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Thermal Decomposition Products 

of Polyisobutylene 

Y OSHIO TSUCHIY A arid T<IT<UO SIT1 11, l)it)i.~ion 01 Ru ildin!~ Res~rri-c.h, 

Nrrlinnal Ii'ra~at*ck Coz~t~cil  01 ('ntrncln, O(ln7on, C'onntlcc, 

Synopsis 

Polyisob~~tylerle was decomposed a t  325, 343, and 365°C ~ultler vacrlllnl, and t.he 

volatile prodr~cts were tr:~ppetl by 11si11g liqllicl ~~ i t rogen .  The protil~c.ts, C,-C?, hydro- 

carbons, were arlnlyzed by gas c:hromatography. The fo r rn :~ t i c~~~  of the maill prot1uc.t~ 

is discr~ssed OII t.he basis of a free-rac1ic::~l rnechanisn~. 1111ran1olec:ulnr ~.ntlica:ll trixrlsfer 

cnrl nc:corlnt for t,he prodl~ctioli of most f r agn~e~ \ t s  i11~11ldi11g tlir~lers, tril~lers, tet~.nn~ers,  

alld so on, of isohuI,ylel~e. 

A knowledge of decompositiori products is iiecessary in uliderstariding 

the mechanism of thermal decomposition of polymers. 1'11blislied iliformn- 

tion on the decomposition products of polyisobutylene is very scarcc. 

Straus and I ' I a d ~ r ~ l i y '  used inass spectrometry for thc alialysis of de- 
composition products of this polymer: tllc m:tjor products having up to 

six carbons were analyzed, but isomers were riot separated. van Schootell 

and Evenhuis2 used gas chromatogmphy. They simplified thc analysis 
by hydrogenating all the olefins to paraffins, and tlieli presented d.lt:~ on the 

combined amounts. 
The purpose of this investigation was to obtain more completc informa- 

tion or1 the volatile thernxtl decomposition products of polyisobutylene 

in order to elucidate the mechanism of decompositioll of this polymer. 

EXPERIMENTAL 

Material 

A conlnlercial grade of polyisobutylcnc having a, viscosity-average 

molecular weight of 90000 was purificd by dissolvillg it in benzene, pre- 

cipitating it with :tcetone, 2~nd the11 washing it, with mctl~a~inl.  Thc  

residual methanol was rcmovcd by drying under vacuum. These opera- 

tions wcre carried out in the dt~rli  ill a nitrogen ~ttmosphere in ordcr to prc- 

LL ion. vent oxid' t '  

Thermal Decomposition 

The apparatus for the thermal decompositioil of polyisobutylene was 

similar to that used by  3I:idor~liy ztnd Strai~s . :~ A sample weighing 0.3 g 
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TABLE I 
Gas Chromatographic Conditions 

Con- 
dition Type of column Stationary phase Carrier gas Detector Te~nperature e 

. -- 

1 Packed, 6 ft ,  '/8 in. 60-80 mesh silica gel de- Ilelium, Flame ionization Programmed: 1O0C/min 
od activated with 4% silicone 20 psi from GO to 200°C 

2 Y 

k 

oil DC 200 2 
2 S ~ p p o r t  coated open Squalane ZIclium, L L Isothermal: - 17, 0, > 

tubular 100 ft, 0.02 5 psi SO, 100, and 150°C 
* 
Z 

in. id U 
Programmed: G°C/min m 

from 60 to 150°C 2 
3 Open tubular 150 ft, Apiezon L Ileliu~n, 

11 Isothermal: 100 and Y 

0.02 in. id 20 psi lSO°C 
Programmed: 1O0C/min 

from GO to 250°C 



DECOMPOSITION O F  POLYISOBUTYLENE 815 

was placed in n sinall Pyrex tube connected to :L liquid nitrog,.cn trap and :L 

vacuum pump. After the syst,em 11-a.; flushed with helium and evacuated 
to 1 X 10-"mm Hg, the vacuum line to the pump was closed, and an elec- 

t,ric furnace provided .ivit,h wheels was moved quickly along steel tracks 

to position the sample in tllc hot zone. Thc sample was decomposed for 

20 min at  325,345, or 365°C. 
i\Iost of the volatile decomposition products were collected in a liquid 

nitrogen trap; some condensed inside the coolcr parts of the pyrolysis tube 

and the tube leading to the trap. By renlovirig the liquid nitrogen, the 
fraction volatile a t  room temperature was transferred from tlle trap into a 

gas-sampling bottle of known volume. The condensates in the tubes and 
trap were washed with a predetermined alnount of benzene, which was 

lrnown from preliminary experiments to be a minor component of the de- 

conlposition products. The benzene extract and the fri~ction volatile at  
room tenlperature were alialyzed separately; tlleri combined a~nounts of 

each product were obtained. 

Analysis 

The chromatographic conditions used to analyze the decomposition 

products are presented in Table I. The identification of pealrs was carried 

out as described below. 
Lower Hydrocarbons from C1 to Cs. 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 C4 to C24. Gas-liquid chro~natography (conditions 
2 and 3) was used along with tlle folloxving: (a)  subtraction technique to 
remove unsaturated hydrocarbons fro111 a mixture of products to facilitate 

identification of some of the peaks4; (b) co~nparison of retention indices 
with those of known compounds with the use of n-alkanes as standards; 

( c )  hydrogenation of alkenes follolved 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 a t  365°C are presented in Figure 1. The relative 
areas of pealrs found at  different retention indices for both pyrolysis 

products and hydrogerlated pyrolysis products, are shown along with the 

names of conlpounds that were identified. Six peaks that had retention 

indices between 100 and 600 were identified without difficulty. Seven 
of the eleven pealcs with indices between 600 and SO0 were also identified, 

but with more effort. For example, the identification of peaks P1l and P12, 
of Figure 1 was carried out as follows. The subtraction technique showed 
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t,hat thcsc ~ I V O  pc:ilis wcrc c:i~sctl by ~uns:~Lur:~tctl hyclrocarbons. Hydro- 
gcn:itio~l of thcsc protlucls follo~vccl by analysis sllo~veil t l ~ t  they combincd 

t,i) form a single 1)c:ili I'l', irlc1ic:itirlg Lhat, tllcy h:ivc thc samc c:~rbon 

51icI~t01l. Boiling poi111 dnt:i ol allin~~cs, cycl :~~~cs,  :u~d :~romntics" were 
examined to lilld compouncls Illal 1i:~vc i ~ n  cstilllatcd rctcntion index close 

lo that of PI'. Two such compou~lds ~ c r c  1,l-dimethylcyclopentane 
and 2,2,4-trimctl~ylpc1lla1~c. Thc fonuer could have been formed by 

hydrogeuntion of thrcc diffcrent, cycloallierlcs, none of which had an 

estimated retention illdcx similar lo thosc of 1'11 or PI?. Tllc latter has 
two mlsnturntcd forms, 2,4,-~-trii~~ctl1yl-l-pcntcnc aild 2,4,4-trimcthyl-2- 

pcntcnc. Thcir estinl:~ted rcte~ltion i~lcliccs agrced with thosc of Pll and 

PI?. In :iddit,ion, tllc rctcntio~l inclcx of a purc sample of 2,2,4-trimethyl- 
pc~ltarlc :igrccd wit,ll that of 1'1'. Similar incthods were uscd to identify 

othcr peaks ~vith rctcntioll indices bct,~vccn 600 :~nd 800. Thcsc results 

are prcscnt,cd in Table 11. 
In  Figure 1 a pattcrn consisting of groups of pc:~ks is noted. Peaks 

Po, Pll, P31, Pdl, and Pjl arc urlifornlly sp~iccd; peaks 1'0, PI?, PZ2, 
Pslz, and Pa arc also uniforinly spnccd, suggesting that they form two homo- 

logous scries. The hydrogenated peaks Po', PI', Pl', and P3' form another 

series. Peaks Pnl and P,:! (where n = 1,2, . . . )  rcsulted from unsaturated 
con~pounds and had the same carbon skeleton as P,L'. Peak Po was identi- 

fied as isobutylerlc and P1l and Plz 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 Pzl and Pz2 are the trimers 2,4,4,6,6-pentamethyl-1-heptene and 
-2-heptene, Pa1 and Pp2 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 giver1 
in Table 111, along with boiling points of branched allcenes 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 

idelltificntion of these pealis. The boiling point of pealc 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 co~npou~ld could not be found in the literature, i t  was computed by 

using an empirical lncthod to determine the physical properties of hydro- 
c a r b o n ~ . ~  These properties are determined from the next lower paraffins 
from ~vl~ich  they can be derived by substitution of a methyl group for a 

hydrogen atom. The boiling point of this compound, derived from that of 
2,2,4,4-tetramethyl heptane, was 184.3"C. 

The three largest hydrogenated pyrolysis products were isobutane, 

2,2,4-trimethylpentme, and 2,2,4,4,6-pentamethylheptane. This finding 

agrees with experimental results that have been reported earlier.2 

The main volatile decomposition products of polyisobutylene obtained 

at  the three diff'ererlt pyrolysis temperatures are presented in Table IV. 
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Mechanism of Thermal Decomposition 

111 a previous paper, the formation of volatile thermal deconipositiori 

products of polyethylenc was discussed on the basis of a free-rsdical 
me~han i sm.~  The formation of the decomposition products of polyiso- 

butylene will be examined on the same basis. A possible reactio~i scheme 
is given below. 

Initiation. Random scissio~i of polynlcr chain should produce t\\ o 

different types of macroradicals, oiic of which is primary (I), and thc 

other, tertiary (11). 

CH3 CH3 CI-1, C 1-1 3 

I 1 
-C-CFIr-k-CI~~- + -A-CII. + . e C I - I I -  

I I 
(1) 

CI-1, Ih3 CI& bI-1, 
I I1 

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 dccom- 
position can be transferred to another carbon in the same chain, which 
thcn decomposes to form an alkane radical and ail alkenc, e.g., 

K113 8"' I I 

cI13 CII? 

. CIIZ- -CII,- -CII,m + CII3-C-CH2-C-CIIz-. (2) 

AH3 hFI3 &I3 h3 
CII, CI-I? 

- cI-I,-b-~13? + E-cIS2- 
I 

(3) 

b1-1, AH3 c I 1-1 3 CI-13 
L 

CII, 

h1-1. hI-13 b1-1, 

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

CII? cFI3 C 1-1 9 CI-1, 
I I I I 

-cI-12-c-cI-Iz-cm - -cFI?-c + eI-I?-b- ( 3 )  

h3 AH3 CHr I hi3 
I11 I 

. P" 
C 1-1, CIS:! CH:j 

I --cs- 7-err,-b- + -cII=c + C I - I d -  
I 

1 - 1  CII3 ClI-1. AH3 
I V  I 



TABLE T' 
T701atile Decomposition Products of Polyisobutylene ltesulting from Intramolecular Radical Transfer a t  36SoC 

Transfer to : Primary or secondary Alkene Alkane 

3rd carbon 

i\,lethyl group attached 

to 4th carbon 
5th carboil 

Methyl group attached 

to 6th carbon 

7th carbon 

211d carbon 
hlIethy1 group attached 

to 3rd carbon 

4th carboil 

hIethyl group attached 

to 5th carboil 

6th carbon 

Secondary 

Primary 

Secondary 

Primary 

Secondary 

Secondary 
Primary 

Secondary 

Secondary 

Starting from primary radical (I) 

2,4,4-Trimethyl-?-pententen (PI?), 

1.21 
2,4,4-Trimethyl-1-penteile (P~I) ,  

2.13 
2,4,4,6,6-Pentamethyl-2-heptene, 

(Pz) 0.61 

2,4,4,6,6-Pentamethyl-1-heptene, 

(PzI) 1.65 
2,4,4,6,6,8,8-IIeptamethyl-2- 

nonene, 0.43 

Startilig from tertiary radical (11) 

ilot determined 
2,4,4,6-Tetramethyl-1-lleptene, 

not determined 

2,4,4,6,6,S-I-Iesamethyl-2-ilonene, 
not determined 

Methane, (3.9)" 

2,2-Dimethylpropane (neopentane), 

(3.1) 
2,2-Dimethylpropane 

Methane 

2-Methylpropane (isobutane), 

(1.35) 
2-Methylpropane 

Methane could be produced following radical transfer to any primary or secondary carbon of polyisobutylene. 
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111 and IV, are produced. Decomposition of these radicals results in the 

formation of primary macroradicals (I). 
Termination. The termination reactions could proceed bj7 the com- 

bination of two radicals or by disproportionatio~~, which results in the 

formation of an alkane and ail nlke~le. *Is both reactions involve t ~ v o  radi- 

cals, the amount of proclucts for.mcd by tern~iilntion in the present experi- 

merits is consiclcred ~mnl l .  

The formatiori of the rn:iirl vo1:itilc clccoinpositiorl protlucts of polyiso- 

butylene c:ln be cxplainccl by two coml)ctiiig rc:ictions; propagatioil, 

and intrnmc~lcculnr r:ldical tra~isfcr and subsequent dccompositioil. The 
proportion of n~or~omcr ill t Ilc vol:~tile products clcpeiicls on the rc1:ltive rates 

of these two rcnct iorih. :I propor1ioii:~I e1y 1:irgcr : in~o~ult  of inoilomer 

\v:ls produced ill  the c1ccom~)osit io~l of polyisol)utylciic as coinp:ircd with 

that of polyeth~ lci~c,"i~d~(*:~tii~g t h:it ir~tr:in~olc(~~~l:~r r:idic:il tr:iilsfcr is 

rcl:itively more difiic~ult i l l  the dcco~nl~os~t  iori of ~)olyihol)u~j~lciic. Threc 

out of four hyc11.ogci1 atoins of t h ~ s  ~)olymcr :ire pri111:1rj., which recluire 

higher activation enel.gJr for I~.niisfcr thaii sc(*oi~cI:ir~~ hydrogen; :ind also 

scco~ldaq 11ycI1.ogcii IS hteric8:llly obstructed by the t~vo  met l l~~l  groups 

:itt:lchcd to ever). other c8arl)oil  tom of tllc l)olyinc~. ('ll:iii~. Tllus, 1)rop:l- 

gatioii rcacstioli prcdomirlatcs over tr:i1isf~r rc;iclioilh ~ . c \ u l t i ~ ~ g  in tllc 111.0- 

ductioii of large amouilts of moriomcr. 

The fol-rn:~tion of diff'crerlt volatile dcc~ompositioii p~.oduc*ts of polj.~so- 

l )u ty lc~~c  :is :i result of intr:in~olcculu r:ldical traiisfc~ is prc5erited in 

Table 1'. This n~cchailisn~ cat1 acc20uiit for the formation of all the m:iin 

volatile products except for thc monomer isobutylcilc. T l ~ c  :~mourits of 

each substallce produccd at r~ pyrolysis temperature of :i(j.ioC are silo\\-rl 
i l l  terms of mole per cent of volntilcs. The amounts of products that c~oiild 

be accoul~ted for bj. more t h > ~ n  oilc rei~ctioll are given i r l  parentheses. 

The volatile products formed as a ~.esult of irltramolccular traiisfer from 

primary radicals (I) were n~ucfih greater than from tertiary rndicals (11). 
This differelice is probably due to the greater avidability of primary 

lxdicals (I) as LL ~sesult of i~~tcrmolcculiir transfer by rcactiorls (5) :~ild ( ( j ) ,  

ulid the rcl;itive instability of primiiry radic:ils (I) whic.11 cSiluscs them to 

favor transfer. 

The pl,eseric*c of 21 p:itte1311 c o ~ l h ~ s t i ~ ~ p  of 11airh of' pe;ll<s, aiid l',, 
(where n = 1, 2, . .), i l l  Icigure 1 c:ui :iI+o be explained h ~ .  i1itrwmolec~ul:11. 

radical transfer followed by decaon positio~i. 1',,1 is 1-:lll<e~lc produced bj. 

transfer to primary c:irbon t~licl I),,? is ?-:iII\e~ic p~,od~iced by trarisfer to 

secondary carbon. The mole ratio of ]',,I to I>(, + dcpclids 011 the rcla- 

tive ease of radical transfer to prim:lry carboll and to secondary carboll. 

The experimental findings for this ratio were in the range of 2.0-3,s. 

The theoretical value of this ratio was found to be 1.24, by: (a) assuming 

the difrcrence ill activation ellergy between transfer to primary carbon and 

hc($oild:lry carbon to be 2000 cal., (b) considering the rlumber of transferable 

hydrogen atoms to be G for primary carbon arid 2 for secondary carbon, and 

(c) taking into account the number of possible p-scissions following trans- 



Ccr, i.e., 3 for primary and G for secondary carbon. The discrepalicy 

between the theoretical value and the experime~ital values indicates that, 

less radical transfer to secondary carboii 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 

incchanism that  has been coilsidered by a number of investigators. Re- 

peated random splitting of a polymer chain resulti~ig in simultaneous 

saturation and unsaturation is sholv~i ill eqs. (7) and (5). 

CH" CH3 CH., 

- I " A I 11 - 
C--CH,%-CH,- ----t - 
I 

C-CH3 + C-CH2- 
I I I I (7) 

CH3 CH3 CH3 CH, 

Itcactioii (7) should produce n satulxted c~ id  aiid a 1-alkeiie eiid, aiid rcac- 

tioii (8)  should produce a saturated elid aiid a 2-allienc end. Combiiiation 
of thcsc four crids with four othci. ciids produced in the same way should re- 

sult in sis diffcrc~it types of compou~ids: oiic :~llcnne, two allcenes (I-al- 

ILeiie :tiid 2-allicnc), :~nd  three ulli:~die~ics. If the ~*enc.tion r:~tc 1 % ~  = I.B, 

equal :uuounts of 1-allic~lc, 2-:~llteiie, :~ud alkarie should be produced. 

If > t . ~ ,  the three 1:irgest producbts i l l  decrcnsi~ig order should be 1-alkeiie, 

:~llcaiie, 2-alliene; if I.\ < I'D, the order should be 8-alliene, allinlie, 1-all<ene. 
The cxperimelital findings were i r i  co11flic.t wit11 t 11c above mec.hn~iism; 

large :~n~ouii ts  of 1-alkenc :uid 2-allcene were produced, but only sillall 

: L ~ ~ I O U I ~ ~ S  of alli:~ic. 

CONCLUSIONS 

'l'he forination of thermal decoml)ositioii products of polgisobutyleiic 

has bee11 explai~ied on the basis of a free radical mecha~iisill ill which iiitra- 

molecular radical transfer is assumed to play an important role. The 

amouiit of products formed following radical t!ransfer to primary carbon 

atoms was much greater than that  from transfer to secondary carboll 

atoms. This difference suggests that transfer to secor~dary carbon is 

obstructed by the methyl groups attached to every other carbon atom of 

the polymer chain. For the same reason, propagatioii reaction predom- 
inates over iiitramolecular radical transfer reactiolis, yielding a large 

amou~it  of monomer. The fornlat,ion of dimers, trimers, tetramers, 

and so 011 fouiid in the decompositiori products call be explairicd by i~ltra- 

molecu1:~r radical trailsfcr reactions. 
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