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Abstract: A new type of phthalonitrile-etherified resole
resin (PNR) was synthesized from resole resin and 4-
nitrophthalonitrile. The differential scanning calorimetry
results showed that the curing temperature of PNR is lower
than that of phthalonitrile resin. Excellent thermal stability
and bonding properties were obtained after curing at
220°C. TGA showed that in air, the temperature of 5%
weight loss (T5%) of the cured PNR was 446°C, approxi-
mately 41°C higher than that of resole resin (RS), and the
char yield at 800°C increased from 4% for RS to 33% for
PNR. The shear strengths of PNR at room temperature and
high temperature were increased by 8% and 133%,
respectively, over those of RS, and after aging at 350°C
for 2 h, these values were increased by 262% and 198%,
respectively, over those of RS. Its excellent curing behavior,
heat resistance and high bonding strength show that PNR
can be used as a high temperature-resistant adhesive.

Keywords: phthalonitrile, resole resin, adhesion, heat
resistance, heat ageing

1 Introduction

Phenolic resins are traditional synthetic resins, which offer
the advantages of low-smoke release as well as being flame
retardant; weather, high temperature and humidity resis-
tant; and inexpensive (1). However, they also suffer from
high cross-linking density and toughness, and the presence
of methylene and phenolic hydroxyl groups in the main
chain makes it easy to oxidize, which affects its heat
resistance and limits its applicability in modern high-tech
industries (2,3). Phenolic resin can be categorized as
novolac resin (NV) and resole resin (RS). RS can be cured
by simple heating without a curing agent and is the
traditional resin for adhesives. It has excellent bonding
strength and weathering resistance (4). Many studies on the
heat resistance of phenolic resin have been reported,
including investigations of introduced silicon–boron heat-
resistant structures (5,6), benzoxazines (7,8) and phenolic
cyanate esters (9,10); phenolic resins modified with allyl
groups and double bonds (11,12); propargyl phenolic resins
(13,14); and phthalonitrile-modified NV (15–19).

Phthalonitrile resin is a new high-performance resin with
excellent mechanical properties, low water absorption and
outstanding high-temperature resistance (20). However, the
curing reaction of phthalonitrile resin is very slow even at
high temperature (20). Amines (20,21), metal salts (22,23) or
phenolic compounds (24–27) can reduce the curing tempera-
ture. The heat resistance andmechanical properties of RS can
be significantly improved by modification with nitrile groups.
Moreover, phenols can promote the cross-linking and curing
of nitrile groups (27). Recent studies have mainly focused on
the nitrification of NV and achieved good modification
results. There are few reports on the nitration of RS.

In this study, phthalonitrile-etherified resole resin
(PNR) was prepared from 4-nitrophthalonitrile and RS.
Its structure, curing behavior, thermal properties and
bonding properties were studied.
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2 Materials and methods

2.1 Materials

Phenol and 37% formaldehyde were purchased from
Chemical Purity, Shanghai Guoyao Co., Ltd. 4-Nitrophthalo-
nitrile was purchased from Shijiazhuang Aifa Chemical
Technology Co., Ltd. N,N-Dimethylformamide (DMF) was
purchased from Tianjin Guangfu Fine Chemical Research
Institute. Anhydrous potassium carbonate, zinc oxide and
butanone were purchased from Chemical Purity, Beijing
Chemical Plant.

2.2 Preparation of resins

2.2.1 Preparation of RS

A total of 94 g of phenol was added to the three-necked
flask, 1.6 g of zinc oxide was added, stirring was done,
and the temperature was increased to 95°C to 100°C, and
154 g of formaldehyde 37% was slowly added dropwise.
Continue stirring was done at this temperature for 3 h.
After cooling to room temperature, the resin was washed
with distilled water and then vacuumed to remove small
molecules. When the resin gel time is between 120 and
300 s, butanone was added.

2.2.2 Preparation of PNR

First, according to the PNR chemical formula, 80mL of
dried DMF and 26 g of 4-nitrophthalonitrile were added
to a 250mL three-neck flask equipped with an agitator,
thermometer and reflux condenser. After stirring until
reagent dissolution, 30 g of RS was added, and the
mixture was stirred to increase the temperature to 60°C.
The reaction was carried out in nitrogen atmosphere.
Then, 18 g of catalyst was added. Stirring was continued
until all the solids had dissolved, and the contents were
heated to 80°C and maintained at this temperature for
16 h. After the reaction was completed, the mixture was
cooled to room temperature, and the reaction liquid was
slowly poured into 1.5 L of cold water while stirring. The
product was precipitated, neutralized by adding hydro-
chloric acid and then extracted with methyl ethyl ketone.
Finally, the solvent was removed by distillation under
reduced pressure to obtain yellowish brown PNR with a
yield of 70–80%. The reaction route is shown in Figure 1.

2.3 Cure procedure

The PNR was cured by heating in an electric drying oven
under air atmosphere at 180°C for 2 h, followed by 220°C
for 4 h. The RS was cured by heating in an electric drying
oven under air atmosphere at 150°C for 2 h, followed by
180°C for 4 h.

2.4 Characterization

The bond strength of PNR in steel-steel systems was
measured by the lap shear method and compared with
that of RS following GB/T 7124-2008. The strength was
determined as the average value of five test samples.
Specimen treatment: steel strips measuring 60mm ×
20mm × 2 mm were used to test the shear strength.
Mechanical polishing was performed with a no. 80
emery cloth, as the surface of the steel to be bonded
needs to be smooth and uniform; then, the samples were
washed and degreased with acetic acid ethyl acetate and
dried at room temperature for 10–15 min. Gluing: a thin
layer of resin was applied on the surface of the treated
test piece, which was then left at room temperature for
10–15 min. Another thin layer of resin was applied, and
the test piece was left at room temperature for 10–15 min.
Finally, the test piece was placed in an oven at 80°C.
After baking for 10–15 min, when the resin on the test
piece could not be drawn or broken, the test piece was
joined. The curing stresses ranged from 0.1 to 0.4 MPa,
and the bonded test piece was thermally cured by
heating in an electric drying oven under air atmosphere
at 180°C for 2 h, followed by 220°C for 4 h. Fourier
transform infrared (FT-IR) spectra were recorded from
KBr discs with a Bruker VECTOR-22 spectrometer and the
following parameters were noted: resolution, 4 cm−1;
number of scans, 32; and scanning range, 4,000–
600 cm−1. Proton nuclear magnetic resonance spectro-
scopy (1H-NMR) was performed with a Bruker Advance-
400 NMR spectrometer with deuterated dimethyl sulf-
oxide-d6 as the solvent and tetramethylsilane as the
internal standard. Differential scanning calorimetry
(DSC) was carried out with a Perkin Elmer PYRIS-1
analyzer from 25 to 400°C at a heating rate of 10°Cmin−1

under nitrogen. Gel permeation chromatography (GPC)
analysis was performed with a Shimadzu LC-20AD pump
delivering tetrahydrofuran as the eluent and with
polystyrene as the calibration standard. Dynamic me-
chanical analysis (DMA) was performed on a SEIKO SII
Exstar DMA6100 in 3-point bending mode to measure the
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storage modulus and damping factor (tan δ) of the
material in a nitrogen atmosphere from 20°C to 400°C
at a heating rate of 5°C min−1 and a frequency of 1 Hz.
Thermogravimetric analysis (TGA) was performed on a
PerkinElmer Diamond calorimeter at a heating rate of
10°Cmin−1 under flowing nitrogen or air (flow rate
60mLmin−1). Rheological studies were performed from
40°C to 250°C at a heating rate of 5°C min−1 using a
Bohlin rheometer (Gemini 200) with a 25 mm diameter
parallel plate fixture. X-ray diffraction (XRD) was
conducted with a SHIMADZU (XRD-7000) operating at
40 kV and 40mA with Ni-filtered Cu Kα radiation (λ =
0.15406 nm) in the reflection mode. The 2θ was collected
from 5° to 163° with the interval of 0.02° at a scanning
speed of 4° min−1. The morphology of the surfaces of the
resins was observed by SEM (JEOL JSM-IT300LV)
operating at 20 kV.

3 Results and discussion

3.1 Characterization of the PNR

Figure 2 shows the FT-IR spectra of PNR and RS. As
shown in Figure 2 (RS), the wide absorption band at

3,400 cm–1 corresponding to the hydroxyl was observed
and the bending vibration band of the methylol group at
1,080 cm−1 was obvious. Compared to the spectrum of
RS, the characteristic absorption band of phenolic
hydroxyl groups at 3,400 cm−1 in the spectrum of PNR
was less intense, and a characteristic absorption band
for a cyano (CN) group at 2,230 cm−1 was present.
Therefore, the CN bond was successfully introduced
into the structure of RS. The bending vibration band of

Figure 1: Synthesis of PNR.

Figure 2: FT-IR spectra of PNR and RS.
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the methylol group at 1,080 cm−1 did not change
significantly, indicating that there was no condensation
between phenolic methylol groups. Compared with that
of phthalonitrile novolac resin (27), there were no
methylol groups in its structure.

As shown in Figure 3, the resonances at 6.6–7.1 ppm
correspond to the benzene ring hydrogen in RS, while
the resonances of benzyl hydrogen in PNR are located at
2.7–4.2 ppm. The resonances at 8.5–9.5 ppm, corre-
sponding to the phenolic hydroxyl protons, were present
in the spectrum of RS but absent in that of PNR,
indicating phenol hydroxyl group reaction, and ac-
cording to the H-NMR data, degree of phthalonitrile
substitution was 69%. The new resonance at a chemical
shift of 7.0–8.4 ppm in the PNR spectrum may
correspond to the protons in phthalonitrile groups (16),
and this result can confirm the occurrence of the
etherification reaction of phthalonitrile and RS. The
resonance of the methylol hydrogen at a chemical shift
of 4.3–4.5 ppm did not change significantly, and there
were no resonances at 4.6–4.8 ppm, corresponding to
hydrogen on methylene ether moieties, indicating that
RS itself did not undergo condensation reactions.

The GPC chromatograms of PNR and RS are shown
in Figure 4. The molecular weight characteristics of PNR

and RS are presented in Tables 1 and 2. As shown in
Figure 4, the GPC curves of RS and PNR had similar
profiles, indicating that their molecular weight distribu-
tion characteristics are similar. The elution time of PNR
is shorter than that of the RS, indicating that the
molecular weight of PNR is higher, which was attributed

Figure 3: 1H NMR spectra of PNR and RS.

Figure 4: GPC results of PNR and RS.
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to the etherification reaction between phthalonitrile and
RS. As presented in Table 1, it could be seen that RS resin
was a mixed polymer with a nonsingle structure, in
which the number average molecular weight of the
polymer whose main structure accounted for 66% was
1,437 gmol–1 with a polydispersity index of approxi-
mately 2.37. After modification, the number average
molecular weight of 41.8% PNR was 3,449 gmol–1 with a
polydispersity index of approximately 1.34. The number
average molecular weight of phthalonitrile novolac resin
ranges from 1,030 to 1,700 gmol–1 (27).

3.2 Curing behavior of the PNR

As shown in Figure 5, the thermal cure characteristics of
PNR and RS were studied by the DSC analysis. The DSC
curve of RS showed an exothermal peak between 150°C
and 250°C with a peak value of 197°C. PNR produced
several exothermic peaks between 150°C and 300°C with
a peak temperature of 256°C. The curing reaction
involves methylol condensation and nitrile polymeriza-
tion, and the two shoulder peaks from 150°C to 200°C
should correspond to the exothermic methylol self-
condensation. Compared with those of phthalonitrile
resins, the curing temperature of PNR was obviously
lower, the curing time was significantly shortened, and
the curing reaction was accelerated. These changes
occurred because the phenolic hydroxyl groups in the

PNR structure may promote the cyclization reaction,
effectively increasing the content of heat-resistant
heterocyclic rings in the cured PNR, as reported in the
literature (28). In addition, compared with that of
phthalonitrile novolac resin (PN) (16), the maximum
exothermic curing temperature of PNR was lower by 28°C
because PNR contains more methylol groups, which may
accelerate the rate of curing of the nitrile groups.

The FT-IR spectra of PNR cured at different
temperatures were acquired, and the results are shown
in Figure 6. It can be seen from the FT-IR curve of PNR
cured at 140°C that the peak of the characteristic
absorption band of the methylol groups at 3,400 cm−1

had almost disappeared, indicating that the curing
reaction of the methylol groups was almost complete.
In addition, with the increasing curing temperature of

Table 1: GPC parameters of RS

% Mn Mw Mw/Mn

I 66.0 1,437 3,407 2.37
II 7.3 374 378 1.01
III 10.1 224 232 1.03
IV 5.6 131 133 1.01
V 11.0 79 81 1.02

Table 2: GPC parameters of PNR

% Mn Mw Mw/Mn

I 41.8 3,449 4,638 1.34
II 10.6 1,225 1,251 1.02
III 6.8 800 809 1.01
IV 6.4 557 562 1.01
V 12.1 362 371 1.02
VI 14.1 200 204 1.02
VII 8.2 79 80 1.02

Figure 5: DSC results of PNR and RS.

Figure 6: FT-IR spectra of PNR at different temperatures.
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the PNR, the characteristic peak of the CN groups at
2,230 cm−1 weakens, but the reaction is not complete.
The peak heights of the characteristic absorption peaks
of the nitrile groups cured at 220°C, 260°C and 300°C are
similar. Therefore, the ideal curing process of PNR
occurs at 220°C.

3.3 Thermal and thermal oxidation analysis

The thermal stability and thermal oxidation performance
of the resin are important indexes for its application in a
high-temperature environment. Thus, TGA of cured PNR
and RS samples was performed in both air and nitrogen
atmospheres, and the results are shown in Figure 7.
Figure 7a shows that the temperature of the 5% weight
loss (T5%) and char yield at 800°C of cured PNR in an air

atmosphere were 446°C and 33%, respectively, which
were approximately 41°C and 29% higher than those of
cured RS. Furthermore, the T5% and char yield at 800°C
of cured PNR in N2 atmosphere (Figure 7b) were 380°C
and 76%, which were approximately 16°C and 16%
higher than those of cured RS, which were 364°C and

Figure 7: TGA curves of cured PNR and RS: (a) in air and (b) in N2.

Table 3: TGA results of PNR and RS: (a) in air and (b) in N2

Atmosphere T5%/°C T10%/°C C800°C/%

PNR RS PNR RS PNR RS

Air 446 405 529 472 33 4
N2 380 364 463 449 76 60

T5%: the temperature of 5% weight loss.
T10%: the temperature of 10% weight loss.
C800°C: char yield at 800°C.

Figure 8: DMA curves of the PNR and RS: (a) tan δ and (b) storage
modulus.
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60%, respectively. These results indicated that the
introduction of phthalonitrile groups increased the
content of heterocycles, which should be responsible
for the high char yield of PNR (Table 3).

The dynamic mechanical behavior of the cured PNR
and RS in terms of storage modulus (E′) and loss tangent
(tan δ) is presented in Figure 8. The maximum of the tan δ
curve represents the glass transition temperature (Tg), which
is particularly an important parameter for polymers. The Tg
of the PNR was 232°C, which was higher than the Tg of 197°C
of the RS. This difference revealed that the cured PNR resin
possessed much better thermal stability than the RS resin,
which was due to the appearance of phthalocyanine and
triazine rings with excellent heat resistance. However, the
storage modulus of the cured PNR decreased dramatically at
temperatures above 200°C, which might have been due to
the high mobility of the molecular chains of the phenolic
structures at high temperatures. Figure 8b shows that the
PNR had a higher storage modulus and a higher modulus
plateau (appearing after 250°C) than the RS, indicating that
the PNR had undergone a secondary curing reaction, further
improving its high-temperature performance.

3.4 SEM of resins after thermal oxidation

Figure 9 shows the SEM images of the cured RS and PNR
resins before and after aging. It could be seen from the
figure that after aging of the cured RS resin at 350°C for
2 h, a large number of holes appeared on the surface of
the resin due to high-temperature degradation, the resin
degraded significantly. After aging at 350°C for 2 h, the
surface of cured PNR resin produced fewer holes,
indicating that the PNR resin degraded slowly at high
temperature, and its heat aging resistance was better
than RS resin.

3.5 XRD of cured resins

Figure 10 shows the XRD of the cured PNR and RS resins.
This figure also shows that the noncrystalline diffraction
humps of the resin are 23.0° and 19.3°, respectively. The
distance between atoms of the amorphous polymer
could be calculated by the following equation:

Figure 9: SEM images of cured PNR and RS: (a) cured RS, (b) cured RS/ageing at 350°C, (c) cured PNR and (d) cured PNR, aging at 350°C.
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R λ
θ

5
4 2 sin

= × (1)

where λ was the wavelength of the X-ray, 2θ was the
diffraction angle, and R was the interatomic distance of
the polymer. The atomic distance between the cured
PNR and RS resin could be calculated as 0.482 and
0.574 nm. The closer the atomic distance was, the
higher the heat resistance was (28). Therefore, the heat
resistance of the cured PNR was better than that of RS
resin.

3.6 Processability

The processability of the resin could be characterized by
rheological properties. Therefore, the dynamic melt
viscosity of the PNR was determined from 40°C to
250°C and compared with that measured for the RS. The
results are presented in Figure 11. The viscosity–tem-
perature curves of PNR and RS were similar. The
viscosity of the PNR sharply decreased at 106°C, with
the lowest value of 1.3 Pa s at 158°C, and then rapidly
increased at 190°C. These results indicated that the RS
possesses a narrow processing window of up to 49°C and
that the PNR has a processing window of approximately
84°C, indicating that this resin has excellent processability.

3.7 Bonding properties of the PNR

The lap shear strength of the PNR and RS was studied by
bonding steel to steel. Figure 12 shows the temperature
dependence of the resin shear strength. The shear
strength of the PNR and RS was almost the same at the
room temperature and then decreased with the in-
creasing temperature. The shear strength decreased after
aging for 2 h at 350°C. It was likely that the degradation
of methylene at high temperature reduced the cohesive
force of the resin. However, the lap shear strength of the
PNR decreased less than that of the RS, indicating that
the PNR had better heat resistance than the RS. The lap
shear strength of the PNR was only slightly affected by

Figure 12: Shear strength of steel-steel bonds: (a) RT, (b) 350°C,
(c) RT after 350°C/2 h and (d) 350°C after 350°C/2 h.

Figure 11: Complex viscosity variation with temperature for the PNR
and RS.

Figure 10: XRD patterns of cured PNR and RS.
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temperature. The lap shear strength of the PNR at 350°C
was considerably increased (approximately 133%) com-
pared to that of the RS because the cured PNR has a
heat-resistant heterocyclic structure. It has been proven
that the incorporation of nitrile groups is favorable for
increasing high-temperature adhesion strength.

4 Conclusions

In this study, PNR was successfully synthesized and
characterized. The synergistic effect among the phenolic
hydroxyl groups, hydroxymethyl and nitrile groups signifi-
cantly decreased the curing time and accelerated the curing
reaction of the PNR compared with those of phthalonitrile
resin. The PNR had the advantages of not only an excellent
curing process and the low cost of RS but also the excellent
thermal stability of the phthalonitrile resin. The adhesive
properties of PNR at high temperature and its heat aging
were significantly improved, indicating that this resin can be
used as a matrix resin for high temperature-resistant
adhesives and coatings.
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