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1. Intreduction

When heated it » vacuum at temperatures of
about 200° to 500 €, organic polymers usually
degrade to yvield molecular fragments of various
sizes.  Some polviners, like poly-alpha-methylsty-
rene and polyvmeth -1 methacrylate, vield almost
exclusively the mo.omer, whereas other polymers,
such as polvmethylene, vield a whole speetrum of
molecular fragments volatilizable at the temper-
atures emploved.  "atermediate between these two
extremes are polymers like polyisobutylene that
vield part monomer and part larger fragments.
The rates of degradation are also different for differ-
ent polymers, In the ecase of some polvmers,
degradation by heat, as expressed by loss of weight
through volatilization, is almost complete in less
than an hour at about 300° C, whereas in the case
of others there is very little loss of weight during the
same period, even at 450° (. The difference in the
thermal behavior of polymers has been the subjeet
of a number of pa_ers by various authors in the
last few years [1 to 12].2

In this investig. .on a systematic study was
mitiated to determine the effect of molecular struc-
ture of chains and side groups of polymers on the
rate of their degradation and the nature and relative
amounts of the volatile products obtained when
these polymers are heated in a vacuum.  The follow-
ing polymers were used:

1. A pure grade of polymethylene,

5]

of high molecular weight prepared by the decom-
position of diazomethane, using trimethyl borate as
catalyst. This material is the same as was used in

I This work was performed as a part of the researeh project sponsored by the
Federal Faeilities Corporation, Office of Synthetic Rubber Research and

Development Division, Polymer Science Branch.
! Figures in brackets indicate the literature references at the end of this paper,
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the study of melting transition of polymethylene
[13]. Unlike polvethylene, this polymer consists of
a nonbranched hvdrocarbon chain,

2. Polyisobutylene,

of high purity was obtained by repeatedly dissolving
the commercial polymer in benzene and precipitating
with methanol. Tt had a molecular weight of
1,500,000, as determined by light-scattering.

3. Polypropylene,®

A 90-g sample of number-average molecular weight
of about 5,000 was reduced to 6 g of a higher molecu-
lar weight material by six fractionation steps. In
each step 'the material was dissolved in benzene
and then precipitated with acetone.

4. A pure grade of polybenzyl,!

H H
H
|
= ....-IJ— ’
H
H H

4 I'he authors are indebted to C. M. Fontana, Socony Vacuum Co., for supply-
ing this polymer.

« The authors are indebted to Danlel I, Livingston, Polaroid Corporation, for
this polymer.



of molecular weight of 4,300 410 percent, as deter-
mined eryoscopically.
Sa. Poly-beta-deuterostyrene,

H
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F,

molecular weight 220,000 by light-scattering. The
same material was used by W. ﬂH Brown, and Hart
[14] in their studies on pyrolysis of alpha- and beta-
deuterostyrene polymers. The monomer used in
the preparation of this polymer contained about 15
percent of normal styrene.

5b. Poly-beta-deuterostyrene of much higher mo-
lecular weight than 5a. The monomer used in its
preparation contained only a few percent of normal
styrene,

2. Apparatus and Experimental Procedure

The work deseribed in this paper was carried out
in two parts: (1) pyrolysis of polymer samples and
fractionation of the volatile produets, and (2) a
study of rates of thermal degradation and the acti-
vation energies involved.

2.1. Pyrolysis

Pyrolysis experiments were carried out on poly-
methylene, polypropylene, polybenzyl, and poly-
beta-deuterostyrene. }’vm]\w. of polyisobutylene
has been studied and deseribed [5]. The apparatus
congisted of a Dewar-like molecular still provided
with a platinum tray resting on a platinum-wire-
wound heater placed nside. This apparatus and the
experimental procedure have been described [1, 5, 6].
Only a few salient points of the procedure will be
recounted here. The samples were limited to a
maximum of about 40 mg to avoid spattering that
might oceur if larger amounts were used. Poly-
methylene and polybenzyl were used in powdered
form, polypropylene and poly-beta-deuterostyrene
as solutions in benzene. In either case the samples
were preheated in a vacuum for about 1% hr at 160°
(', and the volatiles were rejected before starting
pyrolysis. In all experiments it took 45 min to heat
the tray containing the sample to the p}-‘]'ol}-'sis
temperature. This t(mpmnruw was then main-
tained constant to about +1.5 deg C for 30 min.
The following fractions were Dhtam(.d. A residue, 1,
except when pyrolysis was carried to completion; a
heavy fraction, 11, volatile at the temperature of
pyrolysis; a light fraction, I1I, volatile at room
temperature.  In  some cases fraction 111 was
separated by molecular distillation at —80° C' into
a more volatile fraction, 111\, and a less volatile
fraction, 1I1IB. A gaseous [raction, IV, not con-
densable at liquid-nitrogen temperature, was also
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colleeted,  The weights of all these fractions were
determined directly or indirectly.  Fraction 11

was tested for average molecular weight by a micro-
cryoscopic method in a suitable solvent. Fractions
I1I, TITA, and IIIB were analyzed in the mass
speetrometer.  Fraction 1V amounted in all cases
to less than 0.1 percent by weight of the sample,
and was found on mass-spectromefer analysis to
consist of a small amount of hydrogen mixed with
air, earbon dioxide, and carbon monoxide,

2.2. Rates

Rates of degradation, as expressed by loss in
weight of pulnm-l samples when heated in a vacuum,
were determined by means of a very sensitive Inntf—
sten helical-spring balance. The method and the
apparatus used in this part of the work have also
been deseribed [7, 8, 9]. Samples were limited to
5 to 6 mg and were used in dry state, after preheating
for several hours in a vacuum of about 100 mm at
175° €' to a constant weight, in order to eliminate
traces of solvents,

3. Results

3.1. Pyrolysis

Results of pyrolysis experiments at various tem-
peratures are shown in table 1. Fractions I, I,

and I1II add up to 100-percent material balance
beeause the gaseous fraction, IV, is very small,
Polymethylene, like polyethylene, yields mostly

fraction 11. Polypropylene and polybenzyl vield
more of fraction I11 and less of fraction II than
polymethylene.  Low and high molecular weight
poly-beta-deuterosytrene (5a and 5b) yvield a fraction
111 equal to 42.2 and 41.0 percent, respectively, of
the total volatilized part, about the same as in the
case of polystyrene.

Mass-spectrometer analyses of fraction 111 or
IITA are shown in tables 2, 3, 4, 5, and 6. In the
case of polymethylene, fraction 111 was separated
into IITA, comprising 20 percent, and I1IB, 80
percent, of its total weight. This was done in order
to facilitate mass-spectrometer analysis.  As seen
from table 2, the components of IITA consist of
saturated and unsaturated hydrocarbons up to and
including six carbon atoms. Fraction I11B was also
analyzed in the mass speetrometer and was found to
contain similarly saturated and unsaturated hydro-
carbons, but of 7 to 12 earbon atoms.

On comparing table 2 with table 14 of reference

[5],° which shows the mass-spectrometer analysis of
fraction TITA from polyethylene pyrolysis, we find
that in the case of polymethylene this fraction has
about twice as many double bonds as the correspond-
ing fraction from polyethylene.

PU]\]MO])\]NI(‘ like polymethylene, vields a large
number of constituents in fraction II1, and this
fraction was therefore separated into subfractions

HTA and [1IB in the weight-percent ratio of 25:75.

iIn this reference the ratio of IITA to IIIB fraction for polyethylene is not
shown, This ratio is the same (20:80) as for polymethylene,



Mass-spectrometer analysis of 11TA is shown in
table 3 for three experiments. )
agreement in the analysis of this fraction from the

There is some dis-

Tarre 2. Mass-spectrometer analysis of fraction TITA
collected at —80° C in the pyrolysis of polymethylene

three experiments, much more so than in the case Tempernture of pyrolysis, ° O
of polymethylene reported in table 2. This dif- Component Average
ference does not seem to be due to a temperature 98 410 416 435
effect. It is most likely due to experimental error
Mole G | Mole T Mole %
= 5 5 18. 3 2.8 12,3
Tavrne 1. Pyrolytic factionation of polymers rlié s : ?i
— — — — 19. 2 22.8 9 20,7
Fractions of orlginal sample | | | | TR TTTmmmmemoon | s 29 -4 &0
2.0 .6 = 54 %1
5 11 1L | Fraction 111 o 1.8 s o i
Experiment | Tomper- e Al 2.7 3.3 2.3 27 2§
volatlie | Velatile Bact | 8.5 14 8.0 10. 6 0.6
7 ; at room |
Resldue ‘f:,'éf;:‘:l_ temper- | Fentane. .7 7.4 BT 5.6 6.1
[ ature Hexadie 1.4 4.7 il | 2.6
| # Hexene .. 7.7 15.49 1.3 8.7
Hexang .8 .4 13 1.6
Polymethylane » Total ._____| 100.0 | 100.0 | 100.0 | 100.0 | 100.0
o0 wt% | we | wew wt % o
393 2.8 6.4 0.3 4.1
407 71.5 27,6 .9 3.3
410 0.8 280 152 4.1
415 52.5
414 2.7 9.2 Tl 2.4
[ e LI O 23.0 75.2 1.8 2.3
e I A AR A A
________________ ~ . . f 5 . .
b— —_— — TawvrLe 3. Mass-spectromeler analysis of fraction IITA
Average......| §.2+0.7 collected at —80° C in the pyrolysis of polypropylene
Polypropylens - -
‘ Temperature of pyrolysis, © €
08 0.8 7 1.5 1.7 Component \ Averags
374 74 24,4 4.2 14,8 350 305 410
380 58,5 35.7 58 14.0
B84 53,9 49, 4 6.7 14,5 |
33 | 8 | 5.8 89 | 140 | Aote % | Mate % | Mote % | Mote %
Aegbvlena. | il s L0 0.3
305 30,2 62,8 5.0 1.3 Ethylens____._..______. B T 6.1 L0 4.1
400 13,2 6.9 9.9 11. 5 Hfhanes o e | 3.4 LY s 1.8
110 3.6 85.3 1.1 1.6 Propadienc | ... 1.4 o7 =
\ i d ] e | 1.0 o 7.1 . 0
Avernge...... 13.7+1.7
Batadiene s o | .9 1.1 ] .8
Butene. . .o e e T 9,2 18.5 16. 8
Polybenzyl I e pe e e (T 12.7 12.7 12.8
SO TE . s e | ks | e .8 i
Pentndieno: ..o oo aaao . i .8 24 1.3
412 81,5 16.9 1.6 8.4
427 744 28,8 4 9.0 Pentene .| 20.3 25,1 15.6 19. 7
441 48.2 — L3 Pentane— | 31 15,9 12.5 1.2
4 2.1 67, 5 4.4 8.2 Hexudiene ... . 3.7 2.8 .3 .3
462 Guth §9.1 5.4 St Flaxpnp e | 4.8 9.5 18.8 1.0
1 Hexane._ ... B I 7.2 .0 7.0
Average......| 7415
| B TIT ) 4.2 .6 4.1 3.0
Poly-beta-deaterostyrene of low molecular weisht (5u) 1 100, 0 100. 0 100. 0 100, 0
87.3 7.8 4.9 38,6
77,0 13.7 9.3 0,3
69, 0 19.7 11.3 3. 5
40,8 33,9 25.3 12,6
36,2 36.7 27,1 42,4
949 44.2 34.6 43.8
18,8 46.0 35.2 43.3
gg 51. ‘g 19.2 4.0
g A0, 2 1. 45.1 : ;
1.0 52.7 46.3 46.6 TaprLe 4. Mass-spectrometer analysis of [ mclt'mn Vi
- obtained in the pyrolysis of polybenz
Average..._.-| 42,2423 : pyroty f! ¥ Y
Poly-beta-deuterostyrene of high molecular weight (5b) Temperature of pyrolysis, ® C
Component Average
E oo et 35 8.8 (n) Q] () 412 431 444
30 S0 5.0 5.4 10,0
376 25,9 4.8 30.3 42,6 )
384 . f 55,8 37,0 40.3 Mole % | Mole 5 | Mole %
78. 77.6 69, 5 75.3
Avernge. ... 41.00.6 ; 21.3 29,6 23.7
Xylene - oo g 1.1 1.k .0 L0
s The thermal-stability curve for [J:olynlolhyh-.ue in figure 2 of reference [9] & R 100.0 100.0 100.0 100.0
should have been drawn at 10 deg C above its present position.

b Amount of volatiles is too small for aceurmte welghing,
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Tanne 5. Mass-spectrometer analysis of fraction 111
obtained in the pyrolysis of poly-beta-deuterostyrene (5a)

| Temperature of pyrolysis, ® O |

| 1 EST e . aae s Aver-

| Component age
314 RS 354 3l S99

| Mole Go| Mole 55 Mole % Mole 9, Mole G Mole 5
Beta-deuterostyrene M 4 828 RLB &0.0 8.8 821
Styrene = . L2 i b 151 § 10,2 11.3 1. 8
Tolupne_ 4.5 6.1 7.1 0.8 7.9 1
Total.____ 1068, 01 00,0 [ 100.0 | 100,00 | 100 | 1600

Tavre 6. Mass-spectrometer analysis of fraction T1T
obtained in the pyrolysis of poly-bela-deuterostyrene (Hb)

Temperature of
pyrolysis,® O

Component | = Avernge
| 37 ‘ 84
R — —
| Mole % | Mole' | Mote o
| Beta-deuterostyrenms.. ... a8, O 05, 8 O &
| Deuterotolugne. . el 2 4 3|
Tolugne: =~ - = - ~_— 2.9 2.8 2.9
e 1 DN s R e e I (11 1] 100.0 1060, 0

when dealing with quantities of the order of 1
For example, the total time taken to separate
fraction 111 into two subfractions by J]mlvt'ulur
distillation was only 2 min. A slight difference ln
the time from one sample to another might cause
a difference in the composition of fraction 11TA or
HIB. Insome experiments, 1TIB was also analyvzed
in the mass spectrometer and was found to consist of
saturated and unsaturated hydroearbons containing
6 to 12 carbon atoms.

In the ease of polybenzyl, an attempt to separate
fraction 11T into TTTA and ITIB showed that all the
material appeared in 111A.  For this reason {raction

mg.

T was analyzed as such.  Mass-spectrometer
analysis of this fraction is shown in table 4. The
main  constituents are toluene and h(-nm'mh If

polybenzyl were to have the structure then it should

=1L

c Ce & =y

yield on pyrolysis stilbene as one of the volatile
products.  This compound was absent in fraction
II1.  The vapor pressure of stilbene is given as 1
mm at 87.4° C for the ¢is- and at 113.2° C for the
trans- variety [15]. Aflter fraction 111 was separated
by distillation at room temperature from the volatile
produects, another fraction was collected under
conditions of molecular distillation at 80° C. This
fraction, as shown by mass-spectrometer analysis,
contained traces of toluene and benzene, but no

stilbene.  Another argument against the above
strueture is the high thermal wtll])lht\ of polybenzyl,
as shown below. It is concluded, on the basis of
these facts, that the chain structure of polybenzyl is

H H g
: : \\ (I: . .
— =l Sy —C— . P
< TN /T
H H . H

Haas, Livingston, and Saunders [16], on the basis of
infrared, X-ray, chemical, and other evidence,
».llgu‘(“-,{ Hu- I'nllm\m"' as a part of the structure of

UOOQ

0 @C :f_ffJ

Poly-beta-denterostyrene, like polystyrene, poly-
alpha-deuterostyrene, and poly-meta-methylstyrene
[5, 6], yields a fraction 111 not separable into T1TA
and TI11B. Mass-spectrometer analysis of fraction
11T for polymers 5a and 5b is shown in tables 5 and 6.
The appearance of normal styrene among the com-
ponents shown in table 5 is due to its presence in
the polymer.

Results of molecular weight determination of frac-
tion II from pyrolysis of four polymers are shown in
table The values for polyethylene and polyiso-
butylene were given in a previous publication [5]
and are shown here for comparison. Poly-beta-
deuterostyrene vields a low-molecular-weight frac-
tion II, and, ag in the ease of the other polystyrenes,
this fraction consists most likely of the dimer, trimer,
and tetramer. These compounds have molecular
weights 210, 315, and 420, respectively, as compared
with the average molecular weight of 318 for fraction

I1.

.o 0y —

Tavre 7. Average molecular weight of fraction I oblained in

the pyrolysis of polymers

| Average |
Polymer | Solvent molecular
weight

Polyethylene

FPolvmethylene. . Camphor_. ____
Polvpropylene_ . e — Cyelohexane .
Polyisobutylene_ . e
Polybenzyl... Benzene

|
Benzene. .. [
|

Paly-beta-deuterostyrene (5h) Cyelohexane_
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3.2. Rates and Activation Energies of Thermal
Degradation

In figures 1, 2, 3, and 4 the solid curves represent
plots of percentage volatilization versus time at 4 to
5 different temperatures for polymethylene, poly-
propylene, polyisobutylene, and polybenzyl, respec-
tively.  All these curves show that at zero time, 1 to
3 percent (for polypropylene up to 7 percent) of the
sample has already volatilized. Thig ig due to the
fact that it usually takes about 15 min o heat the
crucible containing the sample from room tempera-
ture to the temperature of operation. During this
time, depending on the temperature of operation,
some of the material volatilized, and zero time indi-
cated on the figures is the time the required tempera-
ture was reached. Logarithm to the base 10 of the
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percentage residue at any given time is shown plotted
against time in the broken lines in the ftour figures.
These lines are straight, except for a slight break in
the early stage of vaporization of the samples.  This
break occurs anywhere between 0 and 100 min from
the start of the experiment, and may be due to dis-
turbances of operation in the early stage or to some
mechanism of initiation of degradation different from
that operating during subsequent degradation, or to
both of these causes combined. The slope of the
main part of each line, when multiplied by 2.303,
represents the rate constant of volatilization of any
of these polymers at the given temperature [17].
The initial rates are obtained by mlmpniulm(f the
main parts of the broken lines in ficures 1, 2, 3, and
4, to zero time, and are the same as the rate con-

stants,
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Tarre 8. FErperimental data on rates of thermal degradation of polymers

(1) (2) (8 €3] (5) (1) (7
| Time after
|qrart utf e'{I;lJerl—
ment when i : A Fi=
Poluiner Tempera- | Durationof,  Total | hreak in the I{:}]t‘fg}aﬁf ‘{‘t;;:’la
ture experiment | volatilized il;g:)r{iltir‘r; r'-)f ation shiergy
sus-time
CUrve oecirs
2] o min % min wimin keal
Polymethylene 380 a0 25.4 20 0. 063
H 85 480 4801 100 - 109
3490 450 541 80 178 0
J 400 dun 78.2 60 413
| 410 310 928 40 - 860
o n
Polypropylene A0 450 344 i) (L 64
H CH; BT A ah. 4 S . 158 61
| 370 60 5.6 40 . 338
—-(f—C—* 350 480 v2.0 0 « G
13RS 0
Polyisobutylene 320 440 2.6 L] (. 268
H CH;y 325 320 742 1] 431
A30 260 78,4 =0 412 52
—O—C— 335 250 RT.8 0 869
1| 340 150 8.1 30 1.278
H CHin
Poly-heta-deuterostyrens (5h) 340 450 415 e 0.065 |
D 351 44 440 530 005 59 |
| | A0 420 0. 6 135 b [
—G—— 300 300 43,0 L4320 |
i
H H
H H
H i |
Polybenzyl 400 414 AT 100 . 118
H 58 n 410 430 7.0 60 [ . 265 l 54
A 420 420 4.3 40 . 438 Y
— l‘.— 430 250 82.9 50 .T723 J
' n
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In figure 5 the curves of percentage volatilization
plotted against time for poly-beta-deuterostyrene
(5b), just as for polystyrene and poly-alpha-due-
terostyrene [7, 8], show points of inflection. The
broken lines in figure 5 for the logarithm of percent-
age residue plotted against time are curved and could
not be used for caleulating the rate constants,
However, the initial rates are abtained by extra-
polating the straight parts of the curves shown in
ficure 6. These Tines were obtained by plotting
rates of volatilization, expressed in percentage of
residue per minute versus percentage of volatiliza-
tion, as was done in the case of polystyrene and
poly-alpha-dueterostyrene [7, 8],

Experimental conditions and results of rate studies
are shown in table 8. In column 5 of table 8, the
time, in minutes after the start, at which the break
in the broken line for each rate experiment oceurs is
given. The initial rates are given in column 6.
The activation energy was caleulated from the ini-
tial rates by means of Arrhenius’ equation ([7].
These activation energies are shown in the last
column of table 8.

4. Discussion

On the basis of experimental data on thermal
degradation of polymers that have accumulated
during the past few years, some conelusions can be
drawn as to the mechanism of this type of degrada-
tion. It was found in the case of polyethylene [12]
that even at temperatures below those at which
appreciable loss by volatilization oceurs, a drop in
molecular weight of the polymer takes place. In
the case of polvstyvrene [7, 14], polv-alpha- and poly-
beta-dueterostyrene [14], polyisobutylene [18], high
molecular weight polymethyl methacrylate [19], and
polymethylene [10], it was found that at tempera-
tures at which volatilization of the degradation
products takes place, a more or less rapid drop in
the molecular weight of the polyvmer takes place
during the first few percentage losses, followed by a
more gradual drop. This initial decrease in molec-
ular weight under the influence of heat may be due
to the presence of weak links caused by some foreign
elements or groups of elements, such as O, O,, and
O, which become incorporated in the chain during
polymerization [4]. Such an assumption is legiti-
mate because it 1s very difficult to carry out any
polymerization in the absence of foreign materials.

The pattern of breakup of ]ml\mnh bevond the
initial stage of degradation, varics with the nature
of the polymer and the nature and frequency of side
groups, A free-radical mechanism for the depoly-
merization of polymers has been proposed by Simha,
Wall, and Blatz [20].  One of the important steps in
this mechanism is intermolecular abstraction of
hydrogen by free radicals. A free radical, which is
formed initially through thermal breaks of the chains
or through some other mechanism, abstracts a hy-
drogen from a polymer chain with which it happens
to come in contact. This free radical becomes satu-
rated in this action; the chain from which the hydrogen

was abstracted breaks, for example, in the case of
polymethylene, in the following manner:

J|[ H 1[1

'/H\'/H 8 \l_//ll
e ¢ 3 LI" C
H 1 | H Y

H H H

T
jj/ﬁ\*lg/ﬁ . ;‘/A\E/&

A double bond thus forms at one chain end at the
break and a free radical at the other. However, in-
stead of going through the step of abstraction, a free
radieal may break up into monomers:

|
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ZN, /N/

H

E—a—=

N
lll !II

H

H (!: H é H J: H
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H H

As to which of these two modes of reaction a free
radical will follow depends on two factors: (1) the
reactivity of the radical for abstracting hydrogen,
and (2) the presence of hydrogen atoms susceptible
to abstraction along the |ml\mv chain. The re-
activity of a free radical depends on its structure,

H 1{

Thus, R(, for example, 1s more reactive than RL,-

H l|{
[2]. As to the susceptibility of hydrogen on the
chain, one attached to a tertiary earbon is more sus-
ceptible than a hydrogen attached to a secondary
carbon in the chain.

Another mechanism of depolymerization can be
visualized [8, 21] if we assume that a thermal break
in a chain takes place simultaneously with an intra-
molecular transfer of hydrogen from the same chain
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at the point of the break, Thus, taking again
polvmethylene as an example,
H H i H

&
i I!I 1![ i

H H

& bH +
ANV AN
i L i I

resulting in one saturated and one unsaturated end
i the two parts of the chain. 1In the case of poly-
methylene, polyethylene, or polyvinyleyclohexane,
where there is a large supply of hydrogen atoms
attached to earbons in the chain or in the side groups,
thermal breaks, proceeding as above, will result in
the formation of large fragments, so that most of
the wvolatiles from thermal degradation will be in
fraction I1. For poly-alpha-methylstyrene, poly-
methyl methacrylate, or polyvtetrafluoroethylone,
where some or all of the hydrogen atoms are sub-
stituted by methyl groups or fluorine, thermal breaks
result in two radicals formed at the break. These
radicals proceed to break into monomers by a chain
reaction.  As a result, mosi of the volatiles are found
in fraction T1I. Between these two extremes are
polvmers like polyisobutylene, which wyield part
monomer and part large fragments.

The fact that free radicals, in the case of poly-
methylene, for example, do not vield an appreciable
amount of monomer is explained by Simha, Wall,
and Blatz as due to a higher rate of transfer as
compared to the rate of monomer formation. In
the mechanism of thermal breaks, involving intra-
molecular transfer, scarcity of monomer in thermal
degradation of ]}ol\m(‘th\l(‘nv is evident from the
nature of the thermal seission in which the free
radicals become immediately saturated.

In table 9 the yield of fraction 11T is shown in
weight and mole percent for 13 polymers. Four of
these polvimers have been studied in the present
work; the rest were investigated previously. These
polymers are arranged in two groups. In the first

_l_rmul). polymethylene has no side groups, poly-
ethylene has side groups, or branches, at infrequent

intervals, polypropylene has a hydrogen on every
other carbon in the chain |ep1awed with a methyl
group, polyisobutylene has hoth hydrogens on every
other carbon replaced with Im'lll_\l groups, and
polytetrafluoroethylene has all hydrogen atoms
replaced with fluorine. Polymethylene and poly-
ethylene yield the smallest amount of fraction 111,

Tasne 9. Yield of monomeric froction in thermal degradation.
of polymers as a funclion of structure and side groups

Yield of monomeric
fraction in percentage
of total volatilized part

Polymer Reference

Giroup 1
it 9 Mole O}
Palymethylene_____ 3 3 | RS
Polyethylene. e 3 21 [&]
Polypropylen g 14 Fir .
Polvisobuty e e e 32 = [4]
Paolytetrafluoroethylene . 1061 100 4]
Group 2
Polyvvinyleyelohexane .- ... (1 25 |6}
P ul\hlmf\l % 41
& 12 i [1]
f- 42 fis
P’ ul\ -meta-methyl Rt s e a2 i |61
Poly-alpha-demtérostyrene 70 St [6]
Poly-alpha-methv Tene. .. __ 100 {11 ||.ﬂ
Polymethyl methaerylate - 100 100 [6]

This amount is the same for each polymer. For the
other polymers of this group, there 1s a progressive
increase of fraction II1 with inerease of the number
of replaced hydrogen atoms. It should be pointed
out here, in connection with polytetrafluoroethylene,
that when hydrogen and fluorine are both present on
the chain, there is a tendency for some of the hydro-
gen to combine with fluorine to give HF [9].

In the second group of polymers we find poly-
vinyleyelohexane vielding only a little more of
fraction III than [)nl\nu-lllvlvnv or polvethylene.
Although here every other carbon in the chain has a
eyelic group replacing hydrogen, the cyelic group
itself has hydrogen available for abstraction during
a thermal break, so that there is little chance for
monomer formation. Polybenzyl, judging from the
fact that there was no stilbene in the volatile products
and that it has a high thermal stability, should have

| astructure in which the chain consists alternately of

a phenyl and a CH, group, as pointed out before.
Abstraction in such a polymer is difficult, and as a
consequence, thermal breaks should result in forma-
tion of monomers. On the other hand, it is hard
to see how a monomer could form from a free radical
end in polybenzyl. The 31 mole percent of fraction
I1T actually formed in the pyrolysis consists mainly
of toluene and benzene and of a small amount of
xylene.  All these compounds require hydrogen for
their formation, and this hydrogen must come by
stripping the chain somewhere. Actually, the resi-
due varied in color from light brown to almost blac 'k,
depending on the extent of degradation.
Polvstyrene, polv-beta-deuterostyrene, poly-meta-
methyvlstyrene, and poly-alpha-deuterostyrene all
vield considerable amounts of monomer.  Although
these polymers have the same amount of hydrogen
atoms on the chain as polvpropylene, the }_11](1 of
monomer is much greater here, particularly if we
consider the fact that fraction 111 for polypropylene,
as seen from table 3, has very little monomer,
whereas for polystyrenes it is almost all monomer
(tables 5 and 6 and references [1, 5, 6]).  Apparently
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the phenyl group, because of steric hindrance,
reduces the Iunll-m v of the hydrogen atoms on the
!llfll]l to transfer intramolec ulanl\ dunnu a thermal

scission. This results in an increased vyield of
monomer. The low average molecular weight of

fraction 1I from these styrene polymers (table 7 of |

H H

H H H

I
N
| |

the present paper and table 2 of reference [8]) indi-
cates that this fraction consists chiefly of the dimer,
trimer, and tetramer.  As pointed out in a previous
paper [8], the dimer, trimer, and tetramer could
form, along with monomer, in the same chain reac-
tion, at a free radical end, as follows:

/’\H/H\H

¢
H

||
¢ | ¢

H

N /H\é/ﬁ\ ! Ha\é/ﬂ\ .

.p

Dimer

Substitution of a beta-hyvdrogen with deuterium does
not affect the monomer yield ; substitution of a hydro-
gen on the phenyl group with a methyl group in-
creases this vield; substitution of an alpha-hydrogen
with deuterium inereases the monomer yield con-

siderably. When the alpha-hydrogen is substi-
tuted with a methyl group, the monomer yield
reaches 100 percent. Hydrogen on the tertiary

carbon (alpha-position) 1s more susceptible to trans-
fer than that on a secondary carbon (beta-position)
120], and blocking the alpha-position with a deuterium
atom or with a methyl group favors the formation
of monomer at the expense of dimer, trimer, or
tetramer.  In polymethyl methacrylate the monomer
is the ouly volatile product of degradation. Sterie
hindrance, caused here by the ester group, and bloek-
ing of the alpha-hydrogen with a methyl group,
produce the same effect on monomer vield as in the
case of poly-alpha-methyvlstyrene.

Table 10 shows a series of 13 polvmers arranged in
the order of rates of thermal degradation at 350° C.
Five of these polymers have been the subject of the
present investigation; the others were studied pre-
viously [7, 8, 9].  Actually, the rates of only a few
polymers were measured at 350° C; the other rates
were studied at temperatures either below or above
350° C.  In these latter cases the rates correspond-
ing to 350° ! were caleulated from the actual rates

measured  at  other temperatures, by means of
Arrhenius’ equation, in the form of
K ( ; == ,}, )
logio ki=———2 sram = +log10 kas

2.303R
where /by and £ oare rates, in percent, of original
sample per minute at corresponding absolute temper-
atures T) and 7%, R 1= the gas constant in calories,
and £ is the activation energy, in calories.

S186801—54—+4

19
Polymer chains when heated tend to break af
their weakest points. The strength of a C-C

bond in a chain follows the order given below:

«+ Co=C=C .. C-C-C---)---C—E—C---,

&

the bond shown as a heavy line being the one under
consideration.  Thus, breaks will occur more readily
in bonds adjacent to a tertiary or quaternary carbon
in the chain.

A bond in the beta-position to a double bond in
the chain, or in its side groups, is another source of
weakness in a C—C bond in the ehain.  An abund-
ance of hydrogen on a chain facilitates saturation
of the free-radical ends formed during a thermal
brealk.  When all the hydrogen atoms on the chain
are replaced with fluorine atoms, this saturation
does not take place due to the greater strength of
the C—F bond as compared with the C—H bond.

With these considerations of bond weaknesses in
mind, we find in table 10 that polytetrafluoroethylene
is the most thermally stable polymer.  Next to this
polymer is polymethylene, which has only secondary
carbons in the chain and an abundance of hydrogen
atoms on the carbons. Polybenzvl occupies a
position helow polymethylene in this table. At a
temperature of about 400° to 420° C, polybenzyl is
actually more stable than polymethylene, but
because of a lower activation cnergy than in the
case of pnlwm'th\'lvuv the position is reversed at a
lower temperature.  The phenyl group, which is here
a part of the chain, seems to impart stability to it,
perhaps through resonance.  Polyethylene has an
abundance of hydrogen on the chain and a few
tertinry carbons. Its position in the series is next

sl
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Tasre 10, Rales of thermal 'degradation of polymers in a

vacuum at 350°C

Volatilization,
Polymer in pereent, of | Reference|
! original sample
S ——— I J—
Ohlmin
Polytetrafluoroethylene. . 0 D000 [
Polvmethylene_ . . 004 =
Polybenzyl_ . A :
Polyethylene 008 [7]
Polypropy lene..__ L O6G | : |
Pnl\,-ﬁ-fllllllnhr\n ne tlh'-._.. e 14 el
Polystyrine. .24 [?1 |
Poly~-deuterostyrene.. . S 97 i |
Polyvinyleyelohexano .45 HI |
Poly-meta-methylstyrene e L] &3 |
Polvisobutylene. : 2.4 .o
Polymethyl methaer) == 5.2 [8]
Polvee-methylstyrene___ 230 18]
to polymethylene and polybenzyl. Next comes

polypropylene, with every other carbon in the chain
of a tertiary type. Next in the series are poly-beta-
denterostyrene, polystyrene, poly-alpha-deutero-
styrene, and poly-meta-methylstyrene, with every
other carbon being of a tertiary type and every bond
in beta-position to a double bond m the phenyl
group. Polyvinyl eyclohexane, with every other
carbon in the chain of tertiary type and an abundance
of hydrogen available for transfer, occupies a position
between two polystyrenes, Polyisobutylene and
polymethyl methacrylate, both having every other
carbon in the chain of the quaternary type, come
next, with very high rates of volatilization. Finally,
poly-alpha-methylstyrene, with every other carbon
mn the chain of the quaternary type and every bond
in the chain in beta-position to a double bond in a
phenyl group, is the most thermally unstable polymer
of the series,

Thus, we see from a study of a number of polyvmers
that the pattern of their thermal degradation, the
types and relative amounts of the volatile produets
produced in pyrolysis, and their stability in a
vacuum, in the temperature range of about 200° to
500° C, are functions of their molecular
and of the kind and frequeney of side groups,
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