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Synopsis 

Homopolymers of rn-N,N-dimethylaminostyrene and p-N,N-diethylaminostyrene and their 
copolymers with styrene have been subjected to thermal analysis studies in air. Molecular 
weight and copolymer composition have been shown to influence the stability of the polymers 
and the shape of the TG and DSC curves in the case of polymers containing rn-N,N-dimethylam- 
inostyrene. Polymers containing p-N,N-diethylaminostyrene show TG and DSC curves essen- 
tially independent of molecular weight and copolymer composition. The behavior of the two 
systems is discussed in terms of the antioxidant effect of the chain-bound N,N-dialkylamino sub- 
stituents and their secondary reactions. 

EXPERIMENTAL 

Materials. As prepared and reported in parts XI1 and XI12 of this series. 
Differential Scanning Calorimetry (DSC). A Du Pont 900 thermal an- 

alyzer equipped with a DSC cell capable of operation from ambient to 6OOOC 
was used. The sample ( ~ 6  mg) was located in an uncrimped aluminum pan 
(7 mm in diameter) without a covering lid, and an empty pan acted as the 
inert reference. A heating rate of 2O0/min (nominal) was used together with 
a flow rate of 400 ml/min of air. 

Dynamic TG Studies. A Du Pont 900 thermal analyzer with a 950 ther- 
mogravimetric analysis attachment was used programmed for a heating rate 
of 8"C/min (nominal) in static air. Approximately 10 mg of material was em- 
ployed in each experiment, and samples were contained in aluminum cruc- 
ibles. The maximum safe operating temperature for the unit employed in 
these studies was 550"C, and all runs were terminated at  530°C. 

Isothermal TG Studies. The 950 TG attachment was employed in its 
isothermal mode using the following procedure. The furnace was heated to 
the required temperature in the operational position, and the apparatus was 
allowed to come to thermal equilibrium with air passing through the quartz 
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TABLE I 
TG Data for PDEAS Degradation in Air 

Intrinsic 
Polymera Viscositya [ q ]  

PDEAS 1 0.55 
PDEAS 2 0.39 
PDEAS 3 0.31 
PDEAS 4 0.22 
PDEAS 5 0.18 
PS 10 0.28 

Temperature, "C; for specified % weight loss 

Ob 1 0  50c 75 

27 6 41 2 437 452 
285 410 436 450 
280 405 435 449 
300 398 426 443 
353 399 430 445 
27 1 324 370 388 

_ ~ ~ _ _ _  _ _ _ _ ~ _ _  

a Reference 1. 
b Procedural decomposition temperature (PDT). 
c Fifty per cent decomposition temperature (50% DT). 

tube. The furnace was then rolled away from the tube and the sample/cruci- 
ble added to the rise rod. The furnace was then placed over the sample and 
the weight loss recorded for periods up to 90 min. Sample sizes of -10 mg 
and an air flow rate of 250 ml/min were used. 

RESULTS AND DISCUSSION 

In Tables I and I1 are reported the degradation parameters obtained by dy- 
namic TG in a static air atmosphere for p -N,N-diethylaminostyrene homo- 
polymers (PDEAS 1-5) and rn-N,N-dimethylaminostyrene homopolymers 
(PmDAS 1-4) of different molecular weights. In the case of PDEAS, it can 
be seen that the PDT is molecular weight dependent (Table I), but the ther- 
mogram shape is unaffected by molecular weight (Fig. 1, where the two most 
extreme molecular weight samples are shown for clarity). 

In addition, the DSC traces (Fig. 2) for PDEAS samples of different molec- 
ular weight but similar sample weights confirm the TG behavior; no molecu- 
lar weight effect is apparent. 

PmDAS similarly shows a molecular weight effect upon PDT (Table 11), 
and in this case the thermogram shape is also molecular weight dependent 
(Fig. 3). DSC curves for similar sample weights of the different molecular 

TABLE I1 
TG Data for PmDAS Degradation in Air 

Temperature, "C; for specified % weight loss 
___ ________ Intrinsic 

Polymera Viscositya [ 171 Ob 10 50C 75 

PmDAS 1 0.83 261 41 0 454 5 30d 
PmDAS 2 0.35 27 1 421 454 513d 
PmDAS 3 0.31 343 427 451 472 
PmDAS 4 0.15 361 416 439 453 
PS 1 0  0.28 271 324 370 388 

a Reference 2. 
b PDT. 
c 50% DT. 
d 65% weight loss, see Fig. 3. 
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"c 
Fig. 1. TG traces for PS and PDEAS homopolymers in air: (-.-.-) PS; (-) PDEAS 1; (-x- 

x-) PDEAS 5. 
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Fig. 2. DSC traces for PDEAS homopolymers in air: (1) PDEAS 1, 7.4 mg; (2) PDEAS 2,6.75 

mg;(3) PDEAS 3,6.70mg. 



862 OPREA AND STILL 

0 -  

to 

10 

3 0  

40 
u1 
a 
0 

t- 
I 
!? 6 0 -  
w 

b( 70 

J 50 

3 

80 

90 

100. 

TABLE I11 
TG Data for PDEAS,,PmDAS and PS in a Flowing Nitrogen Atmospherea 
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Temperature, OC, for specified 
% weight loss 
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Polymer O h  10 50C 75  

- 

- 

- 

- 

- 

- 

- 

I 
I I 

PDEAS 1 353 397 417 428 
PDEAS 5 353 398 423 434 
PmDAS 1 338 393 426 439 
PmDAS 4 340 402 434 44 7 
PS 10 314 394 421 431 
PS 11 357 402 422 430 

a Reported in full in references 1 and 2. 
h PDT. 
C 50% DT. 

weight samples of PmDAS (Fig. 4) confirm the molecular weight dependence 
of this system. This dependence of PDT on molecular weight has been ob- 
served previously by Still and co-worker~l-~ for polystyrene and hydroxy, 
amino, and substituted aminostyrene polymers and by Malhotra and co- 
workers5 for polystyrene in nitrogen. 

The molecular weight dependence of the TG and DSC thermograms in air 
has also been reported previously by Still and co-workers for amino, hydroxy, 
and substituted aminostyrene  polymer^.^,^ 
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The comparative data for a selection of these polymers in a flowing nitro- 
gen atmosphere are given in Table 111. This table shows that in nitrogen the 
three polymers behave essentially in the same manner. Further to this, it 
shows the suppression of the oxidative initiation of degradation observed for 
PS (Tables I and 11). 

The behavior of PDEAS and of PmDAS in air and in nitrogen is essentially 
similar, and it is apparent that the oxidative initiation of degradation ob- 
served for PS is suppressed in these systems (Figs. 1, 3, and 5). The appar- 
ently slightly lower stability of PmDAS and PDEAS in nitrogen as compared 
with air may be due to an artifact of the assessment system used. This arises 
because of the greater rate of volatilization of the degradation products by a 
flowing nitrogen atmosphere as compared to static air. 

The DSC curves in air Figures 2 and 4 for the two systems are markedly 
different. The behavior of PmDAS is similar to that observed previously by 
Still and Whitehead4 for the isomeric poly(p-N,N-dimethylaminostyrene) 
homopolymer system (PDAS). Its behavior was discussed in detail previous- 
l ~ , ~  and the three exothermic peaks a t  peak maxima approximately 250°, 
450°, and 56OOC were shown to be due to secondary reaction of hydroperox- 
ides (plus carbonization which was molecular weight dependent), carboniza- 

0 100 Z O O  300 4- So0 600 OC 

Fig. 4. DSC traces for PmDAS homopolymers in air: (1) PmDAS 1, sample weight 6.90 mg; 
(2) PmDAS 2, sample weight 7.00 mg; (3) PmDAS 3, sample weight 5.30 mg; (4) PmDAS 4, sam- 
ple weight 6.50 mg. 
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250 275 300 325 3 5 0  315 +OO 415 4SO 475 500 SlS SSO -L 
Fig. 5. TG traces for PS, PDEAS, and PmDAS homopolymers: (1) PS[q]o = 0.28; (2) PDEAS 

[q]o = 0.32; (3) PmDAS[q]o = 0.31. 

tion, and burning off of the carbonaceous residue, respectively. In the case of 
PmDAS, similar reactions to those proposed for PDAS4 may account for the 
DSC and TG behavior. 

The molecular weight effect for PDAS was ascribed to changes in chain 
mobility as a result of major differences in the Tg with increasing molecular 
weight. This influences the course of reaction between the antioxidant 
N,N-dimethylamino substituent and peroxy radicals and their secondary re- 
a c t i o n ~ . ~  

It is apparent in the case of PmDAS, where the Tg is considerably lower 
and changes little with molecular weight (PmDAS has a Tg of 86OC a t  M ,  
38.65 x lo4 and 80°C a t  M ,  1.821 X compared with that for PDAS6 of 
143°C a t  M ,  52.00 X lo4 and 125°C a t  M ,  24.2 X lo4), that this is not the de- 
cisive factor in controlling the shape of the thermogram. Secondary reac- 
t i 0ns~>~18  of (a) the peroxidic groupings with (b) the Wurster radical ion inter- 
mediate formed by the antioxidant reaction of the N,N-dialkylaminosubst- 
i t~ents ,~JO and (c) the unreacted N,N-dialkylamino units at the surface of the 
polymer sample appear to play the dominant role in determining the thermo- 
gram shape. The availability of such groupings at the surface will, of course, 
be dependent on both the Tg and the melt viscosity. 

In the case of PDAS, the high and low molecular weight samples showed 
differences in behavior when heated on a hot-stage microscope at a similar 
rate to that used for the DSC ~ t u d i e s . ~  The low molecular weight sample. 
changed from the “fibrous state” to a “melt” and remained liquid a t  360°C. 
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2 5 0  215 300 325 3 5 0  375 400 415 650 41s SO0 525 5 5 0  "c 
Fig. 6. TG traces for S:p-DEAS copolymers in air: (-) S:p-DEAS 6; (- . - . -) S:p-DEAS 7; 

(-x-x-) S:p-DEAS 8. 

w c  a 

Q 100 2 0 0  3 0 0  400 5 0 0  bOo "c 
Fig. 7. DSC traces for S:p-DEAS copolymers in air: (- . -. -) S:p-DEAS 6, sample weight 

6.40 mg; (- - - -) S:p-DEAS 7, sample weight 6.55 mg; (-) S:p-DEAS 8, sample weight 6.60 mg. 
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TABLE IV 
TG Data for S:p-DEAS Copolymer Degradation in Air 

- 

- 

- 

- 

- 
- 
- 

- 

Temperature, “C,  for specified % 
Intrinsic weight loss 

S:p-DEAS Viscosity ~- 

Polymer a molar ratio [q], Ob 10 50C 75 

S:p-DEAS 6 2.20:l  0.52 324 398 423 435 

S:p-DEAS 9 1 .79: l  0 .93 314 402 429 444 

S:p-DEAS 7 1.11:l 0.45 329 398 426 442 
S:p-DEAS 8 0 .62: l  0 .43 340 410 436 452 

a Reference 1 
b PDT. 
C 50% DT. 

The higher molecular weight sample showed only a colour change (white to 
brown) with no change in appearance from the “fibrous state” on heating to 
360°C. PmDAS samples show similar behavior. 

The thermograms observed for PDEAS are not molecular weight depen- 
dent (Figs. 1 and Z), and two important features are observed. The overall 
pattern of degradation on TG appears to follow a similar course to that for PS 
except that it is displaced to higher temperatures. The DSC curves show 
three exotherms similar to those observed for PmDAS and PDAS, but of 
much reduced magnitude, suggesting that secondary reactions leading to car- 

toel L 

As0 2.7s 3 0 0  32s 350 316 go0 425 450 475 500 515 SSO’C 

Fig. 8. TG traces for Sm-DAS copolymers in air: (1) S:m-DAS 5; (2) S:m-DAS 6; (3) S:m- 
DAS 7. 
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TABLE V 
TG Data for S:m-DAS Copolymer Degradation in Air 

Temperature C for  specified % 
Intrinsic weight loss 

- ___- S:m-DAS Viscosity - 

Polymer a molar ratio [q] .Ob 10 50C 75 

S:m-DAS 5 2.43:l 0.42 314 394 430 445 
S:m-DAS 6 1.56:l 0.48 314 398 435 450 
S:m-DAS 7 0.56:l 0.55 276 406 441 462d 

a Reference 2, 
b PDT, 

d For 65% weight loss. 
50% DT, 
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Fig. 9. DSC traces for S:m-DAS copolymers in air: (-) S:m-DAS 5, sample weight 6.10 mg; 

(- - - -) S:m-DAS 6, sample weight 6.65 mg; (- - - . -) S:m-DAS 7, sample weight 7.40 mg. 
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TABLE VI 
Isothermal TG Data for the Degradation of PMDAS 1, PDEAS 1, and PS (10) in Air 

Tem- 
pera- 
ture, ~ _ _ _ _  
" C  0 20 50 75 0 20 50 75 0 20 50 75 

Time, mins, for specified % weight loss 
ps 10 

~ _ ~ _ _ _ _  PDEAS 1 PmDAS 1 

367 5 58 - - 28 63 - - 0.7 1.5 3.0 4.8 
396 1.1 3.4 33 - 2.5 4.5 6.3 22 0.6 1.1 1.8 2.6 
422 1.0 1.8 3.5 59 1.0 1.9 3.5 6.6 -- - - - 
443 0.4 0.7 0.9 6.9 0.7 1.0 1.1 1.5 - - - - 

_____ ~ ____ 

3 

TIME Cnins) 

Fig. 10. Isothermal TG graces for PS, PmDAS, and PDEAS at 396OC in air: (1) PmDAS 1; (2) 
PDEAS 1; (3) PS 10. 
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bonization and the burning off of a residue are much reduced in this system. 
Observations on the hot-stage microscope confirm this behavior since both 
high and low molecular weight samples were converted into a “melt” and re- 
mained liquid to 360OC. The TG curves (Fig. 1) similarly show the forma- 
tion of approximately 10% carbonaceous residue at  525°C. It  would, there- 
fore, appear that the PDEAS system is not such an efficient antioxidant as 
PmDAS or PDAS, and this leads to less secondary reactions of the Wurster 
radical intermediate produced from PDEAS on reaction with a peroxy radi- 
cal. Consideration of the Wurster radical ions I and I1 produced from 

Wurster radical ion I (6a-H) 

CH,- 

N 
CH3CH2 / ‘CH,CH, 

CH3 

6, 
r;+ 

H CH@ ‘CH2CH3 
I 
CH, 

Wurster radical ion I1 (4 a -H) 

PmDAS and PDEAS, shows that they are not of the same stability due to dif- 
ferences in hyperconjugative stabilization7 afforded by the a hydrogen atoms 
of the N,N-dialkyl substituents. 

Thus, the formation of I would be more favored for PmDAS leading to sec- 
ondary reactions giving rise to a carbonaceous residue similar to those re- 
ported for PDAS.4 In the case of PDEAS, although some formation of I1 
would occur, the degradation process with main-chain cleavage similar to that 
which occurs with PS would predominate. This would lead to less secondary 
reactions and a reduced tendency towards the formation of a carbonaceous 
residue. 

In Tables IV and V, the degradation parameters obtained by dynamic TG 
in static air for the styrene:p-diethylaminostyrene (S:p-DEAS) and the 
styrenem-dimethylaminostyrene (S:m -DAS) copolymers are reported. 

The overall degradation behavior of S:p-DEAS polymers on TG (Table IV 
and Fig. 6) and DSC (Fig. 7) is essentially independent of copolymer compo- 
sition in the range studied. The behavior is similar to that of PDEAS homo- 
polymers (Fig. 1 and Table I). The PDT varies having the lowest value for 
the copolymer containing the highest percentage of styrene. The displace- 
ment of the thermograms to higher temperatures than observed for PS is in- 
dicative of some suppression of the oxidative initiation of degradation ob- 
served with PS. 
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Fig. 11. Isothermal TG traces for PmDAS and PDEAS in air and nitrogen a t  396OC: (A) 
PmDAS 1; (B) PDEAS 1. 

In the case of the Sp-DEAS copolymer 9, the lowering of the PDT with 
this system is again indicative of a possible molecular weight effect in the sys- 
tem. The DSC traces for the S:p-DEAS copolymers (Fig. 7) show behavior 
indicating that secondary reactions of the N,N-diethylaminostyrene units 
with peroxy radicals and Wurster radical ion I1 lead to a low percentage of 
carbonaceous residue. This is shown by the small exotherm a t  peak maxi- 
mum 56OoC and the low residue obtained on TG to 530°C (Fig. 6). 

The degradation behavior of the S:m-DAS copolymers again differs from 
the corresponding systems containing p-DEAS. (Table V, Figs. 8 and 9). 
The behavior on TG is shown in Fig. 8, and it can be seen that the thermo- 
grams are composition dependent and that the residue obtained a t  530°C in- 
creases with increasing rn-DAS content in the copolymer system. This be- 
havior is again confirmed on DSC (Fig. 9) where it can be seen that the mag- 
nitude of the exotherm a t  peak maximum of approximately 560°C increases 
in magnitude with increasing m-DAS concentration within the polymer. 
This behavior again indicates the burning off of a carbonaceous char formed 
by the secondary reactions of the peroxy radicals with the Wurster radical ion 
I and the unreacted m-DAS units within the chain. As the concentration of 
styrene increases, the percentage of units available to participate in the anti- 
oxidant reaction and subsequent secondary reactions is decreased, and conse- 
quently there is an overall higher percentage weight loss prior to burning off 
of the residue. 

The PDT's are higher than for PS, and the value for the S:m-DAS copoly- 
mer 7 containing the highest concentration of m-DAS of the systems studied 
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is in accord with that expected for a PmDAS sample of similar molecular 
weight. 

The data obtained on isothermal TG studies in air for representative sam- 
ples of PmDAS, PDEAS, and PS are given in Table VI, and the behavior of 
the three systems at  396°C is compared in Figure 10, where it can be seen 
that the basic features shown on dynamic TG and DSC are again observed. 
If the PmDAS and PDEAS systems are compared in air and nitrogen at  
396°C (Fig ll), then the relative effect of the secondary reactions of the two 
N,N-dialkylamino substituents in air can be seen. In the case of m-DAS, the 
effect is greater than for p-DEAS. A total absence of any stabilizing (antiox- 
idant) effect is seen for PS which degrades at  a much faster rate in air than in 
nitrogen. 

One of the authors (S.O.) thanks the British Council for a Research Fellowship. 
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