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The chemical structure of the non-volatile oligomers ( M  n = 2600 9000) isolated from the polymer residues 
obtained by the thermal degradation of polyisobutylene at 300 and 320°C was determined by 400 MHz I H 
n.m.r, spectroscopy with regard to the reactive end groups. The functional groups formed in the degradation 
process are as follows: tert-butyl end group (t-Bu), isopropyl end group (i-Pr), terminal trisubstituted double 
bond (TTD), terminal vinylidene double bond (TVD), and non-terminal trisubstituted double bond 
(NTTD). The average number of TTD and TVD per molecule (ft) is in a range from 1.46 to 1.64. This value 
suggests that 53-67 mol% of the non-volatile oligomers are telechelic oligomers having both TTD and/or 
TVD, and 39 29 mol% of the oligomers are macromonomer-like oligomers having a double bond at one 
chain end. Both t-Bu and i-Pr are produced by the intermolecular hydrogen abstraction of primary and 
tertiary terminal macroradicals, and the subsequent ;3 scission of the resulting on-chain macroradicals at 
the skeletal C C bond of the main chain yields TTD and TVD. The formation of telechelic oligomer is 
interpreted by a major contribution of the hydrogen abstraction of volatile radicals, in addition to a minor 
contribution of the hydrogen abstraction of terminal macroradicals. Copyright © 1996 Elsevier Science Ltd. 

(Keywords: thermal degradation; polyisobutylene; end-reactive oligomers) 

I N T R O D U C T I O N  

End-reactive polymers and oligomers are useful for the 
preparation of  block copolymers and the chemical 
modification of some polymers. In the case of poly- 
isobutylene, the cationic 'inifer' method was developed 
by Kennedy et al. 1 1o, and the resulting end-reactive 
polymers having one or two tert-chloro groups could be 
converted to terminal-unsaturated polymers with iso- 
propenyl group by dehydrochlorination 1'2. Thereby, a 
large number of terminal-functionalized polyisobutyl- 
enes as well as various block copolymers were prepared 
by successive reactions of  chloro and isopropenyl end 
groups 3 10. More recently, various polyisobutylene block 
copolymers were also prepared by living carbocationic 
polymerization using TiClall 18. 

In recent years, the thermal degradation of polymers 
has been widely reinvestigated to prepare useful polymers, 
oligomers and monomers 19. Moreover, some pyrolysis 
processes have been developed as a method for recover- 
ing carbonaceous compounds and fuel from waste 
polymers in view of  the increasing crisis of the global 
environment 2°. 

In a previous paper 21, we reported that almost all the 
non-volatile oligomers obtained by the thermal degra- 
dation of  polyisobutylene are composed of telechelic 
oligomers having both terminal trisubstituted double 

* To w h o m  cor respondence  should  be addressed  

bond (TTD) and terminal vinylidene double bond 
(isopropenyl group, TVD). By the 100 MHz IH n.m.r. 
spectroscopy, signals of TTD and TVD could be clearly 
detected, but tert-butyl (t-Bu) and isopropyl (i-Pr) end 
groups 22, which formed by the intermolecular hydrogen 
abstraction of  primary (p) and tertiary (t) terminal 
macroradicals (Rp- and Rt.) followed by/3 scission, were 
not detected. It is very interesting that only the telechelic 
oligomers were selectively produced. 

In this paper, these partial structures of  non-volatile 
oligomers are exactly redetermined by 400 MHz 1H n.m.r. 
spectroscopy and a reasonable mechanism for their for- 
mation is discussed. These end-reactive oligomers are 
proved to be useful as macromers and telechelics. 

E X P E R I M E N T A L  

Sample, apparatus and procedure 
The polyisobutylene sample and the experimental pro- 

23 cedure were described in detail elsewhere . Molecular 
weight characteristics of  the purified polyisobutylene 
are as follows: M n = 2.50 × 105 and M w / M  n = 2.50. 
One gram of the sample was used for each degradation 
experiment at 300 or 320°C. After the degradation 
reaction the polymer residue in the reaction flask was 
dissolved in 10cm 3 of chloroform and the solution 
was reprecipitated by dropping in 50 cm 3 of acetone to 
remove a small amount  of the semi-volatile oligomers 
with a relatively low volatility. The reprecipitates were 
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termed the non-volatile oligomers and analysed after 
vacuum drying under heating. As reported previously 23, 
the non-volatile oligomers thus obtained were almost 
completely separated from the semi-volatile oligomers. 

Analysis 
The 400MHz IH n.m.r, spectra were measured 

with a Jeol JNM-GX400 spectrometer operating at 
399.65MHz and room temperature with an internal 
lock. Sample concentrations were approximately 10% 
(w/v) in chloroform-di. Tetramethylsilane (TMS) was 
used as an internal standard and 5 mm diameter sample 
tubes were used. Spectral widths were 4.5kHz, and 
65 536 data points were accumulated in a JEC 32 
computer. Abe et al. 24 measured 400MHz ~H n.m.r. 
spectra of TTD, TVD and the tertiary chloro end group 
of isobutylene oligomers prepared by living cationic 
polymerization, and adopted a pulse angle of 45 c' and a 
pulse repetition time of 15 s. In this measurement a pulse 
width of 90 ° (approximately 11.7 #s) and a pulse repetition 
time of 37.281 s were adopted. A typical measurement 
was performed for about 10 45 h. The signal intensities 
in the spectra were measured by a weighing method. 

To assign exactly signals of the spectrum, a mixture of 
isobutylene nonamers and that of their hydrogenates 
were prepared as model compounds from the volatile 
oligomers by preparative g.p.c. (Toyo Soda HLC-802 
UR) using a stainless-steel column of TSK-GEL 
(G2000HG6 x 2). 

The molecular weight distribution (Mw/M~) was 
measured by analytical g.p.c. (Toyo Soda HLC-802 UR) 
using a stainless-steel column ofTSK-GEL (HMG6 x 2 + 
H4000HG8 + H2000HG8). The data were calibrated with 
the standard polystyrene. 

The number average molecular weight (M~) was 
calculated by the following equation 25 from the limiting 
viscosity number measured at 30°C in toluene: [r/] 
3.71 x 10 ap0.75 where [~1] is the limiting viscosity number 
( lg  1) and P is the number average degree of polym- 
erization determined by the osmotic pressure method. 

Hydrogenation of the non-volatile oligomers 
The catalytic hydrogenation of the volatile and non- 

volatile oligomers was carried out in a 200 cm 3 stainless- 
steel autoclave with a mechanical stirrer at 70 rev min ~. 
The hydrogenation conditions were as follows: sample 
concentration, about 10% (w/v) in cyclohexane; catalyst, 
10 wt% Pt (5%)-charcoal; hydrogen added, ~70 kg cm 3, 
temperature 50°C, time 5 h. The reaction mixture was 
filtered to remove catalyst. In the case of the volatile 
oligomers, the filtrate was concentrated by evaporation, 
and then dried under vacuum at room temperature. For 
the non-volatile oligomers, the filtrate was dropped in 
acetone and the precipitate was analysed after vacuum 
drying under heating. 

RESULTS AND DISCUSSION 

The yield of the polymer residues and the characteristics 
of the non-volatile oligomers obtained by the thermo- 
degradation of polyisobutylene at 300 and 320°C for 
30-180 min are listed in Table 1. The Mn values of the 
non-volatile oligomers range from 2600 to 9000. The 
Mw/Mn value remains approximately constant at ~2 at 
300°C and decreases slightly to ~1.5 at 320°C. The 
composition and functionality of the non-volatile oligo- 
mers and the parameter (~. given in Table 1 are discussed 
later. 

Table I 
of parameter ~ by thermal degradation of  polyisobutylene 

Yield of polymer residues, and the composition and functionality o1" respective end groups, double bonds of the non-volatile oligomers, value 

Composit ion J (mol%) Functionality ~ 

Temp. Time Yield" M,  ~' /.k / t ~ .... 
CC) (rain) (wt%) ( x l 0  3) mw/Mn; [i-Pr]" [t-Bu] / [TTD] ~ [TVD] h [NTTD] i ./ i  t'r .lt-Bu ,/TrD fl'VD .iN'rrD : t  . in 

1.04 16.01 52.90 20.13 9.92 0.023 tl.355 1.17 0.447 0.220 1.62 1.84 3.9 

1.41 17.90 51.62 18.72 10.35 0.031 0.399 1.15 0.418 0.231 1.57 1.80 3.2 

2.01 17.90 52.73 15.97 11.39 11.045 0.404 1.19 0.360 11.257 1.55 1.81 3./) 

2.08 0.92 14.88 50.82 20.44 12.94 0.021 0.342 1.17 0.470 0.297 1.64 1.93 4.4 

1.94 1.54 17.34 51.53 18.50 11.08 0.035 0.390 1.16 0.416 0.249 1.58 1.82 3.3 

1.61 1.74 15.53 55.65 13.18 13.91 0.040 0.361 1.29 0.306 0.323 1.60 1.92 3.8 

1.56 2.40 19.72 53.46 10.43 14.00 0.056 0.467 1.24 0.243 11.326 1.49 1.81 2.5 

1.48 3.04 20.03 54.25 8.49 14.19 0.071 0.467 1.26 0.198 0.331 1.46 1.79 2.3 

300 0 0.0 250 2.50 

120 88.5 8.97 2.24 

180 83.5 7.02 2.1 l 

300 76.4 5.52 2.11 

320 0 0.0 250 2.50 

30 85.9 6.69 

60 78.1 5.26 

90 52.2 3.30 

120 40.4 2.90 

180 31.8 2.60 

" lOOx (residue weight)/(sample weight) 
h By intrinsic viscosity measurements  
' Heterogeneity index of molecular weight distribution determined by g.p.c, measurements  
a 100 x [each CH 3 peak intensity/total CH3 peak intensity (i-Pr + t-Bu + TTD + TVD + NTTD)] 
'~ Iso-propyl; (CH3)2CH~ 
.t Tert-butyl; (CH3)3C 

Terminal trisubstituted double bond; ( C H 3 ) z C - C H ~  
h Terminal vinylidene double bond; C H 2 - C ( C H 3 ) ~  
i Non-terminal trisubstituted double bond; ~ ( C H 3 ) C - C H ~  
J Average number  of  each functional group per molecule; f - 2 x [each functional group peak intensity]/total terminal peak intensity (i-Pr + 

t-Bu + TTD + TVD) 
k Average number  of  terminal double bonds per molecule;.[~ = 2 x (TTD + TVD)/(i-Pr + t-Bu + TTD + TVD) 
t Average number  of  total double bonds per molecule:./t n = 2 x (TTD + TVD + NTTD)/(i-Pr + t-Bu + TTD + TVD) 
"Calculated from [TTDI 
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The chemical structures of the non-volatile oligomers 
are determined by the type of intermolecular hydrogen 
abstractions of Rp. and Rt. (see Scheme 1 for the mean- 
ings of the symbols) and the subsequent/3 scission of the 
resulting on-chain macroradicals21, 22. These elementary 
reactions are summarized in Scheme 1. As shown in 
equations (1) and (2), the hydrogen abstraction of Rp. 
yields t-Bu and two types of on-chain macroradicals, 
depending on the position (CH 3 and CH2) of hydrogen 
abstraction, and the/3 scission of the latter gives TVD 
and TTD. On the other hand, the hydrogen abstraction 
of Rr  produces i-Pr (equations (3) and (4)), and TVD 
and TTD are formed by the subsequent/3 scission. TVD 
and TTD given by equations (3) and (4) are the same 
as those formed by equations (1) and (2), respectively. 
Thus, only two types of on-chain macroradicals are 
formed depending on the two positions of intermolecular 
hydrogen abstraction (equations (1) and (3), and equa- 
tions (2) and (4)), while the four types of on-chain 
macroradicals result from the back-bitings of Rp. and 
R t. (refs 22, 23). Only TVD and TTD were identified by 
100MHz IH n.m.r, spectroscopy, but t-Bu and i-Pr 

Rp' • PH 

(CH3) > t - B u  • TVD • Rp" (1) 

t(CHz) , t-Bu • TTD • Rp" (2) 

RI" • PH 

(CH*)  • i - P r  • TVD • Rp" (3)  

(CH2) • i-Pr • TTD • Rp' (4) 

where+ CH3 CH3 i 
PH : -C-CHz-C-CHz- 

I I 

CH~ CH~ 

CH3 CH3 CH3 CH3 
I t I I 

Rp" : -C-CHz-C-CHz' Rt" : ~CHz-C-CHz-C' 
I ! I I 

CH3 CHz CH3 CH+ 

CH3, CHz, CH3 CH', 
t-Bu : H3C-C-CH2-C ~ i-Pr : HC-CHi-C-CH2- 

I I I I 

CH3 CH3 CH3 CH+ 

CH3 CH, 
TVD : HzC=C-CH=-C-CHI- TTD : H3C-C=CH-C-CH=- 

I I 
CH3 CH3 CH:I CHz 

Scheme 1 lntermolecular  hydrogen abstract ions followed by 3 
scissions of  Rp- and Rt. 

F i g u r e  1 

(a) 

TTD-b 
TTD-c 1.696 SSB 
5.,,3, ° ,to3 

I ,vo_o ,vo_  +olI AIJ 
ii 4.840 4.630 TVD-b 1 . 7 7 5 , ,  r[ ~ J 1.: 

115.,,6 A 1.'86,,,TTO_,,r.".'il II 
J 

I I i , [ i 

5.0 

( b )  

1.401 

1.330 
t-Bu-b 
i -Pr-d 

x 5 NTTD- a 
i r l 7 l i i i I ~'ll [ l i 1 r I i i i i i , , , , , , , 

4.5 2.0 1.5 
8,  p p m  f r o m  TMS 

1.106 

t-Bu-a 
i -Pr-b 
0,990 

B 

$SB 

i-Pr-o 
0.919 

i w [ ] i J 

1.0 

1.409 1.106 ~ t-Bu- 
i-Pr- 

1.536 

SSB ) 1.373~ j 
1.676 

i - P r - ~  
55B 

NT TD-o [11 
NTTD-c 5.116 _ _ / .  NTTD--b 1.775J/ 

" + ~  x5  . . . .  1 i ~ J ' + '  ~ \ 
' ' ' ' I ' , , , , , i , , I l !  I i i i i i l l r , I i , i i i i i i i ] I i i 

5.0 4.5 2.0 1.5 1.0 
c~, ppm f rom TMS 

400 M H z  I H n.m.r, spectra of  the non-volatile oligomers (a) before and (b) after hydrogenat ion 

t-Bu-a i-Pr-a 
i -Pr-b 0.919 

0.990 0.903 
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could not be detected as reported before 21 and, therefore, 
details of  the intermolecular hydrogen abstraction of  the 
macroradicals could not be made clear. An objective of 
this report is to detect these two saturated end groups 
of the non-volatile oligomers and to characterize the 
mechanism of thermodegradation of polyisobutylene. 

The 400MHz I H n.m.r, spectra of the non-volatile 
oligomers (M n = 7.09 x 103) prepared by the reaction at 
320°C for 30rain and their hydrogenates are shown 
in Figures la and lb, respectively. Most of the main 
components of the volatile oligomers consist of four 
types of the terminal mono-olefins made of a combi- 
nation of  two types of the saturated end groups (t-Bu and 
i-Pr) and two types of the terminal double bonds (TTD 
and TVD) 23. To assign these n.m.r, signals, a mixture of  
isobutylene nonamers containing only a small amount  of 
decamers and that of their hydrogenates were prepared 
as the model compounds. The 400 MHz 1H n.m.r, spectra 
of the nonamers before and after hydrogenation are 

shown in Figures 2a and 2b, respectively. These signals of 
the spectra could be precisely assigned with reference 
to the well-defined n.m.r, signals of various isobutylene 
oligomers 23"24'26-28 and polymers 21. The characteristic 
n.m.r, signals assigned to the partial structures of the 
non-volatile oligomers are summarized in Table 2. 
Besides TTD and TVD el, non-terminal trisubstituted 
double bond (NTTD) as well as both t-Bu and i-Pr were 
first detected in this experiment. Almost all the signals 
identified in Figures 2a and 2b were also detected in the 
spectra in Figures la and lb. The peaks marked with an 
asterisk in the figures are considered to be assigned to 
protons of the partial structures shown above, but are 
not yet identified. A signal assigned to i-Pr-c could not be 
detected in Figures la and lb, because of its relatively 
small concentration with an increase in molecular 
weight. In summary, concerning the signals assigned to 
i-Pr, t-Bu and NTTD,  the peaks at 0.903 and 0.919 ppm 
are assigned to protons of two methyl groups (i-Pr-a) of 

x5 
, 1 , , I i i , , , ~ J i i I U I i , i i i , i i i i i 

5 .0  4 .5  2 .0  1.5 
~', p p m  f r o m  T M S  

C H3 

(a) "~H] 
1.102 ['[11.086 i t -Bu-a 

I k ,91i , ,  

i 0 ' 9 0 3 1 . 6 9 6  @ 

.o-e I-- o . i r | l l i l  lJ 
s.!35 Tvo-a Tvo-¢ TvO-o! 1.es6 ,.~03 l /  i_Pr_c / l l t l l l  

] ~ v ~  4o4o ~.53o v ~ b  1.775 I I  I II / I  1~i6o~w/ ~(X I1 II 

r 

i ) ) i # ) ~ i l i ) 

1.0 

( b )  

i-Pr - e 
TTD-c NTTD-bl 7471.685 5.116 I~85 " ~ , ~  

/ NI~TD-a 

1.10; 

:Hs t-Bu-a 
i-Pr-b i -Pr-o 

13 0.990 0.919 
1.091 3.903 
1.087 

^, t-Bu-b 
~ , r12 -  • . . . .  PPr-d 

i .,*=a 1.330 

1"40 1 

~ I I i -Pr-c [ 

x5  
1 = f i f i i f , i i i i ~ i t !  I i i i I t i i i i I i i i i i , , i I i 1 i 

5.0 4.5 2.0 1.5 1.0 

~', p p m  f r o m  T M S  

Figure 2 400MHz  IH n.m.r, spectra of  a mixture of  isobutylene nonamers  prepared from the volatile oligomers (a) before and (b) after 
hydrogenation 
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Table 2 Summary of characteristic IH n.m.r, signals assigned to 
partial structures of isobutylene nonamers and non-volatile oligomers 

Observed 6 values 
Partial structures (ppm from TMS) a 

] a: 1.656 (~d) b: 1.696 (d) 
TTD: C = C - C - C H  2 - C ~  

I 4 I c: 5.135 (m) 
bH3C CH 3 CH 3 

CH 3 CH CH 3 
I [ ] a: 1.747 b: 1.885 

NTTD: ~ C  b H 2 C - C = C - C ~  
] I I c: 5.116 (m) 

CH 3 aH3C CH 3 

aH CH 3 ~H3 
] I a: 1.775 b: 1.988 

TVD: C = C - b H 2 C - C  C H 2 _ C ~  
[ [ [ [ c: 4.630 (m) d: 4.840 (m) 

CH c a l l 3  CH 3 CH 3 

aH3~ CH31 ~ H3 

t-Bu: a H 3 C - C - b H 2 C - C - C H 2 - C ~  a: 0.990 b: 1.330 
/ / | 

aH3C CH 3 CH3 

aH3C bH3C CH 3 a(d): 0.903, 0.919 b: 0.990 
| r I 

i-Pr: e H - ? - C H 2 C - C - d H 2 C - C ~  c(d): 1.167,1.180 d: 1.330 
p / / 

aH3c bH3C CH 3 e: 1.685 (m) 

"Characters  in parentheses represent multiplicity of signal of interest 
and underlined signals are observed in the spectra of the non-volatile 
oligomers 

i-Pr, and a peak at 0.990 ppm is assigned to protons of 
two methyl groups (i-Pr-b) bonded to/3-carbon from i-Pr 
and protons of three methyl groups (t-Bu-a). The signals 
of methine proton (i-Pr-e) and methylene protons (i-Pr-c) 
adjacent to the methine carbon appear around 1.77 ppm 
(multiplet) and at I. 167 and 1.180 ppm (doublet), respec- 
tively. The signals of protons of signs a, c and e ofi-Pr are 
coupled with each other. Moreover, a peak at 1.330 ppm 
is assigned to protons of t-Bu-b and i-Pr-d. The signal 
of methylene proton of i-Pr-e was detected around 
1.685 ppm in the spectrum of the hydrogenated nona- 
mers (Figure 2b). The intensities of the peaks at 1.747, 
5.116 and 1.885ppm have a relative ratio of 3:1:2 and 
decrease markedly by hydrogenation, while the intensity 
of peak of t-Bu-a is unchanged before and after 
hydrogenation and, therefore, these peaks are assigned 
to methyl protons (NTTD-a) bonded to NTTD, an 
olefinic proton (NTTD-c) and methylene protons 
(NTTD-b) adjacent to NTTD, respectively. For the 
non-terminal vinylidene double bond (NTVD) structure 
deduced from the mechanism described later, the pro- 
tons of two methylene groups bonded to NTVD and 
the two magnetically equivalent olefinic protons should 
appear as sharp singlet signals around 2.00 and 4.77 ppm, 
respectively, as suggested by Francis and Archer 26, but 
these signals were not detected. 

The composition of these functional groups was 
determined from the intensities of signals corresponding 
to the methyl protons (i-Pr-a, i-Pr-b, t-Bu-a, TTD-a, 
TTD-b, TVD-a and NTTD-a). The signal intensity per 
methyl group of TTD, TVD and NTTD should be three 
times larger than that per olefinic proton (TTD-c, TVD-c 

or TVD-d, and NTTD-c). This relationship between the 
relative intensities was checked and the data satisfying 
this relationship were adopted as the intensity per methyl 
group. The composition and functionality ( f )  of each of 
the end groups and double bonds of the non-volatile 
oligomers are given in Table 1. The functionality of the 
functional group of interest is defined as the average 
number of this functional group per molecule, and 
calculated by the following equation, assuming all the 
non-volatile otigomers are linear: 

2 × [signal intensity of the functional group of interest] 
[signal intensity of all end groups (i-Pr ÷ t-Bu + TTD + TVD)] 

The functionalitiesft andftn in Table 1 represent average 
numbers of the terminal double bonds and the total 
double bonds per molecule, respectively. 

According to the products catalogue and a comment 
by Exxon Chemical Co. Ltd 29, the sample of polyiso- 
butylene, which is prepared by cationic polymerization, 
is a linear polymer having a saturated end group and a 
terminal double bond; it is deduced from the cationic 
mechanism that the former is t-Bu and the latter is TTD 
or TVD. The values o f M  n and Mw/M n (Table 1 ) suggest 
that the scission reaction of the main chain occurs at a 
random position on the polymer. The average number of 
scissions, which is estimated by (M,o/Mn) - 1, is from 
24 to 124 for the non-volatile oligomers. Thereby, over 
96% of the end groups of these oligomers are formed 
by the scission reactions; that is, most of the functional 
groups of the non-volatile oligomers are newly produced 
by the intermolecular hydrogen abstractions and the 
subsequent 3 scissions of both the macroradicals (equa- 
tions (1)-(4)). The hydrogen abstractions of Rp. and R t. 
yield t-Bu and i-Pr, respectively, and the/3 scissions at 
the skeletal C-C  bond of the main chain produce TVD 
and TTD, depending on the types (CH 3 and CH2) of 
abstracted hydrogens. 

A reasonable mechanism for the formation of NTTD 
is shown in Scheme 2. The terminal functional groups 
formed depend on the position of/3 scission of the on- 
chain macroradicals (Roi 1. and Roi2. ). The scission at 
the side methyl group (equations (6) and (8)) gives 
NTVD and NTTD, while the scission at the skeletal C-C  
bond (equations (5) and (7)) affords TVD and TTD. The 
present experiment shows that NTVD is not produced 
but NTTD is produced. This result suggests that the 
reactivity for /3 scissions is related to the segmental 
rotational motion of the reacting radical. 

As shown in Table 1, the functionalities of the t-Bu and 

(~Hz CH3 I or 1' b TVD * Rp" (5 )  
I I 1 '  I 

- CH2 .-}- C+CH:~- C-CH2 - (Row) 
---I--2 I 

CH3 CH3 ~ 2 ~ NTVD * CH3" (6 )  

CH3 el l3  1 or 1' > T T D  • Rp" (7 )  11 , I r  
- CH2+C-CH-C ' { ' -CHz-  (Roiz') '.-t---2 ---I--z' 

CH3 CH3 20r2 '  > NTTD • el l3" (8 )  

where ,  ,c,., c . ,  CH. c... 
N T V D  : -CHt-C-CHz-C- NTTD : ~CH2-C=CH-C ~ 

I I 
CHz CH3 

Scheme 2 3 Scissions of the on-chain macroradicals (R o i ~" and R o i 2"), 
leading to the non-terminal double bonds 
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i-Pr increase, and in particular that of TVD decreases as 
the degradation proceeds at both temperatures. It is 
noteworthy that theft value decreases from 1.64 to 1.46 
with the degradation time at 320°C. If the structural 
changes of the non-volatile oligomers occur only by the 
intermolecular hydrogen abstractions of Rp. and R t. and 
the subsequent/:~ scission, the ft value tends statistically 
towards 1, because both the saturated and the unsaturated 

In i t ia t ion 

T T O ( o r T V D )  • Rp'(or Rt ' )  + S=' (9) 

Depolymerizat ion 

R p ' ( o r R l ' )  • m o n o m e r  • Sv  (10) 

I n t r a m o l e c u l a r  hydrogen abstraction and subsequent B-sc iss ion  

13-scission at side of cen te r  o f  m a i n  chain 

Rp.(or Rt ' )  • o l i g o m e r s  . Sv" (11) 

13-scission at side of end o f  m a i n  chain 

R p ' ( o r R r )  > TTD(o r  TVD) * Sr" (12) 

Intermolecular hydrogen abstract ion and subsequent B-scission 

Rp-(or R r )  • PH ~ t - B u ( o r  i -Pr )  • NTTD +Sm (13) 

where, 

TTD 

NTTD 

t - B u  

Rp" 

So" 

Sv" 

St" 

Sm" 

CH3 CH3 
H3C-C,:CH-C-CHz ~ TVD : HzC=C-CH'z-C-CH= - 

CH, (~H, C;H, EH, 
CH3 CH~ CH3 
i i J 

~CH2-C:CH-C- PH : -C-CH2-C-CH2- 
CH3 C;H, (~H3 (~H, 

CH3 CH3 C, H3 CH3 
H,c4-c..-~- i -Pr:  HC-CH,-a,-C.,- 

OH3 CH3 CH3 CH3 
CH3 61"13 CH3 CH3 

' Ci'b-C:-CH2-C- R," : '~,-CH2-~-CH2- 
C;H, (~H, CH3 (~H3 

allylic radical 

rad ica l  having vapor izable  molecular  size 

a lky[  rad ica l  

m e t h y l  r a d i c a l  

Scheme 3 Possible reaction scheme for the formation of volatile 
radicals (S-) during degradation 

end groups are formed through elementary reactions. In 
such a situation, theft value is considered to be kept at a 
constant value of around 1 during the degradation, 
because theJ~ value is expected to be independent of the 
concentration of macroradicals, although the concentra- 
tion of Rp- decreases as reactions proceed 3°. However, 
the observed value offt  changes from 1.64 to 1.46; this 
result could not be interpreted only on the basis of 
equations (1)-(4). An ft value greater than 1 was also 
found for the non-volatile oligomers formed by the 
thermal degradation of isotactic polypropylene 3=. In 
order to resolve this problem, our attention is directed to 
the volatile radicals (S.), which have not been taken into 
consideration hitherto. The volatile radicals disappear by 
vaporization from the reaction field without further 
reactions with the molten polymer. Recently, it was 
noted that the intermolecular hydrogen abstraction of S. 
from polymer molecules plays an important role in the 
total reactions 32 35. In the case of polyisobutylene 36, it 
is indicated that the rate of volatilization of the volatile 
products decreases as the degradation proceeds and that 
the kinetic chain length decreases owing to a change 
in the rate ratio between the disappearance (a quasi- 
termination) by vaporization and the intermolecular 
hydrogen abstraction of S.. Elementary reactions leading 
to the formation of S- are shown in Scheme 3. Equation 
(9) represents the formation of an allylic radical by the 
end initiation of a molecule having a terminal double 
bond. In equations (10) and (11) the volatile radicals are 
formed by depolymerization and back-biting followed 
by/3 scission 22,23, respectively. In equation (12), an alkyl 
radical is formed by/3 scission at the end of the main 
chain. Equation (13) represents the formation of a methyl 
radical together with NTTD. 

A statistical reaction model which traces a change of 
theft value is given in Scheme 4. This is composed of the 
intermolecular hydrogen abstractions of terminal macro- 
radicals (equations (A)-(C)) and volatile radicals (equa- 
tions (D) (F)), and the subsequent /3 scissions of the 
on-chain macroradicals. The hydrogen abstraction in 
equations (A)-(C) produces a saturated end group (ES) 
of the non-volatile oligomers, and the subsequent /3 

Intermolecular hydrogen abstraction of t e rm ina l  macroradica[ followed by P} sc~ss~on 

R" + PH 

(CH3) ki!, ksll 
• ES + TVD * R" (A) 

k$i2 • ES * TTD R" (B)  
I (CHz) kiz 
I k=izm> ES * NTTD * S' (C) 

Intermotecular hydrogen abstraction of volat i le small radical followed by fl scission 

S" + PH 

(CH3) his1, ksisl • 

kis 
ksisZ j 

i(CHz)kis2 [ ksiszm• 

SH • TVD • R. (D) 

SH • TTD R. (E)  

SH • NTTD + S- ( F )  

Scheme 4 

where, R. : Rp' ÷ R~" oc: k t= [S . ] [PH ] / kdR ' ] [PH ]  

S" : v o l a t i l e  sma l l  r a d i c a l  B :  ki21kn=kiszlki=l=(tTTD]+[NTTD|)l[TVD] 

ES : t - B u  * i -P r  y : k$i2/kslzm= ksis2/ksis2m = [TTD]  I [NTTD] 

SH : v o l a t i l e s  

A reaction model for statistical analysis on the saturated and unsaturated end groups of the non-volatile oligomers 

3702 POLYMER Volume 37 Number 16 1996 



End-reactive oligomers from polyisobutylene: T. Sawaguchi and M. Seno 

Table 3 Statistical weight and molar ratio of end groups derived from the model 

Molar ratio 
Statistical 

Eq. Rate weight [ES] [TVD] [TTD] [NTTD] 

A (ki,)ki[R'] [PH] 1 l 1 
0 (kit + ki2) (1 + A) (1 +/3) (1 -4-:3) 

B (ksi2) (ki2)ki[R'] [PHI __ ,% ~" 0 '3~ 
(ksi2 ÷ ksi2m) (ki I -- ](i2) (1 +fl)  (1 +2,) (1 +'3)(1 + ' ) )  (1 + ;3) (1 +"3') 

C (ksi2m) (ki2)ki[R'] [PH] fl d 
o 0 (ksi2+k, i2r,~)(kil+l,i2 ) (1 +'3) (1 +'y) (1 + d)(l +")) 

D (kis , )kis[S. ] [PHI ~ ~ 
0 0 

(k,;,~ + k,2:~ (1 + ;t) (1 + ,3) 

E (ksis 2 ) (ki~; 2 )kis [S.] [PH] a:d7 0 0 c~d9 
(ksis2+ksis2m)(kist4-ki~,2) ( 1 ÷ : 3 ) ( 1 ÷ ? )  ( 1 ÷ 5 ' ) ( 1 + ? )  

F (ksis2m) (kis2)kis[S-] [PH] ~,3 
0 0 0 

(ks:s2 +ksis2m)(kisl + kis2) (1 +;3)(1 + ' ) )  

A, B, C, ( 1 + ,~) ( 1 -4- ~)'37 
D , E , F  I (1+ '3)  (I ,÷f3) ( 1 + 7 )  

0 

fl 
(1 + ~) (1 +7) 

0 

0 

(1 +'3)(1 +7) 

(1 ,÷ o,)f3 
I1 +'3)(1 +7) 

Table 4 Molar ratios and functionality products by thermal degradation of polyisobutylene estimated from the model 

Molar ratio Functionality 

Eq. [ES ES] [ES EU] [EU-EU] 1~ ,/~n 

A,B,C, I 2(1+c~)(1 + f 3 7 + ? )  ((1 +c~)(l  + d - ~ + 7 ) )  2 2 (1+c0 (1  + 3 " ) + ~ )  
D , E , F  ( l + f l ) ( l  +~)  ((1 +fl)(1 +7) )  2 (1 + 3) (1 + 7) + (1 ,÷ ce) (1 + Z~ + 7 )  

2(1 +,e) (1 +,'3)(1 + 7 )  
( 1 ÷ f 3 ) ( 1 + 7 ) + ( 1  + o ) ( l + / ~ + 7 )  

scission (equations (A) and (B)) produces an unsaturated 
end group [EU : TVD + TTD]. On the other hand, in 
equations (D)-(F) ,  volatile oligomers SH formed from 
the hydrogen abstraction of  S- disappear by vaporization 
from the reaction residue and only unsaturated groups 
are produced as the non-volatile oligomers. Although the 
component  SH has not yet been quantitatively analysed, 
isobutylene monomer,  2,4-dimethyl-2-pentene and meth- 
ane have been detected 22. The saturated compounds 23 in 
the volatile oligomers would be saturated isobutylene 
oligomers produced from hydrogen abstraction of Sr" 
(equation (12)). The semi-volatile oligomers 23 which 
were fractionated from the polymer residues may be 
related to Sv. formed in equations (10) and (1 1). Thus, 
the formation ratio of  respective functional groups of the 
non-volatile oligomers is expressed by the rate ratio of  
the hydrogen abstractions of  radicals. The a value is 
defined as a statistical weight for analysis of  statistical 
probability of  formation of  functional groups by the 
following equation: 

rate of intermolecular hydrogen abstraction of S. 
Of-- 

Z (rate of intermolecular hydrogen abstractions of R.) 

Moreover,  two other parameters , /3 and 7, of  statistical 
weight are defined by the ratio of  kinetic parameters as 
follows: 

_ ki2 ~ kis2 ~ [TTD] + [NTTD] 

kil -- kis 1 -- [TVD] 

ks:2 ksis2 ,,~ [TTD] 
7 - ks:2 m - ksis2m - [NTTDI 

Table 5 Values of parameters '3 and 7 on thermal degradation of 
polyisobutylene 

Temp. Time 
('C) (min) 3 7 

300 120 3.12 5.33 
t80 3.31 4.99 
300 4.02 4.63 

320 30 3.12 3.93 
60 3.38 4.65 
90 5.28 4.00 

120 6.46 3.82 
180 8.06 3.82 

The molar  ratios of  respective end groups and compo- 
nents of  the non-volatile oligomers and the ft  value are 
given in terms of ~,/3 and 7 as represented in Tables 3 
and 4. ES ES, ES EU and E U - E U  represent com- 
ponents having two ES, one ES and one EU, and two 
EU, respectively. In the hydrogen abstractions shown by 
equations (A) and (B) (at c~ = 0), the ft  value as well as 
both the ES and EU values are found to be 1.0, 
independent of the radical concentration. In this case, 
the molar  fraction of  the components ES-ES,  E S - E U  
and E U - E U  should be a ratio of  1:2:1. On the other 
hand, in the hydrogen abstraction by equations (D) 
and (E) (at c~ = ~ ) ,  no ES end is formed and all of  the 
non-volatile oligomers consist of  only the component  
EU EU; thef t  value is 2.0. 

The present result described above suggests compe- 
titive occurrence of the reactions in equations (A)-(F) .  
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The values of statistical weights/3 and 7 are related to the 
ratios ([TTD] + [NTTD])/[TVD] and [TTD]/[NTTD], 
respectively. The estimated values of/3 and 7 are listed in 
Table 5. At both temperatures, the values of/3 increase 
with time, while 7 decreases somewhat. Thus, these 

values are not kept constant during the degradation. The 
compositions of end groups and components and the 
functionality calculated from the model with the assigned 
values of cL/3 and 7 are listed in Table 6. In this model, 
the composition [ES] is dependent only on the c~ value. 

Table 6 Compositions and functionality of products by thermal degradation of polyisobutylene estimated from the model with various assigned 
values of  statistical weights 

Statistical weight Composition (mol%) Composition (mol%) Functionality 

o~ fl ") [ES] [TVD] [TTD] [NTTD] [ES ES] [ES EU] [EU-EU] Ii Yln 

2.0 3.0 3.8 25.0 t8.8 44.5 11.7 8.0 40.6 51.4 1.43 1.70 

2.0 3.0 5.4 25.0 18.7 47.5 8.8 7.5 39.8 52.7 1.45 1.65 

2.0 3.3 4.7 25.0 t 7.4 47.5 10.1 7.7 40.2 52.1 1.44 1.67 

2.0 8.0 3.8 25.0 8.3 52.8 13.9 8.4 41.2 50.4 1.42 1.74 

2.0 8.0 5.4 25.0 8.3 56.3 10.4 7.8 40.2 52.0 1.44 1.67 

5.0 3.0 3.8 14.3 21.4 50.9 13.4 2.7 27.6 69.7 1.67 1.98 

5.0 3.0 5.4 14.3 21.4 54.2 10.1 2.5 26.7 70.8 1.68 1.91 

5.0 3.3 4.7 14.3 19.9 54.3 11.5 2.6 27.1 70.3 1.68 1.94 

5.0 8.0 3.8 14.3 9.5 60.3 15.9 2.9 28.2 68.9 1.66 2.04 

5.0 8.0 5.4 14.3 9.5 64.3 11.9 2.6 27.2 70.2 1.68 1.95 

Figure 3 

,8 =3.30 
y =4.70 

100 • 

~" 1.8 
so  

• ~ 1.4 

1.2 
~ 2o 

~ 1.0 

0 
-1 0 1 2 

Log ot 

Changes in composition of respective end groups and,/I and/in values with the (~ value 

Figure 4 

B =3.30 ~ "  
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E 80 

60 / 
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0 ...... i [ ~  ~ - ~  
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Log 
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With an increasing /3 value, the composition [TVD] 
decreases and the compositions [TTD] and [NTTD] 
increase. [TTD] increases and [NTTD] decreases as the 7 
value increases. However, the composition of each com- 
ponent and the functionality are markedly dependent not 
on the/3 and 7 values but on the c~ value. 

Changes in composition of the end groups and of the 
components with the c~ value are shown in Figures 3 and 
4, where the values of/3 and "~ are set at 3.3 and 4.7, 
respectively. In Figure 3 the observed values of respective 
functional groups are plotted by using the ft value as 
reference. As shown above, the ft values are calculated 
from compositions of the saturated end groups (ES: 
i-Pr+t-Bu) and the unsaturated end groups (EU: 
TTD + TVD). The observed values of [ES] and [EU] 
are consistent with the estimated values, but [TTD] and 
[NTTD] increase and [TVD] decreases with a decrease in 
theft value, in contrast with the trend of curves shown in 
Figure 3. This discrepancy is a result of a marked increase 
in the/3 value observed (Table 6). 

In this statistical analysis, the ~ value can also be 
calculated from the composition of the end groups. 
Therefore, the observed values of [TTD] given in Table 1 
show that the ~ value decreases from 4.4 to 2.3 as 
the degradation proceeds. The component EU-EU, a 
telechelic oligomer having two reactive end groups, 
constitutes 67 53mo1% of the non-volatile oligomers, 
while the component EU-ES, a macromonomer-like 
oligomer having one reactive end group, constitutes 29- 
39 mol%. This decrease of the c~ value with time would 
be caused by a decrease in the radical concentration ratio 
([S.]/E JR.]); this is interesting in connection with the 
effect of the physical factors on the elementary reac- 
tions 23'3°. As shown in Scheme 5, if the hydrogen 
abstraction (equation (14)) and the disappearance by 
vaporization (equation (15)) of S. occur competitively, 
the decrease in the volume and molecular weight of the 
molten polymer during degradation (Table 1) would 
result in a decrease in the c~ value. This is considered to be 
evidence for a decrease in the rate of volatilization with 
time 36. Thus, the thermal degradation of polyisobutylene 
is mainly controlled by the elementary reactions of S. 
as well as Rp. and R t. which are produced during the 
degradation, and the concentrations of these radicals 
change with time. Moreover, the rates of change in 
concentration of the respective radicals are expected to 
differ markedly from each other, as suggested from the 
result that the concentration ratio ([Rp.]/[Rt.]) decreases 
as the reactions proceed 3°. To elucidate a reasonable 
mechanism for the total reactions, further information is 
needed on a kinetic analysis for structural changes of the 
non-volatile oligomers, and studies for this purpose are 
now in progress. 

Intermo[ecular hydrogen abstraction and subsequent I~-scission 

S. • PH ) S H ' l ' .  TTD(or TVD) • Rp- (14) 

Vaporization w i t h o u t  t h e  a b s t r a c t i o n  in t he  polymer residue 

S- ) S . t  (15) 

where, 

Scheme 5 

S" : v o l a t i l e  s m a l l  radicals 

SH : volatiles 

Competitive reaction scheme for disappearance of S. 

In conclusion, the functional groups of the non- 
volatile oligomers are produced via the intermolecular 
hydrogen abstractions of Rp. and R r and the subsequent 
/3 scissions of resulting on-chain macroradicals. The 
presence of NTTD and the absence of NTVD are clearly 
demonstrated. Theft value changes from 1.64 to 1.46. If 
the functional groups are formed by the intermolecular 
hydrogen abstractions of Rp- and R t. and the subsequent 
/3 scissions, theft value is calculated to be 1. The observed 
values o f f  could be reasonably explained by taking into 
consideration the intermolecular hydrogen abstractions 
of S. in addition to Rp. and R r . The decrease in the c~ 
value with progress of the degradation is due to a 
decrease of the [S.]/E [R.] ratio, which is caused by a 
decrease in physical factors such as volume and molecu- 
lar weight of the molten polymer matrix. Statistical 
analysis of the observedft value shows that 53-67 mol% 
of the non-volatile oligomers is telechelic oligomer having 
both TTD and/or TVD, and 39-29 mol% of the oligo- 
mers is macromonomer-like end-reactive oligomer having 
TTD or TVD only at one chain end. 

REFERENCES 

1 Kennedy, J. P. and Smith, R. A. J. Polym. Sci. Polym. Chem. 
1980, 18, 1523 

2 Kennedy, J. P., Chang, V. S. C., Smith, R. A. and Iv'~n, B. 
Polym. Bull. 1979, 1,575 

3 Kennedy, J. P. and Smith, R. A. J. Po!vm. Sci. Polym. Chem. 
1980, 18, 1539 

4 Liao, T.-P. and Kennedy, J. P. Polym. Bull. 1981, 5, 11 
5 Wondraczek, R. H. and Kennedy, J. P. J. Polym. Sci. Polym. 

Chem. 1982, 20, 173 
6 Kennedy, J. P. and Hiza, M. J. Polvm. Sci. Polym. Chem. 1983, 

21, 3573 
7 Nagy, A., Faust, R. and Kennedy, J. P. Polym. Bull. 1985, 13, 97 
8 Mishra, M. K., Star-Mishra, B. and Kennedy, J. P. Polym. Bull. 

1986, 16, 47 
9 Kennedy, J. P., Peng, K. L and Wilczek, L. Polym. Bull. 1988, 

19, 441 
10 Zsuga, M. and Kennedy, J. P. J. Polym. Sci. Polvm. Chem. 1991, 

29, 875 
11 Faust, R. and Kennedy, J. P. J. Macromol. Sci. Chem. 1990, 

A27, 649 
12 Fehervari, A. F., Faust, R. and Kennedy, J. P. J. Macromol. Sci. 

Chem. 1990, A27, 1571 
13 Iv~n, B. and Kennedy, J. P. J. Polym. Sci. Polvm. ('hem. 1990, 

28, 89 
14 Kaszas, G., Puskas, J. E., Kennedy, J. P. and Hager, W. G. 

J. Polym. Sci. Polym. Chem. 1991, 29, 421,427 
15 Fodor, Zs. and Kennedy, J. P. Polym. Bull. 1992, 29, 697 
16 Gyor, M., Fodor, Zs., Wang, H.-C. and Faust, R. J. Macromol. 

Sci. Pure Appl. Chem. 1994, A31, 2055 
17 Foder, Zs. and Faust, R. J. Macromol. Sci. Pure Appl. Chem. 

1994, A32, 575 
18 Li, D. and Faust, R. Macromolecules 1995, 28, 1383 
19 Kagiya, T. High Polymers Jpn 1980, 29, 667 
20 Kaminsky, W. Makromol. Chem. Macromol. Syrup. 1991,48]49, 

381; 1992, 57, 145 
21 Kuroki, T., Sawaguchi, T., Suzuki, K., lde, S. and lkemura, T. 

Polymer 1983, 24, 428 
22 Tsuchiya, Y. and Sumi, K. J. Polym. Sci.. Part A-1 1969, 7, 813 
23 Sawaguchi, T., Tekesue, T., lkemura, T. and Seno, M. Macro- 

mol. Chem. Phys. 1995, 196, 4139 
24 Abe, F., Einaga, Y. and Yamakawa, H. Macromolecules 1991, 

24, 4423 
25 Sakaguchi, Y. and Sakurada, 1. Koubunsi Kagaku 1948, 5, 242 
26 Francis, S. and Archer, E. D. Anal. Chem. 1963, 35, 1363 
27 Warren, R. W., Gates, D. S. and Driscoll, G. L. J. Polym. Sci., 

Part A-1 1971, 9, 717 
28 Si, J. and Kennedy, J. P. J. Polym. Sci. Polym. Chem. 1994, 32, 

2011 

POLYMER Volume 37 Number 16 1996 3705 



End-reactive oligomers from polyisobutylene." T. Sawaguchi and M. Seno 

29 Exxon Chemical Co. Ltd, 'VISTANEX ~' Polyisobutylene Prop- 
erties and Applications', Exxon Corporation, Houston, TX, 
1993 

30 Sawaguchi, T., lkemura, T. and Seno, M. Macromol. Chem. 
Phys. 1996, 197, 215 

31 Sawaguchi, T., lkemura, T. and Seno, M. Macromolecules 1995, 
28, 7973 

32 Weir, N. A. 'Developments in Polymer Degradation-7" 

(Ed. N. Grassie), Elsevier Applied Science, London, 1987, 
p. 193 

33 Kashiwagi, T., lnaba, A. and Hamins, A. Polym. Deg. Stab. 
1989, 26, 161 

34 Mita, 1., Obata, K. and Horie, K. Polym. J. 1990, 22, 397 
35 Manring, L. E. Macromolecules 1991, 24, 3304 
36 McGuchan, R. and McNeil, I. C. Eur. Polym. J. 1968, 4, 115 

3706 POLYMER Volume 37 Number 16 1996 


