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Thermal Decomposition and Glass Transition 
Temperature of Poly(methy1 Methacrylate) 
and Poly(isobuty1 Methacrylate) 

S. L. MALHOTRA,* LY MINH, and L. P. BLANCHARD 

Groupe de Recherches en  Sciences Macromoltkulaires 
DGpartement de G6nie Chimique 
Facult6 d p  Sciences e t  de G n i e  
Uniyersite Gaval 
Quebec, Quebec, Canada, G1K 7P4 

A B S T R A C T  

The thermal decomposition and the glass transition temperatures 
of poly(methy1 methacrylate) (PMMA) and poly( isobutyl methacry- 
late) (PiBuMA) were studied with a differential scanning calorim- 
e t e r  (DSC). The undecomposed and decomposed polymers were 
analyzed by gel permeation chromatography (GPC) for  molecular 
weight distributions and by DSC for  changes in the thermal prop- 
e r t ies  and glass transition temperatures, T In the isothermal 

decomposition of PMMA and PiBuMA, depolymerization reactions 
exclusively are operative, During low temperature decomposi- 
tions, longer PMMA chains depolymerize first. These are followed 
by the shorter chains. In the case of PiBuMA, the shorter  chains 
depolymerize first .  Some of these undergo chain recombinations 
to yield very high molecular weight products. For  identical 
values of weight loss, the respective decomposition tempera- 
tures  for  PiBuMA are 40 to 70 K lower than those for  PMMA. 
The activation energies of decomposition (42 kJ/mol fo r  PMMA 

g' 

*Present address: Xerox Research Centre of Canada, 2480 Dunwin 
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5 80 MALHOTRA, LY MJNH, AND BLANCHARD 

and 67 kJ/mol for PiBuMA) have been found to be lower than 
those reported in the literature. Although TgmOf PiBuMA 
(331 K) agrees  well with the literature value (326 K), Tg,of 
atactic PMMA (394 K) is higher than the reported value (378 K). 

I N T R O D U C T I O N  

The thermal degradation [ 1-14] and the glass transition tempera- 
ture (T  ) [ 15-55] of poly(methy1 methacrylate) (PMMA) have been 
studied extensively; however, limited data are available on the 
thermal degradation [ 561 and the T of poly( isobutyl methacrylate) 
(PiBuMA) [ 29, 42, 57, 581. The degradation behavior of PMMA is 
characterized by high monomer yields on thermal volatilization [ 61. 
At temperatures below 270"C, chain depolymerization reactions a re  
initiated at  the chain-ends where double bonds were formed by radi-. 
cal disproportionation during polymerization [ 1, 21. Above 270°C, 
chain-end decomposition and random scissions occur simultaneously. 
At temperatures above 300" C, labile chain-end carrying molecules 
a r e  rapidly removed and random scission degradation can then be 
followed quantitatively [ 81. With PiBuMA [ 561, the energy of 
abstraction of monomer molecules from the chain ends is lower than 
the energy of breaking a carbon-carbon bond in the chain. Conse- 
quently, depolymerization processes predominate. 

In the glass transition temperature region, the values of Tg, (the 
glass transition temperature a t  infinite molecular weight) for iso- 
tactic PMlMA (311 K) [ 15, 21, 27, 481 and isotactic PiBuMA (281 K) 
[ 42, 581 are  considerably higher than their  atactic counter parts, 
i.e., atactic PMMA (378 K) [ 29, 35, 461 and atactic PiBuMA (326 K) 
[ 29, 571. 

Thus it was thought of interest to monitor the thermal decomposi- 
tion of atactic samples of PMMA and of PiBuMA with a T and a GPC 
molecular weight distribution study of the decomposed residues, and 
then to compare the data with those obtained with PiBuMA [ 591. The 
principal results obtained are summarized in the present article. 

g 

g 

g 

E X P E R I M E N T A L  

PMMA and PiBuMA were both obtained from the Aldrich Chemical 
Co. and used as received. Precise viscosity-average molecular 
weights, mv, of three PMMA samples of different molecular weights 
were calculated from the intrinsic viscosity data obtained in toluene 
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582 MALHOTRA, LY MINH, AND BLANCHARD 

2.0 1.5 1.0 
6 (values) 

FIG. 1. 220 MHz NMR proton spectrum of PiBuMA-0. 

a t  30" C using the relation reported in the l i terature [ 601. Molecular 
weight distributions of the PMMA samples were obtained with a 
Waters Associates Model 200 gel permeation chromatograph [ 6 1-70]. 
Making use of the viscosity data and the molecular weight distribu- 
tions of the PMMA samples, a calibration curve relating elution 
volume V (in mL) and molecular weight M yielded the expression e 
log M = 15.96 - 0.078 Veo 

Similarly, an nv value of a PiBuMA sample was calculated from 
the intrinsic viscosity data obtained in acetone [ 71-73] a t  25°C. 
Making use of the viscosity and GPC molecular weight distribution 
data, Ve was related to M as follows: log M = 16.27 - 0.078 Ve. 
Calculated values of aw and zn for PMMA and PiBuMA are presented 
in Table 1. 

Nuclear magnetic resonance (NMR) analyses of the polymer used 
for the decomposition studies (PMMA-0) were carr ied out with a 
Varian 220 MHz NMR spectrometer using o-dichlorobenzene as sol- 
vent a t  110°C and tetramethylsilane (TMS) as internal standard. 
Making use of the chemical shift assignments for  isotactic, hetero- 
tactic, and syndiotactic tr iads of PMMA reported in the l i terature 
[ 741, a Pm value of 0.25 was calculated fo r  PMMA-0. 
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POLY( METHYL METHACRYLATE) 583 

The NMR spectrum of PiBuMA-0 (Fig. 1) was also recorded as 
described above. The highlights of the spectrum are as follows: 

(a) -0CZz- at 6 = 3.78, 3.81, 3.86 (triplet) 
(b) -CHz- at  6 = 2.05, 2.14, 2.23 (triplet) 

(4 -cg 

(d) 43 at 6 = 1.17, 1.29, 1.41 (triplet) 

(el %H, 

PiBuMA-0 is an atactic polymer with a Pm of 0.23. 

(DSC) operating with an atmosphere of pure dry helium was used for  
the isothermal decomposition of PMMA and PiBuMA, while a Perkin- 
Elmer model 1 thermogravimetric scanning balance (TGS) operating 
in a pure dry nitrogen atmosphere was used for  the dynamic decompo- 
sition of the polymers. The T values of the undecomposed and de- 
composed samples of PMMA and PiBuMA were determined with the 
DSC apparatus [ 7-77]. 

,CH3 

'C H3 
at 6 = 1.84, 1.87, 1.90, 1.93, 1.96, 1.99, 2.02 (heptet) 

p 3  

a t  6 = 0.96 and 0.99 (doublet) 

C H3 - 

A Perkin-Elmer model 2B differential scanning calorimeter 

g 

R E S U L T S  A N D  D I S C U S S I O N  

T h e r m a l  D e c o m p o s i t i o n  of P M M A  a n d  P i B u M A  

In Tables 2 and 3 are summarized the values of the weight loss 
(a in %), the molecular weights (zw and mn), and the polydispersity 
ratios (%,Jan) obtained with PMMA (Table 2) and PiBuMA (Table 3 )  

both before and after their isothermal treatment a t  various tempera- 
tures for  a fixed period of 50 min each. Using these data, curves 
showing the variation of a with temperature a r e  given in Fig. 2. For  
comparison purposes data for 50 min isothermal treatments of poly- 
isobutylene (PIB) [ 59) a re  also plotted in this figure. For  all  values 
of a, the thermal stability of the three polymers follows the order  
PIB > PMMA > PiBuMA. It is  interesting to note that replacing one 

of the CH3 groups on PIB ( k H z - f q )  by a - COO CH3 group to 

CH3 X 
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I 

60 t 
PMMA-0 / h 

I 
Pi BUM A- 0 Y 50 - 

tl 

% 40- s 

I 
5 2 0 -  

k 

i 30- P 

i 
10 - A i 0. a 

t- 
-.-a .’ 

- 

FIG. 2. Variation of (Y with treatment temperature for  PMMA-0, 
PiBuMA-0, and PIE (see Tables 2 and 3 for other data). 

form PMMA ( f C ! H 2 4 H q )  leads to a decrease in the 

COOCHn Y 
thermal stability of the polymer. Further replacements in PMMA to 

form PiBuMA ( f - C H z q % )  leads to an additional 

\ 

decrease in thermal stability. This means that the presence of a 
-COOx group on the polymer chain favors an increase in the formation 
of radicals which bring about the depolymerization reactions [ 1, 2, 
6, 8, 561. 

curves of undecomposed and decomposed samples of PMMA. The 
maximum at elution count 26.75 (133.75 mL) in the GPC molecular 
weight distribution of PMMA-0 moves to 27.0 (135 mL) after a 50-min 

COOCH 
C HJ 

In Fig. 3 a re  shown normalized GPC molecular weight distribution 
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POLY( METHYL METHACRYLATE) 

PMMA-0 

5 87 

I 

ELUTION VOLUME (5 ml counts) 

4.1~10' 6 . 8 ~ 1 0 ~  1.15~10~ 1 . 9 ~ 1 0 ~  
I I I I 

MOLECULAR WEIGHTS 

FIG. 3. Normalized GPC molecular weight distributions of 
undecomposed and decomposed samples of PMMA (see Table 2 for 
other data). 

isothermal treatment a t  250°C (PMMA-2). In the temperature range 
250 to 290°C, the position of the maximum remains unchanged at an 
elution count of 27.0 (135 mL). On raising the temperature above 
290°C, the maximum shifts to a slightly higher elution count, 27.25 
(136.25 mL). The overall values of mw and an (Table 2 and Fig. 4)  

show a regular but slight decrease with thermal treatments; however, 
the decreases do not arise from random chain-scissions. The de- 
polymerization of the longer chains in the higher molecular weight 
fractions of PMMA appears to have a lower activation energy. As 
a consequence, these chains depolymerize f i rs t  a s  is shown in Fig. 5, 
where the normalized GPC molecular weight distribution of the 
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I I I I 1 

10 20 30 40 50 

TRUE WElGHT LOSS, (Y (o/o) 

FIG. 4. Variation of PMMA molecular weights (aw and mn) as a 
function of a. 

decomposed polymers PMMA-1, PMMA-2, PMMA-4, and PMMA-6 
a r e  successively subtracted from that of PMMA-0. The volatilized 
fraction ( - )  of the polymer is represented by the hashed lines. The 
hashed area  for the case PMMA-O/PMMA-6 has been converted 
into a molecular weight distribution, a s  is shown in the lower part  
of Fig. 5. Values of w and an of the volatilized fractions were 
then calculated from these. The results are presented in Table 2. 
The data clearly show that the higher molecular weight fractions 
having a most probable distribution (Mwmn = 2.0) decompose ear l ie r  
a t  temperatures ranging from 235 to 300"C, followed, as the tem- 
perature is raised, by the decomposition of the lower molecular 
weight fractions. 
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POLY( METHYL ME THACRYLATE ) 5 89 

29 30 31 24 25 26 27 28 29 30 31 

ELUTION VOLUME ( 5  ml counts) 

FIG. 5. Graphical method of analysis whereby GPC molecular 
weight distribution curves are broken down into components, The 
case of PMMA-0 subjected to  50 min decomposition periods a t  235" 
(PMMA-l), 250" (PMMA-2), 290" (PMMA-4), and 325°C (PMMA-6) 
(see Table 2 fo r  other data). 

In Fig. 6 are shown the normalized GPC molecular weight distribu- 
tions of undecomposed and decomposed samples  of PiBuMA. The 
maximum, a t  elution count 27.25 (136.25 mL) in the GPC molecular 
weight distribution of PiBuMA-0, moves to a lower value-27 (135 mL) 
in the higher molecular weight region-following 50 min isothermal 
treatments between 185 and 220°C. The maximum a t  elution count 
27 (135 mL) then shifts back to  27.25 on heating the PiBuMA-0 
sample a t  230°C. It continues to shift toward yet higher values (in 
the lower molecular weight region) as isothermal t reatments  are 
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Pi BuMA- 0 

25 26 27 28 29 30 31 32 

ELUTION VOLUME (5 ml counts) 

3.4~10' 5 . 6 ~ 1 0 ~  1 . 0 ~ 1 0 ~  1 . 5 5 ~ 1 0 ~  

MOLECULAR WEIGHTS 

FIG. 6. Normalized GPC molecular weight distributions of 
undecomposed and decomposed samples of PiBuMA (see Table 3 
for other data). 

carr ied out at  temperatures higher than 230" C. The overall values 
of mw and mn (Table 3)  for  the decomposed polymers, however, do 
not show any definite trends. The increase in the values follow- 
ing isothermal treatments at  185" C (PiBuMA- l), 200" C (PiBuMA-2), 
210°C (PiBuMA-3), and 220°C (PiBuMA-2) may originate from two 
sources, viz., a) chain recombination and b) preferential depolym- 
erization of lower molecular weight fractions of the polymer. 

distributions of PiBuMA-1, PiBuMA-3, PiBuMA-4, and PiBuMA-6 
were successively subtracted f rom that of PiBuMA-0 (Fig. 7) .  The 

W 

To better understand the decomposition reactions, the normalized 
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POLY( ME THYL ME THACRYLATE ) 

I 
59 1 

25 26 27 28 29 30 31 32 
ELUTION VOLUME (in 5 ml counts) 

FIG. 7. Graphical method of analysis whereby GPC molecular 
weight distribution curves a r e  broken down into components. The 
case of PiBuMA subjected to 50 min decomposition periods at  185" 
(PiBuMA-l), 210" (PiBuMA-3), 220" (PiBuMA-4), and 235°C 
(PiBuMA-6) ( see  Table 3 for  other data). 

volatilized fraction ( - )  of the polymer is represented by vertical  hash 
lines. As with PMMA, the hashed areas were converted to molecular 
weight distributions (one is shown in Fig. 7: PiBuMA-O/PiBuMA-6). 
From these, values of mw and mn for  the volatilized fractions were 
calculated, These a r e  listed in Table 3. The higher molecular weight 
fraction (+) (horizontal hash lines) in some of the residues were also 
converted into molecular weight distributions (not shown here) and 
their w and values calculated. One notes that the molecular 

weights of the volatilized fractions increase consistently with in- 
creasing treatment temperature. Furthermore, a t  lower temperatures 
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FIG. 8. Dynamic thermogravimetric decomposition of PMMA-0 
and PiBuMA-0 at a heating ra te  of 20 K/min (see Table 4 for  other 
data). 

(185 to 210°C), unexpected high molecular weight polymers are 
formed. On 50 min isothermal treatment of PiBuMA-0 at  185"C, 
11.0% (GPC weight) of the low molecular weight fraction (aw = 3.37 
X lo5 and mn = 2.69 X lo5 ) volatilizes yielding monomer, whereas 
5.5% of this materialrecombines to yield products with an mw of 
2.57 x lo6 and an an of 1.8 X lo6.  At 200"C, 12.0% of the low 
molecular weight fraction (Mw = 3.61 X lo5 and mn = 2.88 X l o5 )  

volatilizes with 3.0% of this material  recombining to  form products 
with an  aw of 2.26 X 10' and an  mn of 1.68 X lo6 .  At 210"C, 16.6% 

of the low molecular weight fraction (Mw= 3.90 X lo6  and mn = 3.04 
x l o 5 )  volatilize with 2.4% of the material recombining to  form 
products with an mw of 2.71 X 10' and an mn of 2.18 X 10'. In the 
temperature range 210 to 240"C, no unusual reaction products are 
observed and volatilization via depolymerization yields monomer. 
The preferential depolymerization of the lower molecular weight 
fractions (shorter chains) to yield monomer a t  low temperature 
combined with the formation of higher molecular weight products 
(by chain-chain recombination) leads to overall high values of mw 
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TABLE 4. Activation Energy Values Calculated by the Method of 
Coats and Redfern for  the Thermal Decomposition of PMMA and 
PiBuMA 

Sample 

Activation energy 
(kJ/mol)a an x lo-' 

n = O  n = l  

PMMA-0 22.2 

PiBuMA-0 22.2 
Pm-ob 26.4 

42.0 - 
- 67.0 

183.0 - 
a .  
bSee Ref. 59. 
n IS the order of reaction. 

and an for PiBuMA-1, PiBuMA-2, and PiBuMA-3. In this aspect, 

the thermal behavior of PiBuMA is very much different f rom that of 
PMMA, where, at  low temperatures, the preferential depolymeriza- 
tion involves the high molecular weight fractions of the polymer. 

In Fig. 8 are shown curves representing the dynamic thermo- 
gravimetric decomposition, at  a heating rate  of 20 K/min, of PMMA-0 
and PiBuMA-0. By using the method of Coats and Redfern [ 781, 
activation energy values were calculated assuming successively zero- 
and first-order kinetics. The values obtained with the better fit are 
presented in Table 4. PMMA-0 follows zero-order kinetics whereas 
the PiBuMA-0 data best fit f i rs t -order  kinetics. Values of 42.0 kJ/ 
mol for  PMMA-0 and 67 kJ/mol for  PiBuMA are,  however, lower 
than the values reported in the l i terature [ 31. The differences a r e  
believed to a r i se  f rom the method used in the activation energy 
calculations. 

G l a s s  T r a n s i t i o n s  of P M M A  a n d  P i B u M A  

The glass transition temperature ( T  ) of a polymer i s  usually 

heating-rate dependent [ 61-70] and often cooling-rate dependent [ 79- 
801 although recent work on substituted polystyrenes showed that the 
cooling ra tes  used had no significant effect on their T ' s  [ 61-70]. 

In the present study a cooling rate  of 320 K/min was used for  the 
measurements. In Figs. 9 (PMMA-5) and 10 (PiBuMA-2) are shown 
typical DSC thermograms recorded at  various heating r a t e s  and, as 
expected, T ' s  increase with increasing heating rate. The T data 
obtained with a sample cooling rate  of 320 K/min and heating rates  
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PMMA -5 

80 Klrnin 

r 
/ 40 Klrnin 

10 Klrnin 

I '  ' 1 '  1 '  1 '  1 '  ' 
340 370 400 430 

TEMPERATURE (K)  

FIG. 9. Typical DSC thermograms of PMMA-5, recorded in the 
glass transition region at  various heating rates.  Cooling rate  was 
constant at 320 K/min (see Table 5 for  other data), 

of 80, 40, 20, and 10 K/min for  undecomposed and decomposed poly- 
mer  samples are summarized in Tables 5 (PMMA) and 6 (PiBuMA). 
Tge values of undecomposed and decomposed samples of PMMA re- 
main constant within *I of 394 K (Table 5). Because of the high mn 
( > 1.0 x 10') values of the PMMA samples, the Tge value of 394 K 
may be considered as a Tgoovalue, but this value is about 16 K higher 
than the reported value 378 K [ 29, 35, 461. Tge values of undecom- 
posed and decomposed samples of PiBuMA remain within *5 of 331 K 
(Table 6). In this case as well, Tge and Tgooare considered to be the 

same because of the high an (>  1.6 x lo5 ) values of all of the PiBuMA 
samples studied, A Tgm of 331 K for  atactic PiBuMA is close to  the 
value of 326 K reported in the l i terature [ 29, 571. 

The principal conclusions to  be drawn from this study may be 
summed up as follows: 
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FIG. 10. Typical DSC thermograms of PiBuMA-2, recorded in 
the glass transition region a t  various heating rates. Cooling rate  was 
constant at  320 K/min (see Table 6 for other data). 

1. For identical values of a, the respective decomposition tem- 
peratures for  PiBuMA-0 are 40 to 70°C lower than those for 
PMMA-0, indicating the importance of the substituent in con- 
trolling the thermal stability of the polymer; 

depolymerization reactions account for the weight loss. Thermal 
treatment of PMMA-0 a t  the lower temperatures results in the 
depolymerization of the longer polymer chains a t  f irst ,  then the 
shorter polymer chains. In the case of PiBuMA, the shorter  
chains depolymerize first. Short-chain polymer is also shown 
to undergo chain recombination, yielding very high molecular 
weight products. 

PiBuMA-0 were found to be lower than those reported in the 
literature. 

4. Although the Tg, value of 331 K for PiBuMA agrees  reasonably 
well with the value (326 K) reported in the literature, a Tg, 

2. In the isothermal decomposition of PMMA-0 and PiBuMA-0, 

3. The activation energies of decomposition for PMMA-0 and 
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TABLE 5. Variation of T as a Function of Heating Rate for  
Undecomposed and Decomposed Samples of PMMA 

g 

~~~~ ~ 

T (K) at  various heating ra tes  a 
g (K/min) Tge H 

x 1 0 - ~  (K), 
n 

Sample GPC 80 40 20 10 1 Klinin 

PMMA-0 222 399 397 396 395.5 393 
PMMA-1 182 405 40 1 400 - 394 

PMMA-2 166 404 402 400 400 394 
PMMA-3 162 404 402 400 400 394 
PMMA-4 157 405 403 401 400 394 

P M W - 5  133 404 402 400 400 394 
PMMA-6 120 402 40 1 400 - 395 

aExtrapolated value at  a heating rate  (9) of 1 K/min using the 
equation log q = a - b/T [ 75-77]. 

g 

TABLE 6. Variation of T as a Function of Heating Rate for  
g 

Undecomposed and Decomposed Samples of PiBuMA 

%,a T (K) at  various heating ra tes  
g (K/min) 

(K), 
Sample GPC 80 40 20 10 1 K/min 

PiBuMA-0 222 345 342 339 337 328 
PiBuMA-1 250 349 346 342 343 332 
PiBuMA-2 203 349 346 343 343 332 

PiBuMA-3 197 347 345 339 - 326 

PiBuMA-4 212 349 345 343 340 33 1 

PiBuMA-5 188 351 347 346 345 336 
PiBuMA-6 179 347 343 339 - 326 

PiBuMA-7 162 347 345 339 - 326 

'n 
x 

- 

aSee footnote in Table 5. 
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value of 394 K for atactic PMMA is  quite a bit higher than the 
l i terature value of 378 K. 
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