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초록: 이 연구에서는 Flynn-Wall-Ozawa 방법을 사용하여 다양한 농도의 황 함유 경화제로 합성된 프탈로니트릴의            

활성화 에너지(E
a
)를 분석하였다. 경화 시간과 온도의 변화를 통해 최적 합성루트를 우선 수행하였으며, 이를 기반             

으로 5-15%의 경화제를 적용하여 제조된 샘플의 열특성을 분석하였다. 다양한 농도 중, 15% 농도의 경화제가 가장              

높은 열 안정성을 나타내었다. 그러나, 황 함유량의 비율이 높아질수록 열 안정성의 증가폭은 점차 감소되는 것 또               

한 관찰되었다. 마지막으로, 샘플의 열 안정성과 비례상관적인 관계에 있는 E
a
의 결과값을 통해 Flynn-Wall-Ozawa            

수식의 유효성을 검증하였다.

Abstract: This study employed the Flynn-Wall-Ozawa method to determine the activation energy (E
a
) of             

phthalonitrile (PN) synthesized with varying concentrations of a sulfur-containing curing agent. The synthesis            

process, characterized by various routes differing in curing times and temperatures, revealed that an optimal balance               

is critical for ideal thermal characteristics. It was observed that a 15% concentration of the curing agent offered the                 

highest thermal stability. However, the proportion of sulfur content did not directly correlate with the applied               

proportion of curing agents, hinting at uneven mixing during the process. Despite this, the experimental results               

underscore the importance of fine-tuning the curing parameters for optimal synthetic outcomes. Lastly, an elevated              

E
a
 was in a direct correlation with the dosage amount of curing agents which confirmed their enhanced thermal                 

stability.
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Introduction

Understanding the activation energy (Ea) in heat-resistant 

materials is of utmost importance in material science.1 Ea

serves as a fundamental parameter in characterizing the ther-

mal stability of materials, where high Ea is often associated 

with enhanced thermal stability. The abovementioned provides 

a quantifiable measure of energy barrier that must overcome 

for a particular reaction to proceed. Given that, accurately 

determining Ea provides invaluable insights into the kinetic 

behavior of materials under thermal stress. Isothermal and non-

isothermal methods represent the primary approaches used to 

determine the Ea. Isothermal methods require running a series 

of experiments at various temperatures, which is oftentimes 

time-consuming and resource-intensive. In contrast, non-iso-

thermal methods have gained prominence for their comparative 

practicality and efficiency. Non-isothermal methods, involving con-

trolled heating rate experiments, allow for the characterization 

of kinetic behavior over a range of temperatures in a single 

experiment. They use model-fitting or model-free methods to 

estimate the Ea. Model-fitting methods are restrictive as they 

presuppose the reaction mechanism, thus limiting their appli-

cability.

Among non-isothermal model-free methods, the Kissinger, 
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Ozawa, and Flynn-Wall-Ozawa (FWO) methods are widely 

explored.2-4 Kissinger method requires the determination of 

peak maxima in the differential thermal analysis, which can 

introduce potential errors. The Ozawa method overcomes the 

aforementioned limitation, yet introduces its own challenges 

including the accuracy of the approximation. Lastly, the FWO 

method is an improved iteration of the Ozawa method. The 

FWO method adopts the Dolye approximation, assuming a 

constant factor for the integral of the reaction model function. 

This method allows for calculating Ea without prior knowledge 

of the reaction mechanism, which is a significant advantage 

over other model-dependent methods. Furthermore, it enables 

reliable calculation of Ea without the need of the exact peak 

temperatures, thereby mitigating potential inaccuracies that 

may arise from experimental variations.5-6

Here, we employed the FWO method to evaluate the Ea of 

phthalonitrile (PN) synthesized using various proportions of 

the curing agent. PN is an aromatic compound that consists of 

a benzene ring bonded to two CN groups. This compound 

serves as a key component in the synthesis of heat-resistant 

polymers at high temperatures.7-9 PN is recognized for having 

superior heat resistance compared to epoxy, cyanate ether, ben-

zoxazines, and even polyimides.10-11 The main drawback with 

PN is its cost. It is notably expensive and not easily obtainable. 

Thus, we optimized the synthesizing process and endeavored 

to enhance its heat resistance.

This work is constructed as followings. The Experimental 

section presents the schematic of the PN employed in the 

study. The synthetic process involves the variation of sulfur-

containing curing agent, adjusted at concentrations of 5, 10, 

and 15%. Subsequent to the synthesis, samples underwent 

assessment for thermal properties. The raw data set amassed 

from the analyses were then utilized in the FWO method to 

compute the Ea.

Experimental

All chemicals were purchased from Sigma-Aldrich and used 

without purification. The initial mixture composed of 4-flu-

orobenzonitrile (200 g, 1.65 mol), benzoyl chloride (93 g, 0.66 

mol), ammonium chloride (106 g, 1.98 mol), and aluminum 

chloride (106 g, 0.79 mol) was heated to 150 ℃ for 24 h. The             

subsequent cooling procedure entailed dropwise addition of 

cold water (1 L) until the temperature descended to 0 ℃, fol-           

lowed by the introduction of hydrochloric acid (36.5%, 200 g). 

The resultant compound 1 was subsequently washed with dis-

tilled water. The compound 2 was obtained by adding 4,4’-

dihydroxybiphenyl (82 g, 0.44 mol), calcium carbonate (82 g, 

0.58 mol), 1-methyl-2-pyrrolidone (600 mL), and toluene (600 

mL) to compound 1, and heated to 150 ℃ (Figure 1). Toluene     

was removed via a Dean-Stark apparatus and the remaining 

solution cooled. The preceding compound (76 g, 0.22 mol) and 

1-methyl-2-pyrrolidone (500 mL) were integrated at 150 ℃     

for 3 h, followed by the addition of 4-nitrophthalonitrile (89 g, 

0.51 mol) and 1-methyl-2-pyrrolidone (500 mL) at 50 ℃. The     

final compound was achieved via MeOH suspension and dried 

after the nonwoven filtration for three times. Verification of the 

surface characteristics was done using scanning electron micros-

copy (SEM) with energy dispersive X-ray (EDX) microanalysis 

(FEI Quanta 650 FEG SEM, Thermofisher Scientific). Owing 

to a high glass transition approaching 400 ℃, differential scan-     

ning calorimetry results were omitted due to the absence of a 

significant peak. Thermal properties were assessed via time-

domain thermogravimetric using TGA-8000 (PerkinElmer).

Results and Discussion

The curing process proves to be indispensable in the context 

of PN synthesis.12-13 It transitions the as-synthesized polymer 

from a state of low molecular weight and linear conformation 

to a high molecular weight configuration that exhibits a 3D 

network structure. This pivotal transformation owes its occur-

rence to the formation of crosslinks between polymer chains. 

In this work, curing agents with sulfur constituents were used 

for further applications.14

Our work encompassed various stages to assess the effects 

of varied curing times and temperatures (Figure 2 and Table 1). 

Each stage utilized a constant 5% sulfur-containing curing 

Figure 1. Compound 2 was obtained as depicted in (a) by the fol-

lowing; (b) MeOH suspension and drying process via the nonwoven 

fabric filtration for three times.
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agent. Routes 1 and 2 are characterized by the shortest and lon-

gest final curing times, respectively. The brief curing duration 

in Route 1 insufficiently facilitated the monomer-to-polymer 

conversion, while in Route 2, an overlong curing duration 

risked polymer degradation. Routes 3 and 4, marked by the 

lowest and highest curing temperatures, respectively, also 

underperformed in terms of thermal endurance. While higher 

temperatures can expedite crosslinking reactions, an overly 

elevated temperature can induce premature crosslinking, thus 

resulting in an inhomogeneous network structure. Conversely, 

low temperatures as encountered in Route 3 may yield an inad-

equate curing process. It was observed that Route 5, which bal-

ances the extremes of both time and temperature, showcased 

superior thermal characteristics. Therefore, the findings under-

score the importance of not only selecting an appropriate cur-

ing agent, but also optimizing the curing parameters to ensure 

optimal synthetic outcomes.

Regarding the aforementioned synthetic pathways, our work 

pursued Route 5, and further varied the proportion of the cur-

ing agent by 5, 10, and 15%. For the sake of simplicity, the 

derived samples were denoted as 5-PN, 10-PN, and 15-PN, 

respectively. Successful treatment of the curing on the PN was 

evidenced as displayed in Figure 3. Upon visual examination, 

Figure 2. Designated curing stages varied by temperature and time 

frame.

Table 1. Thermal Profiles of Samples Obtained by Various 

Synthetic Routes at 5% of Decomposition Rate (air)

Classification
Curing agent

 (%)
Thermal decomposition

rate (5%, ℃)

Route 1 5 506.03

Route 2 5 511.78

Route 3 5 496.44

Route 4 5 516.39

Route 5 5 548.15

Figure 3. SEM results of (a) 5-PN; (b) 10-PN; (c) 15-PN. Following

EDX results are plotted in (d).
 Polym. Korea, Vol. 48, No. 1, 2024
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SEM images of each sample did not reveal distinguishable dif-

ferences. However, EDX results indicated more perceptible 

variations with different ratio of curing agents. It is noteworthy 

that the proportion of sulfur content does not linearly correlate 

with the applied proportion of curing agents. This deviation 

can be attributed to uneven mixing during the process, thus 

hindering a complete homogenization. Nevertheless, the sulfur 

content ratio was observed in a descending order from 15-PN, 

10-PN, to 5-PN. TGA results demonstrated that the 15% of 

curing agent imparted the highest thermal stability, with a 

decrease evident as the proportion of curing agent was reduced 

(Figure 4 and Table 2). Interestingly, the difference between 

the thermal stability of samples with 10% and 15% curing 

agent was not as substantial as that between 5% and 10%. This 

could potentially be attributed to the inherent spatial con-

straints within the PN structure, which may limit the degree of 

interaction with the curing agent. In this part, further modelling 

studies are required to explore the realistic molecular behavior.

The calculated Ea values are shown in Table 3. Ea values 

indicate the energy barrier that must overcome for the reaction 

to occur, thereby crucial for understanding the thermal char-

acteristics of samples. Samples with higher Ea values are less 

likely to decompose at lower temperatures and can resist high 

temperatures before starting to degrade. Speaking of PN, 

cross-linked PN in the early stages is expected to have high 

thermal stability due to the high density of strong covalent bonds. 

However, the weaker bonds in the polymer network will start 

to break down as the temperature increases. Upon further heat-

ing, the degradation of the main polymer backbone starts to 

occur.15-16 This is generally a multi-step process where the aro-

matic rings in the polymer backbone undergo various trans-

formations including condensation reactions, oxidation and 

more. By reviewing the thermal decomposition rates of sam-

ples, it was confirmed that the FWO method appears to be an 

apt fit for evaluating thermal characteristics of PN.

Conclusions

This study implemented the FWO method to determine the 

Ea of PN synthesized using different amount of sulfur-con-

taining curing agent. The best thermal properties were observed 

with a balanced curing time and temperature. Although SEM 

images of each sample appeared similar, EDX results displayed 

significant variations. The sulfur content ratio was observed to 

decrease in the order from 15-PN, 10-PN, to 5-PN. TGA results 

revealed that 15% curing agent provided the most thermal sta-

bility. Intriguingly, the disparity in thermal stability between 

the 10% and 15% samples was less evident than that between 

the 5% and 10% samples. This could be attributed to the sulfur 

ratio not aligning perfectly with the curing agent percentages, 

suggesting potential inherent spatial constraints within the PN 

structure. The calculated Ea values further substantiated the 

thermal resilience of the samples. As the temperature rises, the 

degradation process initiates with the breakdown of the weaker 

bonds, subsequently impacting the primary polymer backbone. 

Further investigations are essential to decode this molecular 

behavior in depth. The implications of this research could be 

far-reaching, offering insights for enhanced polymer synthesis, 

especially in applications demanding high thermal resistance.

Figure 4. TGA results of samples by various proportions of curing 

agent. Here, the 5% weight loss point is highlighted given that the 

aforementioned is a commonly reported metric for a comparison.

Table 2. Thermal Profiles of Samples Obtained by Various 

Synthetic Routes at 5% of Decomposition Rate (air)

Classification
Curing agent

 (%)
Thermal decomposition

rate (5%, ℃)

5-PN 5 548.15

10-PN 10 556.93

15-PN 15 562.01

Table 3. Calculated Ea Values of Samples Using the FWO Method

Sample name Ea (kJ mol
-1)

5-PN 15.59

10-PN 20.57

15-PN 21.57
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