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The pyrolytic degradatikn of copolymers and homopolymer mixtures ofstyrene, 
methyl acrylate, a-methylstyrene, and methyl methacrylate has been examined using a 
Curie Point pyrolysis system. The pyrolysis behaviour at several temperatures allows 
copolymers and mixtures to be distinguished. The essentially individual behaviour of 
homopolymers is observed and the concept of fragmentation indices as proposed for 
acrylic systems is considered. 

INTRODUCTfON 

Pyrolysis gas chromatography of polymers has been the subject of many 
reports and has been described in a number of reviews’“. Much of the work has beenof 
a qualitative nature and in many cases was conducted before the effects of the experi- 
mental and instrumental parameters had been evaluated. Large samples, Le., 2-U 
mg, were frequently employed and with poor heat transfer and a preponderance of 
competing side reactions attempts at quantitation were of Limited success. 

The degradation mechanism of n-alkyl methacrylates with depropagation and 
depolymerisaiZ>n with iitie accompanying tr&nsfer reaction is well established. The 
degradation of the n-a&y1 acrylates is demonstrated by studies with polymetbyl 
acrylate. Cameron and Kane4s5 proposed random initiation and a propagation ste’p 
iilvolving mainly transfer reactions with IittIe depropagation. Subsequent analysis of 
the reaction products has substzmtiated these proposaW_ 

The early quantitative pyrolysis gas cbromatograpbic studies of polyaGylic 
esters have been considered by McCormick’, who co-ed the observations of 
Strassb~lrger et at.* and of @at& and Mad that the yield of an acrylate monomer 
is substantially increased when pyrolysis of a cop_olymer containing a polymethacrylate 
is carried out as cotipared to pyrolysis of a homopoiymer or of mixtures containing 
polyacrylate homopolymer. The ability of distinguish& between a copolymer and a 
mixture of homopolymers was demonstrated and the possibility of determining 

* Tempon^y address until February 1977: Chemistry Department, Kent State Wnivesity, Kent, 
Ohio *24& U.S.A. 
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polymer composition suggested. Pyrolysis employed a helical filament with sir&e shot 
or stepwise degradation with five polymer systems, Le., ethyl acrylate+methyl meth- 
a&ate, ethyl acrylate-n-butyl methacrylate, 2-ethylhexyl acrylat~methyl meth- 
acrylate, n-butyl acrylate-methyl methacrylate, and n-butyl methacrylate-methyl 
methacrylate. 

The difficulties of calculating the pyrolysis yields with stepwise degradation at 
increasing temperatures were eliminated by the use of a radio frequency pyrolyser 
with several samples on elements of different Curie ternperatureszO. Copolymers and 
homopolymer mixtures of methyl to n-hexyl acrylate and methacrylate were studied. 
A constant fractional recovery of methacrylate monomer was achieved with homo- 
polymers, copolymers, or a mixture containing polyalkyl methacrylates, while with 
polyacrylates the monomer yields were dependem OIL the presence of the esters in 
copolymers or homopolymers and in addition in a copolymer the yield of monomer 
decreased slightly as the percentage of acrylate was increased. The variations at the 
temperature used were relatively minor and the use of monomer yield allowed con- 
stants described as Homopolymer Fragmentation Indices (HFI) or Copolymer 
Fragmentation Indices (CFI) to be established and the composition of unknown co- 
polymers or mixtures of homopolymers to be determined from pyrolysis data. The 
variation of the CFI values of the polyacrylates introduced only minor errors in the 
calculation of copolymer composition, the effect being most significant with copolymers 
of very high or very low acrylate content. 

The present work examines the utility of these indices with several other 
polymers, aamely, ;tyrene, where thermal degradation occurs by a complex series of 
reactions which produce both monomer and transfer reaction products”Jz, and with 
a-methylstyrene, where depolymerisation predominates with high yields of mono- 
mer13-15. In this work copolymers and homopolymer mixtures of these monomers 
have been considered together and in combination with methyl acrylate and methyl 
methacrylate. 

Gus chromarography 
Gas chromatography was conducted on a modified F & M Model 810129 

dual-column research chromatograph with flame ionization detection and fitted with 
’ an improved flow control system and on a Hewlett-Packard Model 5750 instrument. 

Two 12 ft. x l/4-in. O.D. aluminium columns packed with 10% OV-1 on 60430 
mesh Chromosorb W were programmed between 100 md 220’ at lO”/min with the 
top temperature held for 5 min before automatic recycling occurred. Helium.was used 
as the carrier gas at 40 ml/min. The amplifier sensitivity used generally was 16 x 1oL 
A.f.s.d. and 2 x lot A.f.s.d. for minor components. 

RadioJequency pyrolysis 
A Philips Curie Point pyrolyzer was used. The ferromagnetic sample probes 

were prepared by forming 2 flat surface with light hammering for lengths of 1 cm at 
the end of the wires and then folding back these prepared tips to form a closed loop. 

Solutions of the polymers were prepared and 0.50 & 0.2 ~1 of solution was 
deposited on wires with Curie Points of 510,610,770, and 980”. The amount of poly- 
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methyl merhacryfate deposited was 10 i 0.4 ,vg and the approximate E&II tbicckness 
was Czaktited to be 0.5 @IL. 

The coated wires were stored for 24 h to allow evaporation of-solvent and the 
residual material was removed by allowing several minutes to elapse after mounting 
in the pyrolysis head prior to firing. 

Polymer and copolymer prepumtion 
Five sets of copolymers were prepared by free radical polymerisation using 

styrene-a-met styrene-methyl methacrylate, styrene-methyi acrylate, a- 
methylstyrene-methyl acrylate, and a-methylstyrene-methyl methacrykte. With each 
series -five ratiics were prepared, homopoEymer mixtures of the same compositions 
were prepared from polymers free radical initiated, with the exception of a-methyl- 
stytene, which employed an ionic initiator (concentrated suiphudc acid) at a low tem- 
perature (-50”). 

RESLJLTS AND DISCUSSION 

Pyrolyses of ‘Je homopolymers have been carried out at four temperatures, 
namely 510,620, 770, and 980” and the monomer yields are shown in Table I. 

TABLE 1 

MONOMER YIELDS FROM HOMOPOLYMERS WITH CURIE POINT PYROLYSIS 

Compomd 510” 610” 770” 980” 

Methyl acrykte 2.1 8.0 8.8 9.5 

Polystyrene 5.0 71.6 74.8 75.3 
Polymethyl metbacrylate 76-3 98-6 972% 96.6 
Poiy(cz-ruethylstymne) 91.0 9&O 98.0 98.0 

Polymethyl a&ate and polymethyl methacrylate have previously been con- 
sidered at the first three temperatureslO, and while the monomer yields with poiy- 
methyl acrylate are somewhat lower than previously reportedlO, the temperatures of 
the maximum yield are the same for both polymers, as in the earlier report. 

Pyrolysis of homopolymer mixtures (6:4) of styrene and a-methylstyrene 
exhibited pyrolysis patterns of the individual homopolymers which were similar to 
those of a copolymer of the same composition, which however showed a distinctly 
larger styrene monomer peak. Qozmtitative recoveries of mor;omer are shown in 
Table E for the series styrene+z-metizylstyrene. 

The homopolymers in the mixtures exerted little influence on each other and 
behaved independently although the presence of a-methylstyrene in the copolymers 
increased the proportionate yield of styrene. As the a-methylstyrene content increased, 
the relative yield of styrene showed a contim& minor increase. The preserlce of 
styrene, however, did not infuence the essentially quantitative yield of a-methylstyrene 
at 610,770, and 980”. At 510” the presence of styrene had a marked infkence on the 
a-niethylstyrene yield, which desre.as& with increasing styrene content. 

The proportionate monomer recoveries at 770” are shone in Figs. la and b for 
styrene and a-methyistyrene, respectively. Plots of the molar ratio of polymer and of 
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Fig. 1. Plots showing proportionate monomer recoveries for copolymer and homopolymer mi..tw 
of: (a) styrene, (b) a-methyktyrene, (c) styrene, (cl) methyl metktcrykte, (e) styrene, and (0 methyl 
acryla+&. - - -, CopoIymer; - 3 polymer mixture. 

pyrolysis products are shown in Fig. 2a, whez it is apparent that essentially linear 
relationships exist, the copolymer plot being uppermost due to the greater styrene 
yields and the higher styr~ne/ct-methylst~eJrrene ratio. 

By cotidering pyrolysis at various temperatures, it was possible to differentiate 
between copolymers and polymer mixtures. With mixtures a-metbylstyrene showed 
maximum recoveries at 6LO”, 770”, and 980”, while styrene showed maxima at 770” 
and 980”. Pn copolymers, both monomers showed the greatest yields at 770”. The 
effects with systems of 6:4 monomer ratios arre shown in Fig. 3. 

CFI and KFI values were detemined for ail samples at 770” and are shown In 
Table III. It is apparent that the CFT and HFI values for cc-methylstyrene show 



Molar ratio 

Fig. 2. Plots of percentage composition (peak height ratios) of poIyiners and af pyrolysis products 
for: (a) styrene-wnethyIstyrene, (b) styrene-,methyl methacrylate, and (c) styren+methyl acrylate. 
---* Copolrmer: -, pdymer mixture. 

respective constancies, while with styrene the HFI values are constant but the CFI 
values show a variation according to the composition of the copolymer. 

Quantitative yields of monomer from copolymers and homopolymers of 
styrene and methyl methacrylate are shown in Table PI, the individual performance 
of the homopolymers in admixture being again evident while in the copolymers both 
styrene and methyl methacrylate yields were influenced by the presene of each 
other. In general, the styrene yield -aas increased with increased contents of methyl 
methacrylate wbiIe the methyl methacrylate yield showed a gradual decrease asthe 
styreae concentration in the r,opolymer imxeased (Figs. lc and d). 

Maximum styrene -monomer recovery was achieved at 770” for both copolymers 
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(b) 

01 
510 6i0 7;o 960 

Pyrolysis temperature 03 

Fig. 3. In5uence of pyrolysis temperature on monomer yields of: (a) styrene and (b) cr-methylstyrene 
from copolymer and polymer mixtures. 

and mixtures. By the use of the recovery of methyl methacrylate the sample could be 
identified as a mixture. With homopolymers the maximum ester yield was at 610” and 
in copolymers at 770”. 

Molar ratio plots, i.e., peals height ratios of pyrolysis products YS. molar ratios 
of polymers, for both copolymers and homopolymer mixtures exhibited linear rela- 
tionships, as shown in Fig. 2b. The CFI and HFI values are shown in Table III and 
with both monomers the HFI values were constant while the CFI values again varied, 
slightly depending on the composition of the copolymer. 

Both copolymers and homopolymer mixtures of styrene and methyl acrylate 
yielded complex pyrograms characteristic of those of the individual homopolymers. 

Quantitative yields of monomer from copolymers and homopolymer blends 
are shown in Table II. The individual behaviour of the two monomers in homo- 
polymer mfxturcs was again evident, however, with copolymers both styrene and methyl 
acrylate affected each other in monomer yields. When the Syrene molar ratio was in- 
creased, the percentage recovery of both styrene and methyl acrylate increased ac- 
cordingly, and when the molar ratio of methyl acrylate was increased, the percentage 
recovery of both monomers decreased. The effect is shown in Figs. le and f and 
again in Fig. 3c, where the considerable variation in the molar ratios of the polymer 
and the pyrolysis products is evident from the lads of linearity of the copolymer plot. 
The HFI values for both monomers are constant and the CFI values greatly variant, 
as shown in Tabie III. 

Yields of monomer from the series a-methylstyrene and methyl methacrylate 
are shown in Table II, while fragmentation indices are shown in Table III, where it is 
evident that both these monomers, which degrade by depolymerisation, are virtually 
unaffected by the presence of the comonomer. 
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TABLE III 

COPOLYMER AND HOlMOPOLYlMER FRAGMENTATION LNDLCES AT 770” -. 

styret&? a-Meh5y~iyfene a-Medzy&rene Methyi methcctykzte 

CFZ HFZ CFZ HFZ CFZ Efl=Z CFZ HFZ 

1 1.29 1.32 1.03 1.03 1.02 LO2 1.03 L-03 
2 I.14 1.32 1.04 1.03 1.02 1.02 1.04 1.02 
3 1.09 1.32 1.02 1.02 1.02 1.02 1.03 I.03 
4 1.03 1.32 1.06 1.01 1.02 1.02 I.02 1.02 
5 1.03 1.32 1.01 1.02 1.02 1.02 1.02 1.03 

-- -__ -- -- 

AY. 1.12 1.32 1.03 1.03 1.02 1.02 1.03 1.03 

Styrene Methy! rtiethacryiate a-Methyistyrene Methyl acryiate 

CFZ HFZ CFI HFZ CFZ HFZ CFZ HZTZ 

1 -1.27 1.35 
2 1.12 1.32 
3 1.06 1.32 
4 1.05 1.33 
5 1X4 1.32 

-- 
AV. I.11 1.33 

Sfyrene 

i.13 1.06 1.02 1.04 2.00 11.40 
i.ie 1.06 1.02 1.02 2.06 11.59 
1.07 LO5 1.02 1.02 2.16 11.39 
1.05 1.06 1.02 1.02 5.79 lt.62 
1.05 1.05 1.03 1.02 9.20 11.38 
-- -- -- 
1.08 1.06 1.02 1.02 4.24 11.48 

Merhyl acrytate 

CFI HFZ CFI HFi 

1 1.44 1.32 2.12 11.40 
2 1.65 1.33 2.49 11.55 
3 2.02 1.31 2.94 11.26 
4 2-47 1.32 5.77 11.34 
5 3.19 1.32 8.67 11.32 

-- -- 
AV. 2.15 1.32 4.40 11.37 

When methyl acrylate is replaced by methyl methacryiate the monomer yiehis 
are s&Scantly altered (Table II), as shown by plots of peak height ratios and com- 
position. 

The CFI and HFI values for a-methylstyrene are essentialiy identical, although 
with methyl acrylate the values are widely variant, higher yields of methyi acrylate 
from copolymers being evident by the lower CFf values, as shown in Table IXI. 

From TabIe III it is apparent that the average values of the fragmentation 
indices for a particular monomer are very similar when in conzbinatioil with azly of 
the three comonomers, the exception being tith styrene when copolymer&d with 
methyl acrylate, where increased methyl acrylate in the copoiymcrs leads to decreased 
styrene recovery. 

The linearity of the plots of the molar ratio of the pyrolysis products and ffie 
copolymer composition for styrene with a;-methylstyrem- and with methyl meth- 
acrylate is in agreement with the work of Strassburger, Ed aAs and that df Ferlanto 
e? aZ.16, who considered copolymers of methyl methacryk$e with me&&y1 and ethyl 
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acrylate, respectively. In all of these e.. -.ples one of the mortomeis is suhtantially 
depoIymerised vahile the other is subjectea :o signScant degradation. IE this work the 
q&em sryreue-methyl aerylate is anomalous as both of the ~~onorners are subject to 
subsm.ntial degradafion. The individual behaviour of homopolymers in mixtures is in 
agreement wi’& earlier ~ork&~, with the exception that FerEauto et crZ_‘6 reported a 
coueemration dependence. In the absence of data, it is not possible to consider the 
degree of this dependence. From the systems studied it is evident that homopolymer 
mixtures are of limited value for zlse as corflpositional models for pyrolysis studies of 
copolymer systems. 

The acrylate-methacrylate system has been discussedL0,16 and while random 
polymerisation is ievolved, the product is considered analogous to a block copolymer. 
The number of acrylate-methaerylate bon& tend to remain constant onee the limifiug 
number of these bonds are formed and these xther than the size of the acrylate 
block determine the pyrolysis yield of acrylate monomer. To ftiher investigate this 
hypoth+ Ferlauto et ~1. employed the sequence distribution of Harwooci et a1.l’ to 
determiue the number of acrylate-methacryla$e bonds. Some support was obtained 
with low-conversion copolymers but with high-conversion copolymers considerable 
discrepancies were evident. The variation between cakulations with high- and low- 
conversion copolymers is not unexpected due to the limitations of the copolymer com- 
position equation with increasing conversion. 
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