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Abstract  Hydroxy-containing low molecular weight poly(2,6-dimethyl-1,4-phenylene oxide) (rPPO) and self-promoted hydroxy- 
containing phthalonitrile (HPPH) were prepared by redistribution reaction and the simple nucleophilic displacement of a nitro-substituent 
from 4-nitrophthalonitrile in a dipolar aprotic solvent respectively. The hydroxy-containing phthalonitriles modified by rPPO were prepared 
by mechanical blending without compatibilizer, followed by heating. The curing behavior was studied using dynamic rheological analysis, 
and the results showed that the rPPO-modified phthalonitrile exhibited a large processing window (over −67 °C) and complex viscosity 
(0.18−0.8 Pa·s) at moderate temperatures. After curing at 300 °C, the resulting polymers showed good thermal stability and high modulus as 
observed by thermogravimetric analysis (TGA) and dynamic mechanical analysis (DMA). The dielectric properties and the morphology of 
rPPO-modified phthalonitrile networks were studied by dielectric analysis and field-emission scanning electron microscopy (SEM).  

Keywords  Low molecular weight PPO; Phthalonitrile; Curing behavior; Dielectric properties 

Citation: Ma, J. Z.; Cheng, K.; Lv, J. B.; Chen, C.; Hu, J. H.; Zeng, K.; Yang, G. Phthalonitrile-PPO Blends: Cure Behavior and Properties. Chinese J. 
Polym. Sci. 2018, 36(4), 497−504.  

 

INTRODUCTION  

Poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) is one of the 
high performance thermoplastic resins with outstanding 
properties, including excellent electrical properties, a low 
dielectric constant and a low dielectric dissipation factor, as 
well as excellent mechanical properties, high dimensional 
stability, low flammability and low moisture uptake[1−3]. 
Hence, it is a potential candidate as a material for high 
frequency substrates. However, the high-molecular-weight 
thermoplastic PPO resin has a number of defects, such as high 
melt viscosity, poor solvent resistance and relatively poor 
thermal properties, which determine that it is difficult to 
directly use PPO for printed circuit boards (PCB)[4, 5].  

Thermosetting polymers containing terminal phthalonitrile 
units are a type of high performance polymers possessing 
excellent properties, such as high thermal and thermal 
oxidative stability, excellent mechanical properties, low 
flammability and low melt viscosity[6−11]. These properties 
endow phthalonitrile (PN) with many potential uses, including 
composite matrices, adhesives, structural applications, 
aerospace and marine[12−16]. But, the polymerization of the 
neat PN resins is extremely tardy and demands several days at 
elevated temperatures before a vitrified product is obtained, 
which seriously restricts the resin applications[17]. During the 
past years, researchers had developed many different types of 
curing additives, such as organic amines[17], strong organic 
acids/amine salts[18], metals and metallic salts[19, 20], alicyclic 

imide moiety-containing compounds, amide, imide and 
imidazole[21−25], to facilitate the curing reaction. However, 
these curing agents volatilizing during the curing reaction will 
impede the curing reaction and affect the properties of the PN 
resins especially at elevated temperatures[26]. In our laboratory, 
the concept of self-promoted curing has been proposed, and 
amino- or hydroxy-containing phthalonitrile derivatives have 
been synthesized, solving this above problem to a certain   
extent[6, 27]. Though a lot of efforts were carried out to face 
above challenges, however, the application of PN in PCB was 
rarely reported for relatively high dielectric constant and poor 
moisture resistance of PN resin[21]. Recently, Laskoski et al. 
and Kaliavaradhan et al. synthesized PN containing sulfonyl 
linkages and bismaleimide (BMI) with a low dielectric 
constant by molecular design respectively[28, 29]. 

The polymer blending based on thermoplastic/ 
thermosetting is an important method to broaden the 
application. In this work, using low polarity rPPO possessing 
excellent electrical properties to modify the high polarity 
phthalonitrile resin was carried out in order to obtain cured 
resins with good thermal properties and improved electrical 
properties. In order to improve the miscibility, hydroxy- 
containing low molecular weight PPO, also acting as a curing 
agent in the blending system, was synthesized. Self-promoted 
hydroxy-containing phthalonitrile (HPPH) was prepared by 
an in situ method developed in our laboratory previously[30]. 
The curing behaviors of rPPO-modified phthalonitrile blends 
were investigated by rheological analysis and infrared (IR) 
spectroscopy. Moreover, the thermal and dielectric properties 
of cured rPPO/HPPH were also studied and are reported in 
this article. 
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EXPERIMENTAL 

Materials 
PPO (number-average molecular weight Mn = 3 × 104 g/mol, 
Mw/Mn = 1.5) was supplied by Blue Star Chemical New 
Material of China. Bisphenol A (BPA) and benzoyl peroxide 
(BPO) were acquired from Chengdu Kelong Chemical 
Reagent Co. Ltd, Chengdu, China. 4-Nitrophthalonitrile 
(99%) was purchased from Hong Kong’s Ming Tai Prosperity 
Chemical Co., Ltd. Potassium carbonate (99.0%) was 
obtained from Chengdu Kelong Chemical Reagent Co., Ltd. 
All solvents were used without further purification. 

Redistribution of PPO with BPA[3] 
PPO (40 g) was dissolved in 100 mL of toluene in a 
four-necked bottle with stirring at 90 °C in nitrogen. 
Subsequently, 4 g of BPA was added into the solution, and 
then the solution of 4 g of BPO in 40 mL toluene was added 
dropwise for 15 min. Following the above procedure, the 
reaction was kept for another 3 h at 90 °C, then the mixture 
was cooled to room temperature and was added to methanol 
to precipitate the product. The pale yellow precipitate was 
collected by filtration, washed with aq. Na2CO3 solution to 
remove excess BPO, and washed with water and methanol 
until the filtrate was neutral. Finally, the product was dried at 
110 °C in a vacuum oven. The product was obtained in a yield 
of 70.72%. The Mn value of the redistributed PPO (rPPO) was 
1958 g/mol and Mw/Mn = 1.4, as measured with GPC. The Tg 
of neat rPPO was 119 °C which was measured with DSC. 
1H-NMR (300 MHz, CDCl3, δ, ppm): 8.2 (d, 1H; BPA ―OH), 
7.0−6.8 (m, 4H; BPA Ar―H), 6.45 (s; neat PPO Ar―H), 2.11 
(s; neat PPO ―CH3), 1.7 (s, 6H; BPA ―CH3). 

Synthesis of Self-promoted Hydroxy-containing 
Phthalonitrile Systems (HPPH)  
To a 500 mL three-necked flask were added 41.52 g of 
4-nitrophthalonitrile, 45.6 g of BPA and 400 mL of dimethyl 
sulfoxide (DMSO). During the course of the reaction, 83 g of 
pulverized potassium carbonate was added in three portions. 
The mixture was stirred at 40 °C under nitrogen for 10 h and 
then poured into 3000 mL of water. The resulting precipitate 
was collected by filtration, washed with water until the filtrate 
was neutral, dried at 80 °C under reduced pressure for 16 h. 
The hydroxy-containing phthalonitrile systems (HPPH) were 
obtained in a yield of 92%. The m. p. of HPPH were 123 and 
166 °C corresponding to HPNM and BAPh respectively. The 
HPPH was prepared by mixing HPNM and BAPh, as shown 
in Scheme 1.  

Preparation of Polymers 
All rPPO/HPPH blends were prepared by mechanical 

blending. 10-rPPO represents the rPPO/HPPH containing   
10 wt% rPPO based on HPPH. The rPPO/HPPH blends were 
melted in a 100 mL reaction kettle equipped with a stirrer and 
were degassed under vacuum condition (−0.08 MPa) at 
180 °C. The prepolymer was poured into a mold and then 
cured in a nitrogen-circulation oven with a procedure of 
curing at 200 °C for 5 h, 230 °C for 5 h, 260 °C for 5 h and 
300 °C for 5 h. The cured polymers were machined into 
rectangular specimens.  

Characterizations 
1H-NMR spectra were required with a Bruker AVⅡ300 
nuclear magnetic resonance (NMR) spectrometer at a proton 
frequency of 300 MHz. The molecular weights of the rPPO 
diagrams were obtained using an HLC-8320 GPC Instrument 
(TOSOH Co., Japan) at 40 °C with two TSK gel columns 
(Super HM-H S0001/Super HM-H S0002) with 
tetrahydrofuran as an eluent solvent system. The flow rate 
was 0.6 mL/min, Mn and Mw values of the samples were 
calculated on the basis of polystyrene standards. A 
differential scanning calorimetric (DSC) study was 
performed on a TA Instruments Q200 DSC at a heating rate of 
10 K/min with a nitrogen flow rate of 50 mL/min. The 
rheological behaviors of the blends were investigated using a 
TA Instruments Rheometer AR-2000 with a frequency of     
1 Hz and a heating rate of 3 K/min. Thermogravimetric 
analysis (TGA) was performed using a TA Q500 
thermogravimetric analyzer at a heating rate of 10 K/min 
under air and nitrogen atmosphere respectively with a flow 
rate of 60 mL/min. Dynamic mechanical analysis (DMA) was 
performed using a TA Instruments Q800 dynamic mechanical 
analyzer in nitrogen atmosphere from 40 °C to 500 °C with a 
heating rate of 5 K/min and at a frequency of 1 Hz and a strain 
of (2.5 × 10−2)%. Fourier transform infrared (FTIR) spectra 
were obtained from a Nicolet-460 FT-IR spectrometer in KBr 
pellets. Dielectric measurements were carried out at different 
frequencies ranging from 107 Hz to 100 Hz at room temperature 
using Novocontrol Concept 50 Broadband Dielectric 
Spectrometer. The morphology of the cured samples was 
investigated using a Nova.NanoSEM.450 (FEI Instrument, 
USA) field-emission scanning electron microscope (SEM). 
The specimens were coated with Au prior to observation. 

RESULTS AND DISCUSSION 

Preparation 
The structure of the HPPH was determined by 1H-NMR 
spectroscopy, and is shown in Fig. 1. The 60% content of 
HPNM was calculated using the 1H-NMR integral area of 
HPPH.

 

 
Scheme 1  General synthetic route to HPPH 
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Fig. 1  1H-NMR spectra of HPPH: (a) from 0 ppm to 10 ppm, (b) local magnification from 6 ppm to 8.5 ppm 
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The content of HPNM was calculated according to formula 
(1) (Sd and Sn represent the integral areas d and n in the 

1H-NMR spectrum, respectively). 

Curing Behavior  

The variation in the complex viscosity of the HPPH and 
rPPO/HPPH blends was measured as a function of 
temperature from 140 °C to 300 °C. The results, presented in 
Fig. 2, showed that all the processing windows of the blends 
were up to 67 °C, which meant that the rPPO/HPPH displayed 
good processability. Apparently, the curing rate of 
rPPO/HPPH was slower with the increasing content of rPPO. 
This may be due to the steric hindrance of the long-chain 
rPPO, which may reduce the mobility and the reactivity of 
the―OH on rPPO and HPNM. The increased complex 
viscosity of the melting rPPO/HPPH caused by rPPO may 
slow down the rate of the collision between ―OH and ―CN, 
resulting in the slower polymerization and formation of 
crosslinked cured product during the thermal polymerization. 

In order to study the curing behavior further, isothermal 
rheology was carried out at 200, 215 and 230 °C, as shown in 
Fig. 3. The melt viscosity of the HPPH and rPPO/HPPH 
blends increased from 0.18 Pa·s to 0.8 Pa·s with the increasing 

 

Fig. 2  Complex viscosity (|η*|) as a function of temperature 
for the HPPH and various rPPO/HPPH systems  

Fig. 3  Melt viscosity versus time curve for HPPH and various 
rPPO/HPPH systems at (a) 200 °C, (b) 215 °C and (c) 230 °C 
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content of rPPO. The curing rate of blends was faster with the 
increasing temperature. The elevated temperature may 
improve the reactivity of ―CN and ―OH, and enhance the 
mobility of melting HPPH and rPPO/HPPH blends which 
may accelerate the rate of the collision and polymerization 
between ―OH and ―CN. The higher the content of rPPO, 
the slower the curing rate was. This may be attributed to the 
slowing rate of the collision and low reactivity of ―OH 
and ―CN. From Fig. 3, the temperature and the content of 
rPPO had a great impact on the curing rate of all blends. 

We further investigated the curing behavior through the 
analysis of the FTIR spectra of the HPPH and rPPO/HPPH 
resins, as shown in Fig. 4. From Fig. 4(A), it is obvious that 
the characteristic absorption band at 2229 cm−1 attributed to 
the ― CN was evidently weakened, indicating that the 
polymerization occurred. Meanwhile new absorption peaks 
at around 1520 and 1360 cm−1 related to triazine were 
observed. Moreover, typical isoindoline peaks at 1720 and 
1090 cm−1 were also observed. With the increase of curing 
temperature, the absorption band of the typical isoindoline 
and triazine peak enhanced, which indicated that the degree of 
polymerization was enhanced. All blends cured at 300 °C also 
had the above typical peaks, indicating that all the system of 

 

Fig. 4  (A) FTIR spectra of 20-rPPO cured at different 
temperatures: (a) 200 °C for 5 h, 230 °C for 5 h, 260 °C for 5 h, 
300 °C for 5 h; (b) 200 °C for 5 h, 230 °C for 5 h, 260 °C for 5 h; 
(c) 200 °C for 5 h; (d) uncured 20-rPPO blend; (B) FTIR spectra 
of HPPH and various rPPO/HPPH cured at 300 °C for 5 h 

cured HPPH and rPPO/HPPH possessed isoindoline and 
triazine, as shown in Fig. 4(B). For the cured HPPH and 
rPPO/HPPH blends, there was still a weak absorption peak at 
2229 cm−1, as shown in Fig. 4. The residual ―CN may be 
attributed to the steric hindrance of the unreacted nitrile 
groups at the ortho-position of triazine ring[18]. Scheme 2 
shows the probable curing mechanism of HPPH and 
rPPO/HPPH system[24]. 
 

Scheme 2  Probable curing mechanism of HPPH and rPPO/HPPH 
systems 

Morphological Studies 
To clearly observe the phase morphology, the fractured 
surfaces of cured HPPH and rPPO/HPPH were etched with 
toluene at 120 °C for 18 h in order to remove rPPO phase. The 
morphologies of cured HPPH and various rPPO/HPPH were 
observed by SEM and the images are shown in Fig. 5. The 
morphology of a HPPH polymer is shown in Figs. 5(a) and 
5(b). No voids can be observed in the HPPH polymer, proving 
the void-free structure of the cured HPPH resin. For 10-rPPO, 
as shown in Figs. 5(c) and 5(d), the fractured surfaces before 
and after etching showed no clear difference and no voids 
were left on the etched surfaces. This may imply the 
occurrence of reaction between the rPPO and HPPH. After 
etched with toluene, there appeared slight voids on the 
fractured surface of 20-rPPO, as shown in Figs. 5(e) and 5(f), 
indicating that the rPPO phase was dispersed in HPPH matrix. 
The higher content of rPPO may result in a micro-phase 
separation. For 30-rPPO, as shown in Figs. 5(g) and 5(h), the 
rPPO was relatively and evenly dispersed in the HPPH matrix 
and the etched scope was relatively large due to the higher  
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Fig. 5  SEM photographs of the HPPH and various rPPO/HPPH resins cured at 300 °C: (a) HPPH, (b) HPPH (etched), 
(c) 10-rPPO, (d) 10-rPPO (etched), (e) 20-rPPO, (f) 20-rPPO (etched), (g) 30-rPPO, (h) 30-rPPO (etched) 

 
content of rPPO and the lower cross-link density. From the 
etched 20-rPPO and 30-rPPO, the separated rPPO phases 
were not completely chemically bonded to HPPH phase, 
according to the SEM and DMA. 

Thermal Stability 
The thermal and thermo-oxidative properties of the cured 
HPPH and rPPO/HPPH were measured by TGA, and the 
results are given in Table 1. Whether under a nitrogen 
atmosphere or under an air atmosphere, the 5 wt% and      
10 wt% weight loss temperature presented a decreasing trend 
with the increasing content of rPPO, expected for 20-rPPO. 
These data indicated the dependence of the thermal and 
thermo-oxidative stability on the rPPO content in the blends. 
For 20-rPPO blend, the Td,5%  under nitrogen and air were 
higher than those of the other blends. The reason may be that 
the mobility and the reactivity of the ―OH end group were 
high, and the concentration of ―CN was relatively high too 
when the content of rPPO was 20 wt% based on HPPH. Under 
the above curing conditions, the rPPO may produce radicals 
from the broken chain and the end of ―OH to facilitate the 
polymerization of ― CN, resulting in a relatively high 
cross-linking density. The above speculation was based on the 
following three points: (1) radical may facilitate the 
polymerization of ―CN[21]; (2) the reaction mechanism of the 
synthesis and redistribution of PPO were carried out by 
phenoxy radicals and the free radicals were firstly produced 
from the end ―OH under mild conditions[31−35]; (3) PPO 
could produce poly(2,6-dimethylphenoxy) radicals (PDMP) 
and a benzylic-type radical as a consequence of thermal 
energy absorption[36−40]. For 10-rPPO, the content of rPPO 
was low, so the resulting free radicals to promote the 
polymerization of ―CN were not sufficient to compensate 

for the reduced thermal performance caused by the addition 
of rPPO. The concentrations of ―CN of 30-rPPO and 
40-rPPO were relatively low; besides, the increasing viscosity 
lowered the rate of the collision and decreased the reactivity 
of ―OH and ―CN. Moreover, the addition of rPPO may 
hinder the heat conduction. This may result in a relatively low 
cross-linking density, accompanied by the plasticization 
effect of rPPO. All blends cured at 300 °C exhibited char 
yields of above 61% when heated under inert conditions at 
800 °C, which may endow the resin system with good flame 
retardant properties. Among them, the 20-rPPO blend also 
had superior thermal properties to other blends. These results 
should be attributed to a balance between the crosslinking and 
plasticization effect of rPPO. The Td,5% and Td,10% of all blends 
in air were higher than those in N2 from Table 1. The possible 
reasons are as follows. After the rPPO/HPPH and HPPH 
blends cured at 300 °C for 5 h, the polymer still had 
residual ―CN groups. Under air conditions, the oxygen free 
radicals, produced at a higher temperature, may facilitate the 
polymerization of the residual ―CN to a certain extent[21]. 
On the other hand, degradation temperature and activation 
energy of PPO were much higher in air than those in 
nitrogen[37]. From Table 1, the thermal and thermo-oxidative 
properties of cured HPPH and rPPO/HPPH resins were 
relatively good. 

Dynamic Mechanical Properties 
The dynamic mechanical properties of the cured HPPH and 
rPPO/HPPH polymers were measured to ascertain the 
modulus and the loss factor (Tg). Plots of the storage modulus 
(G′) and damping factor (tanδ) are given in Figs. 6(a) and 
6(b), respectively. The temperatures of α-mechanical 
relaxations, Tα1 and Tα2, related to the glass transition of rPPO 
and the HPPH networks, are summarized in Table 2. All  

 
Table 1  The TGA data of the HPPH and various rPPO/HPPH resins cured at 300 °C in N2 and in air at a heating rate of 10 K/min 

Resin 
TGA in N2 TGA in air 

Td,5% (°C) Td,10% (°C) Char yield at 800 °C (%) Td,5% (°C) Td,10% (°C) Char yield at 800 °C (%) 
HPPH 391.3 426.4 65.07 402.9 438.2 9.62 

10-rPPO 384.0 418.2 61.52 402.4 435.9 1.11 
20-rPPO 412.9 446.4 67.75 420.1 459.9 0.85 
30-rPPO 379.5 413.0 62.05 399.6 435.3 0.90 
40-rPPO 373.4 404.0 61.50 392.1 422.7 0.80 
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Fig. 6  Dynamic mechanical properties of HPPH and 
various rPPO/HPPH resins cured at 300 °C: (a) storage 
modulus versus temperature, (b) tanδ versus temperature

 
Table 2  The DMA data of HPPH and various rPPO/HPPH resins 
cured at 300 °C 

 HPPH 10-rPPO 20-rPPO 30-rPPO 40-rPPO
Tα1 (°C) − 232, 249 243 216 194 
Tα2 (°C) 351 338 392 326 314 

blends cured at 300°C showed high storage modulus. The 
high modulus may be credited to the aromatic and crosslinked 
microstructure. The minimum and maximum modulus were 
over 2500 and 4500 MPa, respectively, indicating that the 
mechanical properties of cured HPPH and rPPO/HPPH were 
good. The DMA curve of cured rPPO/HPPH system 
exhibited two tanδ peaks. One peak located at above 200 °C 
was attributed to the glass transition of rPPO segments. This 
indicated that the rPPO reacted with the ―CN group to 
extend the network chain, contrasting with the glass transition 
of the neat rPPO observed by DSC. The high Tg may also 
signify the good thermal and thermo-oxidative properties of 
cured HPPH and rPPO/HPPH observed by TGA. The other 
peak located at above 310 °C was attributed to the glass 
transition of the network of cured HPPH. 

From Table 2, the effect of rPPO contents on glass 
transition is consistent with the Td,5% observed by TGA under 
N2 and air atmosphere. For cured 20-rPPO, the Tα1 and Tα2 
were up to 243 and 392 °C, respectively, which was superior 
to the other blends, and such difference may be attributed to a 
balance between the crosslinking and plasticization effect of 
rPPO. For cured HPPH, 10-rPPO, 30-rPPO and 40-rPPO, the 
Tα1 and Tα2 decreased along with the increase of rPPO, which 
may be due to a dominant plasticization effect of rPPO. The 
overall network formation involved in rPPO/HPPH curing is 
depicted in Scheme 3. 

Dielectric Constant and Dissipation Factor 
The dielectric constant and dielectric factor as a function of 
frequency for cured samples at room temperature are 
illustrated in Fig. 7. The dielectric constants measured at   
107 Hz were 4.51, 4.16, 3.91 and 3.81 corresponding to the 
cured HPPH, 10-rPPO, 20-rPPO and 30-rPPO, respectively. 
The difference may be attributed to the low polarity and 
hydrophobic structure of the rPPO chain, the part rPPO 
chemically bonded to HPPH phase and low water absorption 

 

 

Scheme 3  Likely cured network structure of rPPO/HPPH blends 
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Fig. 7  (a) The dielectric constant and (b) dissipation factor 
of the HPPH and various rPPO/HPPH resins cured at 300 °C 

 
of the cured rPPO/HPPH. From Fig. 7(a), the addition of 
rPPO greatly reduced the dielectric constants of HPPH. The 
measured dissipation factor values at 107 Hz were 0.00172, 
0.00382, 0.00313 and 0.00236 corresponding to the cured 
HPPH, 10-rPPO, 20-rPPO and 30-rPPO, respectively, as 
shown in Fig. 7(b). The dissipation factor of cured HPPH was 
lower than that of the cured rPPO/HPPH, which may be 
caused by the interface polarization effect of phase separation. 
The dissipation factor of cured rPPO/HPPH decreased with 
the increasing content of rPPO. The difference may also be 
attributed to the low polarity and hydrophobic structure of the 
rPPO chain and low water absorption of the cured 
rPPO/HPPH. 

Moisture Resistance 
The water absorption capability was measured by absorption 
experiments in boiling water over a course of 40 h with the 
0.8−1 g samples of cured HPPH and various rPPO/HPPH.  
Figure 8 shows the water absorption of the cured polymers in 
boiling water. The cured polymers HPPH, 10-rPPO, 20-rPPO 
and 30-rPPO showed a maximum boiling water amount of 
approximately 1.53%, 1.46%, 0.92% and 1.26%, respectively, 
after 40 h immersion. The absorbed moisture of all cured 
rPPO/HPPH blends was lower than that of HPPH. The 
difference may be attributed to the low polarity and 
hydrophobic structure of the rPPO chain. For cured 20-rPPO, 
the moisture absorption was lower than that of cured 10-rPPO. 
The phenomenon may be resulted from the higher cross-link 
density and the higher content of rPPO. Furthermore, the  

Fig. 8  Boiling water absorption of the HPPH and various 
rPPO/HPPH resins cured at 300 °C 

 
moisture absorption was also lower than that of cured 
30-rPPO. This may be due to the higher degree of phase 
separation and lower cross-link density of the cured 30-rPPO 
blend. From Fig. 8, the rPPO greatly reduced the moisture 
absorption of HPPH system.   

CONCLUSIONS 

The rPPO was used to modify HPPH without compatibilizer 
and the resulting polymers showed partly chemical bonded 
phase separation. The cured rPPO/HPPH showed good 
thermal and mechanical properties. The increasing content of 
rPPO greatly improved the moisture resistance and reduced 
the dielectric property. The prepared rPPO/HPPH polymer 
network exhibited high modulus and high Tg of 392 °C. And 
the rPPO/HPPH system also showed a large processing 
window (over −67 °C).  

This study may open up a new research direction of the 
PN application to PCB through blending.  
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