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Abstract: Imparting thermal stability to polymethyl methacrylate (PMMA) without 

affecting its optical clarity is attempted by incorporating HET acid based 

oligoesters. Pure PMMA and PMMA containing five and 20 wt% of four different 

oligoesters are separately prepared using bulk polymerization. The thermal 

properties of the materials studied using DSC, TG, TG–FTIR and Pyr–GC–MS 

are presented. The main volatile degradation products identified are CO, HCl, 

CO2, H2O, hexachlorocyclopentadiene, hexachloroendomethylene 

tetrahydrophthalic acid/anhydride and methyl methacrylate. A detailed 

mechanism for the influence of the degradation products of HET acid based 

oligoesters on the thermal degradation of PMMA is also presented. 

 

Introduction 
 

Polymers are inherently flammable. In the presence of sufficient 

heat and oxygen, most organic polymers will burn [1]. The 

flammability of polymers depends on various factors such as their 

composition, structure, exposure time, nature of pyrolysis products, 

char yield, etc. Combustion cycle of polymer can be interrupted by 

selecting polymer system having strong bonds, polymer which forms a 

higher char yield or systems which can release non-flammable fuel 

diluents like carbon dioxide, carbon monoxide, water, hydrogen 

halides, etc.  

Several authors achieved flame retardancy by developing new 

polymer systems with inherent flame resistance, copolymerizing with a 

flame retardant co-monomer, adding flame retardants to the polymer 

matrix or by applying flame retardant coating over the finished product 

[2]. The method of incorporating flame retardant in the polymer is 

more economical than other methods. A flame retardant is effective 

only when it interferes with at least any one of the stages of 

combustion process.  

Flame retardants may be either reactive or additive [3, 4]. 

Reactive flame retardants are added during the polymerization process 

and become an integral part of the polymer. Additive flame retardants 

are incorporated into the polymer either prior to, during or more 

frequently following polymerization. They are used especially in 

thermoplastics. Additive flame retardants are only physically bonded to 

the polymer. An ideal flame retardant should not affect the properties 

and performance of the polymer which is flame retarded. 

Optical clarity and excellent corrosion resistance properties of 

polymethyl methacrylate (PMMA) make it so popular and widely used 
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in the building industry where the light transmission is required and 

finds extensive use in electrical fittings and insulations [5]. But it 

burns readily and therefore it is very important to protect it with flame 

retardants [6] without marring its special properties. 

There is a wide range of flame retardant additives like 

halogenated paraffin, phosphate esters and inorganic fillers [7] are 

available. Also reactive organic flame retardants, such as HET  

anhydride/acid, tetrabromophthalic anhydride, etc. are used [2]. In 

the case of PMMA, products containing flame retardant additives must 

exhibit adequate flame resistance properties with out sacrificing optical 

clarity. 

In the present investigation, attempts are made to impart 

thermal stability to PMMA by using hexachloroendomethylene 

tetraphthalic acid (HET) based oligoester additives, HET EG, 

HET 1,2-PD, HET 1,3-PD and HET 1,4-BD (obtained by condensing HET 

acid with diols, ethylene glycol, 1,2-propane diol, 1,3-propane diol and 

1,4-butane diol) with out affecting its optical clarity. The thermal 

properties are investigated using DSC and TG. Detailed TG–FTIR 

studies of these materials are carried out to understand the effect of 

degradation products of HET acid based oligoesters on the degradation 

of PMMA. Off-line pyrolysis GC–MS studies are used to understand the 

degradation products distribution. 

 

Experimental 

 

Synthesis of halogenated oligoesters 
Halogenated Oligoesters, HET EG, HET 1,2-PD, HET 1,3-PD and 

HET 1,4-BD (Scheme 1) were synthesized by condensing HET acid with 

four different diols, ethylene glycol, 1,2-propane diol, 1,3-propane diol 

and 1,4-butane diol in the presence of p-toluene sulphonic acid as a 

catalyst according to the procedure reported [8, 9]. 

 

Bulk polymerization of MMA and MMA containing 

oligoesters 
Pure PMMA and PMMA containing HET acid based oligoesters 

were made using bulk polymerization technique. Methyl methacrylate 

(MMA) monomer and the requisite quantities of oligoesters were 

blended together and filtered. Azobisisobutyronitrile, AIBN (0.2%) was 
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added as initiator. The materials were taken in test tubes and purged 

with oxygen free dry nitrogen. The test tubes were immersed in an oil 

bath maintained at 40 ± 1 °C for 72 h. Finally, the neat glass clear 

Pure PMMA and blends of PMMA containing five and 20 wt% of four 

different HET acid based oligoesters were carefully removed from the 

glass tube and post cured in a hot air oven for 6 h at 70 °C.  

 

Analysis 
The optical clarity of pure PMMA and PMMA containing 

oligoesters was studied using SHIMADZU UV-1700 UV–Visible 

spectrophotometer. The analysis was performed for the samples of 1 

cm thick with electromagnetic radiation of wavelength 200–800 nm. 

Differential scanning calorimetry (DSC) facilitates the 

determination of relative heats of reaction. Mettler DSC 822e Toledo 

instrument was used to record DSC curves. The samples were heated 

at a rate of 10 °C min-1 and about 5 mg of the sample was used for 

analysis. The measurements were made from room temperature to 

650 °C in nitrogen atmosphere (30 mL min-1). 

TG–FTIR studies were performed under nitrogen flow (40 mL 

min-1) on CAHN TG-131 instrument that was connected to Mattson 

Research grade FTIR. It provides information about the thermal 

stability, decomposition rate of materials and the effect of volatile 

degradation products as an alternative to ASTM methods for 

determining burning characteristics or rate [10]. The material was 

heated from ambient to 600 °C at a heating rate of 20 °C min-1. The 

volatile degradation products were analyzed by in situ vapour phase 

FTIR. The sample size used to perform the analysis was 35–50 mg. 

The off-line isothermal degradation of the material [11] was 

carried out in an all glass apparatus. About 100 mg of the material was 

degraded at 400 °C for 10 min under steady flow of nitrogen (40 mL 

min-1). The degradation products trapped in the frozen matrix of 

acetone were allowed to thaw and transferred to a glass tube and 

stored at -40 °C for further analysis. The separation of the 

components of the volatile fraction was effected in a GC–MS having a 

computer work station. The identification was done using a HP5970 

mass selective detector coupled to the GC using a jet-separator. The 

mass range scanned was 20–300 amu. 
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Calculation of energy of activation 
The amount of energy required to activate the degradation was 

determined using Dharwadkar and Kharkhanavala equation [12, 13]. 

The equation is: 

 

where  = Fraction reacted/degraded, Ea = Activation energy, R = Gas 

constant, Ti =Temperature of inflection of the reaction, Tf = 

Temperature of completion of the reaction, θ = T - Ts, difference 

between Ts and temperature under consideration, Ts = Temperature at 

the point of inflection in TG curve and C = Constant. A plot of ln 

{ln[1⁄(1 - )]} against θ results in a straight line with a slope of 

(Ea/RTi
2) [100 ⁄ Tf – Ti] from which Ea can be computed. 

 

Results and discussion 

 

Study on transparency 
The ultraviolet–visible spectra of about 1 cm thick pure 

polymethyl methacrylate (PMMA) and PMMA containing 5 wt% of 

oligoesters are depicted in Fig. 1. Pure PMMA absorbs 79–71% of 

visible light radiation (800–400 nm) [14–16] and its transparency to 

ultraviolet radiation starts to drop at 400 nm and reaches zero at 300 

nm. Transparency of pure PMMA to UV radiation in the range of 200–

300 nm is almost zero. UV–Visible spectra of PMMA containing 5 wt% 

of four different oligoesters follow the same trend observed in the case 

of pure PMMA. A drop in the percentage of transmittance observed for 

PMMA containing 5 wt% of HET 1,4-BD in the range of 380–440 nm is 

attributed to its pale yellow colour. One can found that the 

transparency of pure PMMA to visible radiation is affected only to a 

very small extent of about 6% by incorporating 5 wt% of HET acid 

based oligoesters to impart thermal stability. 

 

Thermal degradation of PMMA and PMMA containing 5% 

of HET acid based oligoesters 
DSC curves obtained during first heating (10 °C min-1) of pure 

PMMA and PMMA containing 5 wt% of HET acid based oligoesters 

under inert nitrogen atmosphere are presented in Fig. 2. The 

degradation of the materials proceeds by an endothermic reaction over 
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a wide temperature region. The relative heat of degradation computed 

from DSC results given in Table 1 is used to study the role of 

incorporated oligoesters on the thermal stability of PMMA. The onset, 

peak and endset temperatures of the degradation of PMMA containing 

oligoesters are lower compared to pure PMMA. The lowering of onset 

degradation temperature indicates the interference of thermally 

degrading HET acid based oligoesters on the thermal degradation of 

PMMA. Oligoesters loaded in the PMMA decreases the heat of 

egradation by 50–60%. Based on the total amount of heat absorbed 

during the degradation in nitrogen atmosphere, the materials are 

arranged in the order: PMMA > PMMA + 5% of HET 1,3-PD > PMMA + 

5% of HET 1,2-PD > PMMA + 5% of HET EG > PMMA + 5% of HET 

1,4-BD. The above trend is explained with the help of the number of β-

hydrogens present in the oligoesters incorporated in the PMMA matrix. 

The presence of more β-hydrogens (4 and above) in the oligoesters 

drastically reduces the total heat absorbed during the degradation in 

inert atmosphere. Hence, the incorporation of HET acid based 

oligoesters to PMMA may effectively interfere with the degradation of 

PMMA. 

The thermal degradation of PMMA and PMMA containing 5 wt% 

of HET acid based oligoesters was followed by thermogravimetric 

technique in nitrogen atmosphere at a heating rate of 20 °C min-1. The 

mass loss against temperature variation and the rate of mass loss 

curves of pure PMMA and PMMA containing 5 wt% of oligoesters are 

presented in Figs. 3 and 4, respectively. The parameters derived from 

TG, the maximum degradation temperature (Tmax) of the major 

degradation process, energy of activation (Ea) of the degradation, 

mass loss at 350 °C and the char residue at 500 °C obtained during 

the degradation of pure PMMA and its blends are given in Table 2. 

There is no significant change in the onset and endset 

temperatures of the degradation, which may be attributed to the faster 

heating rate employed for the TG studies. Although the loaded 

oligoesters do not have significant effect on the onset and endset 

temperatures of the degradation of PMMA, they affect the maximum 

degradation temperature. 

The major degradation of pure PMMA shows a doublet [17–20] 

(Fig. 4) at a heating rate of 20 °C min-1. The loaded oligoesters show 

profound influence on the first degradation stage of PMMA and they 

reduce this Tmax from 401 °C. The reduction in Tmax for the first 
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degradation is dependent on the structure of the diol unit of the HET 

acid based oligoesters blended with PMMA (Table 2). Further the 

second Tmax noted in the case of PMMA (425 °C) is not much affected 

by the added HET acid based oligoesters. The well known unzipping is 

taking place during the thermal degradation of PMMA. 

The energies of activation (Ea) calculated (Table 2) using 

Dharwadkar and Kharkhanavala method for the major degradations of 

PMMA [21] and its blends show that PMMA containing HET acid based 

oligoesters require higher amount of energy for the degradation than 

required for pure PMMA [22–28]. The order of activation energy for 

degradation is PMMA + 5% HET EG > PMMA + 5% HET 1,4-BD > 

PMMA + 5% HET 1,2-PD > PMMA + 5% HET 1,3-PD > PMMA. Ea 

values computed from thermogravimetric analysis indicate that in situ 

polymerization of MMA with HET acid based oligoesters imparts 

sufficient thermal stability to the material. 

The broadening of the DTG curves of blends than that of pure 

PMMA implies that the oligoesters loaded in the PMMA increases the 

temperature range of major degradation. The effect of blended 

oligoesters on the thermal degradation of PMMA matrix is evidenced 

from the mass loss measured at 350 °C. The mass loss order at 350 

°C is PMMA + 5% HET 1,2-PD > PMMA + 5% HET 1,4BD ~ PMMA + 

5% HET 1,3-PD ~ PMMA + 5% HET EG > PMMA. A slight increase in 

the char formation is also noted in the case of blends compared to 

pure PMMA. 

 

Identification of the gases evolved during degradation 

of PMMA and PMMA containing 

oligoesters 
The volatile degradation products identified are H2O, CO, CO2, 

HCl, hexachlorocyclopentadiene (HEX), hexachloroendomethylene 

tetraphthalic acid (HET)/anhydride (HETA) and MMA. The wave 

number/ranges considered for H2O is 1500–1600 cm-1 and 3400–3800 

cm-1 ,for CO2 is 600–700 cm-1 and 2300–2400 cm-1 , for CO is 2100–

2300 cm-1 , for HET/HETA is 800–1300 cm-1 and 1750–1900 cm-1, 

for HCl is 2700–2900 cm-1 [29], for HEX is 1600 cm-1 [30, 31] and 

for MMA is 1180 cm-1 (Fig. 5). The deformation vibrations are not 

considered because they may overlap with one another. 

The nature of the volatile gases evolved during the degradation 

of PMMA and PMMA containing 5 wt% of oligoesters is analyzed using 

http://dx.doi.org/10.1007/s10973-009-0266-2
http://epublications.marquette.edu/


NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be 
accessed by following the link in the citation at the bottom of the page. 

Journal of Thermal Analysis and Calorimetry, Vol. 100, No. 2 (2010): pg. 651-660. DOI. This article is © Springer and 
permission has been granted for this version to appear in e-Publications@Marquette. Springer does not grant permission 
for this article to be further copied/distributed or hosted elsewhere without the express permission from Springer. 

8 

 

TG coupled with FTIR studies and the recorded FTIR spectra of the 

gases evolved are presented in Figs. 6 and 7.  

The evolution profiles of the various gaseous degradation 

products identified during the thermal degradation [32, 33] of pure 

PMMA and PMMA containing 5 wt% of HET acid based oligoesters 

presented in Figs. 8 and 9 confirm the intervention of the degrading 

oligoesters on the thermal degradation of PMMA. The profiles of the 

MMA evolution from PMMA and blends show that MMA is formed in a 

broader temperature range with two peak maxima. The first maximum 

noted at 399 °C during the degradation of PMMA is shifted to still lower 

temperature when PMMA is loaded with oligoesters, whereas the 

second maximum noted at 429 °C is found to be unaffected by the 

loaded oligoesters. The maximum formation of all the gaseous 

degradation products identified occurs in the same temperature region 

for all the PMMA blends but the profile of evolution of the HEX varies 

depending on the nature of the HET acid based oligoesters loaded in 

the PMMA matrix. The non-flammable gaseous degradation products, 

HCl, CO, CO2, H2O, HETA and HEX evolved at the same degradation 

temperature significantly retard the burning process. 

The non-flammable gases released during the decomposition of 

HET acid based oligoesters and the decomposition of PMMA to 

flammable MMA monomer are occurring nearly in the same 

temperature range. So, dilution of the flammable gases is possible in 

the gas phase.  

 

Off-line pyrolysis of oligoesters and their blends with 

PMMA 
The HET acid based oligoesters and materials of PMMA 

containing HET acid based oligoesters are thermally degraded under 

isothermal condition to study the degradation pattern and the 

mechanistic action of oligoesters on the thermal degradation of PMMA. 

The total ion chromatograms of the volatile products of the 

oligoesters, HET EG, HET 1,2-PD, HET 1,3-PD and HET 1,4-BD are 

presented in Fig. 10 and the compounds identified on the basis of the 

mass spectra are listed in Table 3. The major volatile products 

identified in the degradation of oligoesters are HEX and 

pentachlorocyclopentadiene along with certain minor degradation 

products, carbon dioxide, acetone, vinyl chloride, 2-chloroethanol, 

toluene, maleic anhydride, 2-chloroethyl vinyl ether and di(2-
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chloroethyl)ether. The compounds tetrahydrofuran and 2-

methyltetrahydrofuran are mainly due to the degradation of the diol 

unit in the oligoesters. The results obtained are consistent with the 

earlier work [8, 34]. In all the cases, the major volatile degradation 

product evolved is HEX through retro Diels–Alder reaction of the HET 

acid moiety present in the oligoesters. 

The total ion chromatograms of the volatile products obtained in 

the isothermal degradation of PMMA containing 20 wt% of HET acid 

based oligoesters are presented in Fig. 11. The depolymerization of 

PMMA to the original monomer, methyl methacrylate, through 

unzipping reaction was the major reaction resulting from the thermal 

degradation of PMMA [35–38]. Several new products noted in the 

volatile fractions of the PMMA blended with 20 wt% of HET acid based 

oligoesters are listed in Table 4. The consequence of adding HET acid 

based oligoesters to the PMMA system is the evolution of detectable 

quantities of HETA, HEX and small quantities of compounds containing 

HET moiety along with the major component MMA in the thermal 

degradation products. 

The major compound released during the decomposition of the 

HET acid based oligoesters is HET anhydride. The release of HEX and 

the subsequent production of HCl during degradation are taking place 

in the same temperature region. The chlorinated products will 

definitely act as radical scavengers during the degradation of PMMA. 

The chlorine radical produced during the degradation of HEX will affect 

the normal unzipping reaction of PMMA. Hydrogen abstraction from the 

PMMA chain and the alteration of the course of unzipping processes 

will lead to increased char in the condensed phase (Scheme 2). 

 

Conclusions 
Polymethyl methacrylate and PMMA containing four different 

HET acid based oligoesters having loading per cent of five and 20 were 

synthesized by bulk polymerization technique. It was found that 

loading of HET acid based oligoesters did not affect the optical clarity 

of PMMA. The thermal stability and the energy of activation for the 

major degradation were assessed and show that PMMA containing 5 

wt% of HET 1,3-PD is thermally more stable than the other blends. 

The acceleration of thermal degradation by the incorporation of 

oligoesters was predicted from the mass loss order measured at 350 

°C. The release of non-flammable gases like HCl, CO, CO2, 
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H2O, HEX, HET acid/anhydride and MMA in the same temperature 

region predicted using TG coupled with FTIR study confirms the 

interference of chlorinated compounds released on the unzipping 

reaction of PMMA. The major volatile products identified using GC–MS 

technique in the isothermal degradation of PMMA containing 20 wt% of 

oligoesters are HEX and HETA along with certain minor products may 

act as diluents for the flammable gaseous degradation products from 

PMMA matrix. Especially, HEX acts as a radical scavenger owing to its 

capacity to transfer chlorine both in the condensed and gaseous 

phases. It is concluded that the evolution of MMA could be effectively 

suppressed by adding HET acid based oligoesters. 
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Appendix 
 

Table 1 

DSC studies of PMMA and blends of PMMA with different HET acid 

based oligoesters: the available β-hydrogens and the total heat of 

decomposition 

 
*Average of three values, average deviation approximately 4% 

 

  

http://dx.doi.org/10.1007/s10973-009-0266-2
http://epublications.marquette.edu/


NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be 
accessed by following the link in the citation at the bottom of the page. 

Journal of Thermal Analysis and Calorimetry, Vol. 100, No. 2 (2010): pg. 651-660. DOI. This article is © Springer and 
permission has been granted for this version to appear in e-Publications@Marquette. Springer does not grant permission 
for this article to be further copied/distributed or hosted elsewhere without the express permission from Springer. 

14 

 

Table 2 

Parameters derived from the TG/DTG curves obtained for the 

degradation of PMMA and its blends with 5% loading of different 

oligoesters in nitrogen atmosphere (β:20 °C min-1) 

 
*Average of three values, Average deviation <3% 
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Table 3 

Products identified in the volatile fractions obtained during 

isothermal degradations (400 °C for 10 min in nitrogen atmosphere) 

of the HET acid based oligoesters 

 
*Products identified, A Structure proved by injecting authentic sample, B 

Structure proposed on the basis of library documented mass spectrum, C 

Structure proposed on the basis of fragmentation pattern 
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Table 4 

Details of compounds identified in the volatile fraction obtained 

during thermal degradation of blends of PMMA with oligoesters 
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Figure 1 

UV–Visible spectra of pure PMMA and PMMA containing HET acid 

based oligoesters 
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Figure 2 

DSC traces of PMMA and PMMA containing oligoesters obtained in 

nitrogen atmosphere (β:20 °C min-1): a—PMMA, b—PMMA + 5% HET 

EG, c—PMMA + 5% HET 1,2-PD, d—PMMA + 5% HET 1,3-PD and e—

PMMA + 5% HET 1,4-BD 
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Figure 3 

TG traces of PMMA and PMMA containing oligoesters obtained in 

nitrogen atmosphere (β:20 °C min-1): a—PMMA, b— PMMA + 5% HET 

EG, c—PMMA + 5% HET 1,2-PD, d—PMMA + 5% HET 1,3-PD and e—

PMMA + 5% HET 1,4-BD 
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Figure 4 

DTG traces of PMMA and PMMA containing oligoesters obtained in 

nitrogen atmosphere (β:20 °C min-1): a—PMMA, b—PMMA + 5% HET 

EG, c—PMMA + 5% HET 1,2-PD, d—PMMA + 5% HET 1,3-PD and e—

PMMA + 5% HET 1,4-BD 
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Figure 5 

FTIR spectra showing the degradation products correspond to their 

absorbance peak 
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Figure 6 

FTIR spectra of the gases evolved during thermal degradation of pure 

PMMA 
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Figure 7 

FTIR spectra of the gases evolved during thermal degradation of 

PMMA containing 5% of HET acid based oligoesters 
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Figure 8 

The profile of the volatile gases evolved during the thermal 

degradation of PMMA 
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Figure 9 

The profile of the volatile gases evolved during the thermal 

degradation of PMMA containing HET acid based oligoesters 
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Figure 10 

Total ion chromatograms of the volatile fractions obtained in the 

isothermal degradation of HET acid based oligoesters 
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Figure 11 

Total ion chromatograms of the volatile fractions obtained in the 

isothermal degradation of PMMA containing 20% of HET acid based 

oligoesters: 1—PMMA, 2—Complex ester, 3—HEX and 4—Ester 

containing HET acid unit
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Scheme 1 

Structures of monomers and oligoesters 
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Scheme 2 
Role of HET acid based oligoesters on the thermal degradation of PMMA 
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