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Copolymers of 2oHydroxyet hyl Met hacrylate and 
Alkyl Methacrylates. Part 111. Thermal Behavior 

MANJEET S. CHOUDHARY and INDRA K. VARMA 

Centre for Materials Science and Technology 
Polymer Science Laboratories 
Indian Institute of Technology, Delhi 
Hauz Khas, New Delhi 110016, India 

A B S T R A C T  

The relative thermal stability of copolymers of 2-hydroxyethyl 
methacrylate-ethyl methacrylate (HEMA-EMA) and HEMA-n- 
butyl methacrylate (HEMA-BMA) was investigated by thermo- 
gravimetry in an air/nitrogen atmosphere. The effect of molecu- 
l a r  weight on thermal degradation was evaluated by taking five 
fractions of HEMA-EMA and four of HEMA-BMA copolymers. 
The enthalpic changes associated with the endothermic transition 
were evaluated by differential scanning calorimetry. The s t ruc-  
tural  changes taking place in these copolymers during thermal 
degradation in air at 200°C were investigated by IR. 

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

We ea r l i e r  reported the synthesis and characterization of 2-hy- 
droxyethyl methacrylate (HEMA)-alkyl methacrylate copolymers [ 1, 
21. In this paper the thermal behavior of these copolymers is de- 
scribed. 

Thermal degradation of HEMA-alkyl acrylate [3] and HEMA- 
alkyl methacrylate [4] copolymers has been reported in the literature. 

94 1 
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942 CHOUDHARY AND VARMA 

Thermal stability of polymers is dependent on their structural charac- 
teristics, such as backbone structure, nature of substituents, and struc- 
tural imperfections. The rate of degradation may also depend upon the 
molecular weight. 

In the present work the effect of molecular weight and HEMA con- 
tent of the copolymers on the thermal behavior of HEMA-ethyl meth- 
acrylate (EMA) and HEMA-butyl methacrylate (BMA) copolymers was 
investigated. Copolymer samples of different molecular weights were 
obtained by the fractional precipitation method. The relative stability 
of the various copolymer fractions was evaluated by thermogravimetric 
analysis. The structural changes taking place during thermal degrada- 
tion of these copolymers were investigated by IR spectroscopy. 

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

S o l v e n t s  a n d  M a t e r i a l s  

DMF (E. Merck) was dried over phosphorous pentaoxide, and the 
fraction boiling at 154°C was collected. The details of the copolymer- 
ization of HEMA-EMA and HEMA-BMA have been reported elsewhere 
[ 11. In Table 1 the composition of various copolymer samples used 
in the present work is described. 

F r a c t i o n a t i o n  of P o l v m e r s  

The fractionation of copolymer samples of HEMA-EMA and HEMA- 
BMA was done by using DMF as a solvent and water as the precipi- 
tant [4]. 

T h e  r mo g r a v  i m e t r i c A n a l  y s is 

Thermogravimetric analysis was carried out using a DuPont 990 
thermal analyzer in a nitrogen or air atmosphere. The samples were 
heated at the uniform heating rate of 10"C/min from room temperature 
to 600°C. The relative thermal stability of the polymtrs was evalu- 
ated by comparison of the initial decomposition temperature (IDT), the 
integral procedural decomposition temperature (IPDT) [5], and the 
activation energy of thermal decomposition (E). 

D i f f e r e n t i a l  S c a n n i n g  C a l o r i m e t r y  ( D S C )  

A DuPont thermal analyzer was used to determine physical and 
chemical changes in the copolymers. The samples were heated from 
room temperature to 450°C at a heating rate of 10"C/min. 
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2-HYDROXYETHYL AND ALKYL METHACRYLATES. 111 943 

TABLE 1. Composition of the Copolymer Samples of HEMA-EMA 
(EH) and HEMA-BMA (BH), Prepared at 7OoC 

~~ 

Mole fraction Intrinsic viscositya 
No. Sample of HEMA (dL/g) 

1 EHi 0.2521 0.99 

2 E HJ 0.5766 1.14 

3 BH4 0.6640 1.42 

4 BHs 0.6865 1.50 

5n t r in s i c  viscosity was determined in DMF at 35°C. 

Enthalpic changes associated during endothermic transitions were 
calculated by using 

A 

m 
AH = - (6OBEAqs) 

where AH = heat of reaction, mcal/mg 
A = area of DSC peak, in.' 
B = time base, min/in. 
E = cell calibration coefficient 
Aqs = Y-axis sensitivity, mcal/s/in. 
m = mass  of sample, mg 

I R  S t u d i e s  

The structural  changes taking place in HEMA-EMA and HEMA-BMA 
copolymers during the initial stages of thermal degradation were evalu- 
ated by IR spectroscopy. For  this purpose a thin film of copolymer was 
cast  on a NaCl disk. The disk was then heated at 200°C in air for  vari- 
ous intervals of time (30, 60, 90, and 120 min) and the IR spectra  were 
recorded. 

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

In the copolymers of HEMA-EMA and HEMA-BMA the factors that 
can influence thermal behavior are (a) nature of alkyl group of alkyl 
methacrylate (i.e., ethyl o r  n-butyl), (b) HEMA content of the copoly- 
mers ,  and ( c )  molecular weight and molecular weight distribution. 
The effect of these parameters  on the relative thermal stability of co- 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
5
0
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



944 CHOUDHARY AND VARMA 

polymers was evaluated by thermogravimetric analysis. Two samples 
each of HEMA-EMA and HEMA-BMA were prepared by copolymer- 
izing these monomers at 70°C using benzoyl peroxide as initiator. 
The extent of reaction was kept below 10% to eliminate the possibility 
of branching in the polymers. 

E f f e c t  o f  H E M A  C o n t e n t  of  t h e  C o p o l y m e r s  o n  
T h e r m a l  B e h a v i o r  

It has been reported [2] that an increase in HEMA content in the 
initial monomer feed results in an increase in HEMA content in the co- 
polymers. To evaluate the effect of HEMA content on the thermal 
stability of copolymers, samples containing 25 and 57% HEMA in HEMA- 
EMA copolymers were chosen. An improvement in thermal stability 
was observed on increasing the HEMA content (Fig. 1) (Table 2). IPDT 
values of copolymers containing a higher HEMA content were more 
than those with a lower HEMA content. Thus the stability a t  lower tem- 
peratures (5 320°C) is increased by an increase in HEMA content. 
Alkyl methacrylates (MMA, EMA, and BMA) as well as HEMA have a 
quarternary carbon atom in the repeat unit, and therefore the tendency 
to form a tert iary radical by random chain scission is expected to be 
similar. However, due to  the presence of -OH groups in the side chain 
in HEMA, cross-linking may take place, thus stabilizing the polymer 
at lower temperatures. The relative thermal stability of copolymers 
BH4 and BHs was higher than that of EH1 and EHs copolymers (Table 
2 1. 

E f f e c t  of M o l e c u l a r  W e i g h t  a n d  M o l e c u l a r  W e i g h t  
D i s t r i b u t i o n  of C o p o l y m e r s  o n  T h e r m a l  S t a b i l i t y  

Fractionation of HEMA-EMA and HEMA-BMA copolymers was done 
to  obtain fractions of different molecular weights. Five fractions hav- 
ing intrinsic viscosities from 0.68 to 1.14 dL/g were obtained in HEMA- 

TABLE 2. Effect of the Alkyl Group on the Thermal Behavior of 
HEMA:EMA and HEMA:BMA Copolymers in Nitrogen Atmosphere 

No. IDT ("C) IPDT ("C) Tmax ("C) "C 

1, EHi 2 10 333 

2, EHs 255 348 

3, BH4 245 370 

4, BHs 270 368 

265 
3 15 
2 80 

4 10 

390 

370 

395 
430 
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2-HYDROXYETHYL AND ALKYL METHACRYLATES. TI1 945 

FIG. 1. Thermogravimetric t r aces  of HEMA-EMA copolymers in 
nitrogen atmosphere. 

EMA and four in HEMA-BMA copolymers ([q] 1.533 to 3.24 dL/g) 
(Table 3). The intrinsic viscosity of HEMA-BMA copolymers was 
higher than that of HEMA-EMA copolymers. The integral weight dis-  
tribution curves for BH4 and BH5 samples are given in Figs. 2 ( a )  and 
2(b). Although the [77] values of these copolymers were s imilar ,  there 
was a difference in molecular weight distribution. Sample BH4 ex- 
hibited more heterogeneity with respect to molecular weight than Sam- 
ple BH5. The initial decomposition temperature of BH5 was almost 
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946 CHOUDHARY AND VARMA 

TABLE 3. Fractionation of HEMA-Alkyl Methacrylate Copolymers at 
35 f 0.1"C 

Fraction Intrinsic viscosity 
No. Polymer number (dL/g) 

1 EHi EBi 1.00 
E Bz 0.975 
EBs 0.93 
EB4 0.895 
EBB 0.675 

2 EHs EAi 1.05 

E Az 1.03 
EAs 1.01 
EA4 1.02 5 
EAs 0.920 

Viscosity average 
molecular weight 
(X 10') 

1.99 
1.94 
1.84 

1.76 

1.28 

2.24 
2.06 

2.02 
2.06 
1.81 

3 BH4 BAi 3.24 
BA2 3.15 

BAs 2.65 
BA4 1.53 

4 BHs BBi 3.20 

BBz 2.97 
BBs 2.80 
BB4 2.25 

25" higher than that of BH4 (Table 2), thereby indicating a higher 
stability of the copolymer sample having a narrow molecular weight 
distribution. 

The molecular weights of the various copolymer fractions were 
determined from the intrinsic viscosity by using the relationship [ 11 

[q] = 2.3 X 
Moes7 ' 

The molecular weights of various HEMA-EMA copolymers are given 
in Table 3. 
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1171 

FIG. 2. Integral weight distribution curves for HEMA-BMA co- 
polymers. 

The relative thermal stabilities of various fractions of HEMA-alkyl 
methacrylates having different [q] values were evaluated in nitrogen 
atmosphere. No systematic trend was observed in the IPDT values of 
various fractions having different intrinsic viscosities (Tables 4 and 
5). For example, Samples EA4 with [q] = 1.01 dL/g and EA with [q] 
= 0.92 dL/g had IPDT values of 333 and 385, respectively, thereby 
showing that the fraction with a lower [q] is thermally more stable. 
On the other hand, in EAa ([q] = 1.03 dL/g) the IPDT value was 381°C. 
Similarly, the [q] and IPDT values for Samples BAI ([q] = 3.24) and 
BAn ([q] = 3.15 dL/g) were 370 and 343, respectively. These results 
indicate that fractions having different intrinsic viscosities also had 
different backbone compositions. A fraction of lower [q] may have a 
higher HEMA content and consequently its IPDT may be higher. 
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948 CHOUDHARY AND VARMA 

TABLE 4. Various Percentage Decomposition Temperature (DT), 
Initial Decomposition Temperature (IDT), and IPDT for  HEMA-EMA 
Copolymers in Nitrogen Atmosphere 

Decomposition temperature 
("C) at  various % weight loss 

Sample [771 IDT 10 20 50 90 IPDT 

1.105 
1.03 
1.01 
1.03 
0.92 

1.00 
0.975 
0.93 
0.895 
0.675 

239 250 275 342 430 356 
235 265 298 385 435 381 
2 50 265 2 80 3 10 375 333 
2 50 295 350 400 450 399 
230 270 300 400 448 385 

2 50 275 293 347 435 366 
235 2 50 263 298 380 325 
260 285 305 380 442 383 
260 275 2 90 320 420 352 
230 2 50 2 70 313 415 343 

TABLE 5. Various Percentage Decomposition Temperature (DT), 
Initial Decomposition Temperature (IDT), and IPDT for  HEMA-BMA 
Copolymers in Nitrogen Atmosphere 

~ ~~~ 

Decomposition temperature 
("C) at various '% weight loss 

~ ~~ ~ 

Sample [77] IDT 10 20 50 90 IPDT 

3.24 245 290 340 380 420 370 
3.15 2 10 2 80 295 320 420 343 
2.65 255 305 355 400 438 386 
1.53 2 60 305 355 400 440 387 

3.2 270 2 90 3 10 3 80 435 368 
2.97 275 290 320 4 10 500 402 
2.8 240 3 15 360 400 440 389 
2.25 270 305 360 42 5 500 422 
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E f f e c t  of A t m o s p h e r e  

A significant decrease in thermal stability was observed when the 
thermal degradation of HEMA-alkyl methacrylate copolymers was 
carried out in air. This is clearly reflected i n  the thermogravimet- 
r ic traces of fractionated copolymer Samples EAz and EAs (Fig. 3). 
A sharp decrease in IPDT values was observed on carrying out the 
thermal degradation in  air, in contrast to the degradation of the same 
copolymer samples carried out in nitrogen atmosphere (Fig. 4)  where 
higher IPDT values were obtained. Poor thermal stability in Oa /air 
atmosphere may be due to oxidative degradation of polymers. 

:! 
70 

dwldt 

Temperature (OC) 

FIG. 3. Thermogravimetric t races  of HEMA-EMA copolymer 
(Sample A) fractions in air atmosphere. 
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950 CHOUDHARY AND VARMA 

FIG. 4. Thermogravimetric t races  of HEMA-EMA copolymer 
(Sample A) fractions in nitrogen atmosphere. 

A c t i v a t i o n  E n e r g y  of D e g r a d a t i o n  

values and the values of the activation energy of decomposi- Tmax 
tion (E)  calculated by the Dharwadkar and Karkhanwala method [6] for 
HEMA-alkyl methacrylate copolymer fractions a re  given in Table 6. 
The activation energy of thermal decomposition of poly( MMA) has 
been reported to be 136 kJ/mol [7]. The activation energies obtained 
for the copolymers of HEMA and alkyl methacrylates are lower than 
those of the corresponding homopolymers. The difference in activa- 
tion energies is most likely the result of structural irregularities. 
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TABLE 6. Kinetic Parameter Values for the Thermal Decomposition 
of HEMA-EMA and HEMA-BMA Copolymers 

Sample Tmax ("C) Temperature range ("C) E (kJ/mol) 

264, 390 
305, 370, 415 
310, 445 
305, 350 
460 
320, 450 

315, 370 
315, 415 
310, 400 
320, 415 
315, 370 
305 

280, 395 
310, 410 
310, 410, 430 
410, 420 

318, 410, 430 
318, 435 
280, 417 
310, 440 

200-320 
2 10- 340 
330-480 
2 10-330 
3 10- 450 
350-490 

220-350 
230-360 
270-380 
250-350 
220-350 
210-350 

320-440 
230-320 
320-460 
330-450 

340-440 
330-440 
300-450 
330-470 

89.54 
84.29 
67.76 
101.54 
77.77 
57.54 

105.38 
119.29 
49.22 
95.11 
114.60 
113.56 

94.30 
86.39 
110.83 
98.23 

60.78 
55.69 
117.44 
74.28 

I R  S p e c t r a  of T h e r m a l l y  D e g r a d e d  H E M A - a l k y l  
Me t h a c  r y l  a t e s  

The structural changes taking place in HEMA-EMA and HEMA-BMA 
copolymers during thermal degradation at 200°C in air were also evalu- 
ated by IR spectroscopy ( 1200-4000 cm-') (Fig. 5). Absorption bands 
appearing at 1735, 2980, and 3500 cm-' due to >C=O, X H z  , and -OH 
groups, respectively, decreased in intensity as the sample was heated 
at 200°C in air. A very significant decrease in intensity of the broad 
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--- 112 h 

EH3 
----- 

4000 - 3500 3000 2500 2000 1500 

Wavenumber (cm-' I 

FIG. 5. IR spectra of copolymer of HEMA-EMA ( E H s )  degraded in 
air at 200°C for various intervals of time. 

peak due to the -OH group was observed. This could be either (a)  due 
to the loss of water by dehydration reaction o r  (b )  due to the possibility 
of participation of a hydroxyl group in the transesterification reaction. 
This would give a cyclic structure o r  a cross-linked structure. 

(a) Dehydration 

CHs CHs 
I I 

I I 
---CHa-C- -CHa 4- 

F\ 
0 OCHaCHaOH 

- H z 0  - 
O\ /OCHn cHa OH 

C 

/ 
"\ PCHa CHa 

c 

100 
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(b )  Intermolecular (cross-linking reaction) 

CHs CH3 CH3 CHs 
I I I I 

I I I I 
- -CHz -C-CHz -C- -Hz---C--CHz -C- 

COOR 

0 0  
0 /"\ 

+ ROH 
I 
I 
I 

CHz 

CHz 

I 
I 

-CHZ - C- 

CHs 

cross-linked structure 

The evidence that PHEMA segments cross-link intermolecularly at 
elevated temperatures was also obtained from pyrolysis studies of 
HEMA-alkyl methacrylate copolymers [8]. It was found that the abso- 
lute yield of EDMA (which is obtained on the breakdown of such c ross -  
linked structures) increased as the mole fraction of HEMA increased 
in the copolymers, thereby indicating that cross-linking is the promi- 
nant reaction occurring during the thermal degradation of HEMA-alkyl 
methacrylate copolymers. 

G l a s s  T r a n s i t i o n  T e m p e r a t u r e  o f  H E M A -  A l k y l  
M e t h a c r y l a t e  C o p o l y m e r s  

The glass transition temperature and AH values of copolymers of 
HEMA-alkyl methyacrylates were determined from DSC traces (Fig. 
6 )  which were obtained in an Na atmosphere. 

ported to be 100, 50, and 8"C, respectively. The endothermic transi-  
tion observed in the temperature range of 50 to 90°C for HEMA-alkyl 
methacrylate copolymers is due to  glass transition. 

In Table 7 a summary of various endothermic transitions observed 
in the copolymers of HEMA-EMA and HEMA-BMA is given. T values 
for  HEMA-EMA copolymers are found to be higher (84-92°C) than 

The T of homopolymers [9] PMMA, PEMA, and PBMA are re- 
g 

g 
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I 

43 

I I I I I 
0 50 100 150 200 250 

Temperature (OC) 

FIG. 6. DSC thermograms of HEMA-BMA copolymers in nitrogen 
atmosphere. 

those of HEMA-BMA copolymers (52-65°C).  This effect has also been 
observed for amorphous poly(alky1 methacrylates) [ 101 where there is 
a gradual decrease in the softening points with increasing side chain 
length. 

A multiplicity in the endothermic transition is observed in HEMA- 
EMA and HEMA-BMA copolymers. This may ar ise  due to the contri- 
bution of PHEMA and poly(buty1 methacrylate) o r  poly( ethyl meth- 
acrylate) segments of the copolymers. By the extrapolation of these 
peaks (Fig. 6 )  an attempt was made to find the a rea  under the curve. 
From these values the enthalpy of the transition, associated with the 
endothermic transition below 100°C, was determined (Table 7). 

It may be concluded from these studies that incorporation of ethyl 
methacrylate and butyl methacrylate in hydroxyethyl methacrylate 
polymers results in a decrease in the T The thermal stability of g' 
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TABLE 7. Enthalpic Changes Associated with Endothermic Transition 
below 100°C in Copolymers of HEMA-EMA and HEMA-BMA 

Sample transition ("C) AH (cal/g) 
Temperature of endothermic 

EA 84 2.49 
EAi 84, 100 1.11, 0.59 
EAs 92 2.99, 3.58 
EAO 87 4.66, 2.35 

EB 84 
EBi 60, 91 
EBs 65, 92 
EBs 69, 91 

BAi 59, 74 
B A2 57, 74 
B As 53, 107 
B A4 64, 81 

- 
1.97, 1.43 
2.46, 0.55 

1.12) 2.20 
1.12, 2.33 
0.55, 2.28 
1.03, 2.30 

BB i 65, 125 0.55, 0.83 
B Bz 57, 98 1.40, 3.16 
BBs 65, 85 1.46, 2.76 
BB4 57, 95 1.25, 2.22 

the polymers is increased as the HEMA content is increased. A de- 
crease in hydroxyl groups in the polymers is observed on heating at 
200°C. This may be attributed to cross-linking o r  dehydration re- 
actions. 
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