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Synopsis 

The thermal decomposition of low-density polyethylene, isotactic polypropylene, and polyiso- 
butylene has been studied in helium at  a heating rate of 20°C/min using an experimental system 
which consists of a programmable pyrolyzer, a thermal conductivity cell, and a mass chromato- 
graph. 

For low-density polyethylene, the formation of a homologous series of volatile products corre- 
sponding to alkanes and alkenes is interpreted in terms of an intramolecular radical transfer pro- 
cess in the primary macroradicals to the 5th, 9th, 13th, and 17th carbon atoms of the chain. 

For isotactic polypropylene, the formation of a homologous series of volatile products corre- 
sponding to monomer, dimers, trimers, and higher oligomers is explained also in terms of intra- 
molecular radical transfer processes. Transfers to the 5th, 9th, and 13th carbon atoms in the 
secondary macroradicals (indexing from the secondary carbon atom at  the chain end) and trans- 
fers to the 6th, loth, and 12th carbon atoms in the primary macroradicals are shown to account 
for the major products of pyrolysis. 

For polyisobutylene, in addition to the depolymerization process which accounts for the exten- 
sive formation of monomer, intramolecular radical transfer processes in the primary and tertiary 
macroradicals (the processes proceeding predominantly in the primary macroradicals) are shown 
to account for the formation of the dimers, trimers, and higher oligomers that occur in the vola- 
tile products of decomposition. 

INTRODUCTION 

The extent of degradation of a polymeric system can, in principle, be fol- 
lowed by monitoring the formation of the decomposition products andlor by 
measuring changes of properties in the residue. Analysis of the decomposi- 
tion products and their identification gives detailed information which can be 
used, for example, as a “fingerprint” for identification,1,2 to postulate mecha- 
nisms of d e g r a d a t i ~ n , ~ - ~  to elucidate the microstructure of the initial poly- 
mer,6-11 and to determine the composition of polymer blends.12J3 Combina- 
tions of a pyrolyzer with analytical tools (chromatographic andlor spectro- 
photometric) are well suited for such applications.14J5 

* Present address: SEKA, Central Research Laboratory, Izmit, Kocaeli, Turkey. 

2045 

0 1976 by John Wiley & Sons, Inc. 



2046 KIRAN AND GILLHAM 

In the decomposition of polymers, the formation of volatiles is often a con- 
sequence of chain reactions involving radical intermediates.3J6 Initiation, 
which can be either random or a t  specific sites (such as chain ends), leads to 
the formation of polymer radicals that can depolymerize to give monomer, or 
undergo intra- and intermolecular transfer reactions to give a number of dif- 
ferent decomposition products. It is primarily the nature of the initiation 
and of the competition between the depropagation (i.e., depolymerization) 
and the transfer processes which determines the course of decomposition. 
The relative extents of the competing reactions depend on the structures of 
the polymers. 

The present paper discusses the thermal decomposition behavior of low- 
density polyethylene, isotactic polypropylene, and polyisobutylene for the 
purpose of demonstrating the capabilities of a new experimental system.17-19 

EXPERIMENTAL 

Description of the System 

The details of the instrumental and operational aspects of the experimen- 
tal system have been described e1~ewhere.l~ Briefly, the system consists of a 
programmable pyrolyzer, a thermal conductivity cell, and a mass chromato- 
graph which are coupled in series. The pyrolyzer consists of a quartz tube 
and an external heater which provides flexibility for either program- or flash- 
heating to 800°C. The volatile products of pyrolysis are transported by heli- 
um through the thermal conductivity cell which monitors their formation. 
Any desired fraction of the volatile products passing through the thermal 
conductivity cell can be conveniently selected and analyzed by the mass chro- 
matograph. The mass chromatograph utilizes two independent gas chroma- 
tographic systems, with different carrier gases, which are coupled through a 
common injection port. When a sample is introduced into the instrument, it 
is split into two approximately equal fractions which are then introduced into 
the matched chromatographic columns where separation is achieved. As 
they elute, the constituents are detected by gas density detectors which are 
situated at the ends of the columns. A gas density detector responds to the 
difference between the molecular weight of the carrier gas and that of the so- 
lute. The instrument provides two simultaneous sets of gas-chromatograph- 
ic peaks (one from each detector). The ratio of a peak in one set to its coun- 
terpart in the other is related to the molecular weight of the constituent 
which is responsible for the particular peaks through 

where M,, Me,, and Me, are the molecular weights of the unknown, carrier 
gas 1, and carrier gasrespectively; A1 and A2 are the chromatographic peak 
areas for the unknown constitutent; and K is an instrument constant which is 
determinable from analyses of samples with known molecular weights. 

Operational Conditions 

Helium (Matheson, ultrahigh purity grade) was used at  a flow rate of 20 
ml/min as the carrier gas for the pyrolyzer. Carbon dioxide (Matheson Cole- 
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man, instrument grade) and monochloropentafluoroethane (Freon-115; du 
Pont, food grade) were the carrier gases used in the mass chromatograph. 
The column flow rates were 10 ml/min. The flow rates of the reference gases 
in the gas density detectors were 41 ml/min for Freon-115 and 122 ml/min for 
carbon dioxide. The temperatures of the thermal conductivity cell and the 
gas density detector ovens were maintained a t  230' and 242"C, respectively. 
The transfer line from the pyrolyzer to the mass chromatograph was main- 
tained at  300'C. The gas density detector currents were set a t  100 mAmp. 
The two matched chromatographic columns of the mass chromatograph were 
stainless steel (y8 in. X 12 f t )  packed with 10% silicone gum SE-30 on 60/80 
mesh Chromosorb W-AW. 

Calibration of the mass chromatograph was performed by analyzing a syn- 
thetic mixture containing 15 known saturated normal hydrocarbons (C5 to 
c28). The instrument constant K was evaluated from peak height ratios 
(Freon-115lCO2 response ratios) a t  column heating conditions which were 
found to be suitable for separation of the decomposition products. 

In addition to the thermal conductivity cell response, thermal history be- 
fore and during pyrolysis was monitored using a thermogravimetric analyzer 
(du Pont 950) and a differential thermal analyzer (du Pont 900). 

RESULTS AND DISCUSSION 

Polyethylene 

A 20-mg sample of low-density polyethylene ( p  = 0.925, I@, = 140,000, &f, 
= 16,000, 13 methyl groups per 1000 carbon atoms) was pyrolyzed in a flow- 
ing helium atmosphere at  20'C/min heating rate from room temperature to 
600'C. The thermal conductivity cell response is compared in Figure 1 with 
the complementary results of thermogravimetric and differential thermal 
analyses. The products volatilizing between 300' and 600°C were selected 
for trapping and analysis. 

The series of regularly spaced doublet peaks appearing in the mass chro- 
matogram (Fig. 2) is similar to that reported in an earlier investigation in- 
volving programmed pyrolysis.20 In contrast, flash pyrolysis experiments 
have been reported to lead to the formation of triplets corresponding to n- 
alkanes, n -alkenes, and a ,~-a lkadienes .~0>~~-~5 The doublets of Figure 2 
suggest a homologous series. Indeed, the molecular weights calculated from 
the response ratios (Table I) compare well with those of C3 to c28 normal hy- 
drocarbons; retention times also compared well with these hydrocarbons. In 
general, the first peak in each doublet has a molecular weight comparable to 
that of the alkene, and the second peak to that of the alkane. Close examina- 
tion of Figure 2 ( ( 2 0 2  channel) reveals small shoulders just before the alkene 
peaks of Cg through C15 which may indicate small amounts of alkadienes. 
Beyond C17 (and below C5), each peak is probably a mixture of saturated and 
unsaturated hydrocarbons of the indicated C number, but resolution was not 
obtained under the chromatographic conditions. 

The relative amounts of saturated and unsaturated hydrocarbons produced 
are dependent upon details of the mechanism of degradation, especially with 
respect to inter- and intramolecular radical transfer p r o c e ~ s e s . ~ , ~ ~ , ~ ~  
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Fig. 1. Thermal history before and during pyrolysis of low-density polyethylene. 

According to the free-radical mechanism of degradation, in polyethylene, 
main-chain scission by thermal energy results in two primary radicals: 

-CH, (CH2)nCH&H,CH2- --P ---CH,(CH,),CH,* + CHXCH2- 
I 

These primary radicals can undergo scission, and intermolecular and intra- 
molecular radical transfer processes. 

Decomposition by scission in the &position to the radical will result in for- 
mation of monomer and another primary radical: 

I --+ --CHZ(CHJ,,-,CH,* + CH2=CHL 
monomer 

Since (in the present investigation) the columns used in the mass chromato- 
graph were not suitable for analysis of ethylene, the formation of ethylene 
was not detected explicitly. 

Intermolecular radical transfer reactions, i.e., 

H 
I 
I 

-CH,(CH,),CH,* + ---CH,CH,CCH&H,R - 
H 

I ---cH~(cH~),cH~ + -CH,CH,~HCH,CH,R 
I1 

111 IV 
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result in the formation of a secondary radical (IV). In the process, the pri- 
mary radical (I) becomes deactivated (111). If the secondary radical thus 
formed undergoes /3-scission to the left of the location of the radical, i.e., 

IV -+ -CH,* + CH,=CHCH,CH,R 
v 

the lower molecular weight product (V) will be either an alkene or an alka- 
diene. (The chain end in the smaller fragment symbolized by R may be satu- 

TABLE I 
Decomposition Products of Polyethylene 

Assignmentsc 

calculated x-hydrocarbonb ( ~ ' ~ % ~ ~ e )  
MW MWsaturated Peak no. 

( x  ) 

3 
4 
5 
5' 
6 
6' 
7 
7' 
8 
8' 
9 
9' 

10  
10' 
11 
11' 
12  
12' 
1 3  
13' 
14  
14' 
1 5  
15' 
1 6  
16' 
17  
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 

406 
-39.1 
-14.3 
-15.2 

-8.20 
-8.08 
-4.87 
-4.41 
-3.08 
-2.78 
-1.61 
-1.44 
4 . 6 4  
4 . 5 7  

0.07 
0.17 
0.60 
0.66 
1.00 
1.11 
1.43 
1.51 
1.74 
1.86 
2.02 
2.14 
2.33 
2.49 
2.72 
2.89 
2.96 
3.08 
3.17 
3.29 
3.38 
3.50 
3.55 
3.65 

42.7 
56.2 
72.0 
70.7 
85.1 
85.5 
99.2 

101.9 
111.6 
114.2 
127.0 
129.2 
141.6 
142.9 
156.0 
158.2 
168.6 
170.2 
180.2 
183.8 
195.4 
198.6 
208.6 
214.3 
222.7 
229.5 
241.4 
252.6 
267.1 
287.4 
294.7 
308 
320 
336 
350 
37 0 
37 9 
400 

44.09 
58.12 

72.15 

86.18 

100.21 

114.23 

128.26 

142.29 

156.31 

170.34 

184.27 

198.40 

212.31 

226.45 

240.35 
254.50 
268.39 
282.56 
296.43 
310.59 
324.47 
338.66 
352.51 
366.72 
380.55 
394.77 

3=, 3 
41, 4 
5 
5= 
6' 
6 
7= 
7 
8' 
8 
9' 
9 

10= 
10 
11' 
11 
12' 
12 
13' 
1 3  
14' 
14  
15= 
1 5  
16; 
16  
17=, 17  
18', 18 
19=, 19 
20=, 20 
21=, 21  
22=, 22 
23', 23  
24', 24 
25', 25 
26', 26 
27', -27 
28', 28 

~~ 

a Response ratio, Freon-115/C02. 
bCRC Handbook of Chemistry and Physics, 48th 
c C-Number. 

ed . 
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rated or unsaturated.) If the secondary radical (IV) undergoes @-scission to 
the right of the location of the radical, i.e., 

IV - ----CH,CH,CH=CH, + CHjR 

the newly formed radical (VII) can abstract a hydrogen atom from another 
molecule and form 

VI VII 

CHBR 
WI 

which is either an alkane or an alkene (depending upon whether R is saturat- 
ed or unsaturated). It is apparent from structures I11 and VI that saturated 
and unsaturated chain ends (even if not initially present) can form during the 
course of decomposition. The smaller fragments (V and VIII) formed by in- 
termolecular transfer reactions are, therefore, alkenes, alkadienes, and al- 
kanes. It follows from the foregoing mechanism that, irrespective of the na- 
ture of the initial chain ends, in the later stages of degradation the extent of 
formation of alkenes is expected to be more than that of alkadiene and alkane 
since structures V and VIII both can be alkenes, whereas alkadiene is predict- 
ed only by structure V and alkane only by structure VIII. 

A primary radical can undergo intramolecular radical transfer reaction and 
form a secondary radical: 

H I 
I IX 

---cH,cH,c(cH,),cH,- - --cH,cH,~H(cH,),cH, 

H 
I 

If the secondary radical (IX) thus formed undergoes &scission to the left of 
the radical, i.e., 

IX - -CH,- + CH,=CH(CH,),,CH, 
X 

the lower molecular weight product (X) that is formed will be an alkene. If 
the secondary radical undergoes @-scission to the right of the radical, i.e., 

IX - -CHZCH2CH=CHZ + .CHP(CH,),-LCHB 

XI 
a primary radical (XI) is formed which can abstract a hydrogen atom from 
another molecule and form CH3(CH2)n-2CH3 (XII), which is a low molecular 
weight volatile alkane (XI + I1 - XI1 + IV). The alkadienes which would be 
produced in consequence of this intermolecular step (IV - V) would be the 
same as described earlier for more direct intermolecular transfer reactions; 
however, they are barely observed. 

The observation that very little alkadiene is produced during pyrolysis of 
polyethylene at  the heating rate of 20"C/min suggests that intramolecular 
radical transfer dominates since alkadiene is a more direct product for the in- 
termolecular than for the intramolecular process. Studies with 1 to 1 mix- 
tures of polyethylene and poly(tetrade~teroethy1ene)~~ provide additional ev- 
idence for the proposition that under mild conditions degradation of polyeth- 
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ylene must be proceeding through a predominantly intramolecular transfer 
mechanism. 

The intramolecular radical transfer mechanism also provides an explana- 
tion for the shape of the chromatogram in Figure 2 in terms of the relative 
amounts of the different hydrocarbons produced. 

The facility of radical transfer to different atoms of the chain depends on 
the flexibility of the chain, and the specific carbon to which the transfer takes 
place is governed by geometric (i.e., steric) factors. Since the coiling (or 
backbiting) process involves pseudocyclization steps, highly strained configu- 
rations are not permitted. I t  has been argued that intramolecular radical 
transfer involves the fifth carbon atom through a pseudosix-membered ring 
intermediate. If subsequent repetitive intramolecular transfer follows before 
chain scissi0n,~,~6 the consequence of preferential radical transfer to the 5th, 
9th, 13th, 17th, and 21st, . . . etc. C atoms is the preferential formation of c6, 
C ~ O ,  C14, CIS, C22, . . . alkenes.(reaction IX - X) and C3 (see Freon 115 chan- 
nel), C7, C11, C15, C19, . . . alkanes (reaction IX - XI - XII), respectively. 
An examination of Figure 2 (C02 channel) shows that the chromatogram has 
minima and maxima, and that the maxima indeed correspond to c6, CIO, C14, 
and CIS alkenes and C3, C7, C11, and C15 alkanes. 

The probability of sequential migration of the free radical along the chain 
without undergoing 0-scission reactions from C1 to C5 to Cg to C13 to C17 to 
Czl. . . carbon atoms would be expected to decrease as the number of transfer 
steps increases. Figure 2 indicates that, since C22 alkene does not correspond 
to a local maximum, more than four consecutive transfers along the backbone 
chain is apparently not favored in low-density polyethylene, or else the recov- 
ery of the high molecular weight constituents such as C22 from the traps is 
not complete. (In polymethylene, i.e., polyethylene without branches, addi- 
tional transfers along the chain may be more probable.) 

One- and two-step transfer processes should be most dominant. Figure 2 
is in agreement with this expectation also, since, among alkenes, c6 and C ~ O ,  
and among alkanes, C3 and C7 represent major products of decomposition 
and are products of intramolecular radical transfers to the 5th and 9th carbon 
atoms of the chain. 

Intramolecular coiling processes involving pseudosix-membered ring inter- 
mediates will not predict formation of the C5, Cs, Cg, C12, C13, and c16 hydro- 
carbons which are in fact observed (Fig. 2). 

A further observation with respect to Figure 2 is that in view of a search of 
the literature related to the identification of the decomposition products of 
p ~ l y e t h y l e n e , ~ , ~ J ~ J ~ J ~ , ~ ~ - ~ ~  it represents the widest range of assigned molecu- 
lar weights thus far published for a single pyrogram of polyethylene. 

Polypropylene 
The second member of the three polyolefins studied in this investigation 

was isotactic polypropylene (-100% isotactic, ATw = 284,000 and MwlMn = 
2.98). A 10-mg sample was pyrolyzed by program heating at  20"Clmin in he- 
lium from room temperature. The response of the thermal conductivity cell 
during pyrolysis was compared with the results of thermogravimetric and dif- 
ferential thermal analyses (Fig. 3). The fraction between 300" and 600°C 
was trapped and analyzed by the mass chromatograph (Fig. 4). 
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TABLE I1 
Decomposition Products of Polypropylene 

MW Compound with Comparable MW 
no. calculated Structure (MW) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

-163 
-40.9 
-10.6 
-7.76 
-7.39 
-5.13 
-2.85 
-2.72 
-1.67 

0.0 
0.64 
1.66 
1.69 
2.26 
2.38 
2.51 
2.67 
2.86 
3.0 
3.37 
3.45 
3.71 

40.8 
55.0 
77.0 
84.7 
86.0 
95.8 
111.9 
113.0 
124.7 
154.4 
171.0 
210.7 
212.5 
248.9 
258.6 
270.4 
286.6 
309 
329 
397 
417 
498 

propylene (42); propane (44) 
isobutylene (56) 
pentane (72) 
2-methyl-1-pentene (84) 
2-methylpentane (86) 
2,4-dimethyl-l-pentene (98) 
2-methyl-1-heptene (112) 
4-methylheptane (1 14 ) 
2,4-dimethyl-l-heptene (1 26) 
4,6-dimethylnonane (156) 
2,4,6-trimethylnonane (170) 
2,4,6,8-tetrarnethyl-l-hendecene (210) 
2,4,6&tetramethylhendecane (212) 
2,4,6,8,1O-pentamethyl-l-tridecene (252) 
2,4,6,8,1O-pentamethyltridecane (254) 
2,4,6,8,10,12-hexamethyl-l-tridecene (266) 
2,4,6,8,10,12-hexamethyl-l-pentadecene (294) 
2,4,6,8,10,12,14-heptamethyl-l-pentadecene (308) 
4,6,8,10,12,14-hexamethylheptadecane (324) 
2,4,6,8,10,12,14,16,18-nonamethy1-l-nonadecene (392) 
2,4,6,8,10,12,14,16,18-nonamethyl-l- uncosene (4 20 ) 
2,4,6,8,10,12,14,16,18,20-undecamethyl-l-tricosene (4 62) 

a Response ratio, Freon-1 15/CO, 

Fig. 

0 

, " O  - 
J 
t- 

W 
(L 

a I-DTA 
J 
0 0.2 - - 3  

t- a 
m 
W 
a 
1 

- w  

J 

t- 

2 =  
TC RESPONSE w w  

> 
z 
0 
t- 
0 a 0.4 
(L 
lI. 

I- 
I 
c3 w 0.6 
3 

-- 

N 2  ATMOSPHERE I- 

5 AT/At = 20 'Cl  MIN. 

::E TM 

( H i  ATMOSPHERE 1 , 
0.8 - 

--- -- 
1.0 I I I A 

0 I00 200 300 400 500 600 

TEMPERATURE, ('C ) 

3. Thermal history before and during pyrolysis of isotactic polypropylene. 
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The chromatogram is again suggestive of a homologous series of products. 
The molecular weights have been calculated from the response ratios based 
on peak heights and are tabulated in Table 11. These show that the peaks in 
the chromatogram have molecular weights corresponding approximately to 
those of monomer, dimers, trimers, and higher oligomers. 

As in the case of polyethylene, the formation of the products of pyrolysis of 
polypropylene can be explained in terms of a free-radical mechanism. 

For polypropylene, initiation by chain scission will result in primary and 
secondary radicals: 

---CH2-CH~H,-CH-CH,-CH- - -CH2-CH--dH2 + bH-CH,-CH- I 
CH, CH3 

primary radical secondary radical 
I I1 

I 
CH3 

I I 
CH3 

I 
CH3 

I 
CH, 

Depolymerization in the primary radical will result in the formation of anoth- 
er primary radical and monomer. 

I + ---kHz + CH3--CH=CH, 
monomer 

Similarly, depolymerization in the secondary radical will result in the forma- 
tion of another secondary radical and monomer: 

11 -6H + CHj--CH=CH, 
I monomer 
CH, 

Intermolecular radical transfer reactions, i.e., 

H 
I 
I 

-CHz--CH--CH2 + -CHp--C-CH,-CH-R - 
I 

CH3 CH, 
I 
CH, 

I 
---CHp-CH-CH3 + -CHz*-CH2-CH-R 

CH3 I AHJ 
I 
CH, 

I11 
H 
I 
I 

----cH-cH,-~H + --cH,-C-CH,-CH-R - 
I 
CHJ CH, 

I 
CH, 

I 
CH3 

I1 
-CH-CH~-CH, + -cH,-~-cH,-cH-R 

I 
CH 3 

I 
CH i 

1 
CH, 

I 
CH3 

I11 

will result in the formation of tertiary radicals (since hydrogen atoms at- 
tached to tertiary carbons are more susceptible t o  abstraction). 

The primary (I) and the secondary radicals (11) can, in principle, also un- 
dergo intramolecular radical transfer reactions to form tertiary radicals: 



2056 KIRAN AND GILLHAM 

The tertiary radicals IV and V can undergo &cleavage. If the scission is to 
the left of the location of the radical, i.e., 

and 

the lower molecular weight products (VI and VII) will be alkenes. On the 
other hand, if the tertiary radicals IV and V undergo P-scission to the right of 
the location of the radical, i.e., 

and if the secondary radicals VIII and IX that are formed abstract a hydro- 
gen atom from another molecule, i.e., 
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and 

XI 

the lower molecular weight products (X and XI) will be alkanes. 
As indicated in Table 11, the molecular weights calculated for the peaks ob- 

served in the chromatogram in Figure 4 indeed correspond to the molecular 
weights of alkenes (structures VI and VII) and alkanes (structures X and XI) 
that are predicted from the radical transfer processes which start intramolec- 
ularly. The compounds predicted by these structures are as follows: 
VI (Route: I - IV - VI) 

C H ~ = ~ ~ - ~ ~ C H ~  

CHJ 

n = 0: isobutylene (MW = 56) 
n = 1: 2,4-dimethyl-l-pentene (MW = 98) 
n = 2: 2,4,6-trimethyl-l-heptene (MW = 140) 
n = 3: 2,4,6,8-tetramethyl-l-nonene (MW = 182) 
n = 4: 2,4,6,8,10-pentamethyl-l-hendecene (MW = 224) 
n = 5: 2,4,6,8,10,12-hexamethyl-l-tridecene (MW = 266) 
n = 6: 2,4,6,8,10,12,14-heptamethyl-l-pentadecene (MW = 308) 
n = 7: 2,4,6,8,10,12,14,16-octamethyl-l-heptadecene (MW = 350) 
n = 8: 2,4,6,8,10,12,14,16,18-nonamethyl-l-nonadecene (MW = 392) 
etc. 

VII (Route: I1 - V - VII) 

n = 0: 2-methyl-1-pentene (MW = 84) 
n = 1: 2,4-dimethyl-l-heptene (MW = 126) 
n = 2: 2,4,6-trimethyl-l-nonene (MW = 168) 
n = 3: 2,4,6,8-tetramethyl-l-hendecene (MW = 210) 
n = 4: 2,4,6,8,10-pentamethyl-l-tridecene (MW = 252) 
n = 5: 2,4,6,8,10,12-hexamethyl-l-pentadecene (MW = 294) 
n = 6: 2,4,6,8,10,12,14-heptamethyl-l-heptadecene (MW = 336) 
n = 7: 2,4,6,8,10,12,14,16-octamethyl-l-nonadecene (MW = 378) 
n = 8: 2,4,6,8,10,12,14,16,18-nonamethyl-l-uncosene (MW = 420) 
n = 9: 2,4,6,8,10,12,14,16,18,20-undecamethyl-l-tricosene (MW = 462) 
etc. 

X (Route: I - IV - VIII - X) 
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n = 1: propane (MW = 44) 
n = 2: 2-methylpentane (MW ,86) 
n = 3: 2,4-dimethylheptane (MW = 128) 
n = 4: 2,4,6-trimethylnonane {MW = 170) 
n = 5: 2,4,6&tetramethylhendecane (MW = 212) 
n = 6: 2,4,6,8,10-pentamethyltridecane (MW = 254) 
n = 7: 2,4,6,8,10,12-hexamethylpentadecane (MW = 296) 
etc. 

XI (Route: I1 - V - IX - XI) 

n = 1: pentane (MW = 72) 
n = 2: 4-methylheptane (MW = 114) 
n = 3: 4,6-dimethylnonane (MW = 156) 
n = 4: 4,6,8-trimethylhendecane (MW = 198) 
n = 5: 4,6,8,10-tetramethyltridecane (MW = 240) 
n = 6: 4,6,8,10,12-pentamethylpentadecane (MW = 282) 
n = 7: 4,6,8,10,12,14-hexamethylheptadecane (MW = 324) 
etc. 
A comparison of the proposed decomposition products of Table I1 shows 

that (with the exception of 2-methyl-l-heptene, peak 7) they can be account- 
ed for by the above intramolecular radical transfer reactions. For example, 
since the major decomposition products pentane (Fig. 4, Table 11, peak 3), 
2,4-dimethyl-l-heptene (peak 9), and 2,4,6,8-tetramethyl-l-hendecene (peak 
12) are formed from radical V, the degradation of isotactic polypropylene can 
be considered to proceed to a large extent through intramolecular radical 
transfer to the 5th and 9th carbon atoms (indexing the initial secondary car- 
bon radical as carbon atom number 1) in the secondary radicals (see struc- 
tures XI and VII). These observations are interesting in that radical trans- 
fers to the 5th and 9th carbons were also major processes in the degradation 
of polyethylene. The transfer to the 9th carbon probably involves a radical 
migration process in two steps, i.e., from the 1st carbon to the 5th, and then 
from the 5th to the 9th. 

Other major products 2-methylpentane (Fig. 4, Table 11, peak 5), 2,4,6-tri- 
methylnonane (peak ll), and 2,4,6,8-tetramethylhendecane (peak 13) are 
formed however from radical IV, which arises from intramolecular radical 
transfer of the primary radical to the 6th, loth, and 12th carbon atoms, re- 
spectively (see structure X). 

Among the higher molecular weight fragments, peaks 16 and 17 are formed 
in larger amounts. The compounds 2,4,6,8,10,12- hexamethyl- 1 -tridecene 
(formed from a primary radical by radical transfer to the 12th carbon atom, 
see structure VI, n = 5 )  and 2,4,6,8,10,12-hexamethyl-l-pentadecene (formed 
from a secondary radical by radical transfer to the 13th carbon atom, see 
structure VII, n = 5) have molecular weights 266 and 294, respectively, which 
are comparable to those calculated for peaks 16 and 17. The reason for their 
preferential formation compared to other high molecular weight fragments is 
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Fig. 5. Thermal history before and during pyrolysis of polyisobutylene. 

understandable since radical transfer to the 12th carbon already accounts for 
one of the major decomposition products, namely, 2,4,6&tetramethylhende- 
cane, and since transfer to the 13th carbon atom is probable through sequen- 
tial radical transfers from the 5th to the 9th and then to the 13th carbon atom 
as was discussed in connection with polyethylene in the previous section. 
Thus, the formation of peaks 16 and 17 may be regarded as a continuation of 
the processes which lead to peaks 12 and 13 (see Fig. 4). 

A comparison of the present results with the l i t e r a t ~ r e l , ~ ~ ~ * ~ J ~ J ~ J ~ J ~ ~  
22,24,25,32-39 is not easy since previous publications have not reported on the 
pyrolysis of polypropylene under programmed heating conditions. However, 
similarities exist as to the major products of p y r ~ l y s i s ~ , ~ ~ , ~ ~  and the formation 
of homologous series4Jo,24,33,36,38 which are also apparently characteristic of 
flash pyrolysis conditions. 

Polyisobutylene . 
The third member of the polyolefins studied in this investigation was poly- 

isobutylene. 
A 5.5-mg sample of polyisobutylene (I$" = 120,000) was pyrolyzed in a he- 

lium atmosphere by program heating at  20°C/min, and the volatile fraction 
formed between 300' and 600'C was collected and analyzed by the mass 
chromatograph. Here again, the response from the thermal conductivity cell 
during pyrolysis was complementary to the results of thermogravimetric and 
differential thermal analyses (Fig. 5). The results from the mass chromato- 
graph are shown in Figure 6. 
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TABLE I11 
Decomposition Products of Polyisobutylene 

M W  
Peak A, a calcu- Compound with comparable MW 
no. (.;> lated Structure (MW) 

1 -b - isobutylene (56) 
2 -7.42 72.6 neopentane (72) 
3 -2.83 96.9 2,4-dimethylpentane (100) 
4 -3.21 93.4 2,4-dimethyl-l-pentene (98) 
5 -2.81 96.2 2,4-dimethyl-2-pentene (98) 
6 -1.61 112.2 2,2,4-trimethyl pentane (114) 
7 -1.59 112.5 2,4,4-trimethyl-l-pentene (112) 
8 4.89 126.0 2,2,4,44etramethylpentane (128) 
9 -1.67 111.2 2,4,4-trimethyl-2-pentene (112) 

10 -0.87 126.6 - 
11 -1.60 112.3 - 
12 0.33 170.5 2,4,4,6,6-pentamethyI-l-heptene (168) 
13 0.32 169.9 2,4,4,6,6-pentamethyl-2-heptene (168) 
14 0.84 207.2 2,4,4,6,6,8-hexamethyl-l-nonene (210) 
15 0.84 207.2 2,4,4,6,6,8-hexamethyl-2-nonene (210) 
16 1.03 227.0 2,4,4,6,6,8,8-heptamethyl-l-nonene (224) 
17 1.01 225.0 2,4,4,6,6,8,8-heptamethyl-2-nonene (224) 
18 1.27 260.2 2,4,4,6,6,8,8,1O-octamethyl-l-hendecene (266) 
19 1.26 258.5 2,4,4,6,6,8,8,10-octamethyi-2-hendecene (266) 
20 1.36 277.2 2,4,4,6,6,8,8,1O,lO-nonamethyl-l-hendecene (280) 
21 1.35 273.9 2,4,4,6,6,8,8,1O,lO-nonamethyl-2-hendecene (280) 
22 1.54 31 5 2,4,4,6,6,8,8,10,10,12-decamethyl-l-tridecene (322) 
23 1.54 31 5 2,4,4,6,6,8,8,10,10,12-decamethyl-2-tridecene (322 ) 
24 1.57 325 2,4,4,6,6,8,8,10,10,12,12-undecamethyl-l-tridecene (336) 
25 1.58 326 2,4,4,6,6,8,8,10,10,12,12-undecamethyl-2-tridecene (336) 
26 1.64 344 2,4,4,6,6,8,8,10,10,12,12,14-dodecamethyl-l-pentadecene (378) 
27 1.69 360 2,4,4,6,6,8,8,10,10,12,12,14-dodecamethyl-2-pentadecene (378) 
28 1.71 367 2,4,4,6,6,8,8,10,10,12,12,14,14-tridecamethyl-l-pentadecene (392) 
29 1.67 358 2,4,4,6,6,8,8,10,10,12,12,14,14-tridecamethyl-2-pentadecene (392) 

a Response ratio, Freon-115/C02. 
b Responses beyond the dynamic range of the detectors. 

The presence of a series of regularly spaced groups of peaks in the chro- 
matogram is characteristic of a homologous series of products. The molecu- 
lar weights calculated from the response ratios (Table 111) show that mono- 
mer, dimers, trimers, and higher oligomers constitute the volatile degradation 
products of polyisobutylene. 

In polyisobutylene, initiation by chain scission results in primary and terti- 
ary radicals: 

primary radical tertiary radical 
I 11 

Either one of these radicals can undergo depolymerization and produce the 
monomer, isobutylene: 
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CHJ 
I 
I 

I1 - -C<H2- + C=CH2 

CH, 
I .  
I 

I - -C-CH, + C=CH, 

CH, 
I 

CH, 
I 

CH, CH, 
monomer monomer 

In polyisobutylene, these depropagation reactions are expected to take place 
to a greater extent than in polyethylene and polypropylene in part for the 
reason that the methyl groups on the alternate quarternary carbon atoms 
sterically hinder intramolecular hydrogen transfer processes. The chain 
lacks the flexibility of polyethylene for local coiling. In addition, the easily 
abstractable tertiary hydrogens of polypropylene are absent. As can be de- 
duced from Figure 6, isobutylene (peak 1) is indeed by far the principal prod- 
uct of pyrolysis. 

In principle, secondary hydrogens are more easily abstractable than pri- 
mary hydrogens. However, in polyisobutylene, the secondary hydrogens (of 
methylene groups) are sterically shielded by the two methyl groups attached 
to the neighboring carbon atoms. This renders hydrogen abstraction more 
difficult than usual. In view of the fact that 75% of the hydrogens are pri- 
mary, the possibility of abstraction from primary as well as from secondary 
hydrogens will be considered. 

Consider the intramolecular radical transfer process in a primary macrora- 
dical to a methyl group: 

This radical (111) can dissociate in two ways. 
left of the radical center, i.e., 

CH, 
I .  
I 

I11 --+ -CH2-C-CH2 + 
CH,J 

I11 

If it undergoes @-scission to the 

IV 
the lower molecular weight products depicted by structure IV will be the fol- 
lowing alkenes: 
IV (Route: I - I11 - IV) 

n = 0: isobutylene (MW = 56) 
n = 1: 2,4,4,-trimethyl-l-pentene (MW = 112) 
n = 2: 2,4,4,6,6-pentamethyl-l-heptene (MW = 168) = 2 
n = 5: 2,4,4,6,6,8,8,10,10,12,12-undecamethyl-l-tridecene (MW = 336) 
n = 6: 2,4,4,6,6,8,8,10,10,12,12,14,14-tridecamethyl-l-pentadecene (MW = 

etc. 
392) 
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If, on the other hand, radical I11 undergoes @-scission to the right of the 
radical center, i.e., 

and if the primary radical thus formed abstracts a hydrogen atom from an- 
other molecule, the lower molecular weight products formed will be alkanes 
of the following structure: 

V 
V (Route: I - I11 - V) 

n = 1: neopentane (MW = 72) 
n = 2: 2,2,4,4-tetramethylpentane (MW = 128) 
n = 3: 2,2,4,4,6,6-hexamethylheptane (MW = 184) 
n = 4: 2,2,4,4,6,6,8,8-octamethylnonane (MW = 240) 
n = 5: 2,2,4,4,6,6,8,8,10,1O-decamethylhendecane (MW = 296) 
n = 6: 2,2,4,4,6,6,8,8,10,10,12,12-dodecamethyltridecane (MW = 352) 
etc. 
Now consider the intramolecular radical transfer in a primary radical to a 

methylene group: 

VI 
The secondary radical formed (VI) can also dissociate in two ways. If it 

undergoes @-cleavage to the left of the radical center, i.e., 

VI -+ -kHl + 
I 

CH, CHI 
VII 

the lower molecular weight products that are formed (VII) are the following 
alkenes: 
VII (Route: I - VI - VII) 

n = 0: 2,4,4-trimethyl-2-pentene (MW = 112) 
n = 1: 2,4,4,6,6-pentamethyl-2-heptene (MW = 168) 
n = 2: 2,4,4,6,6,8,8-heptamethyl-2-nonene (MW = 224) 
n = 3: 2,4,4,6,6,8,8,10,10-nonamethyl-2-hendecene (MW = 280) 
n = 4: 2,4,4,6,6,8,8,10,10,12,12-undecamethyl-2-tridecene (MW = 336) 
n = 5: 2,4,4,6,6,8,8,10,10,12,12,14,14-tridecamethyl-2-pentadecene (MW = 

etc. 
392) 
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If, however, the radical VI undergoes P-cleavage to the right of 
center, i.e., 

the radical 

and if the primary radical thus formed abstracts a hydrogen atom from an- 
other molecule, lower molecular weight alkanes of the following structure are 
formed: 

V 

These alkanes are identical to those that are formed from radical transfer to a 
methyl group described above. 

Radical transfer processes which start intramolecularly in primary macro- 
radicals have been considered. Consideration will now be given to radical 
transfer reactions which start intramolecularly in a tertiary macroradical. 

If the transfer is to a methyl group, a primary radical is formed, i.e., 

VIII 

This radical can undergo dissociation in two ways. If it undergoes P-cleavage 
to the left of the radical center, i.e., 

IX 

the products formed (IX) are the following alkenes: 
IX (Route: I1 - VIII - IX) 

n = 0: 2,4-dimethyl-l-pentene (MW = 98) 
n = 1: 2,4,4,6-tetramethyl-l-heptene (MW = 154) 
n = 2: 2,4,4,6,6,8-hexamethyl-l-nonene (MW = 210) 
n = 3: 2,4,4,6,6,8,8,10-octamethyl-l-hendecene (MW = 266) 
n = 4: 2,4,4,6,6,8,8,10,10,12-decamethyl-l-tridecene (MW = 322) 
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n = 5: 2,4,4,6,6,8,8,10,10,12,12,14-dodecamethyl-l-pentadecene (MW = 

etc. 
If the radical VIII undergoes @-scission to the right of the radical center, a 

378) 

primary radical is formed, i.e., 

which can abstract a hydrogen atom from another molecule and form alkanes 
with the structure 

X 

More explicitly, the following alkanes will form: 
X (Route: I1 - VIII - X) 

n = 1: 2,2,4-trimethylpentane (MW = 114) 
n = 2: 2,2,4,4,6-~entamethylheptane (MW = 170) 
n = 3: 2,2,4,4,6,6,8-heptamethylnonane (MW = 226) 
n = 4: 2,2,4,4,6,6,8,8,10-nonamethylhendecane (MW = 282) 
n = 5: 2,2,4,4,6,6,8,8,10,10,12-undecamethyltridecane (MW = 338) 
n = 6: 2,2,4,4,6,6,8,8,10,10,12,12,14-tridecamethylpentadecane (MW = 394) 
etc. 
Finally, intramolecular radical transfer in a tertiary macroradical to a 

methylene group will be considered: 

I1 

CH,-CH 
I 

-CHz-C-C-C 

CH, CHI 
XI 

If this secondary radical undergoes &cleavage to the left of the radical center, 
i.e., 

XI --+ -CH2 + 
CHI CH, 

XI1 
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the products are the following alkenes: 
XI1 (Route: I1 - XI - XII) 

n = 0: 2,4,4,6-tetramethyl-2-heptene ( M W  = 154) 
n = 1: 2,4,4,6,6,8-hexamethyl-2-nonene ( M W  = 210) 
n = 2: 2,4,4,6,6,8,8,10-octamethyl-2-hendecene ( M W  = 266) 
n = 3: 2,4,4,6,6,8,8,10,10,12-decamethyl-2-tridecene ( M W  = 322) 
n = 4: 2,4,4,6,6,8,8,10,10,12,12,14-dodecamethyl-2-pentadecene ( M W  = 

etc. 
If, however, the radical XI undergoes @-cleavage to the right of the radical 

center and then a hydrogen abstraction step, the products are alkanes which 
are identical to the alkanes (structure X) which were predicted also by radical 
transfer to a methyl group. 

The products predicted by structures IV, V, VII, IX, X, and XI1 are ob- 
served in the chromatogram (Fig. 6) to varying extents. The major product, 
the trimer 2,4,4,6,6-pentamethyl-l-heptene (peak 12) is formed from a pri- 
mary radical by abstraction of hydrogen from the methyl group attached to 
the 7th carbon (see structure IV, n = 2). In each quartet (peaks 14 through 
29), the first two peaks correspond to alkenes formed from tertiary radicals 
and the last two (which are formed in larger amounts) to alkenes formed from 
primary radicals. Degradation of polyisobutylene apparently involves more 
intramolecular transfer in the primary radicals for energetic reasons. Constit- 
uents formed via this route represent the major products of pyrolysis. 

It may be argued that the alkanes depicted by structure X having molecu- 
lar weights 170, 226, 282, 338, 394 (for n = 2 to 6) compare in molecular 
weight to the last two chromatographic peaks in each quartet from peak 14 to 
29. However, it is unlikely that these peaks are alkanes, If they were, then, 
contrary to the observations, alkenes IX and XI1 (the first two chromato- 
graphic peaks in each quartet) should have formed in larger amounts since 
they are more direct products of tertiary radicals in not involving the inter- 
molecular hydrogen abstraction step. 

Compared to polyethylene and polypropylene, literature on the pyrolysis 
products of polyisobutylene is not extensive. Nonetheless, there have been 
some studies under flash and isothermal pyrolysis It 
is interesting to note, however, that there are striking similarities between the 
present results obtained under program heating conditions and the results 
obtained in a previous study4I where the sample was pyrolyzed under vacuum 
at  365OC (isothermally). In that study, however, only the constituents up to 
trimers were identified and the other chromatographic peaks were speculated 
to correspond to higher oligomers. The chromatogram in Figure 6 confirms 
this and represents the widest range of assigned molecular weights thus far 
published for a single pyrogram of polyisobutylene. 

378) 

FURTHER DISCUSSION 

Chain scission in polyethylene results initially only in primary macroradi- 
cals; in polypropylene, in a primary and a secondary macroradical; and in 
polyisobutylene, in a primary and a tertiary macroradical. These factors to- 
gether with differences in the flexibility of the backbone chains and the avail- 
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ability of abstractable hydrogen atoms are the major factors which affect the 
thermal degradation of the polymers. The extent of monomer formation in- 
creases in going from polyethylene to polypropylene and polyisobutylene, 
monomer formation being most extensive in polyisobutylene. In polyethyl- 
ene, decomposition proceeds primarily through an intramolecular radical 
transfer process to the 5th and 9th and also the 13th and 17th carbon atoms 
of the chain. In polypropylene, intramolecular radical transfers to the 5th 
and 9th and also the 13th carbon atoms in the secondary macroradicals and 
to the 6th, loth, and 12th carbon atoms in the primary macroradicals account 
for the major products of decomposition. In polyisobutylene, in addition to 
the primary depolymerization process which leads to large amounts of mono- 
mer, decomposition involves intramolecular transfer in the primary as well as 
tertiary macroradicals; however, transfer in the primary radicals is more 
dominant. 

It is interesting to note that for the three polymers the volatile products of 
their decompositions appear to have been accounted for on the basis of the 
initial steps of intramolecular sequences of reactions without having to con- 
sider the subsequent intermolecular reaction steps. 

The accuracy of the mass chromatograph is not sufficient to differentiate, 
unambiguously, between saturated and unsaturated constituents which differ 
by 2 mass units, especially if the molecular weights of the  constituent^^^ are 
greater than 200. However, the results presented in the foregoing sections 
have shown the utility of this system. In providing gas-chromatographic re- 
tention times and acceptable values for molecular weights in one unit, it of- 
fers a convenience and simplicity that are not found in the usual gas chroma- 
tograph-mass spectrometer combinations requiring elaborate interfacial sys- 
tems and tedious or sophisticated data reduction procedures. The capabili- 
ties of the system will be further illustrated in future  article^.^^-^^ 

Financial support for this project was provided by the Chemistry Branch of the Office of Naval 
Research. 
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