RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Page 1 of 19 RSC Advances

Temperature for curing phthalonitrile-terminated poly(phthalazinone ether

nitrile) reduced by a mixed curing agent and its curing behavior

Zhihuan Weng""¢, Jiayi Fu™®, Lishuai Zong™®, Cheng Liu**, Jinyan Wang**"", Xigao Jian*>*

a State Key Laboratory of Fine Chemicals, Dalian University of Technology, Dalian 116024,
China

b Liaoning High Performance Resin Engineering Research Center, Dalian University of
Technology, Dalian 116024, China

¢ Department of Polymer Science & Materials, Dalian University of Technology, Dalian 116024,

China

*Corresponding author: wangjinyan@dlut.edu.cn



RSC Advances

Abstract

A mixture of ammonium molybdate tetrahydrate and urea (AMTU) was developed successfully
to catalyze phthalonitrile to afford 2,4,6-tris(2-cyanophenyl)-1,3,5-triazine. Then AMTU was
employed as curing agent to promote the curing reaction of phthalonitrile-terminated
poly(phthalazinone ether nitrile) (PPEN-Ph), and the effect of novel curing agent was studied by
differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). The initial
curing temperature and apparent activation energy Fa (based on Kissinger equation) were
reduced from 268.5 °C and 201.5 kJ-mol™ on the common curing agent ZnCl,, to 223.0 °C and
78.4 kJ-mol™ on AMTU, respectively, under identical curing conditions. Moreover, the resulting
thermosetting resin over AMTU showed excellent thermal stability, the Tyso, and Tg;o0, Were 487
°C and 540 °C, respectively, and char residue was up to 75% at 800 °C. These results indicated
that AMTU could reduce the curing temperature for PPEN-Ph effectively, and it may be a good

candidate as curing agent for phthalonitrile resins.

Keywords: phthalonitrile; 1,3,5-triazine; ammonium molybdate tetrahydrate; urea; thermal

curing
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1. Introduction

Three-dimensional polymers containing aryl-s-triazine moieties have superior thermal
stability, excellent mechanical properties, and unique optical and electrical properties, they have
been found many applications in advanced technologies, such as aerospace and marine.' These
polymers were synthesized via the thermal curing reaction of phthalonitrile-terminated oligomers
at high temperature. Usually, there were two common curing agents for this reaction: Lewis acid
such as ZnCly;*’ and aromatic diamine such as 1,3-bis(3-aminophenoxy)benzene (m-APB),
bis[4(4-aminophenoxy)phenyl]sulfone (p-BAPS), and bis(4-aminophenyl)-sulfone (BAS).5!!
However, relatively high curing temperature and long curing time are the major problems
concerned in current status of research and application. Thus, several methods have been

developed to improve the situation.'*®

B. Amir et al. successfully synthesized some new amino-
and imide-containing phthalonitrile compounds with 1:1 molar ratio of amino group to
phthalonitrile unit, and they were thermally polymerized even in the absence of curing
additives.'? P. Selvakumar et al. reported that the use of ionic liquid as solvent and microwave
irradiation significantly increased the rate and yield of the reaction.”’ One of the powerful
approaches is to design high-performance curing agent, it is also benefit to enhance the
properties of phthalonitrile resins and extend their application, however, there are a few papers
on this area to date."”** 4-aminophenoxy phthalonitrile has been synthesized and utilized to
catalyze the curing of resorcinol-based phthalonitrile monomer, this strategy was limited by the
design of monomer struture.'” Graphene oxide (GO) possessing hydroxyl and epoxy groups was

prepared and examined as a curative for amino novolac phthalonitril, however, the dispersion of

GO in monomers should be improved at higher GO loading.”’
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The mixture of metal salt, urea, ammonium chloride and ammonium molybdate have been
employed as catalyst to synthesize perfluoroalkyl phthalocyanine from phthalonitrile
successfully.”*** Our research has demonstrated that the mixture of ammonium molybdate
tetrahydrate and urea (AMTU) also could effectively catalyze phthalonitrile to afford 2,4,6-
tris(2-cyanophenyl)-1,3,5-triazine (TCPT) with NMP as solvent at 200 °C under air atmosphere
(Scheme 1). In this article, we attempted to employ AMTU as a curing agent of phthalonitrile-
terminated oligomers to reduce the curing temperature.

Our laboratory has synthesized a series of organosoluble poly(phthalazinone ether nitrile)
(PPEN), these polymers showed high mechanical strengths and good thermal properties.
Moreover, they can be easily cast into tough and creasable films, their applications such as

d. 3% In

proton exchange membrane and high-temperature coating have been successfully studie
order to improve the thermal stability of PPEN and extend its application, two phthalonitrile (Ph)
moieties were introduced to the chain terminal of the polymers to afford PPEN-Ph, and the
curing reaction can be proceeded between the terminal cyano groups over curing agent.”” > With
increasing molecular weight, the glass transition temperature (7,) of PPEN-Ph will be risen and
the number of terminal cyano groups will be declined. Thus, the collision rate of cyano groups
will be reduced and the curing temperature will be increased, furthermore, the curing peaks in
differential scanning calorimetry (DSC) will not be obvious. According to preliminary studies,
PPEN-Ph with molecular weight of 800 was employed in this work, to test its curing behavior

over various curing agents.
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Scheme 1. Synthesis of TCPT from phthalonitrile over catalyst.

2. Experimental
2.1. Materials

DHPZ was purchased from Dalian Polymer New Material Co., Ltd and recrystallized with
DMAc. Anhydrous K,CO3; was ground and dried in vacuum at 110 °C for 24 h prior to use. All

solvents and other reagents were purchased from commercial sources and used as received.

2.2. Measurement and characterization
High performance liquid chromatogram (HPLC) was performed on an HP1100 liquid
chromatography. Electrospray ionization-mass spectrometry (ESI-MS) was performed on a

HP1100LC/MSD mass spectrometer equipped with an Agilent Extend® C18 column in a liquid

chromatography mode. Samples were determined by selected ion monitoring with ESI negative
ionization mode (CID=50 V). Infrared spectra were recorded on a Thermo Nicolet Nexus 470
Fourier transform infrared spectrometer, using potassium bromide pellets of solids. '"H NMR
(400 MHz) spectra were obtained on a Bruker Avance II 400M nuclear magnetic resonance
spectrometer operating at 25 °C using CDCl; as solvent and listed in parts per million downfield
from tetramethylsilane (TMS). Thermogravimetric analysis (TGA) curves were measured on a

Mettler TGA/SDTAS851 thermal gravimetric analysis instrument in flowing nitrogen (50
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mL-min™") at a heating rate of 20 °C-min”' from 50 to 800 °C. Glass transition temperature (7y)
and curing temperature of maximum peaks (7, and 7";) were determined with a Mettler DSC822
differential scanning calorimeter (DSC) under nitrogen flow at a heating rate of 10 °C-min”' from
100 to 400 °C. The T, value was taken at the inflection point, and 7}, and 7", were recorded at the

exothermal peak of DSC curves.

2.3. Synthesis of TCPT

TCPT can be prepared from phthalonitrile over ZnCl,, BAS or AMTU, a procedure with
ZnCl, was given as a typical example. A 100-mL three-necked round-bottom flask equipped
with mechanical stirrer under reflux was charged with a mixture of phthalonitrile (1.28 g, 10
mmol) and ZnCl, (0.064 g, 0.47 mmol) at a mass ratio of 20:1. Then, N-methyl pyrrolidone
(NMP) (5 mL) was added. The reaction mixture was stirred at 200 °C for 8 h under air
atmosphere. The reaction solution was diluted with NMP and analyzed by HPLC and HPLC-MS.
In the case of AMTU, The mass ratio of ammonium molybdate tetrahydrate and urea was 1:1.
The reaction mixture was stirred at 150 °C for 1 h firstly, and then hold at 200 °C for another 7 h

under air atmosphere.

2.4. Synthesis of PPEN-Ph

The preparation of PPEN-Ph**** was carried out under nitrogen atmosphere. DHPZ (23.80 g,
0.10 mmol), ground anhydrous K,COs (19.35 g, 0.14 mmol), DMSO (30 mL), and toluene (50
mL) were placed in a 250-mL three-necked round-bottomed flask equipped with mechanical
stirring and reflux as well as a water segregator. The mixture was stirred and refluxed at 140-150

°C until the water was completely removed via azeotropic distillation with toluene. After
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eliminated the excess toluene via elevating the temperature to 165 °C, the system was cooled to
room temperature.

Then DFBN (6.96 g, 0.05 mol) was added into the mixture, and the reaction was hold at 110
°C for 1 h, 160 °C for 3 h, and 190 °C for 2 h, respectively. After that, the system was cooled
down to 80 °C, and NPh (19.04 g, 0.11 mol) was added. Then reaction temperature was
maintained at 80 °C for 12 h. The final solution was poured into hot water. The crude product
was washed three times with hot water and dried. The crude product was refined with CHCl; and
extracted with methanol for 24 h. A yellow product was recovered after vacuum drying at 150 °C
for 24 h. Yield: 39.6 g (95.7%). FT-IR (KBr, cm™): 3080 (=C-H), 2233(C=N), 1675 (C=0),
1593, 1508 (C=C), 1487, 1461, 1323, 1249 (Ph-0), 1168, 1020, 977, 857, 783, 695. '"H NMR
(400 MHz, DMSO-d6, ppm): 8.64 (br, 2H), 8.49 (br, 2H), 7.92 (br, 4H), 7.85 (br, 6H), 7.77 (br,

1H), 7.70 (br, 2H), 7.41 (br, 2H), 7.34 (br, 4H).

2.5. General procedure for thermal curing

Thermosetting resins were prepared by the direct thermal curing of PPEN-Ph in the presence
of curing agents, a typical experiment was carried out as following. A mixture of PPEN-Ph and
curing agent with a mass ratio of 20:1 was blended, ground, and pressed into a sheet. This sheet
was then cured successively at 250 °C for 2 h, 280 °C for 2 h, and 300 °C for 8 h under air
atmosphere, to afford a black solid. In the case of AMTU, the mixture was heated at 150 °C for 1

h prior to curing.

3. Results and discussion

3.1. Synthesis of TCPT over AMTU
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To check the feasibility of employing AMTU as curing agent for phthalonitrile-terminated
oligomers, herein, trimerization of phthalonitrile was chosen as the model reaction to compare
the activity of formation of 1,3,5-triazine over various catalysts. The distribution of products and
corresponding structures were detected via HPLC and HPLC-MS. In the cases of AMTU and
ZnCl,, products TCPT and compound 2 with molecular weight of 384 and 402 were identified,
respectively. Moreover, the mole ratio of TCPT/compound 2 was 1/1.68 in the system with
AMTU, whereas this value was 1.38/1 with ZnCl,. This result indicated that AMTU was more
beneficial to afford compound 2 than ZnCl, under the present reaction conditions. Burchill et.
al’® have reported that TCPT was produced from phthalonitrile through Route A (Scheme 2)
under the presence of organic amine or ammonium salt. In the case of AMTU, the phenomenon
probably can be explained by the existence of weak base urea, which induced the reaction route
B to afford compound 2 from 1, and the dehydration of compound 2, acted as the rate-
determining step, should need higher temperature to promote the reaction. It is noted that neither
TCPT nor compound 2 was detected in the reaction with BAS, which illustrated that
trimerization of phthalonitrile can’t be proceeded smoothly under the present reaction conditions.
Based on these results, it is worth to make attempt to employ AMTU as a curing agent for

phthalonitrile-terminated oligomers.
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Scheme 2. Reaction route to afford TCPT and compound 2 over AMTU.

3.2. Preparation of PPEN-Ph

As mentioned above, phthalonitrile-terminated PPEN has been synthesized successfully in
our lab (Scheme 3). Higher density of terminal cyano groups will be benefit for thermal curing,
in this work, the chain length was tuned by regulating the feed ratio, and the molecular weight of
PPEN-Ph was fixed around 800. The structure of obtained PPEN-Ph was confirmed by FT-IR
and '"H NMR. In the FT-IR spectrum (Fig. la), the band for Ph—~O—Ph at 1249 cm™' was the
evidence for reaction between DFBN and DHPZ. And the peaks attribute to N-H (6=12.64) and
O-H (8=9.70) in DHPZ disappeared in the "H NMR spectrum of resulting oligomer (see Fig. S1
in Supplementary Information). Combined these results, it can be concluded that PPEN was

completely terminated by NPh.** The thermal behavior of PPEN-Ph was investigated by DSC.
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As seen in Fig. 2, the 7, of PPEN-Ph was 165 °C (10 °C-min”', second scan), and this supply the

feasibility of conducting the curing reaction at low temperature.
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Scheme 3. Preparation of PPEN-Ph and its curing route.
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Fig. 1. IR spectra of PPEN-Ph a) and cured PPEN-Phs with various curing agents (b: BAS; c:
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Fig. 2. DSC curve of PPEN-Ph.

3.3. Thermal curing of PPEN-Ph

11
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With the designed molecular weight PPEN-Ph in our hands, two common curing agents BAS
and ZnCl, were employed as reference to compare the curing behavior over AMTU. As the
products in curing of PPEN-Ph were insoluble in the tested solvents, FT-IR has been confirmed
to be a powerful characterization approach to detect the structure. As shown in Fig.1b-d, the
spectra of the mixture after curing over three curing agents were similar, which indicated that the
curing products over AMTU were close to those with BAS and ZnCl,. However, compared with
the IR spectrum of pristine PPEN-Ph, the intensity of peak around 2234 cm™" attribute to C=N
was declined, and some new peaks appeared. For example, two peaks at 1773 cm ' and 1728
cm ' were assigned to the new bonds of C=N and C-N, respectively, while peaks at 1405 cm™'
and 1358 cm ' can be considered as evidence for formation of aryl-s-triazine moieties. Thus, it
can be said that the thermal curing of PPEN-Ph can be proceeded smoothly over AMTU as other
common curing agents.

Thermal stability of the resulting thermosetting resin also is the criteria to evaluate the
performance of curing agent. TGA curves of the cured PPEN-Ph over various curing agents were
illustrated in Fig.3. The main data including the temperature at weight loss 5% (74s%) and 10%
(T410%), as well as the char yields at 800 °C (Cyz00), were summarized in Table 1. Although the
Cygoo of cured PPEN-Ph over AMTU (75%) was little lower than that over BAS (79%), the
values of Tyso, and Tyj0, over former were higher than those over latter, respectively, and the
T4100 was enhanced by 28 °C. Actually, the thermal properties of cured PPEN-Ph with AMTU
were very close to those with ZnCl, under identical curing conditions. Therefore, it is reasonable
to assume that AMTU should be a competitive curing agent for phthalonitrile resins compared

with other agents.

12
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Fig. 3. TGA curves (20 °C-min™", N,) of cured PPEN-Ph over different curing agents.

Table 1The main data of TGA curves of resulting PPEN-Ph over various curing agents

Curing agents  Tyso, /°C T410% /°C Cys00 /%
BAS 483 512 79
ZnCl, 488 536 76
AMTU 487 540 75

3.4. Curing kinetics

To further study the performance of curing PPEN-Ph over AMTU, curing kinetics were
determined by DSC. PPEN-Ph was blended with different curing agents with a mass ratio of 20:1,
then the mixtures were successively scanned at different heating rates (5 °C-min™", 10 °C-min™,
15 °C-min”', and 20 °C-min™") from 100 °C to 400 °C on DSC. The DSC curves of the reactions

with different curing agents were presented in Figs.S2, S3, and S4 (Supplementary Information),

and the main data were listed in Tables S1, S2, and S3 (Supplementary Information).

13
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It is noted that two distinct curing peaks appear in the DSC curves: the first one (7},) was
around 230-300 °C and another one (7",) was in the range of 340—400 °C. The curing reaction
was began from 230-300 °C, as the reaction proceeded, the movement of molecular chain
segments was blocked, and the collision rate between terminal cyano groups on the molecular
chain was declined. However, the molecular chain segments can be continued to move with
increasing curing temperature and the curing reactions can be proceeded again. Therefore, the
curing reaction was divided into two steps, and there were two distinct curing peaks in the DSC
curves. Herein, the DSC curves were analyzed based on the following assumption: the
exothermic heat evolved during curing is proportional to the conversion of cyano groups“. In the
cases of BAS and AMTU, the intensities of peaks around 230-300 °C were much higher than
those around 340-400 °C. However, the intensities of these two peaks were similar on ZnCl,.
Therefore, it can be said that the curing reaction of PPEN-Ph with AMTU mainly occurred in the
low temperature range. Based on the DSC curves, the temperature of the two maximum peaks
(T, and T",) was listed in Tables S1, S2, and S3 (Supplementary Information). Then linear graphs
of the heating rate versus 7, and 7", were made in Fig.S5, S6, and S7 (Supplementary
Information), respectively. With these in hands, the curing temperature under isothermal
conditions (7 and T"y) can be determined as the value of Y while extending the X axis to zero
in Fig.S5, S6, and S7, and the calculation results were summarized in Table 2. It is clear that the
lowest 7,0 was obtained with AMTU as curing agent, which means that curing of PPEN-Ph on
AMTU under real experimental conditions needed lower initial temperature compared with BAS

and ZnCl,.

14
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Table 2 T;,o and 7" of curing reactions with different curing agents

Curing agents Tho /°C Ty /I°C
BAS 245.5 332.0
ZnCl, 268.5 360.5
AMTU 223.0 338.5

The apparent activation energy Ea of the curing reaction also can be considered as the

reference to evaluate the performances of various curing agents for curing PPEN-Ph, usually, it

could be calculated via the Kissinger equation

32,33

and the Ozawa equation’* (Calculation details

can be seen in Supplementary Information). Herein, the Ea based on 7}, was taken as the sample

for calculation, and the results were summarized in Table 3. It is clear that the £a on BAS and

AMTU were much lower than that on ZnCl, based on the two calculation methods. Thus, the

curing reactions with BAS and AMTU as curing agents can be much more easily proceeded

under mild reaction conditions compared with ZnCl,.

4. Conclusion

Table 3 Ea of curing reactions with different curing agents

Curing agents

Ea / kJ-mol™

Kissinger equation

Ozawa equation

BAS
Zl’lClz

AMTU

66.7
201.5
78.4

72.2
200.3

82.9

Easily available AMTU has been successfully employed as the catalyst for trimerization of

phthalonitrile. Furthermore, introduction of AMTU as curing agent into phthalonitrile-terminated

15
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poly(phthalazinone ether nitrile) (PPEN-Ph) oligomers resulted in considerable reduction of cure
temperature without compromise in their thermal properties, compared with present common
curing agents (BAS and ZnCl,). Although the curing pathway of PPEN-Ph over AMTU and
other properties of resulting thermosetting resins are studied currently under way, this work still
can supply some valuable information for the researchers in this field to explore high-

performance curing agent on phthalonitrile resins.
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