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The products of thermal degradation of polyisobutylene are successfully simulated according to a radical 
chain reaction model including diffusion-controlled termination reactions of primary and tertiary terminal 
macroradicals (Rr - and R, -) and volatile small radical (S. ). The model proposed consists of the 
following three steps: (1) end and random initiation reactions, (2) depropagation consisting of 
depolymerization and intramolecular and intermolecular hydrogen abstractions followed by p scissions, 
and (3) diffusion-controlled termination consisting of bimolecular reactions between respective 
macroradicals and vaporization of volatile radicals. The molecular weight (M) dependencies of rates of 
the end initiation and termination are evaluated by M-’ and M-“, respectively. Assuming that the 
reaction occurs competitively under steady state conditions regarding the respective radicals, their 
concentrations could be approximately expressed as a function of M. The observed values of the 
compositions of the studied components of the volatile oligomers and functional groups of the nonvolatile 
oligomers formed by the degradation at 300°C are consistently traced by simulation using the above 
model when the value of n is about 2 for the self-diffusional motion of the reacting radical in the molten 
polymer matrix. Rates of decreases in concentration are of the order: S - > R, - >> R, -. This results from 
an increase in the rate of termination with a decreasing molecular weight of the matrix as the reaction 
proceeds. Copyright 0 1996 Elsevier Science Ltd. 
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INTRODUCTION 

Many attempts have been intensively made to elucidate 
the effect of polymer dynamics on polymer reactions, 
being supported by recent theoretical and experimental 
studies of polymer physics’. The diffusion-controlled 
termination in free-radical polymerization was especially 
analysed based on an interpolymer reaction mode12, and 
the effects of diffusion of the reacting polymer molecules 
as well as their molecular weight and solvent were made 
clear3. Mita and Horie4 reviewed the effects of molecular 
weight of polymer molecules and the translational 
diffusion of polymer segments on polymer reactions in 
solution, and the effect of secondary transition on 
polymer reactions in bulk, but little is known about 
these effects on polymer reactions in melt. 

The molecular weight would affect strongly the 
polymer reaction in melt such as thermal degradation 
of polymers5, although this is not yet fully understood. 
The rate of random scission in the thermal degradation 
of anionically prepared polystyrene increases with an 
increasing initial molecular weight of the sample6 and 
this result could be interpreted to be due to an increase in 
macroradical concentration based on the diffusion- 
controlled termination mode14. In a series of the present 
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studies7, we attempt to elucidate the effect of molecular 
weight on the thermal degradation of polyisobutylene 
from structural and kinetic analyses of the products. It 
was observed that the values of composition ratios 
between interesting components in the volatile and 
nonvolatile oligomers decrease clearly with an increasing 
time7b3e, and the decrease in the composition ratios 
results from a decrease in molecular weight of the matrix 
during the degradation7”“. By a preliminary kinetic 
approach to the elementary reactions, it was deduced 
that the decrease in molecular weight of the matrix leads 
to a decreasing concentration ratio ([R, .]/[R, -1) (see 
Appendix for meanings of the symbols) of two types of 
macroradicals, due to an increase in the rate of diffusion 
controlled termination. Moreover, similar power laws of 
the molecular weight dependence of the radical concen- 
tration ratio were obtained separately for the volatile and 
the nonvolatile oligomers7c)e; that is, similar behaviours 
of the decrease in the ratio [R, -]/[R, .] during the 
degradation were observed on the different elementary 
reactions for formation of the different products. 

In this paper, we discuss the composition ratios 
between the components of interest of the products 
formed by the degradation traced by computer simula- 
tion of a total reaction model including diffusion- 
controlled termination, and the effect of molecular 
weight on the radical concentration. 
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with a Jeol JNM-GX400 spectrometer operating at 

EXPERIMENTAL 

399.65MHz and room temperature with an internal 

Sample, apparatus and procedure 

lock. Sample concentrations were approximately 10% 

The polyisobutylene sample and the experimental 
procedure were described in detail elsewhere a. Molecu- 
lar weight characteristics of the purified polyisobutylene 
are M, = 2.5 x lo5 and M,./M, = 2.50. One gram ofthe 
sample was used for each degradation experiment at 
300°C. After the degradation reaction the polymer 
residue in the reaction flask was dissolved in 10cm’ of 
chloroform and the solution was reprecipitated by 
dropping it into 50cm3 of acetone to remove a small 
amount of the semi-volatile oligomers with a relatively 
low volatility. The reprecipitates were termed the 
nonvolatile oligomers and analysed after vacuum 
drying under heating. The composition of the nonvola- 
tile and semi-volatile oligomers was determined with 
g.p.c. analysis. 

Analysis 
The 400 MHz ‘H n.m.r. spectra were measured 

method. 

(w/v) in chloroform-d,. Tetramethylsilane (TMS) was 

Gas chromatography of the volatile oligomers was 

used as an internal standard and the 5mm-diameter 

recorded on a Shimadzu GC-8A gas chromatograph 

sample tubes were used. Spectral widths were 4.5 kHz, 
and 65 536 data points were accumulated in a JEC 32 
computer. In the quantitative measurement7d, the pulse 
width of 90” (approximately 11.7,~) and the pulse 
repetition time of 37.281 s were adopted. A typical 
measurement was performed for about 10P45h. The 
signal intensities in the spectra were measured by a 
weighing method. The composition of the functional 
groups was determined from the intensities’of signals of 
the corresponding methyl protons7d. 

The molecular weight dispersion (M,/M,) was 
measured by an analytical g.p.c. (Toyo Soda HLC- 
802 UR) using a stainless-steel column of TSK-GEL 
(2 - HMG6 + H4000HG8 + H2000HG8). The data were 
calibrated with the standard polystyrene. M,, was 
determined by the following equation’ using the limiting 
viscosity number measured at 30°C in toluene: 
[q] = 3.71 x 10-4P.‘5, where [q] is the limiting viscosity 
number (lg-‘) and P is the number average degree of 
polymerization determined by the osmotic pressure 
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Table 1 Changes in volatilization and composition ratios of oligomers of interest in the volatile oligomers with the thermal degradation of 
polyisobutylene (Mn,? 50X10”) at 300°C 

Time 
(min) 

I5 

IS 

20 

25 

30” 

60” 

120“ 

140“ 

180” 

300d 

MI,” Ch C" 
x10m3 

[TTDI, 
w t 9” wt% P-3 

35.0 4.1 4.2 2.05 

31.8 4.3 4.4 2.05 

26.4 4.5 5.0 2.07 

19.1 6.3 7.0 2.22 

15.0 6.3 9.9 2.19 

13.3 6.9 10.8 2.18 

8.97 11.5 17.1 2.22 

8.47 12.6 21.5 I .98 

7.02 16.0 24.6 2.22 

5.52 23.6 32.4 2.18 

Pentamers 01 = 3) 

[TTD], m WA, ITT% W’l, 
WDI, D’Dlt P’Dlt W’Dlt P’DI, 

2.05 1.18 18.4 35.7 2.15 

1.99 1.14 14.3 25.0 2.18 

1.86 0.79 14.4 33.9 2.20 

1.85 1.05 13.5 23.7 2.12 

2.02 1.17 10.9 18.8 2.11 

2.00 1.19 8.42 14.2 2.16 

2.13 I .45 5.84 8.60 2.08 

1.90 1.02 5.55 10.4 2.29 

2.15 1.33 4.56 7.38 2.17 

2.09 1.31 3.71 5.91 2.15 

’ By limiting viscosity number measurements 
’ Volatilization 
’ C + C’ (semi-volatile oligomers) 
” From ref. 7b, e 

Trimers (II = I) 

:TW [TV? p 
WY, [TV t 
I .39 x5.0 

1.35 67.1 

1.15 62. I 
1.35 52.7 

I .06 32.4 

1.10 26.0 

1.14 16.7 

1.16 16.5 

I.13 13.5 

1.08 8.93 

Hexamers (n = 4) 

P”W, 
VW t 
12s 

IO? 

112 

86.6 

66.6 

51.5 

32.6 

28.2 

26.6 

18.0 

Tetramers (n = 2) 

W’l p [TTDI, FW, W’l, 
F”“l [TVDlt P VW t PDI, ~~_~____ 
I .93 I.18 20.3 33.2 

I .94 1.29 17.5 26.2 

1.89 0.98 17.7 34. I 
2.11 1.38 15.8 24.2 

I .96 I .36 11.8 17.0 

1.95 1.40 11.3 15.7 

1.99 1.61 8.81 10.9 

2.23 1.43 1.93 12.4 

1.95 1.48 6.84 9.02 

2.14 1.48 4.48 6.45 

Heptamers (n = 5) 

VW P [TTDI, [TV% W’l p - - 
[TV’% VW t WY, P-W, 

I .02 10.9 23.1 1.90 1.12 10.2 17.4 

I .03 8.74 18.6 2.32 I.16 7.09 14.3 

I.10 10.1 20. I 2.10 I.16 9.13 16.6 

1.37 Il.7 18.2 2.26 1.16 7.51 14.6 

1.04 7.79 15.7 1.96 1.17 7.35 12.3 
I .02 6.12 13.0 2.08 1.09 5.84 Il.1 
1.10 4.08 7.71 2.14 1.28 3.73 6.27 
1.01 5.03 11.4 2.17 1.25 4.61 8.01 
1.20 3.78 6.84 2.12 1.30 3.63 5.93 
I .63 3.78 4.98 2.09 1.45 2.07 2.99 
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equipped with a flame-ionization detector and a fused 
silica capillary column (50 m x 0.35 mm i.d.) consisting 
of OV-1. The instrumental conditions were described 
elsewhere7b. The composition ratios for the respective 
oligomers were obtained by the relative ratios of the peak 
intensities, and were measured with a digital integrator 
without calibration. 

RESULTS AND DISCUSSION 
Characterization of the degradation 

In previous papers7a,d, both the volatile oligomers and 
the nonvolatile oligomers isolated from the polymer 
residue obtained by thermal degradation of polyiso- 
butylene were precisely characterized. The results clearly 
show that most of the products are derived from R, - 
and Rt - and S . in the depropagation step of the radical 
chain mechanism. 

The results of thermal degradation at 300°C are given 
in Table 2, where M,, of the nonvolatile oligomers, the 
yield of volatiles C and the composition ratios between 
respective terminal mono-olefins of each volatile oligo- 
mer are listed as functions of reaction time. The yield of 
volatiles increases and then the polymer residue con- 
stituting the reaction media decreases as the degradation 
proceeds. The volatiles consist of the monomeric 
compounds (IO-30 wt%), mainly isobutylene monomer, 
and the volatile oligomers (90-70 wt%) ranging from 
dimers to dodecamers. Isobutylene monomer is formed 
by depolymerization (direct p scission) of R, - and R, - . 
The volatile oligomers consist mainly of four types of 
mono-olefins [(TTD],, (TVD),, (TTD), and (TVD),], 

which are formed by the intramolecular hydrogen 
abstraction (back-biting) of R, - and R, - and the 
subsequent p scission at the inner position of the main 
chain. According to a kinetic approach to back-bitings, 
the ratios [TTDIJTVD], and [TTD],/[TVD], given in 
Table 1 correspond to those between the abstraction 
rates of different types of hydrogens (CHz and CHs) of 
the same type of macroradicals (Rr - or R, - ), respec- 
tively, and could be expressed by the kinetic rate 
constant ratio7b. These ratios have different values 
from trimers to heptamers, but remain nearly constant 
during the degradation. This observed tendency agrees 
fairly well with the kinetic expectation. On the other 
hand, the ratios [TTD],/[TTD], and [TVD],/[TVD], 
correspond to those between the abstraction rates of 
the same type hydrogen (CH, or CHs) of different 
macroradicals (RP. and Rt - ), respectively, and could be 
expressed by an integrated radical concentration ratio 
[RP -]/[Rt -1, according to the kinetic analysis7b. The 
observed values (Table I) are different for each oligomer 
and decrease clearly with reaction time. The decrease in 
these ratios with time is evidently due to a decrease of the 
ratio [RP - ]/[R, - ]7b. 

Table 2 shows the results of characterization of the 
nonvolatile oligomers obtained under the same condi- 
tions as Table 1. Although the M, value of the 
nonvolatile oligomers decreases to 5500 for 300min, 
the M,/M, value keeps a nearly constant value of 2. The 
functionality of functional groups (t-Bu, i-Pr, TVD, 
TTD and NTTD) is defined as the average number of a 
given functional group per molecule, and calculated by 
the following equation, assuming all the nonvolatile 

Table 2 Changes in molecular weight characteristics, composition and functionality of respective end groups and double bonds in the nonvolatile 
oligomers with thermal degradation of polyisobutylene (M, = 2.50 x 105) at 300°C 

MIb &I 
Compositiond (mol%) Functionality’ 

Time C” 
(min) (wt%) x10e3 M, c [i-Prle [t-Bu] ’ l=Dlg lTvDl* lNTTDli f;-pr fr-Bu flTD fiVD f&D f,!+ /in’ 

Orn 0.0 250 2.50 0.00 50.00 25.00 25.00 0.00 0.000 1 .ooo 0.500 0.500 0.000 1.00 1.00 
15 4.1 35.0 2.20 0.33 24.23 45.50 22.04 7.90 0.007 0.526 0.992 0.479 0.172 1.47 1.64 
15 4.3 31.8 2.22 0.40 23.52 46.02 21.91 8.15 0.009 0.512 1.00 0.477 0.177 1.48 1.66 
20 4.5 26.4 2.18 0.45 22.55 46.67 21.68 8.65 0.010 0.494 1.02 0.475 0.189 1.50 1.69 
25 6.3 19.1 2.20 0.46 19.44 48.68 22.39 9.03 0.010 0.427 1.07 0.492 0.199 1.56 1.76 
30” 6.3 15.0 2.17 0.53 15.37 51.09 23.36 9.65 0.012 0.340 1.13 0.517 0.214 1.65 1.86 
60” 6.9 13.0 2.14 0.61 16.00 51.51 22.33 9.95 0.013 0.354 1.14 0.494 0.220 1.63 1.85 

120” 11.5 8.97 2.12 1.04 16.01 52.90 20.13 9.92 0.023 0.355 1.17 0.447 0.220 1.62 1.84 
140” 12.6 8.47 2.15 1.12 15.32 52.35 21.18 10.03 0.025 0.341 1.16 0.471 0.223 1.63 1.86 
180” 16.0 7.02 2.11 1.41 17.90 51.62 18.72 10.35 0.031 0.399 1.15 0.418 0.231 1.57 1.80 
300” 23.6 5.52 2.10 2.01 17.90 52.73 15.97 11.39 0.045 0.404 1.19 0.360 0.257 1.55 1.81 

’ Volatilization 
b By limiting viscosity number measurements 
’ Heterogeneity index of molecular weight distribution determined by g.p.c. measurements 
d 100 x [each CH, peak intensity/total CH3 peak intensity (i-Pr + t-Bu + TTD + TVD + NTTD)] 
’ Iso-propyl; (CH&CH- 
f Tert-butyl; (CH,)sC- 
g Terminal trisubstituted double bond; (CHs)& = CH- 
h Terminal vinylidene double bond; CH2 = C(CHs)- 
i Nonterminal trisubstituted double bond; -(CHs)C = CH- 
‘Average number of each functional group per molecule; f = 2 x [each functional group peak intensity]/total terminal peak intensity 
f-Pr + r-Bu + TTD + TVD) 

Average number of terminal double bonds per molecule; f, = 2 x (TTD + TVD)/( i-Pr + t-Bu + TTD) 
‘Average number of total double bonds per molecule;& = 2 x (TTD + TVD + NTTD)/(i-Pr + t-BU + TTD + TVD) 
m Composition and functionalities are tentatively estimated 
’ From ref. 7e 
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oligomers are linear7d 

_f= 
2 x [signal intensity of the functional group of interest] 

[signal intensity of all end groups (i-Pr + t-Bu + TTD + TVD)] 

The functionalitiesf, andf,, in Table 2 represent average 
numbers of the terminal double bonds and the total 
double bonds per molecule, respectively. The original 
polyisobutylene (M,, = 2.5 x 10 ) is a linear polymer 
having a saturated end group and a terminal double 
bond ; it is deduced from the cationic mechanism of 
preparation that the former is t-Bu and the latter is TTD 
or TVD with ratio of 1 : 1. As shown in Table 2, .fiPPr 
markedly increases,frro andfNTTD slightly increase, and 
h-8” and fTVD change complicatedly with degradation 
time. Especially, the,ft value is greater than 1 and varies 
during the degradation. This result could be interpreted 
by considering the intermolecular hydrogen abstraction 
of S s followed by p scission, in addition to that of R, . 
and Rt.7d. The volatile radical S + has not been taken 
into consideration hitherto. 

The concentration [P] of polymer in the molten 
polymer matrix is expressed by p/M”. The density p is 
almost constant during the degradation, because the 
specific volume ‘u 

1 ISP 
of polyisobutylene at 217°C is given 

by the equation , wsp = 1.225 + 32/M, in a range of M 
from 3540 to 115 000. Under these conditions, the 
concentrations (mol cm-3) of respective functional 
groups are expressed as 

[r-Bu] = LPlf;-Bu = /?~;-Bu/~ 

[i-Pr] = [WY-Pr = pf;.P*lM 

[TTD] = F’VTTD = I?fim/M 
[TVD] = [WTVD = ~~TvDIM 

[NTTD] = [Pl.fNTTD = P.fE\ITTD/M 

i]) 

(4 

(3) 

(4) 

(5) 

Assuming the value of p to be 0.75 gcmp3 at 300°C the 
molar concentrations given by equations (1) to (5) could 
be calculated from the observed values of functionality 
and M, (Table 2). The calculated values of the molar 

concentrations of the respective functional groups and 
their composition ratios at various degradation times are 
shown in Table 3. All of the concentrations, [t-Bu], [i-Pr], 
[TTD], [TVD] and [NTTD], increase with an increasing 
time, owing to the decrement of M,. Since the original 
polyisobutylene (M, = 2.5 x 105) would have a t-Bu 
and a terminal double bond consisting of TTD and 
TVD”, as described above, the initial concentrations [PI0 
and [t-Bulo are to be 2.91 x 10m6, [TTD]o and [TVD]o to 
be 1.46 x 10-6, and [i-Prlo = [NTTDlo = 0. The end 
initiation5 at thermally labile bonds of allylic position 
from the terminal double bonds (TVD and TTD) is of 
importance in addition to the random initiation by 
scission of the skeletal C-C bond12. However, the 
elementary reactions to form TVD and TTD in the 
depropagation step occur more frequently than the 
initiation from TVD and TTD, due to their relatively 
large kinetic chain length (KCL)‘, besides a minor 
contribution of the termination by disproportionation. 
Moreover, the changes in values of M, and M,/M, 
(Table 2) suggest that the scission reaction of the main 
chain occurs at a random position of the polymer. 
The average number of scissions, which is estimated 
by (Mno/M,) - 1, is from about 6 to 124 for the 
nonvolatile oligomers. Thereby, over 86% of the end 
groups of these oligomers are newly formed by the 
scission reactions. It could be deduced from these results 
that the changes in concentrations of functional groups 
with degradation time (Table 3) do not depend on the 
initial concentration as well as the initiation and 
termination reactions, but depend mainly on the 
depropagation reactions. 

The reasonable elementary reactions7d were proposed 
for the formation of these functional groups; the 
intermolecular hydrogen abstractions of radicals give 
two types of on-chain macroradicals (Roil - and Roil - ). 
depending on the position (CHs or CH2) of hydrogen 
abstraction, independent of radical type. Moreover, the 
hydrogen abstractions of R, - , R, - and S - yield t-Bu, 
i-Pr and SH (volatiles), respectively. The /? scission of 
Roil - occurs only at the main chain and exclusively results 
in the formation of TVD and R, - On the other hand, 

Table 3 Changes in concentration and composition ratios of respective functional groups in the nonvolatile ohgomers with thermal degradation of 
polyisobutylene (M, = 2.50 x IO’) at 300°C 

___- 
Concentration” x lOh (mol cm “) 

Time 
(min) [i-Pr] [I-Bu] 

0” 0.000 2.91 

I5 0.149 10.9 

15 0.199 Il.7 

20 0.272 13.6 

25 0.385 16.3 

30’ 0.568 16.5 

60’ 0.738 19.4 

120 1.87 28.8 

140’ 2.14 29.3 

180’ 3.26 41.4 

300’ 5.98 53.3 

It-Bu! 
[TTD] [TVD] [NTTD] [i_Prj 

[TTD] t [NTTDj 

[TVD] 

1.46 I .46 0.00 1.00 0.50 

20.6 9.96 3.57 73.4 7.42 5.76 0.67 0.90 

22.9 10.9 4.06 58.8 2.47 5.65 0.68 0.89 

28.2 13.1 5.23 50.1 2.55 5.40 0.68 0.89 
40.8 18.8 7.57 42.3 7.58 5.39 0.68 0.89 
54.7 25.0 10.3 29.0 2.60 5.29 0.69 0.89 
62.3 27.0 12.0 26.2 2.75 5.18 0.70 0.88 
95.3 36.3 17.9 15.4 3.17 5.33 0.72 0.88 

100 40.5 19.2 13.7 2.90 5.22 0.71 0.88 
II9 43.3 23.9 12.7 3.31 4.99 0.73 0.87 
157 47.5 33.9 8.91 4.02 4.63 0.77 0.86 

-. _.~.. 
“ Calculated by the equation: ,/p/M, 
’ Estimated tentatively 
’ From ref. 7e 
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the ,8 scission of Roiz - produces TTD and R, -, and 
NTTD and methyl radical, depending on the positions 
(main chain or side methyl group) of the scission. 

According to the reaction model described above, the 
formations of functional groups of the nonvolatile 
oligomers were kinetically analysed, assuming the reac- 
tions competitively occur under a steady state where the 
concentrations of the on-chain macroradicals (Roil - and 
Roiz -) are kept low and constant. The molar concentra- 
tions of respective functional groups formed for a 
given time were obtained by integration7e. The mechan- 
ism of formation of these functional groups is examined 
by analysing the observed values of ratios between the 
compositions of respective functional groups (Table 3) 
according to the kinetic equations giving the correspond- 
ing ratios7e. The ratio [t-Bu]/[i-Pr] is expressed as a 
product of the ratio of the rate constants and the ratio of 
macroradical concentrations ([Rp -I/p, a]). Thus, a 
change of [t-Bu]/[i-Pr] reflects that of the macroradical 
concentration ratio during the degradation. On the other 
hand, the ratio ([TTD] + /NTTD])/[TVD] is expressed in 
terms of the ratios of the abstraction rates of different 
types of hydrogens (CH2 and CHs) of R, - , R, - and S - . 
The ratio [TTD]/[NTTD] is expressed by only the rate 
constant ratio. The ratios [TTD]/[TVD] and 
([TTD] + [TVD])/([TTD] + [TVD] + INTTD]) given in 
Table 3 are described later. 

As shown in Table 3, the value of [t-Bu]/[i-Pr] 
decreases clearly with the degradation time. This 
tendency is consistent with that obtained for the 
corresponding composition ratios for the volatile oligo- 
mers concerning the ratio [Rr - ]/[R, - ]7b. The decrease in 
[t-Bu]/[i-Pr] with time evidently results from a decreasing 
macroradical concentration ratio ([Rp * ]/[R, -1). This 
leads to the conclusion7bYc that the degradation proceeds 
under unsteady state conditions with regard to terminal 
macroradicals, and this result is also supported by 
composition ratios observed for the nonvolatile oligo- 
mers. On the other hand, the value of ([TTD] + 
[NTTD])/[TVD] increases gradually with increasing 
time, in contrast to the results2c that the corresponding 
composition ratios obtained for the volatile oligomers 
are kept constant with reaction time. The result on the 
nonvolatile oligomers is due mainly to a decreasingf&, 
value during the degradation. It is deduced from the 
kinetic expression7e described above that the ratios 
between the abstraction rates of the same type of 
hydrogen (CH2 or CHs) of respective radicals differ 
from one another. Although the ratio [TTD]/[NTTD] 
corresponds to the rate constant ratio between ,L? scission 
rates of Roi2 *, the observed value decreases gradually 
with reaction time. This result suggests that the reactivity 
for p scission depends on the segmental rotational 
motion of reacting radicals. 

We have already examined the effects of physical 
factors such as the pressure in the reaction vessel and the 
volume and molecular weight of the matrix on the 
formation reactions of the volatile and nonvolatile 
oligomers7c>e. It was made clear that the back-bitings 
and the intermolecular hydrogen abstractions followed 
by p scissions do not depend on the pressure and volume 
but strongly depend on the molecular weight of matrix. 
Thus, both the values of [TVD],/[TVD], and [TTD],/ 
[TTD], of the volatile oligomers and the value of [t-Bull 
[i-Pr] of the nonvolatile oligomers decrease evidently 

with a decreasing molecular weight during the degrada- 
tion. It could be confirmed that the decrease in molecular 
weight of the matrix leads to a decreasing concentration 
ratio of [RP .]/[R, -]7c,e. 

The molecular weight dependence of the ratio [Rp -I/ 
l& -1 could be estimated from the composition ratios 
[TVD],/[TVD],, [TTD],/[TTD],, and [t-Bu]/[i-Pr] and 
are given as7c,e 

[Rp’l o: [TVDI, VW, o: M” 

[R,-] mm[TTDl, ’ (6) 

The value of exponent n could be obtained from the 
double logarithmic plots of equations (6) and (7) using 
analytical data at various reaction times. The relation- 
ships given by equations (6) and (7) were verified with a 
relatively high correlation for respective volatile oligo- 
mers from trimers to heptamers and the nonvolatile 
oligomers. The observed value of exponent n is on 
average, cu. 1.04 at 300°C and ca. 0.88 at 320°C for 
volatile oligomers7c, and 1.18 at 300°C and 0.72 at 320°C 
for nonvolatile oligomers7e. Thus, the values observed 
for the volatile oligomers are consistent roughly with 
those for the nonvolatile oligomers. Accordingly, it is 
clear that these oligomers are formed by different 
elementary reactions of the same radicals in the molten 
polymer matrix. In the present work, we attempt a 
computer simulation of the compositions of the volatile 
and nonvolatile oligomers, based on a complete reaction 
model including diffusion-controlled termination. 

Reaction model 
The total reaction consist of the following steps. 

Initiation 
(End initiation) 

he TTD+ R,. + Se 

TVD% R,. +S. 

(Random initiation) 

P%R,. +R,. (13) 

(11) 
02) 

Depropagation 
(Depolymerization, viz., direct p scission) 

R,. 2 R,. +m 

R, - -f% Rt - + m 

R k,, rsL+ S- +m 
R ki t-L-+ S- Sm 

PI) 

(D2) 

@‘3) 

P4) 

(Back-biting followed by ,8 scission) 

R,. %R,. +. (Bl) 

R, . % R, . + 0 P34 
R % 

p’L’ 6s. +o (B3) 

R t.+ s. +o (B4) 
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(Intermolecular hydrogen abstraction followed by ti 
scission) 

x_,, 
R,. +P+ 

--$ t - Bu + TTD (or TVD) + R,. (Hl) 

-+-Bu+NTTD+CH3(S.) (H2) 

R,. +P% 
-+ i - Pr + TTD (or TVD) + R,. (H3) 
-+-Pr+NTTD+CH,(S.) (H4) 

s. +px” i SH + TTD (or TVD) + R,. (H5) 

+ SH + NTTD + CH3( Se ) M) 

Termination 
(Bimolecular termination between terminal macrora- 

dicals) 

/ 2R, . 2 P (or 2P) (Tl) 

2R, - % P (or 2P) !T2) 

R, - + R, - 2 P (or 2P) (T3) 
(Quasi-termination by vaporization of S. ) 

Se (melt phase) 5 S - (gas phase) (T4) 

In this model, S - is produced when the size of R, - and 
R, - just becomes volatile during depolymerization (D3 
and D4) and the back-biting followed by p scission (B3 
and B4), and the semi-volatile oligomers (SH) are formed 
by the intermolecular hydrogen abstraction of S - (H5 
and H6). Moreover, the rates of abstractions of 
different types of hydrogens (CH? and CH3) of R, -. 
R, - and S - are not discriminated, and then changes of 
the ratios [TTD], /[TVD],, [TTD],/[TVD],, and 
([TTD] + [NTTD])/[TVD] cannot be separately traced. 
and TTD and TVD of the nonvolatile oligomers are 
treated as a total terminal double bond (TDB), for which 
the functionalities ft and ft, are defined. 

The rates of end initiation (11 and 12) depend on [TTD] 
and [TVD], which are equal to [Plf& and [Plf+, given 
by equations (3) and (4), respectively. [P] is expressed by 
p/M’O. The random initiation and the intermolecular 
hydrogen abstraction occur at any position of the main 
chain and, therefore, [p] should be replaced by the 
concentration of monomer unit [N] in the polymer. [N] is 
expressed by p/m” and its value could be set to be nearly 
constant during the degradation”, as described above. 
Under these conditions, the rate equations of the 
reactions, 11 and 12, Hl and H2. H3 and H4, and H5 
and H6 are expressed, respectively, as 

Vi, = ki&p/M (8) 

V,r = kir [NI (9) 

Vpi = k,i [RP * 1 IN1 (10) 
vt, = kti [Rt * 1 PI (11) 
Vsi = ksi [S * 1 INI (12) 

Thus, the rate of end initiation is inversely proportional 
to M, and the rate of random initiation does not depend 
on M. On the other hand, the rate of intermolecular 
hydrogen abstraction depends only on the concentration 
of res 

I: 
ective radicals. It was verified in the previous 

papers w that the hydrogen abstraction followed by ,$ 
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scission occur under steady state conditions where the 
concentrations of respective on-chain macroradicals are 
kept low and constant and, therefrom, these reactions 
could be represented only by the rates of the back-bitings 
Bl to B4 and the intermolecular hydrogen abstractions 
Hl to H6. 

The rate equations of termination reactions Tl to T4 
are written as 

Vpt2 = kpt2 P, - I’ (13) 

Vtt2 = ktt2Pt ~12 (14) 

V pttz = kptt2 Pp - 1 Pt - I (15) 

Vstv = k,vjS - I (16) 

If the rates of bimolecular terminations Tl to T3 are 
controlled by diffusional motion of terminal macroradi- 
cals, the rate constant k, is governed by the frequency of 
encounter of two macroradicals’* and, therefore, the 
diffusion coefficient D, of macroradicals, which is related 
to some power of molecular weight; that is, 

k, = 4rRDNA = KM-” (17) 

where R is radius of reaction sphere and NA is Avogadro 
constant. Similarly, if the rate of vaporization of S + (T4) 
is also controlled by diffusional motion of Se, the rate 
constant k,,, may be governed by the diffusional process 
through the matrix, and proportional to the diffusion 
coefficient D, of S. ; that is, 

kstv = 4rRD,NA= K,M-h (18) 

The molecular weight of S - is smaller than that of the 
matrix and, thereby, its diffusional motion may be 
similar to tracer diffusion rather than self-diffusional 
motion of macroradicals”. 

Kinetic equation 
As described above, the products are mainly formed 

by the elementary reactions of the depropagation step 
(Dl to H6). The molecular weight on computation is 
determined by M = mDP, where DP is number average 
degree of polymerization. The rate of decrease in the 
volume (V) of polymer matrix corresponds to the 
formation rate of the volatiles including monomer and 
volatile oligomers, and these rates are given, respectively, 
as 

dV --_= 
dr kpd + kpb ;) [R, * ] 

(19) 

dC 
dt= 

(20) 

The semi-volatile oligomers are treated as part of the 
volatiles and their formation rate is written as 

F = k,i[S*][N] (21) 
The weight fraction (C’) of SH is determined by the 
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equation C’ = [SH]Msu V, and C* represents the sum of 
volatilization C (= 1 - V/V,,) and C’. 

For the volatile oligomers, the ratios [TTD],/[TTD], 
and [TVD],/[TVD], of each volatile oligomer are 
assumed to be represented by the observed value of 
[TTD],/[TTD], of trimers, and the formation rates of 
terminal mono-olefins are given as 

d[TdzlDIP = kpt,[Rp .] (22) 

4TTDlt 
____ = k,b[R,-1 dt (23) 

The concentration of polymer [P] increases during the 
degradation, according to the equation 

dP1 
dt= 9 k,[Rp a] + ~~,i[R, ‘1 

+~k,iIS*l}W (24) 

DP can be determined by DP = ~/(rn[P]), because the 
molecular weight distribution keeps a constant value of 
about 2 during the degradation (Table 2). The concen- 
tration changes of respective functional groups of the 
nonvolatile oligomers are calculated by the equations, 

F = kpi[Rr *][N] (25) 

F = k,i[R, *][N] (26) 

F = Y(kpi[Rp *] + k,i[R, *] + k,i[S*])[N] (27) 

9~ (1 - Y)(kpi[Rp*] +k,i[R,*] 

+ki[S*l)Pl (28) 
If the degradation reaction proceeds under steady 

state conditions with regard to [R, +I, [R, +] and [S -1, the 
following relationships should hold. 

~=(l_X)V,,+1/,,-VLtd_VLIb 

- vtb - vti - Vptt2 - 21/,,2 = 0 (29) 

d[Rp * I - = xvi, + vi, $ Vtb + Yvti + Yvsi - v,p, 
dt 

- VLpb - ( 1 - Y) Vpi - Vptt2 - 2 Vpt2 = 0 (30) 

d[S= 
dt vie + VLpd + VLtd + VLpb + VLtb 

+ (1 - Y)(vpi + Vti) - YVsi - V& =O (31) 

When respective radical concentrations are derived from 
equations (29) and (30), the rate of termination reaction 
T3 is smaller than those of the other disappearance 
reactions so that the rate term of reaction T3 is 
negligible. In such a case, the concentrations 
[R,~l, @,-I and P.1 are approximately obtained as 

[R, - ] = (DP)a’2 

X $ (( 1 - X)kieftp(mDP)-’ + k.,IN])) “‘(32) 

kb + YkiP’Jl 

+ {a(kd + kb) •t (1 - Y)kiPJI~ki[Nl 
Y&i [N] + Ki (DP) -’ 

‘(i3j 

1s * I = {kfXmDP)-’ + (~(kpc~ + $1 

+ (1 - Y)kpiPJI)Pp*l + (a(kd +ktb) 
+ (1 - Y)kpiN)Pt*I) 

’ ( 1 

Yk,i[N] + K1 (DP)-b > 
(34) 

Thus, these concentrations could be expressed as a 
function of DP. 

Computation procedure 
The changes in the volume of matrix and the molar 

concentration of each component at a given reaction 
time are obtained by integration of equations (19)-(28). 
The simultaneous differential equations are solved by the 
method of Runge-Kutta-Gil. For the given initial 
values, the radical concentrations of equations (32)- 
(34) are calculated using the initial DP value. The 
changes in volume and each molar concentration for a 
time interval (At) are calculated by the subroutine 
Runge-Kutta-Gil using the resulting radical concentra- 
tion. These calculations are repeated in the subroutine 
until a given reaction time. Thus, the integrated radical 
concentrations are estimated as 

[R,,.] = j[R,,.]dt E x[R,-]At (35) 

[R, .] = /[Rt .]dt Z x[R, -]At (36) 

[S-l = J’[S-]dt E x[S.]At (37) 

Here, At is set to be 0.05min. 
In a previous paper7c, we claimed that, if the 

termination reactions Tl to T3 are activation-controlled, 
the radical concentrations increase with a decreasing M 
during the degradation, owing to the molecular weight 
dependence (M-l) of the end initiation given by equation 
(8). Then, in the present work, the two cases of 
termination shown in Table 4 are examined, because 
the quasi-termination T4 may be activation-controlled; 
in case I, both the bimolecular termination (Tl to T3) 
and the quasi-termination T4 are diffusion-controlled 
and, in case II, only the former is diffusion-controlled 
and the latter is activation-controlled. It is verified for the 
entangled molten polymer matrix that the value of 
exponent of molecular weight dependence obeying the 
power law is 21a,13,14. The value of exponent may be 
approximately 2 for the unentangled matrix, although 
the theoretical value of 1 is proposed when the product of 
D, and zero-shear viscosity is independent of the 
monomeric friction factor13c’ 4. Here, the value of 2.1 is 
assigned for the former; it is somewhat larger than 2.0 
assigned for the latter, because the former is controlled 
by self-diffusional motion and the latter by tracer 
diffusional motioni3. The other parameters used in the 
simulation are summarized in Table 5. The parameters X 
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and Y in the table were estimated from the ratios [TTD]/ 
([TTD] + [TVD]) and ([TTD] + [TVD])/([TTD] + [TVD] 
+ [NTTD]) shown in Table 3, respectively. The (Y value 
was roughly assigned by fitting the C’ value. 

Results of simulation 
A set of reasonable initial values of rate constants of 

reactions I1 to T4 is checked by fitting many variables 
such as parameters M and C*, molar concentrations and 
their ratios, and functionalities of respective compo- 
nents. A set of kinetic constants giving a best fit is shown 
in Table 6. Similar values of kinetic constants are 
obtained when the value of 2.0 is assigned for that of 
the exponent b. These values listed in Table 6 are 
discussed later. 

The results of simulation are shown in Figures I to 5. 
In all figures, the calculated values are drawn with solid 
or dotted lines and the observed values are plotted with 
marks against M, of the nonvolatile oligomers. These 
figures show clearly that all of the observed values are 
consistently traced by the results calculated for case I 
rather than case II. The relationship between C” and M, 

Table 4 Two cases examined for type of termination 

Value of power law exponent Remarks“ 

‘a’ of ‘b’ of Reactions Reaction 
Case equation (17) equation (18) TIpT3 T4 

I 2.1 2.0 D.C.T. D.C.T. 
II 2.1 0.0 D.C.T. A.C.T. 

” D.C.T.: Diffusion-controlled termination: A.C.T.: Activation- 
controlled termination 

Table 5 Parameters used in simulation 

Parameters Values used 

171 S6 
0 724” 

MSH 80Ob 
p. gem-’ 0.7s 
X 0.70” 
I; 0.88” 
0 0.20’ 

“Corresponds to M of tetramer 
h From ref. 7a 
’ Estimated ref. 10 
d From the value of [TTD]/( [TTD] + [TVD]) 
’ From the value of ([TTD] + [TVD])/( [TTD] + [TVD] + [NTTD] ) 
f By fitting the C’ value 

Table 6 A set of rate constants for best fit” 

Rate constant (Unit) 

k,, 2.83 x lo-” (S_‘) 
k,, 3.13 x lo-‘? 

3.17 x 10’ 
(S _‘) 

Lti 
(s-1) 

td 1.67 x lo4 (SC') 
k ph 1.67 x IO’ (s ‘) 
k th 6.67 x 10 (s ') 
k PI 3.33 (L.mol-‘s ‘) 
k,, 3.33 

8.00 x 10’ 
(L.mol--‘s-‘) 

k,, (L.mol~‘s ‘) 

“Using Kp2 = 1.67 x lOI (lmol-’ s-l). KiZ = 2.08 x IO” (Imol ’ smm’) 
and K, = 8.33 x 10’ (s-l) 
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in Figure 1 is well represented by the curves obtained for 
case I. A marked increase of [i-Pr] in a range of M, lower 
than cu. 10000 in Figure 3 is fairly well traced by 
the simulation of case I. The agreement between 
the simulated and the observed values for the non- 
volatile oligomers results mainly from better fit of the 

1 

b 

x 

2 

0 1 2 3 L 5 

c’x 10 

Figure 1 Plot of M, vs. C’, together with the calculated value drawn 
by solid lines 

b 
x 

= l- 
,” 
c 
‘; 
is 
E 

=0 
n 

0 1 2 3 

Mn x 10.‘ 

1 

1 
4 

Figure 2 Plot of the concentration [TDB] vs. M,, together with the 
calculated value drawn by solid lines 

Mn x IO-’ 

Figure 3 Plots of the concentrations [t-Bu], [i-Pr] and [NTTD] vs. M,. 
together with the calculated values drawn by solid lines 
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functionalities in case I, as shown in Figure 5. The 
changes in [t-Bu]/[i-Pr] and [TTD],/[TTD], for the 
nonvolatile and volatile oligomers correspond to that 
of the integrated radical concentration ratio [RP -]/pt -1 
(Figure 4), and their observed values are also well traced 
in case I. In Figure 6, the concentrations [Rr ~1, [R, a] and 
[S -1 calculated using equations (32) to (34) for the time 
interval (At = 0.05 min) are plotted as a function of M,. 
In both cases, the concentrations of all the radicals 
decrease with a decreasing M, during the degradation. It 
is expected at the earlier stage of reaction in case I that 
[Rr -1 is larger than [S .I. However, the order of 
decrement is observed as S - >R, - >> R, - . In a range 
of M, lower than ca. 10 000, [R,, a] and [S +] are lower 

0’ I I I 
0 1 2 3 b0 

Mn x 1U’ 

Figure 4 Plots of the values of [TTD],/[TTD], and [t-Bu]/[i-Pr] vs. M,, 
together with the calculated values drawn by solid lines 

Mn x lo-‘ 

Figure 5 Plots of the functionalities of respective functional groups vs. 
M,, together with the calculated values drawn by solid and dotted lines 

“E 10, 110 “E 

Mn x 10.‘ 

Figure 6 Relationships simulated for the concentrations [R, a], [R, a] 
and [S 01 vs. M,, 

than [R, -1 and, therefore, a marked increase in [i-Pr] 
results, as shown in Figure 3. On the other hand, it would 
be expected in case II that [S -1 is largest and [S -1 as well 
as [R, .] gradually decrease with a decreasing M,, owing 
to M,-independent quasi-termination T4. This is 
reflected in increasing values of ft and ft, with a 
decreasing M,, as shown in Figure 5. Figure 7 shows 
the rate of volatilization [equation (20)] and its value per 
unit volume of polymer residue plotted against A4,. Both 
the rates decrease with a decreasing M, and this is due to 
decrements of (1 - C), [R, 01 and [R, a] during the 
degradation. The kinetic chain length KCL is given as 

Vie + vir 
\ I 

Figure 8 shows the plots of KCL vs. M,. A larger KCL 
decreases more markedly with time, owing to an 
increasing rate of termination with a decreasing M, 
during the degradation. Accordingly, it is made clear that 
marked decrements of [Rr - ] and [Se ] in case I (Figure 6) 
are caused by depression of the reformation rate of R, . 
and S - in the depropagation step, due to a larger 
decrement of KCL. On the other hand, [R, -1 decreases 
slightly in spite of a large decrement of KCL, because R, - 
is not newly generated in the depropagation step. 

The molecular weight dependencies of the concentra- 
tions of respective radicals calculated using equations 
(32)-(34) (Figure 6) are given as 

"0 1 2 3 A” 
Mn x lo-‘ 

Figure 7 Relationships simulated for the volatilization rates dC/dt 
and l/(1 - C) - dC/dt vs. M, 

Mn x 10. 

Figure 8 Relationships between the kinetic chain length KCL and M, 
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Table 7 M, dependencies of composition ratios of interest components in the nonvolatile and volatile oligomers and each radical concentration by 
thermal degradation of poiyisobutylene (M, = 2.50 x 105) at 300°C __.~~~ ~~_ ~. _~ ~~ 

Nonvolatile oligomers Trimers 

Calculated radical concentration 

Contents Obsd Calcd Obsd 

n Value 1.11 1.13 I .os 
Coefficient of correlation 0.9898 0.9950 0.9689 

As described above, the molecular weight dependencies 
of the integrated ratio [RP - ]/[R, -1 can also be estimated 
from equations (6) and (7). The double logarithmic plots 
of equations (6) (7) (39), (40) and (41) were checked by 
the least square method and the values of n were 
determined for the observed and calculated values of 
[TTD],/[TTD], and [t-Bu]/[i-Pr] (Figure 4) and the 
calculated radical concentration (Figure 6) are shown 
in Table 7. The n value for [RP -]/[R, -1 corresponds to 
the difference between the calculated values of [RP -1 and 
[R, -1. In the integrated ratio [R,, -]/[R, -1, the n values 
observed for the nonvolatile and the volatile oligomers 
agree with the calculated values. On the other hand, the II 

value determined from the calculated ratio [Rr .]/[R, -1 
is somewhat larger than that from the integrated ratio. 
The order of the molecular weight dependencies is 
[S .]>[Rr .]>[R, -1. These results could be reasonably 
interpreted by the reaction model consisting of the 
radical chain reactions of R, - , R, - and S. including the 
diffusion-controlled termination (Tl to T4), which is 
governed by diffusional motion of the reacting radicals in 
the matrix. 

Rate constant.~ and reactivity of’ radicals 
The rate constant of elementary reaction is related to 

the reactivity of the corresponding reactant or radical. A 
set of rate constants which was determined to satisfy the 
observed results is given in Table 6. Although these 
values are of approximate nature, the extent of 
occurrence of respective reactions could be evaluated 
by these values. For the initiation reactions (II to 13) the 
rate of end initiation reaction 11 from TTD would be 
nearly the same as that of the reaction I2 from TVD. 
If the value of frequency fa’c;or A of the scission 
is assumed to be about 10 3 s , the activation energy 
E, of end initiation is estimated to be about 
56.6 kcal mall’. Similarly. E, for the random initiation 
reaction 13 is about 64.2 kcal mall' The difference is 
about 7.8 kcalmol-‘, which is roughly consistent with 
the dissociation energies of the allylic C-C bond from 
double bond and the skeletal C- C(C)Z bond’. It is found 
for the depolymerization reactions Dl and D3, and D2 
and D4, that the rate constant li,d of direct 0 scission 
of R, - is about 50 times larger than kpd of R, . , and 
this difference corresponds to AE, of about 
4.5 kcal mall’ with A = lOI s-‘. As described above, 
the composition of isobutylene monomer in the volatiles 
increases from about 10 to 30 wt% for 15 to 300min. The 
larger value of ktd than kpd could reasonably explain that 
the increment of isobutylene monomer results from a 
marked decrease in [Rr - ] and a gradual decrease in [R, . ] 
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Calcd 

I .09 

0.9880 

iR, . I Pt .I ?.I 

1.28 2.02 0.737 2.35 

0.9946 0.9988 0.9989 0.9962 

Table 8 Rate constants of terminations determined from equations 
(42)~_(44) 

Reaction Tl Reaction T2 Reaction T4 
‘+f,, 
X10_’ DP kpti’ (Imol ’ SC’) k,2h ImolF’ s-‘) k,,,’ (s-l) 

48.5 866 2.22 x 10s 1.41 x IO’ I.11 x IO4 
5.70 102 I.01 2: IO’” I.27 x 10’ 8.08 x IO5 

~~ ~~__.~~~ 

” Using K,, = 1.67 x IO’” (Imol-' s ‘) 
‘Using Kt2 = 2.08 x IO” (Imol ‘S-I) 
’ Using K, = 8.33 x IO’ (s-l) 

with reaction time. This result suggests that the reactivity 
for ;? scission is related to the segmental rotational 
motion of the reacting end radical. We will report on this 
problem in detail in a subsequent paper. 

The back-biting reactions Bl and B3 of R, - would 
occur somewhat predominantly than the reactions B2 
and B4 of R, ., probably owing to a relatively lower 
reactivity by hyperconjugation and a steric hindrance of 
bulky dimethyl groups of R, -. Similarly, the rates of 
intermolecular hydrogen abstractions Hl and H2 of R, . 
are slightly larger than those of R, - (H3 and H4). 
However, the rates of the intermolecular hydrogen 
abstractions H5 and H6 of S - are estimated to be 
about lo3 times larger than those of R, - and R, - This 
is attributable to the larger ,ft value, in spite of the 
lower [S -1. For the termination reactions Tl, T2 and T4, 
the parameters Kp2, Kt2 and Kl in Table 6 are defined 
as 

kpt7 = Kp2(DP)-’ ’ (lmoll s-‘) (42) 

knz = K,2(DP)p’,’ (lmol-’ ss’) (43) 

k,,,. = KI (DP) -XI (s-l) (44) 

The rate constants given by equations (42))(44) could be 
estimated by using the values of Kp2, Kt2 and Kl shown in 
the table. The values of k,,l, klt2, and k,,, for 
M, = 4.85 x lo4 (DP = 866) and M, = 5.70 x 10” 
(DP = 102) are listed in Table 8. On the other hand, 
the rate constant k of diffusion-controlled termination 
could be roughly estimated from the e uation 

B k = 47rRDNA, by assuming the value of R (x lo- dm), 

k = 3.78 x 1O’“D (lmoll' s-‘) (R = 5) (45) 

k = 7.56 x lo”0 (lmoll' s-‘) (R = 100) (46) 

There is no information regarding the value of diffusion 
coefficient D at 300°C. However, the value of D of 
polymer molecules is in a range of about lo-* to 
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lo-l6 dm2 s-’ in the molten polymer at a relatively lower 
temperature (175-2 1 SC), deT:nding on molecular 
weight and type of polymer ’ . Thus, the estimated 
values of rate constants of termination are essentially in 
accordance with the observed values (Table 8). The rate 
of vaporization kst, should be much smaller than the rate 
of bimolecular termination. Moreover, the value of ktt2 
for R, - is about 10e3 times smaller than that of kpt2 for 
R, - , and this suggests that bimolecular termination of 
R, . is depressed by the steric hindrance effects. There- 
fore, the values of a given set of rate constants (Table 6) 
could be regarded as meaningful for characterization of 
the thermal degradation of polyisobutylene governed by 
self-diffusion-controlled termination. 

CONCLUSIONS 

The thermal degradation of polyisobutylene is char- 
acterized by the simulation using a radical chain 
reaction model including diffusion-controlled termina- 
tion. The observed values of the volume and molecular 
weight of the matrix, the molar concentrations, their 
ratios and functionalities of main components in the 
products are consistently traced by this simulation. It is 
made clear from these results that the bimolecular 
termination between respective macroradicals and the 
vaporization of volatile radicals are controlled by the 
self-diffusion of reacting radicals in the molten polymer 
matrix. The rates of decrease are expected to be in the 
order S - > R, - > R, - and this results from an 
increase in the rate of termination with a decreasing 
molecular weight of the matrix polymer as the reaction 
proceeds. 
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APPENDIX. ABBREVIATIONS 

t-Bu 
i-Pr 
TTD 

TVD 

TDB: 
NTTD 

(TTD), 

(TVD), 

(TTD), 

(TVD), 

P 
SH 
m 

0 

K 
x 
Y 

Primary (p) terminal macroradical 
Tertiary (t) terminal macroradical 
Volatile small radical 
Primary on-chain macroradical 
Secondary on-chain macroradical 
Molar fraction of macroradicals, yielding to 
fhP,-l~/[R,~l and [WLPW 
Tert-butyl end group, or polymer having t-Bu 
iso-Propyl end group, or polymer having i-Pr 
Terminal trisubstituted double bond, or poly- 
mer having TTD 
Terminal vinylidene double bond, or polymer 
having TVD 
TTD + TVD 
Non-terminal trisubstituted double bond, or 
polymer having NTTD 
Terminal mono-olefin having a TTD and a 
t-Bu formed by the back-biting of R, - 
followed by 0 scission 
Terminal mono-olefin having a TVD and a 
t-Bu formed by the back-biting of R,. 
followed by ,f3 scission 
Terminal mono-olefin having a TTD and a i- 
Pr formed by the back-biting of R, - followed 
by /3 scission 
Terminal mono-olefin having a TVD and a i- 

Pr formed by the back-biting of R, - followed 
by /3 scission 
Polymer molecules 
Volatiles and semi-volatile oligomers 
Monomer, or its molecular weight 
Volatile oligomers, or their average molecular 
weight 
Parameter in equations (17) and (18) 
Value of [TTD] / ([TTD] + [TVD]) 
Value of ([TTD] + [TVD])/[TTD] + [TVD] 
+ [NTTD]) 
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