectric loss of BAPh/PEN-OH polymers ranged 
from 0.017 to 0.08. The dielectric loss of all BAPh/PEN-OH 
polymers decreased fast when the frequency ranged from 
100 to 4 kHz; it had a tendency to remain the same as the 
frequency increased. Furthermore, the low-frequency 

zone had strong influence on the dielectric loss of BAPh/
PEN-OH polymers, whereas the high-frequency zone had 
weak influence. Thus, the dielectric loss of BAPh/PEN-OH 
polymer exhibited little dependence on frequency.

3.6  �Fracture morphology of BAPh/PEN-OH 
polymers

After the flexural tests, SEM micrographs were performed 
on fractured surface of 0%, 10%, and 15% BAPh/PEN-OH 
polymers, as shown in Figure 10A–C, respectively. In 
Figure 10A, the fracture was relatively flat. The cracks had 
central and straight extension directions, suggesting that 
0% BAPh/PEN-OH polymers had a typical brittle fracture. 
However, with the introduction of PEN-OH (the ductile 
fracture in Figure 10B), the fracture strips were changed 
from straight lines to branch shapes and the fracture sur-
faces became rougher. In Figure 10C, the boundaries of 
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The untreated polymer The treated polymer

IPN

A B

C D

Figure 11: SEM micrographs of untreated BAPh/PEN-OH polymers at lower (A) and higher (C) magnification as well as BAPh/PEN-OH 
polymer treated with NMP at lower (B) and higher (D) magnification.

fracture surfaces became blurred and the ductile fracture 
was more apparent. The chains of PEN-OH run through 
the entire network, demonstrating that the IPN structure 
might have been formed in the BAPh/PEN-OH polymers.

To further understand the inner structures of BAPh/
PEN-OH polymers, 10% BAPh/PEN-OH polymers were 
heated in a three-neck round bottle flask with 100  ml 
NMP for 1 h. The polymers were treated in the oven at 
200°C until no NMP was left on it. SEM micrographs were 
performed on fractured surface of 10% BAPh/PEN-OH 
polymers. The fracture morphology in BAPh/PEN-OH pol-
ymers played an important part in the mechanical perfor-
mance. Figure 11A and C shows the direct fracture surface 

of 10% BAPh/PEN-OH polymers. The fracture strips had 
a tendency to disperse. The ductile fracture characteristic 
is shown in Figure 11A. More importantly, the obviously 
projecting segments in Figure 11A suggest that the addi-
tion of PEN-OH can largely increase the toughness and 
effectively absorb the external impact energy. In Figure 
11B and D, the fracture surfaces of 10% BAPh/PEN-OH 
polymers treated with NMP and the unreacted PEN-OH 
in 10% BAPh/PEN-OH polymer had melted in the NMP 
solvent. As shown in Figure 11B, the projecting segments 
had disappeared, the fracture surface became rough, and 
the “island-like” shape could be easily found, suggest-
ing the high degree of molecular chains interpenetrating. 
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Comparing the higher-magnification micrographs of 
Figure 11C and D, the fracture surface of Figure 11C was 
very smooth, suggesting good compatibility of BAPh/
PEN-OH polymers. However, there existed a large amount 
of small gaps and these small gaps had a uniform distri-
bution in Figure 11D. The small gaps were the unreacted 
PEN-OH, which had now been dissolved in the solvent 
of NMP. According to the FTIR and SEM results, phthalo-
cyanine ring and triazine ring, the unreacted small mol-
ecules, and the PEN-OH chain wound up in each other to 
form the IPN structure (Figure 11). The addition of PEN-OH 
can increase the mechanical properties of BAPh/PEN-OH 
polymers. The SEM results were consistent with the curing 
behavior and mechanical findings.

4  Conclusions
A series of BAPh/PEN-OH prepolymers and polymers 
were prepared and characterized without sacrificing other 
desirable high-temperature properties of BAPh monomer. 
The curing behaviors and thermal properties of BAPh/
PEN-OH systems were studied. The results indicate that 
BAPh/PEN-OH systems have good processability and 
excellent thermal stabilities. The curing behaviors can 
be controlled by various contents of PEN-OH and curing 
temperatures. The FTIR results show that the structures 
of BAPh/PEN-OH polymers are mainly phthalocyanine 
ring and triazine ring. The introduction of PEN-OH in the 
bisphthalonitriles can improve the flexure strength and 
flexure modulus to 103.2 and 9746.9 MPa, respectively. 
The dielectric properties of BAPh/PEN-OH polymers have 
little dependence on the frequency. The fracture morphol-
ogy of the polymers was demonstrated by the SEM. The 
whole research indicates that the performances of BAPh/
PEN-OH systems are the bases of industrial applications 
for the development of engineering materials.
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