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LLES PRODUITS DE LA PYROLYSE DU
POLYISOBUTYLENE

SOMMAIRE

Les auteurs ont soumis du polyisobutyléne & une pyrolyse
sous.vide &325%,.345% et '365°G, et ont recueilli les pro-
duits volatils 4 l'aide d'azote liquide. . Ils ont analysé par
chromatographie en phase gazeuse les carbures d'hydro-
gene produits. de Gy a:C,,.  Ils étudient la formation: des
principaux produits par.la .voie des radicaux libres. ' Les
transferts -intramoléculaires de radicaux peuvent rendre
compte de la production des. substances de fragmentation
de-la. molécule, y compris.les dimeres, les trimeres, les
tétrameres; etc., de l'isobutylene.
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ANALYZED

Thermal Decomposition Products

of Polyisobutylene

YOSHIO TSUCHIYA and KIKUO SUMI, Division of Building Research,
National Research Council of Canada, Ollawa, Canada

Synopsis
Polyisobutylene was decomposed at 325, 343, and 365°C under vacuum, and the
volatile products were trapped by using liquid nitrogen. The produets, C,~Cs; hydro-
carbons, were analyzed by gas chromatography. The formation of the main products
is discussed on the basis of a free-radical mechanism. Intramolecular radical transfer
can account for the production of most fragments including dimers, trimers, tetramers,
and s0 on, of isobutylene.

A knowledge of decomposition produets is necessary in understanding
the mechanism of thermal decomposition of polymers. Published informa-
tion on the decomposition products of polyisobutylene is very scarce.
Straus and Madorsky! used mass spectrometry for the analysis of de-
composition products of this polymer: the major products having up to
six carbons were analyzed, but isomers were not separated. van Schooten
and Evenhuis? used gas chromatography. They simplified the analysis
by hydrogenating all the olefins to paraffins, and then presented data on the
combined amounts.

The purpose of this investigation was to obtain more complete informa-
tion on the volatile thermal decomposition products of polyisobutylene
in order to elucidate the mechanism of decomposition of this polymer.

EXPERIMENTAL
Material

A commercial grade of polyisobutylene having a viscosity-average
molecular weight of 90000 was purified by dissolving it in benzene, pre-
cipitating it with acetone, and then washing it with methanol. The
residual methanol was removed by drying under vacuum. These opera-
tions were carried out in the dark in a nitrogen atmosphere in order to pre-
vent oxidation.

Thermal Decomposition
The apparatus for the thermal decomposition of polyisobutylene was
similar to that used by Madorsky and Straus.® A sample weighing 0.5 g
813
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TABLE I
Gas Chromatographic Conditions

Con-
dition Type of column. Stationary phase Carrier gas Detector Temperature
1 Packed, 6 ft, !/ in. 60-80 mesh silica gel de- Helium, Flame ionization Programmed: 10°C/min
od activated with 4%, silicone 20 psi from 60 to 200°C
oil DC 200
2 Support coated open Squalane Helium, “ Isothermal: —17,0,
tubular 100 ft, 0.02 5 psi 50, 100, and 150°C
in. id
Programmed: 6°C/min
from 60 to 150°C
3 Open tubular 150 ft, Apiezon L Helium, “ Isothermal: 100 and
0.02 in. id 20 psi 180°C

Programmed: 10°C/min
from 60 to 250°C
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DECOMPOSITION OF POLYISOBUTYLENE 815

was placed in a small Pyrex tube connected to a liquid nitrogen trap and a
vacuum pump. After the system was flushed with helium and evacuated
to 1 X 10—* mm Hg, the vacuum line to the pump was closed, and an elec-
tric furnace provided with wheels was moved quickly along steel tracks
to position the sample in the hot zone. The sample was decomposed for
20 min at 325, 345, or 365°C.

Most of the volatile decomposition products were collected in a liquid
nitrogen trap; some condensed inside the cooler parts of the pyrolysis tube
and the tube leading to the trap. By removing the liquid nitrogen, the
fraction volatile at room temperature was transferred from the trap into a
gas-sampling bottle of known volume. The condensates in the tubes and
trap were washed with a predetermined amount of benzene, which was
known from preliminary experiments to be a minor component of the de-
composition products. The benzene extract and the fraction volatile at
room temperature were analyzed separately; then combined amounts of
each product were obtalned.

Analysis

The chromatographic conditions used to analyze the decomposition
products are presented in Table I. The identification of peaks was carried
out as described below.

Lower Hydrocarbons from C; to C;. Gas-solid chromatography (con-
dition 1) and gas—liquid chromatography (condition 2) were used; reten-
tions of the peaks were compared with those of known compounds.

Hydrocarbons from C, to Cy. Gas-liquid chromatography (conditions
2 and 3) was used along with the following: (a) subtraction technique to
remove unsaturated hydrocarbons from a mixture of products to facilitate
identification of some of the peaks*; (b) comparison of retention indices
with those of known compounds with the use of n-alkanes as standards;
(c) hydrogenation of alkenes followed by identification of resulting al-
kanes; and (d) the linear relationship between boiling point and reten-
tion index.

RESULTS AND DISCUSSION

Analysis of Products

Data obtained from chromatograms of decomposition products of poly-
isobutylene pyrolyzed at 365°C are presented in Figure 1. The relative
areas of peaks found at different retention indices for both pyrolysis
products and hydrogenated pyrolysis products, are shown along with the
names of compounds that were identified. Six peaks that had retention
indices between 100 and 600 were identified without difficulty. Seven
of the eleven peaks with indices between 600 and 800 were also identified,
but with more effort. For example, the identification of peaks Py and Pys,
of Figure 1 was carried out as follows. The subtraction technique showed
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that these two peaks were caused by unsaturated hydrocarbons. Hydro-
genation of these products followed by analysis showed that they combined
to form a single peak I’//, indicating that they have the same carbon
skeleton.  Boiling point data of alkanes, eyclanes, and aromaties® were
examined to find compounds that have an estimated retention index close
to that of P//. Two such compounds were 1,1-dimethyleyclopentane
and 2,2 4-trimethylpentane. The former could have been formed by
hydrogenation of three different ecycloallenes, none of which had an
estimated retention index similar to those of P or Pp. The latter has
two unsaturated forms, 2,4,4-trimethyl-1-pentene and 2,4,4-trimethyl-2-
pentene. Their estimated retention indices agreed with those of Py and
P..  In addition, the retention index of a pure sample of 2,2 4-trimethyl-
pentane agreed with that of Py, Similar methods were used to identify
other peaks with retention indices between 600 and 800. These results
are presented in Table II.

In Figure 1 a pattern consisting of groups of peaks is noted. Peaks
Py, Pu, Pa, Py, Py, and Py are uniformly spaced; peaks Py, Pis, Po, Py,
Py, and P, are also uniformly spaced, suggesting that they form two homo-
logous series. The hydrogenated peaks Py’, Py/, P2/, and P’ form another
series. Peaks P, and P,» (wheren = 1,2, . . .) resulted from unsaturated
compounds and had the same carbon skeleton as P,’. Peak Py was identi-
fied as isobutylene and Py and Py as 2,4,4-trimethyl-1-pentene and 2,4,4-
trimethyl-2-pentene (dimers of isobutylene), respectively. The above
knowledge and consideration of the mechanism of decomposition suggest
that s and P are the trimers 2,4,4,6,6-pentamethyl-1-heptene and
-2-heptene, Py and Py, are the tetramers, and so on. Unfortunately, data
on retention indices and boiling points of these compounds were not avail-
able for positive identification of trimers, tetramers and pentamers. The
retention indices and estimated boiling points of prominent peaks are given
in Table III, along with boiling points of branched alkenes having the same
number of carbon atoms as the trimers, tetramers, and pentamers. The
similarity of boiling points is considered to be supporting evidence for the
identification of these peaks. The boiling point of peak P,’ (which was
considered to be due to 2,2,4,4,6-pentamethylheptane) obtained from
boiling point-retention index relation was 184°C. As the boiling point of
this compound could not be found in the literature, it was computed by
using an empirical method to determine the physical properties of hydro-
carbons.” These properties are determined from the next lower paraffing
from which they can be derived by substitution of a methyl group for a
hydrogen atom. The boiling point of this compound, derived from that of
2,24, 4-tetramethyl heptane, was 184.3°C.

The three largest hydrogenated pyrolysis products were isobutane,
2,2 4-trimethylpentane, and 2,2,4,4,6-pentamethylheptane. This finding
agrees with experimental results that have been reported earlier.?

The main volatile decomposition products of polyisobutylene obtained
at the three different pyrolysis temperatures are presented in Table IV.
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822 TSUCHIYA AND SUMI

Mechanism of Thermal Decomposition

In a previous paper, the formation of volatile thermal decomposition
products of polyethylene was discussed on the basis of a free-radical
mechanism.¢ The formation of the decomposition products of polyiso-
butylene will be examined on the same basis. A possible reaction scheme
isgiven below.

Initiation. Random scission of polymer chain should produce two
different types of macroradicals, one of which is primary (I), and the
other, tertiary (II).

(EH;; CH;} (]I“I:; CI’Ia
W(ll—CI‘Igﬁé—CHg/vw — wé—CHg + -(E—CHQW (1)

CI‘Ia éI’Ia CI‘Ia ‘I‘Ia

I 11

Propagation. Both types of radicals produced by initiation could pro-
duce the monomer, isobutylene.

Intramolecular Radical Transfer, Followed by Decomposition. The
propagation reactions must compete with intra- and intermolecular
radical transfer reactions. A radical produced by initiation or decom-
position can be transferred to another carbon in the same chain, which
then decomposes to form an alkane radical and an alkene, e.g.,

CH, CH; CH, CH.
'CHg—é—CHg~ —CH,ow — CH;.—(|J—CH2—C—CHQ~W (2)
H, éHa M, *H,
CH; CH, CH, CH,
CHa—é—CHg—é——CHgM — CHa—é—CHg + J/L—CH"_)NW (3)
TH, (lJH;. CH, (1:1—13
~ CH, CH, CH,

CHs—é—CHgJ: + CHg—(lj v (4)
éHa éHa éHg

Intermolecular Radical Transfer, Followed by Decomposition. When
intermolecular radical transfer takes place, two types of macroradicals,

CH, CH, CH, CH,
~WCHg-(|J——CHg—(13~w — ~WCHg—(H3 + CHg—éw (3)
H, H, (l:HS SH,
111 1
CH;, CH, CH, CH,
mwCH— *—cm—éw — swCH=C + CHy—Cmw (6)

(EH;. (|JH;. éHa éHa
184 1



TABLE V

Volatile Decomposition Products of Polyisobutylene Resulting from Intramolecular Radical Transfer at 365°C

Transfer to:

Primary or secondary

Alkene

Alkane

3rd carbon

Methyl group attached
to 4th carbon
5th carbon

Methyl group attached
to 6th carbon
7th carbon

2nd carbon

Methyl group attached
to 3rd carbon

4th carbon

Methyl group attached
to 5th carbon
6th carbon

Secondary
Primary
Secondary
Primary

Secondary

Secondary
Primary

Secondary
Primary

Secondary

Starting from primary radical (I)

2,4,4-Trimethyl-2-pentene (Pi),
1.21

2,4,4-Trimethyl-1-pentene (Pu),
2.13

2,4,4,6,6-Pentamethyl-2-heptene,
(P2) 0.61

2,4,4,6,6-Pentamethyl-1-heptene,
(Pa) 1.65

2,4,4,6,6,8,8-Heptamethyl-2-
nonene, (Ps) 0.43

Starting from tertiary radical (IT)

2,4-Dimethyl-2-pentene, 0.18
2,4-Dimethyl-1-pentene, 0.16

2,4,4,6-Tetramethyl-2-heptene,
not determined

2,4,4,6-Tetramethyl-1-heptene,
not determined

2,4,4,6,6,8-Hexamethyl-2-nonene,
not determined

Methane, (3.9)*

2,2-Dimethylpropane (neopentane),
(3.1)
2,2-Dimethylpropane

2,2,4,4-Tetramethylpentane,
(1.12)
2,2,4,4-Tetramethylpentane

Methane

2-Methylpropane (isobutane),
(1.35)

2-Methylpropane

2,2,4-Trimethylpentane,
(0.14)
2,2,4-Trimethylpentane

a Methane could be produced following radical transfer to any primary or secondary carbon of polyisobutylene.
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824 TSUCHIYA AND SUMI

III and IV, are produced. Decomposition of these radicals results in the
formation of primary macroradicals (I).

Termination. The termination reactions could proceed by the com-
bination of two radicals or by disproportionation, which results in the
formation of an alkane and an alkene. As both reactions involve two radi-
cals, the amount of products formed by termination in the present experi-
ments is considered small.

The formation of the main volatile decomposition produets of polyiso-
butylene can be explained by two competing reactions; propagation,
and intramolecular radical transfer and subsequent decomposition. The
proportion of monomer in the volatile produets depends on the relative rates
of these two reactions. A proportionately larger amount of monomer
was produced in the decomposition of polyisobutylene as compared with
that of polyethylene,* indicating that intramolecular radical trausfer is
relatively more difficult in the decomposition of polyisobutylene, Three
out of four hydrogen atoms of this polymer are primary, which require
higher activation energy for transfer than secondary hydrogen; and also
secondary hydrogen is sterically obstructed by the two methyl groups
attached to every other carbon atom of the polymer chain.  Thus, propa-
gation reaction predominates over trausfer reactions resulting in the pro-
duction of large amounts of monomer.

The formation of different volatile decomposition products of polyiso-
butylene as a result of intramolecular radical transfer is presented in
Table V. This mechanism can account for the formation of all the main
volatile products except for the monomer isobutylene. The amounts of
cach substance produced at a pyrolysis temperature of 365°C are shown
in terms of mole per cent of volatiles. The amounts of products that could
be accounted for by more than one reaction are given in parentheses.
The volatile products formed as a result of intramolecular transfer from
primary radicals (I) were much greater than from tertiary radicals (IT).
This difference is probably due to the greater availability of primary
radicals (I) as a result of iutermolecular transfer by reactions (5) and (6),
and the relative instability of primary radicals (I) which causes them to
favor transfer.

The presence of a pattern consisting of pairs of peaks, 1,y and P,
(wheren = 1,2, . . .), in Figure 1 can also be explained by intramolecular
radical transfer followed by decon position. P, is l-alkene produced by
transfer to primary carbon and P, is 2-alkene produced by transfer to
secondary carbon. The mole ratio of 1,5 to Py, 4+ 1y depends on the rela-
tive ease of radical transfer to primary carbon and to secondary carbou.
The experimental findings for this ratio were in the range of 2.9-3.8.
The theoretical value of this ratio was found to be 1.24, by: (a) assuming
the difference in activation energy between transfer to primary carbon and
secondary carbon to be 2000 cal., (b) considering the number of transferable
hydrogen atoms to be 6 for primary carbon and 2 for secondary carbon, and
(¢) taking into account the number of possible S-scissions following trans-
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fer, i.e., 3 for primary and 6 for secondary carbon. The discrepancy
between the theoretical value and the experimental values indicates that
less radical transfer to secondary carbon took place than suggested by this
theory. This was probably due to the steric hindrance caused by the
presence of methyl groups.

The experimental data were also examined on the basis of another
mechanism that has been considered by a number of investigators. Re-
peated random splitting of a polymer chain resulting in simultaneous
saturation and unsaturation is shown in egs. (7) and (8).

CH; CH, CH, CH,
A - | I

~——C—CH,~C—CH, C—CH, + C—CH, (7)
CH, CH, CH, CH,
CH, . (IDHJ ?Ha (':HJ
1 r
~—C—CH~-C—CH—— —> m—(f—CHﬁ + C=CH—— (8)
CH, CH, CH, CH,

Reaction (7) should produce a saturated end and a 1-alkene end, and reac-
tion (8) should produce a saturated end and a 2-alkene end. Combination
of these four ends with four other ends produced in the same way should re-
sult in six different types of compounds: one alkane, two alkenes (1-al-
kene and 2-alkene), and three alkadienes. If the reaction rate rs = rs,
equal amounts of 1l-alkene, 2-alkene, and allkane should be produced.
If ra > rg, the three largest products in decreasing order should be 1-allkene,
alkane, 2-alkene; if r4 < g, the order should be 2-alkene, alkane, 1-alkene.
The experimental findings were in conflict with the above mechanism;
large amounts of l-alkene and 2-alkene were produced, but only small
amounts of alkane.

CONCLUSIONS

The formation of thermal decomposition products of polyisobutylenc
has been explained on the basis of a free radical mechanism in which intra-
molecular radical transfer is assumed to play an important role. The
amount of products formed following radieal transfer to primary carbon
atoms was much greater than that from transfer to secondary carbon
atoms. This difference suggests that transfer to secondary carbon is
obstructed by the methyl groups attached to every other carbon atom of
the polymer chain. Ior the same reason, propagation reaction predom-
inates over intramolecular radical transfer reactions, yielding a large
amount of monomer. The formation of dimers, trimers, tetramers,
and so on found in the decomposition products can be explained by intra-
molecular radical transfer reactions.
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