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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 (R,- 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 3 scissions,
and (3) diffusion-controlled termination consisting of bimolecular reactions between respective
macroradicals and vaporization of volatile radicals. The molecular wexght (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 © 1996 Elsevier Science Ltd.
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INTRODUCTION
Many attempts have been intensively made to elucidate

studies’, we attempt to elucidate the effect of molecular
weight on the thermal degradation of polyisobutylene

the effect of polymer dynamics on polymer reactions,
being supported by recent theoretlcal and experimental
studies of polymer physics'. The diffusion-controlled
termination in free-radical polymerization was espec1ally
analysed based on an interpolymer reaction model?, and
the effects of diffusion of the reacting polymer molecules
as well as their molecular weight and solvent were made
clear’. Mita and Horie* 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 reactlon in melt such as thermal degradation
of polymers’, although this is not yet fully understood.
The rate of random scission in the thermal degradation
of anionically prepared polystyrene increases w1th an
increasing initial molecular weight of the sample and
this result could be interpreted to be due to an increase in
macroradical concentration based on the diffusion-
controlled termination model®. In a series of the present

*To whom correspondence should be addressed

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
time’®°, and the decrease in the composition ratios
results from a decrease i in molecular weight of the matrix
during the degradation’®®. 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-]) (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 obtamed separately for the volatile and
the nonvolatile ollgorners ; that is, similar behaviours
of the decrease in the ratio [Rp«}/[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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EXPERIMENTAL (w/v) in chloroform-d;. Tetramethylsilane (TMS) was
used as an internal standard and the 5mm-diameter
sample tubes were used. Spectral widths were 4.5kHz,
and 65536 data points were accumulated 1n a JEC 32
computer. In the quantitative measurement’?, the pulse
width of 90° (approximately 11.7us) and the pulse
repetition time of 37.281s were adopted. A typical
measurement was performed for about 10-45h. 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 protons’ 7d

The molecular weight dlsperswn (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 + H4000HGS8 + H2000HGS8). The data were
calibrated with the standard polystyrene. M, was
determined by the following equation8 using the limiting
viscosity number measured at 30°C in toluene:
[n] = 3.71 x 10“4P° 75 where [5] is the limiting viscosity

Sample, apparatus and procedure

The polyisobutylene sample and the ex 7perimentdl
procedure were described in detail elsewhere’®. Molecu-
lar weight characterlstlcs of the purified polynsobutylene
are M, = 2.5 x 10° and M,,/M,, = 2.50. One gram of the
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 SOlUthIl was reprecipitated by
dropping it into 50cm’ 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 number (1g ') and P is the number average degree of
The 400MHz 'H nm.r. spectra were measured polymerization determined by the osmotic pressure

with a Jeol JNM-GX400 spectrometer operating at method.

399.65MHz and room temperature with an internal Gas chromatography of the volatile oligomers was

lock. Sample concentrations were approximately 10% recorded on a Shimadzu GC-8A gas chromatograph

Table 1 Changes in volatilization and composition ratios of oligomers of interest in the volatile oligomers with the thermal degradation of
polylsobutylene (M5 sp10¢) at 300°C

Trimers (n =1) Tetramers (n = 2)

Time  M,* ct " [TTDJ, TTDL [TVD], [TTD], [TTDJ, [TTD), [TVD], [TTD],
(min) x107* wt% wt% - rTV\D]p BD] L [TVE]L 7 [TTD],‘ - [TVD], [:TVDL [TVD), [TTD),

15 350 4.1 4.2 2.05 1.39 85.0 125 1.93 1.18 20.3 332

15 3.8 4.3 4.4 2.05 1.35 67.1 102 1.94 1.29 17.5 26.2

20 26.4 4.5 5.0 2.07 1.15 62.1 112 1.89 0.98 17.7 34.1

25 19.1 6.3 7.0 222 1.35 52.7 86.6 2.11 1.38 15.8 242

30¢ 15.0 6.3 9.9 2.19 1.06 324 66.6 1.96 1.36 11.8 17.0

60¢ 13.3 6.9 10.8 2.18 1.10 26.0 51.5 1.95 1.40 11.3 15.7
120¢ 8.97 11.5 17.1 2.22 1.14 16.7 32.6 1.99 1.61 8.81 10.9
140¢ 8.47 12.6 215 1.98 1.16 16.5 28.2 2.23 1.43 7.93 124
180¢ 7.02 16.0 24.6 222 1.13 13.5 26.6 1.95 1.48 6.84 9.02
3007 5.52 23.6 324 2.18 1.08 8.93 18.0 2.14 1.48 4.48 6.45

Pentamers (n = 3) Hexamers (n = 4) Heptamers (n = 5)

ITD}, [ITD}  [IVD}, [TTD}, [TTD,, [ITD) _ [IVD,,  [TTD, [TTDj,  [TTD,  (TVDj,  [TTD]
TVD}, (TVD, [TVD, [TTD} ([TVD], [IVD,  [IVD,  [TID,  [VD],  [IVD]  [IVD,  [TTD},
2.05 1.18 18.4 357 2.15 1.02 10.9 23.1 1.90 1.12 10.2 17.4
1.99 1.14 14.3 25.0 2.18 1.03 8.74 18.6 232 1.16 7.09 14.3
1.86 0.79 144 339 2.20 1.10 10.1 20.1 2.10 1.16 9.13 16.6
1.85 1.05 13.5 23.7 2.12 1.37 11.7 18.2 2.26 1.16 7.51 14.6
2.02 1.17 10.9 18.8 2.11 1.04 7.79 15.7 1.96 1.17 7.35 12.3
2.00 1.19 8.42 14.2 2.16 1.02 6.12 13.0 2.08 i.09 5.84 11
2.13 1.45 5.84 8.60 2.08 1.10 4.08 7.71 2.14 1.28 3.73 6.27
1.90 1.02 5.55 10.4 2.29 1.01 5.03 11.4 2.17 1.25 4.61 8.01
2.15 1.33 4.56 7.38 217 1.20 3.78 6.84 2.12 1.30 3.63 5.93
2.09 1.31 371 5.91 2.15 1.63 3.78 498 2.09 1.45 2.07 2.99

¢ By limiting viscosity number measurements
b Volatilization

¢ C + C' (semi-volatile oligomers)

¢ From ref. 7b, e
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equipped with a flame-ionization detector and a fused
silica capillary column (S0m x 0.35mm i.d.) consisting
of OV-1. The instrumental conditions were described
elsewhere’. 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 papers’®¢, 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 R, - and S - in the depropagation step of the radical
chain mechanism.

The results of thermal degradation at 300°C are given
in Table 1, 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 (10-30 wt%), mainly isobutylene monomer,
and the volatile oligomers (90-70wt%) ranging from
dimers to dodecamers. Isobutylene monomer is formed
by depolymerization (direct 3 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 (3 scission at the inner position of the main
chain. According to a kinetic approach to back- bitings
the ratios [TTD],/[TVD], and [TTD],/[TVD]; given in
Table 1 correspond to those between the abstraction
rates of different types of hydrogens (CH, and CH;) of
the same type of macroradicals (R,- or R;-), respec-
tively, and could be expressed by the kinetic rate
constant ratio’®. 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 CHj;) of different
macroradicals (R, - and R, -), respectively, and could be
expressed by an mtegrated radical concentratlon ratio
[Rp-1/[R¢-], according to the kinetic analys1s The
observed values (Table I) are different for each ollgomer
and decrease clearly with reaction time. The decrease in
these ratios with tlme is evidently due to a decrease of the
ratio [R, - J/[R¢ - 1"

T able 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 300 min,
the M,, /M, value keeps a nearly constant value of 2. The
functionality of functional groups (z-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 functlonallty of respective end groups and double bonds in the nonvolatile
oligomers with thermal degradation of polyisobutylene (M, = 2.50 x 10°) at 300°C

Cornposition (mol%) Functionality’

Time  C° M,P w/

(min)  (Wt%) x107° w¢ [-Prl° [+-Buf [TTDJ¥ [TVD)" [NTTDY' fie fisu fro Sovo Ao S5 ful
o 0.0 250 2.50 0.00 50.00 25.00 25.00 0.00 0.000 1.000 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 4.5 264 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 0471 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
9100 x [each CH; peak intensity/total CH; peak intensity (i-Pr + +-Bu + TTD + TVD + NTTD))
eIso propyl; (CH3),CH-
I Tert-butyl; (CHj3),C-

# Terminal trisubstituted double bond; (CH;),C = CH-

* Terminal vinylidene double bond; CH, =
fNontermlna] trisubstituted double bond; —(CH;3)C = CH-
/ Average number of each functional group per molecule; /=2 x [each functional group peak intensity)/total terminal peak intensity

i-Pr 4+ +-Bu + TTD + TVD)
Average number of terminal double bonds per molecule; f; = 2 x (TTD + TVD)/(i-Pr + +-Bu + TTD)

C(CH;)-

! Average number of total double bonds per molecule; f;; = 2 x (TTD + TVD + NTTD)/(i-Pr + +-Bu + TTD + TVD)
" Composition and functionalities are tentatively estimated
" From ref. 7e
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. . 7d
oligomers are linear

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

The functionalities f; and f,, in Table 2 represent average
numbers of the terminal double bonds and the total
double bonds per molecule, re 5pectively The original
polyisobutylene (M, = 2.5 x 10°) is a linear polymer
havin Sg a saturated end group and a terminal double
bond”; it is deduced from the cationic mechanism of
preparatmn that the former is /-Bu and the latter is TTD
or TVD with ratio of 1:1. As shown in Table 2, f,_p,
markedly increases, frrp and fyrrp slightly increase, and
f,—gu and fryp change complicatedly with degradation
time. Especially, the f; value is greater than 1 and varies
during the degradation. This result could be interpreted
by considering the intermolecular hydrogen abstraction
of S- followed by (3 scission, in addition to that of R, -
and R,-’°. The volatile radical S- has not been taken
into cons1derat10n hitherto.

The concentration [P] of polymer in the molten
polymer matrix is expressed by p/M'®. The density p is
almost constant during the degradauon because the
specific volume vy, of polyisobutylene at 217°C is given
by the equation'’, vy = 1.225 4+ 32/M, in a range of M
from 3540 to 115000. Under these conditions, the
concentrations (molem™) of respective functional
groups are expressed as

[t-Bu] = [P]f.y = pfinu/M (1)
[i-Pr] = [Plfip: = pfin/M (2)
[TTD] = [P|frmb = pfrin/M (3)
[TVD] = [Plfrvp = pfrvp/M (4)
[NTTD] = [P]fx11D = pfNTTD/M (5)

Assuming the value of p to be 0.75 gcm‘ 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, [#-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 10°) Would have a r-Bu
and a terminal double bond consisting of TTD and
TVD?, as described above, the 1n1t1al concentrations [P],
and [¢- Bu]o are to be 2.91 x 107%, [TTD], and [TVD], to
be 1.46 X 107%, and [i-Pr], = [NTTD]O =10. The end
initiation’ at thermally labile bonds of allylic pos1t1on
from the terminal double bonds (TVD and TTD) is of
importance in addition to the random initiation by
scission of the skeletal C—C bond'2. 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 relauvely
large kinetic chain length (KCL) besides a minor
contribution of the termination by d1sproportionation.
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 (Myo/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 (7able 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 reactions’® were proposed
for the formation of these functional groups; the
intermolecular hydrogen abstractions of radicals give
two types of on-chain macroradicals (R;; - and Ry +),
depending on the position (CH; or CH;) of hydrogen
abstraction, independent of radical type. Moreover, the
hydrogen abstractions of R+, R;- and S- yield -Bu,
i-Pr and SH (volatiles), respectively. The 3 scission of
R,;; - occurs only at the main chain and exclusively results
in the formation of TVD and R, -. On the other hand,

7d

Table 3 Changes in concentrdtnon and composition ratios of respective functional groups in the nonvolatile oligomers with thermal degradation of

polyisobutylene (M, = 2.50 x 10%) at 300°C

Concentration” x 10° (molcm Y

Time ) ~ [rBu [TTD]+[NTTD]  [TTD] [TTD] [TTD] + [TVD]
(min)  [i-Pr]  [-Bu] [TTD] [TVD] [NTTD] Tipy TVD] INTTD] [TTD]+[1TVD] [TID]+[TVD]+
0 0.000 291 1.46 1.46 0.00 1.00 0.50
15 0.149 10.9 20.6 9.96 3.57 73.4 242 5.76 0.67 0.90
15 0.199 11.7 229 10.9 4.06 58.8 247 5.65 0.68 0.89
20 0272 136 282 131 523 501 255 5.40 0.68 0.89
25 0.385 16.3 40.8 18.8 7.57 423 2.58 5.39 0.68 0.89
30° 0.568 16.5 54.7 25.0 10.3 29.0 2.60 5.29 0.69 0.89
60° 0.738 19.4 62.3 27.0 12.0 26.2 2.78 5.18 0.70 0.88
120° 1.87 28.8 95.3 36.3 17.9 15.4 312 5.33 0.72 0.88
140¢ 2.14 29.3 100 40.5 19.2 13.7 2.90 5.22 0.71 0.88
180° 3.26 41.4 119 433 239 12.7 3.31 4.99 0.73 0.87
300°¢ 5.98 533 157 47.5 339 8.91 4.02 4.63 0.77 0.86

“ Calculatcd by the equation: fp/M,

b Estimated tentatively
“ From ref. 7e
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the 8 scission of R+ 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 (R, - and
R, - ) are kept low and constant. The molar concentra-
tions of respective functional groups formed for a
given time were obtained by integration’. 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 ratios™. The ratio [+-Bu]/[i-Pr] is expressed as a
product of the ratio of the rate constants and the ratio of
macroradical concentrations ([Rp-]/[R¢+]). 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 (CH, and CH;) 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]+[NTTD]) given in
Table 3 are described later.

As shown in Table 3, the value of [~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 [R;, - J/[R; - ]“’. The decrease in
[t-Bu]/[i-Pr] with time evidently results from a decreasing
macroradical concentration ratio ([R,-]/[R¢-]). This
leads to the conclusion™* 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 results® 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 decreasing fTvp
value during the degradation. It is deduced from the
kinetic expression’® described above that the ratios
between the abstraction rates of the same type of
hydrogen (CH, or CH;) of respective radicals differ
from one another. Although the ratio [TTD]/[NTTD]
corresponds to the rate constant ratio between [ scission
rates of Ry, -, the observed value decreases gradually
with reaction time. This result suggests that the reactivity
for § 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
oligomers’®. It was made clear that the back-bitings
and the intermolecular hydrogen abstractions followed
by (3 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 [+-Bu)/
[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 [R, - J/[R,-1°*.

The molecular weight dependence of the ratio [R, -]/
[R;:] could be estimated from the composition ratios
[TVD],/[TVD],, [TTD},/[TTD],, and [t-Bu)/[i-Pr] and
are given as’'®®

[Rp ] - [TVD]p .

R-] ~ [TVD],

[Rp : ] [t'Bu] n

nie BEIPO L

R~ b <M 7
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 7 is on
average, ca. 1.04 at 300°C and ca. 0.88 at 320°C for
volatile oligomers’®, and 1,18 at 300°C and 0.72 at 320°C
for nonvolatile oligomers’. 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.

T
[;TII))]]T x M ©)

Reaction model

The total reaction consist of the following steps.
Initiation

(End initiation)

TTD 25 R, - +S- (11)
TVD %, R, +§. (12)

(Random initiation)

PR, +R,- (I3)
Depropagation
(Depolymerization, viz., direct 3 scission)
kpa
R,- — R, +m (D)
R,- 2% R, +m (D2)
k
R, = S-+m (D3)
Ri-1 24 8. +m (D4)

(Back-biting followed by {3 scission)

R,- %R, 4o (B1)
R.- =% R,- +0 (B2)
R,-1 25 S +0 (B3)
R 2% S. 4o (B4)
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(Intermolecular hydrogen abstraction followed by 3
scission)

— t—Bu+TTD (or TVD) +R,.  (HIl)
— t—Bu+ NTTD + CH;(S ) (H2)
k,, — i—Pr+TID (or TVD)+R,. (H3)

)

ki
Rp' + P

R+ +P—

— i —Pr+ NTTD + CH;(S-) (H4
g, o plo 4 SH+ TTD (or TVD) +R,. (H5)

4+ P=
— SH + NTTD + CH;(S-) (H6)

Termination
(Bimolecular termination between terminal macrora-
dicals)

=

ko
o 5 P (or 2P) (T1)
2R, - 22 P (or 2P) (T2)
knz .
R,- +R,- == P (or 2P) (T3)

(Quasi-termination by vaporization of S+ )

S (melt phase) K, 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 3 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 CHj3) 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 f; and f,, are defined.

The rates of end initiation (I1 and 12) depend on [TTD]
and [TVD], which are equal to [P]fyrp and [P)f1vp given
by equations (3) and (4), respectively. [P] is expressed by
p/M'. 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, I1 and 12, H1 and H2, H3 and H4, and H5
and H6 are expressed, respectively, as

Vie = kiefip/ M (8)
Vie = ki [N] (9)
Vii = kiR« ][N] (10)
Vi = ka[Ry+][N] (11)
Vi = kg[S +][N] (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 resgectlve radicals. It was verified in the previous
papers " that the hydrogen abstraction followed by /3
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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
H1 to Heé.

The rate equations of termination reactions T1 to T4
are written as

Vo = kpa[Rp - ]? (13)
Vie = kwa[Re - (14)
Vowz = ko2 [Rp - |[Ry ] (15)
Vv = kg[S ] (16)

If the rates of bimolecular terminations T1 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 1s related
to some power of molecular weight; that is,

k, = 4tRDN, = KM * (17)

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

kg = 4TRDNpy= KM ™" (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
(D1 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
R T
+ (ka+ ko )l 11} (19)
(:1_?: {( pd+kpbm)

+ (ka+ ko 2) Ry 1} c {;I]C) (20)

The semi-volatile oligomers are treated as part of the
volatiles and their formation rate is written as
d[SH]
dt
The weight fraction (C') of SH is determined by the

= ksi[S-]IN] (21)
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equation C' = [SH] Mgy V, and C* represents the sum of
volatilization C (= 1 - V/Vy) 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

A0k IR, @)
SLL RN (23)

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

d[P 1
_(gt_]: {( —;Y)kpi[Rp']+(l_—;’£)kti[Rt'}
+ g hals 1IN (24)

DP can be determined by DP = p/(m[P]), because the
molecular weight distribution keeps a constant value of
about 2 during the degradation (7able 2). The concen-
tration changes of respective functional groups of the
nonvolatile oligomers are calculated by the equations,

B _ iRy IN) 25)

B RN 9)

[T?,B] = Y(kp[Rp -]+ kg[Re -] + g[S+ ])[N]  (27)
[NT;D] = (1= Y)(kn[Ry -] + kglR; -]

+ kg[S - ])[N] (28)

If the degradation reaction proceeds under steady
state conditions with regard to [R, <], [R, -] and [S -], the
following relationships should hold.

d—[ﬁ;—.]= =X+ Vie = Vi — Vi

Vo= Vi—Vpr =2V =0 (29)
d[i‘t’ 1 XVie + Vie + Vip + YV + YV — Vipg

= Vipy = (1 = V)V = Via — 2Vp2 = 0 (30)
d—[:t—.] =Vie+ Vipa + Via + Vipp + Viw

+ (1 - Y)(Vpi + Vti) - YVsi - Vstv =0 (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¢-],[R,-]and [S-] are approximately obtained as

R,-] = (DP)**

y (Kitz(u—

12

X)kieﬁp<mDP)-‘+ki,[N])) (32)

[R,] = (DP)? <[ ] (ktb N

fotba k)£ (1= DN o)
Ykg[N] + K, (DP)~

[S-] = {kiefip(mDP)"

" (alkpa + k)

(1= V)kuNDIR, -] + (alhg + )
(1= Dk, NDIR, -1}
1
x ( YiegIN] 1 K, (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 (A#) 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

- /[Rp~]dt%Z[Rp-]At (35)
Rel= [Relar= S RJAC (36
S-]= /[s-]dzgz[s.]m (37)

Here, At is set to be 0.05 min.

In a previous paper’®, we claimed that, if the
termination reactions T1 to T3 are activation-controlled,
the radical concentrations increase with a decreasing M
during the degradatlon owing to the molecular weight
dependence (M~ 1 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 (T1 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 2! 121314 The value of exponent may be
approximately 2 for the unentangled matrix, although
the theoretical value of 1is proposed when the product of
D, and zero-shear vi50051t is independent of the
monomeric friction factor*>™. 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- d1ﬁus10nal motlon and the latter by tracer
diffusional motion'. The other parameters used in the
simulation are summarlzed 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 « 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 [ 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 1
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’

Reactions Reaction

‘a’ of ‘b’ of
Case equation (17) equation (18) T1-T3 T4
I 2.1 2.0 D.C.T. D.C.T.

I 21 0.0 D.C.T. ACT.

“D.C.T.. Diffusion-controlled termination. A.C.T.. Activation-
controlled termination

Table 5 Parameters used in simulation

Values used

Parameters

m 56

0 2244
Mgy 800
p.gem™’ 0.75'
X 0.70¢
Y 0.88"
« 0.20/

“ Corresponds to M of tetramer
From ref. 7a

¢ Estimated ref. 10

4 From the value of [TTD]/([TTD] +[TVD])

¢ From the value of ([TTD] +{TVD])/([TTD] +[TVD]+ [NTTD])

/ By fitting the C' value

Table 6 A set of rate constants for best fit*

Rate constant (Unit)

ki 283 x107° s

kie 3.13x 1071 s

kpa 3.17 x 107 s

ky 1.67 x 10* s

Ko 1.67 x 10° O

kg 6.67 x 10 sy

ki 3.33 (L-mol™'s

ki 3.33 (L-mol™'s™)

kg 8.00 x 10° (L-mol™'s™hH
)

“ Using K,y = 1.67 x 10" (Ilmol ™' s7'), K;» = 2.08 x 10" (Imol"'s™"
and K; = 8.33 x 10° (s7)
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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 ca. 10000 in Figure 3 is fairly well traced by
the simulation of case 1. The agreement between
the simulated and the observed values for the non-
volatile oligomers results mainly from better fit of the

4
|
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9 \\\\
x 2
fed
s 1 [
1+
1
i
o — ) I d L
0 1 2 3 4 5

C'x 10

Figure 1 Plot of M, vs. C", together with the calculated value drawn
by solid lines
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Figure 2 Plot of the concentration [TDB] vs. M,, together with the
calculated value drawn by solid lines
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Figure 3  Plots of the concentrations {1-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 [#-Bu]/[i-Pr] and [TTD],/[TTD], for the
nonvolatile and volatile oligomers correspond to that
of the integrated radical concentration ratio [R, - }/[R; -]
(Figure 4), and their observed values are also well traced
in case L. In Figure 6, the concentrations [R,, -], [R; -] and
[S -] calculated using equations (32) to (34) for the time
interval (At = 0.05min) 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
[R,-] is larger than [S.]. However, the order of
decrement is observed as S- >R, > R;-. In a range
of M, lower than ca. 10000, [R,-] and [S-] are lower

o S
= 100 {100 ~
e &
- =
= 3
(&)
- 50| {50 ¢
: \:l
0
OO 4

Mn x 10™*

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

fll-aul(‘)‘ or fii-eri (8)

fin(0), fi(®), or finrro(0)

A A A
ﬂr & A A
B A s P MM § |
0 P A N " Nuizsd 0
0 1 2 3 4
Mn x 10%

Figure 5 Plots of the functionalities of respective functional groups vs.
M, together with the calculated values drawn by solid and dotted lines
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Figure 6 Relationships simulated for the concentrations [R; -], [R; -}
and {S-] vs. M,

than [R, -] 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 -] is largest and [S - ] as well
as [R, -] gradually decrease with a decreasing M, owing
to M,-independent quasi-termination T4. This is
reflected in increasing values of f; and f, 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 M. Both
the rates decrease with a decreasing M, and this is due to
decrements of (1—C), [R,-] and [R,-] during the
degradation. The kinetic chain length KCL is given as
Veat+ Via+ Vpp + Vo + Vi + Vi + Vg (38)
Vie + Vie

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 [R;, -] and [S-] 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, -] 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

KCL =

[Rp-] o< My (39)
[Ri+]oc My (40)
[S:] o M} (41)
6 6
°
© 4 44 x
. |3
5 v | S
Q 1 —
° 2L 129
% ] 2 3 2

Mn x 10"

Figure 7 Relationships simulated for the volatilization rates dC/d¢
and 1/(1 - C)-dC/dt vs. M,
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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 polyisobutylene (M, = 2.50 x 10%) at 300°C

Nonvolatile oligomers

[+-Bu
i-Pr

Contents Obsd Calced Obsd
n Value 1.11 1.23 1.05

Coeflicient of correlation 0.9898 0.9950

As described above, the molecular weight dependencies
of the integrated ratio [Ry - J/[R; -] 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 [¢-Bu]/[i-Pr] (Figure 4) and the
calculated radical concentration (Figure 6) are shown
in Table 7. The n value for [R, -]/[R,-] corresponds to
the difference between the calculated values of [R, -] and
[Ri-]. In the integrated ratio [Ry-]/[R-], the n values
observed for the nonvolatile and the volatile oligomers
agree with the calculated values. On the other hand, the n
value determined from the calculated ratio [R,, - J/[R, -]
is somewhat larger than that from the integrated ratio.
The order of the molecular weight dependencies is
[S:1>[R,-I>[R;-]. 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 (T1 to T4), which is
governed by diffusional motion of the reacting radicals in
the matrix.

Rate constants 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 (11 to 13), the
rate of end initiation reaction Il from TTD would be
nearly the same as that of the reaction 12 from TVD.
If the value of frequency factor 4 of the scission
is assumed to be about 10 s71 3, the activation energy
E, of end initiation is estimated to be about
56.6 kcalmol'. Similarly. E, for the random initiation
reaction 13 is about 64.2kcalmol™'. The difference is
about 7.8kcalmol™', which is roughly consistent with
the dissociation energies of the allylic C—-C bond from
double bond and the skeletal C— C(C), bond’. It is found
for the depolymerization reactions D1 and D3, and D2
and D4, that the rate constant kg of direct 3 scission
of R;- is about 50 times larger than k,q of R, -, and
this difference corresponds to AFE, of about
4.5kcalmol™" with 4 =10"s™". As described above,
the composition of isobutylene monomer in the volatiles
increases from about 10 to 30 wt% for 15 to 300 min. The
larger value of k4 than k4 could reasonably explain that
the increment of isobutylene monomer results from a
marked decrease in [R, - ] and a gradual decrease in [R, - ]

5616 POLYMER Volume 37 Number 25 1996

Trimers

0.9689

J

[TTD,

Calculated radical concentration

. R, ,
Caled [R”J R,-] R S
1.09 1.28 2.02 0.737 2.35

0.9880 0.9946

0.9988 0.9989 0.9962

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

Reaction T1

Reaction T2 Reaction T4

M, - - ———
X107 DP  ky“ (mol 's™)  kp’ Imol™' s kg 57D
48.5 866 2.22 % 10° 1.41 x 10° 1.1t x 10*
370102 1.0t x 10" 1.27 x 10’ 8.08 x 10°

“ Using Ky, = 1.67 x 10" (Imol™'s 1)
" Using Kpp = 2.08 x 10" (Ilmol™'s™
“Using K| =833 x 10° (s )

with reaction time. This result suggests that the reactivity
for 3 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 H1 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 10° times larger than those of R, - and R, .. This
is attributable to the larger f; value, in spite of the
lower [S +]. For the termination reactions T1, T2 and T4,
the parameters K, K, and K, in Table 6 are defined
as

kpo = Kpn(DP) ' (Imol™'s™") (42)
kua = Ko(DP) *' (lmol~'s™) (43)
kae = Ky (DP) 27 (s71) (44)

The rate constants given by equations (42)—(44) could be
estimated by using the values of K, K and K, shown in
the table. The values of ky,, kg, and kg, for
M, =4.85x 10" (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 equation
k = 4nRDN,, by assuming the value of R (x107" dm),

k=378x10"D (Ilmol's™") (R=75) (45)
k=17.56x10"D (Imol™'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 1078 to
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107 dm?s! in the molten polymer at a relatively lower
temperature (175-215°C), de?endmg 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 kg, should be much smaller than the rate
of bimolecular termlnatlon Moreover, the value of k.,
for R, - is about 107> times smaller than that of kpt;,_ 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

Primary (p) terminal macroradical

t-Bu
i-Pr
TTD

TVD

TDB:
NTTD

Tertiary (t) terminal macroradical

Volatile small radical

Primary on-chain macroradical

Secondary on-chain macroradical

Molar fraction of macroradicals, yielding to
S+, [Ry +J1/[Ry -] and R+ [R;]

Tert-butyl end group, or polymer having ¢-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

TITD+TVD

Non-terminal trisubstituted doubie bond, or

(TTD),

(TVD),

(TTD),

(TVD),

o3 wvY

B

polymer having NTTD

Terminal mono-olefin having a TTD and a

t-Bu formed by the back-biting of R, -

followed by 3 scission

Terminal mono-olefin having a TVD and a

t-Bu formed by the back-biting of R,-

followed by [ 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 molecuiar

weight

Parameter in equations (17) and (18)

Value of [TTD]/([TTD] + [TVD])

Value of ([TTD] + [TVD])/[TTD] +
+[NTTD))

[TVD]
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