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Pyrolysis of Polyisobutene (Vistanex), Polyisoprene,

Polybutadiene, GR-S, and Polyethylene
in a High Vacuum'

By Samuel L. Madorsky, Sidney Straus, Dorothy Thompson, and Laura Williamson

Samples of polyisobutene, polisoprene, polybutadiene, GRS, and polyethylene, weighing
about 25 to 50 milligrams, were pyrolyzed in a vacuum of about 10~% millimeter of mercury in
a specially designed apparatus at temperatures ranging between 300° to 475° C. The volatile
products of pyrolysis were separated into four fractions: (IV) gaseous, volatile at —196° C;
(IIIA) liquid, at —75° C; (II1IB) liquid, at 25° C and (II) wax-like fraction, volatile at the
temperature of pyrolysis. The gaseous fraction was analyzed in the mass spectrometer and
was found to consist in all cases of CH,. The liquid fraction, IITA, was analyzed similarly
and was found to give a mass spectrum characteristic for any given polymer. A molecular
weight determination of the wax-like fraction by the microfreezing-point-lowering method,
showed it to vary from 543 to 739, depending on the polymer from which the fraction was
obtained. It is shown that the method of pyrolytic fractionation of high molecular weight
polymers, in conjunction with mass spectrometer analysis of the more volatile fractions, can
serve as a means of identifying the polymers.

I. Introduction polyisobutene (Vistanex),
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polyisoprene,

The method of pyrolytic fractionation of poly-
mers, in conjunction with mass-spectrometer
analysis of the more volatile fractions, has been
described previously in the case of polystyrene [1].2
Briefly, this method consists in heating a 25- to
50-mg sample of a polymer, spread as a thin film
on a platinum tray, in a high vacuum at 300° to
500° C. The products of pyrolysis are (I) a solid
residue; (IT) a wax-like fraction, volatile at the
temperature of pyrolysis, but not volatile at room
temperature; (III) a liquid fraction, volatile at
room temperature; and (IV) a gaseous fraction,
volatile at the temperature of liquid air or liquid
nitrogen. The liquid and gaseous fractions are
analyzed in the mass spectrometer, whereas the
wax-like fraction is tested for its average molecular
weight by a microfreezing-point-lowering method.
Pyrolytic fractionation has now been extended to
the study of other hydrocarbon polymers covering

1 This work was supported in part by funds transferred from the Recon-
struction Finance Corporation, Office of Rubber Reserve.

2 Figures in brackets indicate the literature references at the end of this
paper.

Pyrolysis of Hydrocarbon Polymers

butadiene, polyethylene, and a copolymer, GR-S,
consisting of 75 percent of butadiene and 25 per-
cent of styrene.

The mass spectrometer is a relatively new
analytical tool and requires a preliminary investi-
gation of mass-spectra of all individual pure com-
pounds in a mixture before it can be used with
due calibration to analyze such a mixture. This
imposes certain limitations on the study of poly-
mers by way of mass spectrometric analysis of
decomposition products of pyrolysis. The above
polymers and copolymer were selected for this
investigation with these limitations in view.
However, mass spectral data are being accumu-
lated at the present time in various laboratories
and are being compiled by the National Bureau
of Standards [2]. These data are gradually
broadening the scope of analysis in two directions,
to include a greater number and variety of com-
pounds, and to extend the mass range so that
compounds of higher molecular weight could be
analyzed. It will, therefore, be possible in the
future to apply the method of pyrolytic fractiona-
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tion to polymers and copolymers of a more
complicated structure and containing, in addition
to carbon and hydrogen, also oxygen, nitrogen,
sulfur, chlorine, and other elements.

One object of this investigation was to find a
relationship between the structural formulae of
polymers and their refractoriness under the influ-
ence of heat. This in turn could serve as a clue
to the chemical and physical properties of the
polymers. To take a specific example, the effect of
double bonds and their frequency in the macro-
molecular chain, also the size, frequency, and dis-
tribution of side chains, on the number and size
of fragments obtained in the pyrolysis, is one of
the problems investigated here. Another object
was to broaden the application of mass spectrom-
etry to the identification and analysis of poly-
mers in general. At the present stage of develop-
ment, the mass spectrometer can be used to
analyze masses up to a little over 100. It so hap-
pens that the most significant part in the mass
spectrum of the volatile products of pyrolysis lies
in this mass range, also that this part of the spec-
trum is characteristic of any given polymer so far
studied. This leads to the possibility of using
mass spectrometric analysis in conjunction with
pyrolytic fractionation as a general method to
identify polymers and to determine the extent of
their purity.

With the extension of the range of mass spectro-
metric analysis to larger masses than 100, it will
be possible to study the larger fragments obtained
in the pyrolysis of pollymers. This additional
information will lead to a better understanding of
the structure and to a greater refinement of the
analysis of high-polymer substances.

II. Review of the Literature

Most of the work on pyrolysis of high polymers
was done in the past on natural rubbers. Bolland
and Orr [3] carried out pyrolysis of rubber in a
vacuum at 220° to 270° C. Standinger and co-
workers [4, 5] employed temperatures of 300° to
400° C and a pressure of 0.1 to 0.3 in one case, and
1 atm in another. Midgley and Henne [6] and
Bassett and Williams [7] used temperatures of
600° to 700° C and atmospheric pressure. In
all this work the products of pyrolysis contained
considerable amounts of isoprene and dipentene.
As to pyrolysis of synthetic polymers, Seymour
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[8], employing temperatures of 150° to 500° C
and pressures of 0.5 mm and 1 atm, found that the
order of thermal stability in the case of three
polymers was: polyethylene >polystyrene >poly-
isobutene. Recently, Wall [9] pyrolyzed at 400° C
in a vacuum 1-mg samples of rubber, polyethylene,
polyisobutene, polystyrene, polyisoprene, and
other polymers and analyzed the products of
pyrolysis in a mass spectrometer.

III. Apparatus and Experimental
Procedure

The same apparatus and experimental procedure
as were used in the work on polystyrene, were used
also in this work, but with some slight modifica-
tions. The modified apparatus is shown in figure
1. It differs from the previous apparatus in that
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Ficure 1. Modified pyrolysis apparatus.

the large tapered ground joint between the
pyrolysis still and the condenser has been replaced
by a horizontal flanged joint. The upper flange
of this joint is connected to an outer jacket around
the condenser instead of directly to the condenser.
This was done to avoid excessive cooling of the
joint by the liquid nitrogen in the condenser.
The thermocouple wires, instead of passing
through the joint, pass this time through tubes
attached to the side arm leading to the evacuating
system. In this way ordinary vacuum grease
could be used in the ground joint instead of hard
wax, which had to be melted with a flame.
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Another modification consisted in changing the
distance between the pyrolysis tray and the
condenser from 1.7 to 1.2 em. In this way it was
possible to collect more of the condensate on the
liquid nitrogen condenser and less on the inner
wall of the pyrolysis still.

Modification of the experimental procedure in-
volved some changes in the fractionation and des-
ignation of the fractions. The nonvolatilized
residue was collected and designated as fraction I
as in the case of polystyrene pyrolysis. The wax-
like fraction, volatile at the temperature of pyrol-
vsis but not volatile at room temperature, was
deposited as previously in two parts, a larger part
on the liquid nitrogen-cooled condenser and a
smaller part on the inner wall of the apparatus.
The larger part was collected from the condenser
and its weight determined directly, whereas the
weight of the smaller part was calculated by sub-
tracting the sum of the other volatile fraction from
the weight of the total pyrolyzed part. On the aver-
age, in all the experiments reported in this paper,
that part of the wax-like fraction that collected on
the condenser represented about 95 percent of the
total wax-like fraction when the pyrolyzed part
was only a few percent of the original sample; this
dropped to about 74 percent when the pyrolyzed
part reached 10 percent of the sample and stayed
at thislevel all the way down to complete pyrolysis.
The sum of the two parts of the wax-like fraction
was designated as fraction 11, without stating the
amount of each part, as this was not deemed im-
portant. In case of the polystyrene work, the
larger part of the wax-like fraction amounted, on
the average, to 64 percent of the total and was
designated as fraction II, whereas the smaller
part, which deposited on the wall of the apparatus,
amounted to 36 percent and was designated as
fraction 1V.

In collecting the liquid fraction III, the same
procedure was followed as previously, except that
in the case of polyisobutene, polybutadiene,
GR-S, and polyethylene this fraction was divided
into a more volatile fraction IITA and a less vola-
tile one IIIB, in order to facilitate mass spec-
trometer analysis. However, in the case of polyiso-
prene, mass spectrometer analysis could be carried
out on fraction III in its entirety.

The gaseous fraction was collected in the same
manner as in the previous work but was desig-
nated as fraction IV instead of V. This fraction
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consisted mainly of CH; mixed with some CO,
CO,, and air.

Only fractions I1TA (or I1I in the case of polyiso-
prene) and IV were analyzed in the mass spec-
trometer. Small amounts of air found in the gas-
eous fraction were most likely due to adsorption on
the wall of the apparatus, the heater, and the sam-
ple, or toits solution in the sample. Although most
of this air was eliminated in the preliminary
heating stage, as described in the previous paper,
some of it was freed at the higher temperature.
Small amounts of CO, and CO found in fraction
IV could have come from the reaction of the
polymer with adsorbed or dissolved oxygen or
with oxygen present as a part of the polvmer.
The smaller the extent of pyrolysis in any given
experiment, the greater the proportion of the im-
purities in fraction IV and, in cases where the
pyrolyzed part was only a few percent of the
original sample, the gascous fraction consisted
almost entirely of CO,, CO, and air.

Some C'O, was found in fractions ITI or ITTA in
most of the experiments. Small amounts of sol-
vents, such as benzene, ethanol, ete., also found
their way into fraction III or IITA of some of the
experiments.  These were undoubtedly due to
adsorption. Here again the smaller the pyrolyzed
part, the more conspicuous were the impurities.
The results of mass spectrometer analysis shown
in this paper are based on calculations from which
the impurities found in fractions I11, IITA, or IV
were excluded. 1In case of fractions IIT or IITA,
the percentages of impurities are shown below the
tables of analysis. In case of fraction IV, these
impurities are not shown.

Fraction IIIB was not analyzed in the mass
spectrometer because of the complexity of the
spectrum and lack of spectra of the individual
compounds it contained. No attempt was made
to determine its average molecular weight by the
microfreezing-point-lowering method, because this
fraction was too small in the case of all polymers
to make such a determination. Fraction 11 was
analyzed for its average molecular weight by the
microfreezing-point-lowering method in cyclohex-
ane, benzene, or camphor. Some attempts were
made to apply this method to the determination
of the average molecular weight of the residue
(fraction I), but the temperature drop was only a
few tenths of a degree, and the results were con-
sidered unreliable.

501



The microfreezing-point-lowering method con-
sisted in determining the average temperature
between beginning of melting and collapse of the
column of solidified solution contained in a sealed
capillary tube. This method was tested on pure
substances with the following results (the 3
figures following each compound in the order given
stand for the molecular weight, as given by the
empirical formulas, as determined by the micro-
method in benzene and as determined by the same
method in cyclohexane): Decane, 142, 141, 125;
1-methylnaphthalene, 142, — 125; dodecane, 170,
174, 143; 2,2 4-trimethyl-3-isopropyl-3-pentanol,
172, — 153; glycerol tripropionate, 260, — , 264;
dibutyl phthalate, 278, 268, 276 ; glycerol tributy-
rate, 302, — , 305; butyl phthalyl butyl glycolate,
336, — , 337. In the case of benzene as solvent,
the results seem to be fairly close to the actual
values. In the case of cyclohexane, the results are
too low for some compounds for reasons that are
not wholly apparent. Molecular weight of frac-
tion II from polyethylene was determined for
camphor by Rast’s micromethod [10]. All molec-
ular weights of fraction IT reported in this paper
represent averages of three to four determinations.

IV. Pyrolysis of Polyisobutene (Vistanex)

The material used in these experiments was
prepared by dissolving commercial Vistanex in
benzene and precipitating with methanol. This
was repeated twice and the methanol removed by
evacuation. A 2-percent solution of the purified
polyisobutene in benzene was used in the pyrolysis
experiments. KExperimental conditions and re-
sults of pyrolysis and fractionation are shown in
table 1. Fifteen experiments were carried -out at
temperatures varying between 313° and 460° C.
Weight of the sample varied from about 21 to 60
mg, and in one case it was 82.9 mg. The solution
of the polymer was spread on a platinum tray
with an evaporating surface of about 12 cm 2.
The benzene was evaporated in a vacuum to a
constant weight, and a layer of the polymer
17 to 50 u thick was thus obtained. After
evacuation of the apparatus and a preliminary
heating, as described in the previous paper, the
temperature was raised from about 135° C to the
temperature of pyrolysis during 40 to 50 min,
depending on the final temperature, a higher
temperature requiring a longer time. The same
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procedure was followed in the case of the other
polymers. The Visatanex, as well as the other
polymers, formed in the tray a uniform layer with
a glossy surface, and it was difficult to observe at
what temperature the polymer melted. Duration
of pyrolysis at the maximum temperature was
30 min in all experiments with Vistanex.

TaBLEe 1. Pyrolytic fractionation of polyisobutene ( Vistanex)

Fractions in weight percent
of original sample

Fraction
Ex- . I II 11T v IIT in
peri- Weirght Tem- percentage
0

Dura- Non-

ment pera- |“4i0

num- | sample | ture
ber

of total

Ere pyrolyzed

Volatile
at part

volatile
Resi- ro%tm room | eous
due | 4o, | tem- | frac-

pera- tion
pera- | tire
ture

mg °C | min
1 2.9 313 30 | 97.2 2.4 0.4 |0 14.2
2...| 225 344 30 | 8.0 1.3 5.7 |Trace | 33.5
3..-| 56.7 361 30 | 643 | 253 10.3 | 0.07 | 28.9
4 58.0 362 30 | 652 24.3 10.4 .08 | 29.9
5 45.4 378 30 |20.7 | 524 26.8 .12 | 33.8

52.7 401 30 0.
82.9 401 30

68.5 31.1 .20 | 312
79.3 20. 2 .22 | 20.3
69. 4 30.3 .19 | 30.3
68. 4 310 .22 | 31
70.8 28.5 .23 | 28.6

---| 49.6 402 30
10..| 48.9 402 30

© WD
'S
o
»
g
8
S U XY

11| 23.2 407 30
12| 55.2 415 30
13__| 60.0 418 30

66. 6 32.8 .22 | 32.9
68.9 30.5 .25 | 30.6
69.0 30.7 .22 | 30.7
64.7 34.9 .22 | 34.9
67.0 32.8 .22 | 32.8

S =

15| 45.4 460 30

Average fraction III in percentage of total pyrolyzed part
for all experiments, except 1and 7. ____________._ 31.5+0.8

It can be seen from table 1 that thermal decom-
position, under the experimental conditions em-
ployed, begins at 300° and is almost complete at
400° C. At higher temperatures, decomposition
was undoubtedly complete before the 30 min
were over. The purpose of employing tempera-
tures above 400° C was to see what effect a faster
rate of decomposition will have on the nature and
relative amounts of the fractions.

In the last column of table 1 the yield of the
liquid fraction III is shown in percentage of total
pyrolyzed part. In experiment 1 the liquid
fraction weighed about 0.1 mg. Since the accu-
racy of weighing on the semimicrobalance was
about 0.05 mg, the accuracy of weighing 0.1 mg
was very low. In experiment 7 the original
sample was too large, weighing 82.9 mg, and
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spattering from the tray during pyrolysis was
observed. This spattering resulted in an increase
in fraction II and decrease in fraction III. The
yield of fraction III in all the other experiments
was practically constant, the average being
31.5-0.8 percent.

Mass-spectrometer analysis of the gaseous frac-
tion I'V was made for experiments 4, 6, 8, 10, and
12. The analysis showed the presence, in addi-
tion to CH,, of small amounts of CO, H,, O,, and
traces of CO,. The yield of fraction IV in per-
centage of the original sample was calculated for
experiments 4, 6, 8, 10, and 12 on the basis of
volume, pressure, and mass-spectrometer analysis,
after excluding all the gaseous constituents, except
CH,. Yields of CH, for the other experiments
were interpolated from those determined experi-
mentally. In percentage of total pyrolyzed part,
the yield of CH, for experiments 4, 6, 8, 10, and 12
is practically constant, the average being 0.22.
As the yields of the liquid and gaseous fractions
are both constant, the yield of the wax-like frac-
tion, which is obtained by subtracting the sum
of the other two fractions from 100, is also constant
and is equal on the average to 68.3 percent of the
total pyrolyzed part.

In attempting to analyze fraction III in the
mass spectrometer, it was found that the heavier
constituents, consisting of eight or more carbons,
interfered with the analysis of the lighter consti-
tuents. According to a table compiled by Stull
[11], the temperatures at which paraffins, mono-
olefins, and diolefins have a vapor pressure of
1 mm are as follows: 1,3-pentadiene —71.8°;
n-pentane —76.6°; l-hexane —57.5°; m-hexane
—53.9°; 2-heptene —35.8°; m-heptane —34.0°;
2-methyl-2-heptene —16.1°; and n-octane —14° C.

In view of this it would be possible to separate
compounds consisting of eight or more carbons at
a temperature near that of dry ice. This was
accomplished in the following manner. Fraction
IIT was first collected in a long sealed tube,
1.7-mm inside diameter and 25 to 30 cm long.
By immersing one end of the tube in liquid nitro-
gen, the fraction was concentrated at that end,
and the tube was bent in the center, by means of
a flame, in the form of a U. The cold end was
then removed from the liquid nitrogen and placed
in a dry-ice-acetone mixture at —75° C, and the
other end was immersed in liquid nitrogen. Dis-
tillation was continued for 3 min. In this way
the less volatile compounds remained in the end
of the tube at —75° C, whereas the more volatile
ones collected at the other end. The tube was
then melted at the center and the two fractions
separated, the heavier one as fraction IIIB and
the lighter one as fraction IITA. In all cases the
distribution between IITA and ITIB was about
70 and 30 percent of the total fraction III. Since
the total yield of fraction III was 31.5 percent,
the yields of IITA and ITIB were, on the average,
22.0 and 9.5 percent, respectively.

Mass spectrometer analysis of fraction IITA
are shown in table 2 for seven experiments.
Most of fraction IITA consists of isobutene, the
average being 92.8 mole percent. The next signi-
ficant constituent, neopentane, amounts to 6 per-
cent, on the average. In addition to these there
is 1.6 percent of isobutane and 0.2 percent of
pentenes. The last column of table 2 shows the
average yield of components in percentage of
total pyrolyzed part. The yield of the monomer,
isobutene, according to this table is 20.18 percent.

TABLE 2. Mass-spectrometer analysis of fraction ITI A obtained in the pyrolysis of polyisobutene
Hxperimen N uImber s e 3 4 7 9 10 12 13 Average | Average
Temperature of pyrolysis, ® C..._......_.___. 361 362 401 402 402 415 420 for all ex- | component
periments | 11 I’Crri%ltl;i
age o
P aXtinyTI0lyZed  Dercar b e e e 35.7 34.8 99,7 99.6 99.5 99. 6 99.9 e
] par%.
weight
Component l\ggl?ggltar Mole percent percent
Isobutene________________________ 56.1 90.3 89.6 93.9 92.7 93.0 93.0 92.8 92.8 20. 180
Isobutane. ... ______________ 58.1 1.4 1.3 1.9 1.5 1.6 16 1.7 1.6 0.320
Penteness s e 70.1 0.5 D57 | S—— ()N R | Ve 0.2 0.2 048
Neopentane______________________ 72.1 7.8 8.4 4.2 5.4 5.4 5.4 5.3 6.0 1. 502
TT0 ey} S s | e 100.0 100.0 100.0 100. 0 100.0 100. 0 100. 0 100.0 22. 050
COp 44 Trace Trace Trace Trace Trace Trace Trace | ——cccae | cceeoos
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No mass-spectrometer analyses were made of
fractions IIIB, for the reasons explained above.
Judging from the fact that fraction ITIA consisted
mainly of the monomer and that fraction ITIB
was not volatile at —75° C, but was volatile at
room temperature, it can be assumed that the
latter fraction consisted of the dimer and trimer.

Fraction IT was soluble in cold benzene or cyclo-
hexane. The results of five molecular weight
determinations are shown in table 3, the average
being 543. In making these determinations, an
ordinary thermometer, having 3 deg centigrade
per l-cm length and carrying 0.2-deg divisions,
was used. On the same consideration as in the
case of fraction II1B, fraction IT most likely con-
tained polymeric fragments consisting on the
average of 9 to 10 monomers. The residue (frac-
tion I) was soluble in cold benzene or cyclohexane.
No molecular weight determinations were made
of this fraction.

Tasre 3. Average molecular weight of waa-like fraction
(I'1) obtained in the pyrolysis of polyisobutene

Tempera- ) || e |
P | o Part pyro- | point low- | Molecular
Experiment number )ull:')‘i\;)irlt | lyzed ering of weight
‘ DYAOM S CsHiz “
°C | Percent °cC

361 | 35.7 1.25 507

362 34.8 1.90 | 518

401 99.8 2.43 | 506

401 9.9 | 250 612

402 9.6 | 1.60 ‘ 570
| | |

_______________ i f 543

V. Pyrolysis of Polyisoprene

A 27-g sample of commercial polyisoprene was
extracted three times with 300-ml portions of
ethanol-toluene azeotrope. Thesample wasstored,
wet with the azeotrope, under benzene. A dilute
solution of the purified material in benzene was
used in the pyrolysis experiments. Results of 13
experiments are shown in table 4. It appears from
this table that pyrolysis begins at 300° and is al-
most complete at 400° C. On the whole, poly-
isoprene decomposes more readily than poly-
isobutene. Except for experiments 1, 2, and 3 at
low temperatures, the yield of fraction 111 is fairly
constant and is equal on the average to 11.3 +0.4
percent of the total pyrolyzed part. The yield of
fraction TV was obtained from mass-spectrometer
analysis for experiments 1, 2, 4, 5, 7, 11, and 13.
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Yields for the other experiments were obtained
by interpolation. The average yield in percentage
of total pyrolyzed part is 0.016. The average
yield of fraction II is therefore 100—(11.3-+0.016)
=88.7 percent.

TasLE 4.  Pyrolytic fractionation of polyisoprene
= = |
‘ 1 Fractions in weight percent |
‘ of original sample |
“ Ex- i 1 Fraction |
| peri- | Weight| Tem- |py, o | 1 I m | Iv Icle{l;‘a}gIQC{‘;}
mzel?xt [ <ur(1)1fple | alzgrr‘e tion Non- |vraasi1a| Gas- total
| | due [BLTOOM [¢or her- frac-
| ; Lomppr» ature t}ou |
ature CH; |
!_,,,_ ______ e | e (] (SR e
% 1 mq °C | min ]
| 1 56.8 | 302 | 30 |97.6 2.0 0.4 0 16.7
| 2| 498 302 | 30 | 97.0 2.5 .5 | Trace 16.7
3| 51.3| 325| 30(8.9| 7.9 2.2 | Trace 21.8 |
| 4| 50.6| 352| 30 |5L5| 43.0 5.5 | 0.005 11.3 |
| 5| 53.0| 354 30458 | 49.7 4.5 | .006 | 8.3 i
| | |
| 6| 55| 35| 60|2n1| 700 8.9 | .012 | 11.3 |
| 7| 57.0| 35| 9 [20.0| 70.0| 100 .014 | 12.5 |
| 8| 5.8| 380 | 30166 73.9 9.5 | .014 | 11.4 |
| 9| 441| 38| 30| 89| 8L5| 9.6 .014 | 115 |
% 10 526| 38| 80| 87| 8.7 10.6 | .04 ‘ 11.6 i
| | | |
| 1| 95| 40| 30| 54| s33| 103 1 7 1.9 |
| 12| 5.5| 403 | 30| 3.7| 846 | 1.7 .02L | 12.2 |
13 58.6| 405| 30| 38| 846 l 1.6 l | 121
\ * ‘ ‘
Average fraction III in percentage of total pyrolyzed part |
| for experiments 4 to 13, inclusive___._____________________ [11.3 0.4

In analyzing fraction III in the mass spectro-
meter, it was found that the heavier components,
consisting of eight or more carbons, did not inter-
fere with the analysis of the lighter components.
In view of this, fraction 11T was not divided into
fractions I1TA and ITIB, but was analyzed directly.
Results of mass-spectrometer analyses of fraction
ITT for nine experiments are shown in table 5.
These analyses show the presence in this fraction
of small amounts of ethanol, acetone, methyl-
ethyl ketone, benzene, toluene, and CO,. In ex-
periments 1 and 2, where the total pyrolyzed part
was only 2.4 and 3.0 percent, respectively, the
relative amounts of impurities due to absorbed
and dissolved gases and liquids appear exaggerated.
Considering experiments 4 to 13, we can see from
table 5 that the most abundant constituent of
fraction I1I is isoprene, amounting on the average
to 90.8 mole percent. Next in abundance are the
pentenes, 4.6 percent; cyclopentadienes, 1.5 per-
cent; butenes, 1.2 percent, and hexadienes, 1
percent.

Journal of Research



TaBLE 5. Mass-spectrometer analysis of liquid fraction (I11) obtained in the pyrolysis of polyisoprene

}ixpcriment il s A 1 2 | 4 5 6 7 10 12 13 1 Average | A yerage
Temperature of pyrolysis, °C___._________ 302 302 | 352 354 354 354 380 403 405 | of 4 to compon:'nl
Part pyrolyzed, percent_____.____________ - 2.4 3.0 ‘ 48.5 54.2 78.9 80.0 91.3 96.3 96.2 j 13, incl. in per-
B I o R B S centage
of total
Molec- pyrolyzed
Component ular Mole percent pert, weight
weight percent
B ten e S 56. 1 4.5 2.4 0.9 0.9 il 1.2 0.8 1.2 1.2 il 1 0.051
Cyclopentadienes________________ 66. 0 1.9 2.4 2.1 1.8 | ... 1.4 152 1.5 2.4 1.5 . 081
Isoprene_ . .. .. . ... ___ 68. 1 60. 0 72.2 91. 6 91.2 92.0 89.4 91.2 90. 6 89.8 90. 8 5.150
Pentenes..._. ... ... 70.1 4.3 2.6 3.5 3.6 4.6 5.5 5.2 5.0 4.9 4.6 0. 277
Cyclohexadienes_ . ________ ____ 80. 1 0.6 0.8 0.3 0.1 0.3 0.5 0.3 0.3 0.3 0.3 . 020
Hexadienes__ ... ___ 82.1 3.5 3.0 1.0 1.4 1.2 1.2 o8 .8 Syf 130/ . 068
Hexanes S o uuNn LS 84.1 0.6 0.8 0.1 0.1 0.2 0.2 ol N2 .2 0.1 . 007
Cycloheptadienes_._____________ 94. 1 1.4 1.7 .2 .3 94 .3 .2 .1 it .2 .015
Heptadienes. ... 96. 1 1.2 1.3 .3 4 .3 NS 22 .2 .2 .3 .023
Heptenes. . ____________________ 98. 1 12.9 1.8 | ... % R s il - il "D il . 008
Dipentene_ ... . 136. 1 9.1 ’ 11.0 il ) S I I
T e T e e | e e i Lt i
|
(170 ] S 100.0 | 109.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 5.700
|
Mole percentage of impurities in original analysis
Ethanol ... ____________. 46.0 6.9 8.5 ‘ 0.2 0.5 0.5 0.5 0.2 0520 [ | T [
Acetone..__ ... _________ 58.0 2.5 3.2 J ol nZf .5 ol .3 .3 053 | I | RO
Me-eth ketone_ ... 72.1 1.4 2.1 ol ol al ol ot .1 ol _
Benzene.. .. . ___.____.____. 78.0 1L 4.7 2 ol .1 T2 | R | | R |
Toluene. 92.1 0.3 0.3 | e | oo SR R R IR (R IR
COg .. 46.0 38.6 27.6 7.2 ’ 19.0 4.8 4.4 3.4 . 6 i 3.9

Dipentene, which is the dimer of isoprene,
showed up in the mass spectra of fraction IIT of
experiments 1 and 2, but not in those of the other
experiments. Dipentene has a vapor pressure of
1 mm at 14° and 5 mm at 40.4° C [11]. Since
fraction 111 was collected at room temperature, it
contained all the dipentene formed in the pyrolysis.
On the other hand, the trimer, consisting of 15
carbons would have too low a vapor pressure to
distill into fraction IIT at room temperature. In
view of this, it can be assumed that fraction I1I
contained, in addition to the compounds shown in
table 5, also a considerable amount of dipentene.
In experiments 1 and 2, where the total weight of
fraction 11T was small, the partial vapor pressure
of dipentene was sufficiently large to show its
presence in appreciable amounts. In the other
experiments the large amount of a volatile com-
pound, such as isoprene, suppressed the vapor
pressure of dipentene, so that the latter did not
show up in the spectrum. Fraction IIT from
experiment 8 was expanded into a large volume
in a specially designed apparatus described
previously [1] and an expanded sample analyzed
in the mass spectrometer. Peaks indicating
the presence of a large amount of dipentene
appeared in the spectrogram, but no quantitative
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data could be obtained as to its relative amount.

In order to estimate the yield of dipentene in
fraction III, this fraction in the case of experi-
ments 8, 9, and 11 was divided into TITA and
IIIB, by a procedure described above, and the
two parts weighed on the semimicro balance. The
distribution between the two parts was 5.7 and
5.6 percent in IITA and IIIB, respectively. On
this basis the yield of isoprene is 5.15 percent of
the total pyrolyzed part, as shown in the last
column of table 5. 1t is not likely that fraction
ITIB contained much of the trimer of isoprene.
The trimer contains 15 carbons and a compound
of similar molecular weight, for example, penta-
decane, C;Hs,, has a vapor pressure of 1 mm at
91.6° C. On this consideration, the yield of
dipentene was about 5.6 percent of the total
pyrolyzed part. Whether the ratio of yields of
isoprene to dipentene varies with temperature of
pyrolysis and if o, in what direction, is not clear
from this investigation.

The wax-like fraction (1I) was soluble in cold
benzene or cold cyclohexane. The results of mole-
cular weight determinations in cyclohexane are
shown in table 6. The average of five determina-
tions is 577, which means that on the average the
fragments in this fraction consisted of about 8 to 9
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monomer units. The residue, fraction I, was also
soluble in cold benzene or cold cyclohexane, but
no molecular weight determinations were made of
this fraction.

TaBLE 6. Average molecular weight of waxz-like fraction
(I1) obtained in the pyrolysis of polyisoprene
Tempera- | payg ot | Bolacal
Experiment No. ture of art py- oL gleci el
pyrolysis rolyzed loofw Ce:gl% weight
|
°C % °
4 352 48.5 2.70 610
6 354 789 | 345 542
e S T 354 80.0 3.10 572
b 403 96.3 2.90 578
13 | 405 96.2 2.25 581
Average _______| _______ | ........ } ........ 577

VI. Pyrolysis of Polybutadiene

A sample of polybutadiene was purified by
dissolving it in benzene and precipitating with
methanol. This operation was repeated several
times and finally the sample, freed from methanol,
was dissolved in benzene to make a dilute solution.
Results of 12 pyrolysis experiments are shown in
table 7. As seen from this table, polybutadiene
is more refractory than polyisobutene, polyiso-
prene, or polystyrene, when heated under similar
conditions. This polymer begins to break up at
about350° C, and decomposition is almost complete
at 477° C. The yield of fraction III in percentage
of total pyrolyzed part, stays fairly constant, on
the average at 14.041.0 percent, up to a tem-
perature of pyrolysis of 400° to 425° C. Above
this temperature the yield drops to a small frac-
tion of the above value, as indicated in the last
column of table 7. The yield of the gaseous frac-
tion (IV), on the contrary, stays constant at about
0.30 percent of the total pyrolyzed part through-
out the entire temperature range.

Fraction IIT was divided into fractions IITA
and IIIB volatile at —75° C and room tempera-
ture and amounting to 4.2 and 9.8 percent of the
total pyrolyzed part, respectively. Mass spec-
trometer analyses of fraction ITTA are shown for
nine experiments in table 8. These experiments
cover the entire range of pyrolysis from 6.1- to
almost 100-percent decomposition. A gradual
decrease in the content of 1,3-butadiene, the prin-
cipal constituent of fraction IITA, and a cor-
responding increase in the content of most of the
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TABLE 7. Pyrolytic fractionation of polybutadiene

| |
| |
1 Fractions in weight percent 3
of original sample
Ex- Fraction
peri- | Weight| Tem- o | T | 1 | 1o | v |LfCinper
ment of pera- | T o Total
1{)1;1;1— sample | ture . vgggle Volatile, Gas- | pyrolyzed
Resi- T atroom| eous part
due temper- temper-| frac-
Sture ature | tion
I ]
| mg °C | min
1 | 49.9 350 30 | 93.9 5.3 0.8 | Trace| 13.1
2 ‘ 63.6 351 30 93.2 6.0 .8 | Trace | 11.8
3 | 544 | 400 30 [8L5| 15.5 3.0 | Trace | 16.2
4 | 50.3 | 400 30 |80.2| 17.2 2.5 | 0.06 |12.6
5| 5.3 | 401 | 60 |76.9 | 19.0 4.0 | .08 |17.3 ‘
|
6 | 50.1 401 120 | 67.4 27.5 5.0 .11 15.3
7 ‘ 50.7 425 30 | 53.7 | 40.7 55 | .12 | 1.8
8 ( 31.2 450 30 | 19.4 | 72.1 83 | .23 |10.3
9 | 52.7 450 30 | 14.4| 787 6.6 .25 97
10 | 50.3 450 30 13.7 | 811 5.0 .23 5.8 |
{ |
11 40.4 477 30 9| 92.5 6.3 .28 6.4 |

2.2 | .30 2.2 |

12 ; 5.1 | 50 | 30 | .3| 9n.2

| Average fraction III in percentage of total pyrolyzed ‘
‘ part for experiments 1 to 7, inclusive___._________________ 14.0£1.0

other constituents of this fraction, with rise in
temperature of pyrolysis or extent of pyrolysis, is
noted. On the other hand, butene, the second
largest constitutent, passes through a maximum
at 20- to 30-percent decomposition. Yields of the
various components in percentage of total pyro-
lyzed part are shown in the last column of table 8
for experiment 5, which seems to have approxi-
mately the average composition of fraction ITIA.
Yield of the monomer, 1,3-butadiene, in experi-
ment 51is 1.515 percent ; however, considering other
experiments, this yield varies from 2.27 for experi-
ment 1 to 0.67 percent for experiment 9.
Fraction I11B could not be analyzed in the mass
spectrometer, and no determination was made of
its average molecular weight. On the basis of
the same arguments given in the case of polyiso-
prene, this fraction most likely consists of the
dimer of butadiene and in the form of vinyl
cyclohexene, which is the analogue of dipentene:

/CHz—CEg
CH;=CH—-CH CH
VA
CH;,—CH
Vinyl cyclohexene.
/CHz'— ng
CH2=C(CH3)—CH C'(CH3).

CH,— Cﬁ

Dipentene.
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TaBLE 8. Mass-spectrometer analysis of fraction IT1A obtained in the pyrolysis of polybutadiene

|
Experiment number.....___________________ 1 3 4 b ’ 6 7 9 10 12 5
Temperature of pyrolysis, ® C....._......_. 350 400 400 401 401 425 450 450 500 1?0‘;{’[’5"31
Part pyrolyzed, percent 6.1 18.5 19.8 23.1 ‘ 32.6 46.3 85.6 6.3 99.7 pc.;rcggtt:lge
- ! pyrol yy%t
Molecu- part, 'w‘euz
Component lar Mole percent percent
weight
Ethylene_.. . ... _______ 28.0 R 4.9 6.0 7.3 7.5 11.6 8.4 1ilslyy 13.0 0.166
Ethane_ .. _____________________ 30.0 0.8 5.0 5.1 8.5 11.1 14.6 18.5 16.5 17.2 . 208
Propadiene__.___________________ 40.0 i e I 1.0 0.9 . 0.8 1.2 .032
Propylene. ... ... 42.0 3.8 9.2 9.3 5.8 8.1 16.8 14.6 14.9 9.4 .198
PTODANC S 44.0 0.9 1.3 1.5 4.2 5.8 5.4 9.8 8.0 it 151
1,3-Butadiene_._____.____________ 54.1 58.9 40.9 42.2 34.4 26.7 28.2 13.2 20.7 22.1 1.515
Butenes_ ... ______________ 56.1 1.7 21.3 19.3 26.1 26.1 14.5 23.6 16.5 12.4 1.190
Butanes. ... ... __ 58.1 1.0 2.2 2.0 2.9 3.9 4.0 6.1 5.1 5.1 0.138
Cyclopentadienes _______________ 66,1 2.6 1.6 1.3 0.7 0.4 0.4 0.1 0.3 0.4 037
Pentadienes_.._.._.___.________ 68.1 8.5 6.2 6.1 4.2 3.3 1.2 1.0 1.6 3.1 .233
Pentenes. .. coccoocmoooaoeoao 70.1 1.0 3.5 3.1 3.4 3.3 2.1 2.4 3.0 3.2 .194
Pentanes_ ... .. .____. 72.1 . 1.0 1.1 15 1.6 1.2 1.5 457 1.7 . 088
Cyclohexadienes......__.._._____ 80.1 3.6 0.4 0.5 o R S, - . =
Hexadienes._ .. 82.1 7.2 2.2 2.3 [ oo . 0.3 [
Hexenes_.._____._..___ FAR, 84.1 0.1 0.2 0.2 - X . B 4 |
|
Total oo s 100. 0 100.0 100.0 100.0 100.0 100.0 100. 0 100. 0 97.2 4.15 |
CO e 28 ——en gy ——r Seey . . S 6.3 —— S
(6 ) 4 44 21. 2 8.8 8.6 0.5 - 0.3 0.2 e 0.7 s

a In addition to the components indicated here, there were also 1.4% heptadienes and 1.4%, vinyl cyclohexene.

The gaseous fraction (IV) was also analyzed
in the mass spectrometer. As in the case of the
other polymers, this fraction consisted chiefly of
CH, mixed with some CO, N, 0, and CO,.
Actual analyses of this fraction were made for
experiments 1, 4, 5, 6, 9, and 10. Values for the
other experiments were interpolated from the
experimental values. Yield of CH, in percentage
of total pyrolyzed part is fairly constant and is
equal on the average to 0.29 percent of the total
pyrolyzed part (table 7).

The wax-like fraction (II) was soluble in ben-
zene, but not in cyclohexane. Molecular weight
determination of this fraction by the micro-
freezing-point-lowering method was, therefore,
carried out in benzene. The results are given in
table 9. The average of six determinations is
739, signifying that the average fragment in
fraction II consisted of about 13 to 14 monomers.
The residue was not soluble either in benzene or
cyclohexane.

The peculiar behavior of polybutadiene in
giving on pyrolysis lower yields of fraction III
at temperatures above 425° C, is undoubtedly
due to spattering, which was observed to take
place when the tray was heated too fast. In this
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case incompletely pyrolyzed material reached the
condenser. As a result, the yield of fraction ITI
was reduced, and fraction Il acquired a higher
average molecular weight. Turning back to
table 9, we see that the molecular weight of
fraction II is greater for temperatures of 450°
or above than for temperature below 450° C. In
the case of polysiobutene, in experiments 14 and
15, table 1, the temperature of pyrolysis was
450° and 460° C, respectively, but no spattering

TaBLE 9. Average molecular weight of wax-like fraction
(II) obtained in the pyrolysis of polybutadiene
TFreezing
Temper: Part int Molecular
Experiment number | atureof | 4T il pad
pyrolysis | PY rolyzed lgf“ ((: rui?s weight
°C % ° 0
401 23.1
401 32.6 } L aLy
425 46.3 .60 666
450 80.6 .48 788
450 85.6 30 772
450 86.3 67 726
477 99.1 60 784
_______________________ 739

s Molecular weight determination was made on the combined fractions
II from experiments 5 and 6.
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occurred, because most of the material was
pyrolyzed before these temperatures were reached.

VII. Pyrolysis of GR-S

GR-S, consisting of 75 percent of butadiene and
25 percent of styrene, was dissolved in benzene
and precipitated with methanol. This was re-
peated several times and the precipitate freed from
methanol and dissolved in benzene. Results of
pyrolysis and fractionation of nine samples are
shown in table 10. Here, as was the case with
polybutadiene, the yield of fraction I1I stays con-
stant at lower temperatures, then drops at 426° C
or above. The average of the constant for the
first five experiments is 11.8 4-0.4 percent of the
total pyrolyzed part. Fraction 111 was separated
into fractions IITA, yield 3.93 percent, and 111B,
yield 7.9 percent. Mass-spectrometer analyses of
fraction IITA for all nine experiments are shown
in table 11. These analyses resemble very closely
those obtained for fractions ITIA from polybu-
tadiene. Apparently, styrene and toluene, which
are decomposition products in the pyrolysis of
polystyrene [1], were retained in fraction I111B, due
to their low vapor pressure at —75° C. According

TapLe 11

Tasre 10. Pyrolytic fractionation of GR-S

Fractions in weight percent
of original sample Fraction
o Weight| Tem: ggeixrllt
rlr)l(:errlxt of sa%n- pera- lt)i%rna' \YIOIn_ 111 IV page of |
num-| ple ture I | volatile| Volatile| Gas- total |
ber Resi- o T at room| eous |pyrolyzed
due temper-| temper-| frac- part
ature ature | tion
Quaas e |
mg °C | min }
1 52.7 352 30 93.1 6.1 0.8 trace [11.6
2 45.5 375 30 80.1 17.8 2.0 0.05 [10.0 |
3 46.3 375 30 62.2 32.9 4.8 .10 12,7 |
4 41.0 400 | 30 4.5 48.3 7.1 .13 12,8
5 4.7 400 ‘ 30 43.5 49.6 6.8 .12 |12.0
|
6 59.3 426 ; 30 28.3 65.3 6.2 5 |87
7 51. 6 450 | 30 5.4 87.4 7.0 .16 7.4
8 46. 5 450 | 30 0.3 93. 6 5.9 o W 5.9
9 | ar8 | 455 | 30 | .4| 027 | 67 | .17 |67
|
Average of fraction III in percentage of total pyrolyzed part
for experiments 1 to 5, inclusive.__._______________________ 11.8 0. 4

to Stull’s table [11], the temperatures at which
styrene and toluene have a vapor pressure of 1 mm
are —7° and --26.7° C, respectively. In GR-S
pyrolysis, as in the case of polybutadiene, the con-
tent of 1,3-butadiene drops, and that of most of
the other significant constituents of fraction ITTA
rises with rise in temperature. Composition of

Mass-spectrometer analysis of fraction I111A obtained in the pyrolysis of GR-S

|
| [ [ !
Experiment number_____.___________________ 1 ‘ 2 3 4 } 5 ‘ 6 | 7 } 8 \ 9 5 |
Temperature of pyrolysis,°C______________ 352 [ 375 375 400 400 426 l 450 | 450 | 455 ‘ComponentS:
| | in |
Part pyrolyzed, percent.___________________ 6.9 | 19.9 37.8 | 55.5 ’ 56. 6 ‘ 7Rl 94. 6 ‘ 9.7 | 99.6 percentage |
I | of total |
- o pyrolyzed |
Molec- 123y
Component ular Mole percent weight
| weight percent
|
- - - :
Ethylene______________ _________ 28.0 3.5 4.8 | 8.1 i‘ ikl l 11.5 ‘ 11.4 i 12.6 2.6 10.9 0. 266
Ethane .. 30.0 1.4 1.8 6.0 9.8 | 10.6 10.0 | 1.3 2.7 12.0 . 263
Propadiene_ R 40.0 0.4 ‘ 0.2 0.2 0.5 0.4 ‘ 0.7 | (O S I | 0.8 .013 |
Propylene____________ . 42.0 4 | 1.8 | 8.3 7.9 9.9 | 4.7 | 4.9 10.4 | 9.1 . 344 |
Propane__._____________ R 44.0 1.7 % 2.2 | 2.7 4.4 49 | 42 | 58 4.5 5.7 a1 |
|
1,3-Butadiene____________________ 54.1 63.3 | 639 | 577 43.8 42.6 | 43.9 36. 6 38.5 38.6 1. 906
Butenes_ ... _________________ 56. 1 8.8 ‘ HIST 13.5 13.6 13.8 | 16.1 15. 6 13.0 12.7 0. 634
Butanes______ ~ 58.1 3.3 | 1.3 | 1.5 3.2 2.8 | 2.6 3.1 3.5 3.7 L134
Cyclopentadienes. . __ 66. 1 1.7 1.5 0.1 0.3 0.2 0.5 0.7 0.2 0.3 .011
Pentadienes_ . ______ 68.1 6.7 7.0 | 9 2.6 1.2 2.3 3.5 1.7 2.4 . 058
Pentenes. ... 70.1 1.0 1.2 i 18 1.2 24 | 3.1 1.6 g 069
Bantanecs SanEu i IeEs pes ey (723 S ST | . | .3 1.0 0.9 1.1 1.3 1.4 . 054
1,3-Cyclohexadienes R 80.1 4.5 ) S I (U U R (12 N S (R
Hexadienes - 82.1 3.0 116 T R | R 0.2 R T (Ehl il cemaee
Hexenes. ... 84.1 0.3 0.2 | —cooe | e | eeees .1 2l s I
(R0 o] S | R 100.0 100.0 | 100.0 100.0 100. 0 100. 0 100. 0 100. 0 100.0 3.930
(€03 TN R 44 29.0 9.1 1‘ 9.9 12.8 7.9 0528 6.0 (7SI S
Bengene ... ____: ___~__ | _—_.._ 0.4 07522 S| S | | = ST | RS | R S e
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fraction IITA in percentage of total pyrolyzed part
is shown in the last column for experiment 5,
which seems to have about the average percentage
of components for all the experiments. The yield
of butadiene, according to this table, is 1.906 per-
cent for experiment 5. Considering the other ex-
periments, this yield varies from 2.14 percent for
experiment 1 to 1.71 percent for experiment 9.
Although in the case of pyrolysis of polystyrene,
fraction III, which consists mostly of styrene,
could be analyzed in the mass spectrometer, frac-
tion ITIB from pyrolysis of GR-S could not he
similarly analyzed, because of the complexity of
the spectrum arising from the presence in this
fraction of the dimer of butadiene, presumably
vinyl cyclohexene.

The gaseous fraction was analyzed in the mass
spectrometer only for experiments 2, 4, 5, and 9.
The other values were interpolated from those
determined experimentally. The results are shown
in table 10. The average yield of CHy is 0.19
percent. Fraction II was only slightly soluble in
cyclohexane, but soluble in benzene. Results of
molecular weight determinations for four experi-
ments are shown in table 12. The average mole-
cular weight is 712, corresponding approximately
to a composition of eight to nine units of butadiene
and three units of styrene per fragment. Fraction
I was soluble in cold or hot benzene, but not in
cyclohexane, cold or hot.

TaBLE 12. Average molecular weiyht of the wax-like frac-
tion (I1) obtained in the pyrolysis of GR-S

Freezing
Temper- :
i . i Part py- point Molecular
Experiment No. :\L:x(l)loolfb rolyzed lowering weight
DYIOE of CsHy
e/ % °.C.
375 37.8 0. 60 707
400 56. 6 . 60 726
426 vty .57 687
450 94. 6 .50 728
,,,,,,,,,,,,,,,,,,,,,,, 712

VIII. Pyrolysis of Polyethylene

The polyethylene used in this investigation was
a pure-grade polymer having an average molecular
weight of about 20,000. It could not be dis-
solved in the ordinary solvents and was used in
the form of a suspension in benzene. Polyethylene
proved very resistant to thermal decomposition.

Pyrolysis of Hydrocarbon Polymers

Pyrolysis started at 360° and was almost complete
at 475° C. The results of 13 experiments are
shown in table 13. Here the yield of fraction ITT
was very small, the average being 3.4 +0.5 per-
cent of the total pyrolyzed part. There is a
considerable variation from this average in the
individual experiments, but this is to be expected
in view of the fact that the weight of the liquid
fraction was only 0.25 to 1.5 mg, and the accuracy
of weighing was not better than 0.05 mg. Dur-
ation of experiments at maximum temperatures
varied from 30 to 90 min.

TasLe 13.  Pyrolytic fractionation of polyethylene
Fractions in weight percent
of original sample
A Fraction
. - o III in
il‘l’ i ‘(}f"’m ])t:’:: Dur-| I 11 111 IV |percentage
sl Pera= 4 tion Non- (yrn1a¢i Yoo of total
ment | sample | ture volatile Volatile| Gas- yyrolyzed
Num- TE Pl “lat room| eous py ol
Hee Resi- at room by part
yer due |temper- temper-| frac-
ature | ature | tion
S = y,_._ —
mg °C. | min. |
1 54.3 360 30 98. 6 1.3 0.1 Trace| 7.1
2 71.9 400 60 87.8 11.6 0! _do._| 4.9
3 54.5 401 30 85.2 13.9 .9 |___do 6.1
4 56. 6 405 30 | 76.5 23.1 .4 _do..| 1.7
5 67.2 405 60 | 83.0 16.3 Gl do 4.1
6 57.6 405 30 82.4 16.8 .8 _do._| 4.2
7 57.6 405 90 78.9 20.6 .5 do..| 2.4
8 65. 5 429 30 29.7 67.9 2.4 _do__.| 3.4
9 59. 1 429 30 37.3 61.6 1501 do..| 1.8
10 56.0 430 60 29. 4 68. 4 2.2 _do 3.1
11 59.9 431 60 1154 86.1 2.5 do 2.8
12 64. 6 431 90 | 6.1 91.3 2.6 |...do..| 2.8
13 36.4 475 30 f 1.4 95.5 3.1 do..| 3.1
|
Average fraction I1I in percentage of total pyrolyzed part
for all experiments except 1.____________________________ 3.440.5

Fraction I1T was divided into fractions ITTA
and IIIB in the manner described above. Mass-
spectrometer analyses of fraction ITTA for four
experiments are shown in table 14. Polyethylene
is unique in the sense that the macromolecular
chain is devoid of any marks indicating the mono-
meric units from which it is built. Thermal
decomposition, according to table 4, seems to
follow a random pattern giving rise mostly to
straight chain paraffins and monoolefins. It is
likely that fractions IIIB and II consist of the
same types of molecules, except that they are
longer. The four analyses shown in table 14
resemble each other very closely, in spite of the
fact that the temperature of pyrolysis varied
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TasLE 14. Mass-spectrometer analysis of fraction IIIA obtained in the pyrolysis of polyethylene
Experiment number_._____._______.____________ ! 4 | 9 10 13 Average of
q ‘ experiments | _Average
Temperature of pyrolysis, °C___________________ | 405 ‘ 429 430 475 . component
4to13, :
| inclusive | Il Dercentage
Part pyrolyzed, percent. 23.5 62.7 70.6 98.6 of total
pyrolyzed
B part, weight
olecular percent,
Component weight Mole percent
Ethylene___ 28 4.8 4.0 4.1 4.2 4.3 0.025
Ethane_____ 30 14.3 13.4 10.9 11.2 12.4 .076
Propadiene._ 40 ) e e 0.3 . 002
Propylene.. 42 | 3.7 10.8 6.1 5.2 . 045
Propane____.______________________ 44 15.3 10.3 16.2 17.5 14.8 . 136
Butenes_._________________________ 56.1 24.5 25.8 22.7 25.4 24.6 . 282
n-Butane___ S 58.1 16.8 22.1 18.6 18.7 19.1 .225
Pentadienes_______________________ 68.1 | ... 0.3 0.4 0.9 0.4 . 005
Pentenes__________________________ 70.1 8.3 8.4 6.7 6.7 7.5 .108
n-Pentane_________________________ 72.1 6.8 7.7 6.2 3.9 6.2 091
Hexadienes________________________ 82.1 0.8 OF SRR PSS R 0.3 . 005
Hexenes___________________________ 84.1 3.5 2.7 2.4 4.1 3.2 . 056
n-Hexane___ - 86.1 1L, 1ol 0.8 1.3 1.2 .022
1-Heptene_. S 98.1 0.5 0.1 2| SRR 0.2 . 004
n-Heptane________________________ 100. 1 1.6 ) S I .4 . 008
Total _______ | ... 100.0 100.0 100.0 100.0 100.0 1l
COp 44 0.3 356 M| SR P2 I s e e S

from 405° to 475° C., and the extent of decomposi-
tion varied from 23.5 to almost 100 percent. The
average composition of fraction III in percentage
of total pyrolyzed part is shown in the last
column of table 14.

Fraction IIIB can be assumed to consist of
paraffins and olefins containing 8 to 15 carbons in
the chain. The gaseous fraction contained only
a trace of CH,. The wax-like fraction (II) was
quite insoluble in cold benzene, although soluble
in hot benzene. The average molecular weight
of this fraction was determined by the microfreez-
ing-point-lowering method in camphor. The re-

ABL . verage molecular wei, of waa-like fraction
TasLE 15. A lecul ght lik t
(ZI) obtained in the pyrolysis polyethylene
Temper- | poy Fé%eﬁli?g Molecul
Experiment number | ature of i e L
- | pyrolyzed | lowering weight
pyrolysis of camphor
°cC % °C
405 17.0
405 17.6 } =i o
429 70.3 5.4 691
430 70.6 _
431 88.6 } 0 &
429 62.7
431 93.9 } (0 4
_______________________________ Average___ 692
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sults are shown in table 15. The amount of
material in fraction II was too small in most
experiments, and it was found necessary in some
cases to combine the yields from two experiments
for a molecular-weight determination. The aver-
age of four determinations was 692, corresponding
to an average straight-chain hydrocarbon frag-
ment of about 50 carbons. The residue was a
horny substance insoluble in cyclohexane or
benzene, hot or cold.

IX. Discussion of Results

It was shown in the course of this investigation
that fractionation of the volatile products of
pyrolysis facilitates the analysis of the products
whether by means of the mass spectrometer or
by other means. One striking result of this inves-
tigation is that in the case of polyisobutene and
polyisoprene the yield of the monomer is practi-
cally constant within a wide range of temperature,
duration of experiment, amount of sample used,
or extent of pyrolysis. The same was found true
in the pyrolysis of polystyrene [1]. In the case
of polybutadiene the yield of the monomer de-
creases markedly with the rise in temperature of
pyrolysis. As to polyethylene, one cannot speak of
a monomer, because the macromolecular chain does
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not have any distinctive marks to indicate the unit
from which it was built. Nevertheless, the rela-
tive amounts of small fragments up to about eight
carbons remains fairly constant through the range
405° to 475° C.

It was pointed out in the previous paper that
pyrolysis of polymers, unlike molecular distilla-
tion, is a very slow process. Although in the latter
case only distillation is involved, in the case of
pyrolysis, distillation follows fragmentation, and
the rate of the combined process is necessarily
that of fragmentation. In view of this, the vapor
phase will be very unsaturated, even with regard
to the larger fragments at the high temperatures
employed and will, therefore, not be very sensi-
tive to the total pressure. On comparing [1] the
work of Staudinger and Steinhofer, who pyrolyzed
polystyrene at a pressure of 0.1 mm Hg, with that
of Madorsky and Straus, who used a pressure of
about 107% it was found that the results were
about the same, the yield of the monomer being
43.5 and 40 percent of the total pyrolyzed part,
respectively. A comparison of the yield of iso-
prene obtained in this investigation with those
found in the literature, is given in table 16. The
yields are shown in percentage of total pyrolyzed
part. There seems to be a good agreement be-
tween the yield obtained in the present work with
that obtained by Staudinger and Fritschi, at a
pressure of 0.1 to 0.3 mm, or even with that of
Staudinger and Geiger at a pressure of 1 atm,
the values being 5.15, 4.9, and 4.2 percent, re-
spectively. The yield obtained by Wall, who
worked at a temperature and pressure comparable
to those used here but used samples of only 1 mg,
is in good agreement with the present work on syn-

thetic polyisoprene, 5 percent, but not for natural
rubbers, where the yield was 2 percent. The yield
obtained by Midgley and Henne, who worked at
a temperature of 700° C and at atmospheric
pressure, was twice that obtained by Staudinger
and coworkers, or by us. Particularly interesting
are the results of Bassett and Williams, who
studied the effect of rate of heating on yield.
The yield of isoprene was increased in their work
from 8.3 percent, when the heating rate was slow,
to 12.9 percent, when the heating was fast. On
dropping 1-g pieces of rubber on a hot metal sur-
face maintained at 600° C, the yield of isoprene
was raised to 19.2 percent.

Yields of the various fractions obtained in
pyrolysis are summarized in table 17, and the
average molecular weights of these fractions are
summarized in table 18. Polystyrene is included
in these tables for the purpose of comparison.
Even in the case of polybutadiene and GR-S,
where composition of fraction IITA varies with
temperature, the average molecular weight of the
fraction as a whole is practically constant through-
out the temperature range. In table 18, the
values for fractions II, IITA, and IV were deter-
mined experimentally, whereas those for fraction
ITIB were estimated on the assumption that it
consisted of a mixture of hydrocarbons with 8 to
15 carbons.

Fraction III contains the monomer, as well as
the other small fragments, of pyrolysis. The yield
of this fraction can be used as an indication of

relative fragmentation of polymers during pyro-

lysis. In this respect, the polymers, as seen from
table 17, fall into three groups: (1) polystyrene
and polyisobutene; (2) polyisoprene, polybuta-

TaBLE 16.  Yield of isoprene in the pyrolysis of natural and synthetic polyisoprene
Comparative results obtained by various investigators
Investigators I;;fg- Polymer Temperature ﬁzﬁ%’; | Pressure “églglgfieor g&ﬂ%gg
o mm g %
Present work __________________ | Synthetic polyisoprene______________ 300 t0 400 | Slow__________ 10 -6 0.050 5.15
Staudinger and Fritschi._._.__.______ [4] | Natural rubber______________________ 27510320 | ... (] ONSEN—— 0.1t00.3 170 4.9
Staudinger and Geiger__..___________ [6] [----- G O S T 2300 t0 400 |_____ dosoocooo 760 100 4.2
Wall e [9] | Synthetic polyisoprene_.____________ 400 | do_.__._... 10 -3 0.001 5
1) S [O]R] B alata S 4008 S22 doszsszisis 10 -3 .001 2
() () S — [9] | Natural erepe. ... _____________ 400 |._.. do.. ... 10 -3 . 001 2
Midgley and Henne__.___.__.________ [6] |-—--- (s ) O ) 700 | Fast__________ 760 7,200 10
Bassett and Williams________________ [7] | Smoked crepe. ... .. ________. 580 | Slow._________ 760 250 8.3
) O ey S e [y a—— O S S s 650 | Fast-_.______. 760 250 12.9
DO 7 e {1 SO S e 600 | Very fast.____. 760 100 19.2
a Temperature of pyrolysis is not given for this experiment. It was estimated to be in this range from the description.
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Tasre 17. Summary of pyrolytic fractionation of hydro-
carbon polymers (average values of fractions)
Fractions in percentage of pyrolyzed part
Polymer | | -
| mB |ma | M= v Yiedof
lile liquid [liquid 11IB CHy monomer
Polystyrene ______ 57.8 e . 42.1 0. 10 40. 00
Polyisobutene____| 68.3 9.5 22.0 315 .22 20.15
Polyisoprene ____| 88.7 5.6 5.7 11.3 .02 5.15
Polybutadiene____| 85.7 | 9.8 4.2 14.0 .30 0. 67 to 2. 27
GRSEEI SRR 88.0 7.9 3.9 11.8 ~19 1.71 to 2. 14
Polyethylene_____ 96. 6 2.3 1.1 3.4 TrACE | ISR
TapLE 18.  Average molecular weights of fractions obtained
in the pyrolysis of polymers
Average molecular weights of
fractions—
Polymer
I ‘ IIIB ‘ IITA IV
Polysiyrencuisssesusia e 264 | _____ 2 103. 22 16
Polyisobutene_ - ______________ 543 150 57.12 16
PolyiSopreneiseess e nsseee 577 150 68. 45 16
Polybutadiene__ | 739 150 51. 00 16
GR-S___________ -l 712 150 47.88 16
Polyethylene ________________ 692 150 53. 06 16

a In the case of polystyrene, fraction III was not divided into IITA and
11IB, so that 103.22 is the average molecular weight of fraction ITI.

diene, and GR-S; and (3) polyethylene. Frag-
mentation, or the relative number of scisions occur-
ring in the chain during pyrolysis will be deter-
mined, on the one hand, by the frequency of low
energy carbon-to-carbon bonds in the chain and,
on the other hand, by the steric hindrance to the
escape of fragments caused by side chains. Con-
sidering the structural formula of the various
polymers studied, we find that in those of group 1
every carbon-to-carbon link has a lower energy
than the ordinary link. Thus, in polystyrene
every C—C link in the chain is in g position to a
double bond

0000

In this as in the structural formula below, dots
indicate low-energy C—C links. Similarly, in the
case of polyisobutene, every C—C link in the chain
is weakened by the side chains attached to every
other carbon in the chain
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C C C

| | i |
C C C C

In the polymers of group 2 every fourth C—C
link in the chain has a lower energy because of
being in the B position from a double bond.

C C C

| |
—C~0:0—C;C—C=C—c;c—é=c-c—

Polyisoprene
—C—C=C—C-C—C=0C—C—C—C=C—C—
Polybutadiene

For polyethylene, group 3, al the C—C links
have the normal amount of energy.

Relative thermal stability of polymers is illus-
trated in figure 2, where percentage of pyrolysis
is plotted against temperature. Only those exper-
iments that were of 30-min duration at the maxi-
mum temperature of the particular experiment,
are plotted. The order of stability here is as
follows

polyethylene=polybutadiene >GR-S>

polystyrene > polyisobutene >polyisoprene.
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Frcure 2. Thermal decomposition of polymers.

O, Polyisoprene; X, polyisobutene; @, polystyrene, @, GR-S; A, polybuta-
diene; A, polyethylene.
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This order is in agreement with that found by
Seymour [8].

On examining the mass-spectrometer data for
fraction I1TA obtained from polyisobutene, table 2,
we find that, it consists, on the average, of 92.2

mole percent of isobutene, 6.0 percent of neopen-
tane, and 1.6 percent of isobutane. The isobu-
tene could form by splitting off from a free-radical
end of a chain in this fashion

7

—C-(CHy) A CH;2C.(CHy) -2 CH;2C.(C 1{3)2101{2—':_10.(01{3%20 [

—C:(CH)s L CH;2C-(CHy) s> CH;AC.(CHy)y> CH 2+ C.(CHy)y- C H,

Neopentane could be formed by first splitting
off as a free radical at position 5 instead of 6 and
then picking up hydrogen from the surrounding
macromolecules. Isobutane could form from iso-
butene through saturation with hydrogen from
the surrounding molecules.

In fraction III from polyisoprene, mass-spec-
trometer analysis, table 5, shows it to consist of
90.8 mole percent of isoprene and 4.6 mole per-
cent of pentenes, the rest being small amounts
of mono- or diolefins and ecyclodienes. All of
these could form by splitting off from a free-
radical end of a chain and transferring the free
radical to the chain. For some reason no saturated
compounds are found in this fraction.

Thermal decomposition of polyisobutene, poly-
isoprene, and polystyrene, judging from the com-
position of their respective fractions I1TA and 111,
follow simple patterns, consisting almost entirely
of monomers, dimers, trimers, ete. In the case
of polybutadiene, GR-S, and polyethylene, the
decomposition patterns are rather complicated.
In the decomposition of polybutadiene and GR-S,
the yield of the monomer varies from about 60
to about 20 mole percent of fraction II1TA, the
other constituents being mostly straight chain
paraffins, mono and diolefins, and to a small extent,
cyclodienes. The drop of monomer yield with
rise in temperature was observed only in the case
of polybutadiene and GR-S. This drop may have
been due to an increase in the content of the dimer,
presumably, vinyl cyclohexene, at the expense of
the monomer, with increase in temperature of
pyrolysis. However, this should have been fol-
lowed by a corresponding increase in fraction
IIIB at the expense of IITA. The work done on
the separation of fraction III into ITTA and II1IB
is insufficient to draw a definite conclusion in
regard to the last point. This problem of mono-
mer-dimer ratio in the case of pyrolysis of poly-
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Isobutene

butadiene (also GR-S), is tied up with a similar
problem of isoprene-dipentene ratio in the pyrol-
ysis of polyisoprene and requires more work for
its clarification.

In the pyrolysis of polyethylene very little of the
small fragments is obtained. Fraction III ap-
pears to be constant throughout the temperature
range studied. Judging from the composition of
fraction IITA, the fragments consist of straight-
chain paraffins and monoolefins and traces of
diolefins. The most abundant constituents are
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Mass spectra of fractions II1T or I1TA obtained
in the pyrolysis of polymers.

Ficure 3.

Ordinates are on a scale of 100 for the maximum peak.
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butenes, followed by n-butane, n-propane, and
n-ethane.

Pyrolytic fractionation of polymeric substances,
in conjunction with mass spectrometer analysis of
the light fractions, offers an easy, quick, and
dependable method for the analysis of these sub-
stances. Each polymer gives a characteristic
spectrum in the mass range up to about 105, as
shown in figure 3. With the further development
of the mass spectrometer and the extension of its
range to higher masses, this new method should
prove valuable not only in the identification and
determination of purity of polymers and copoly-
mers, but in the study of their structure and
properties as well. By connecting the pyrolysis
apparatus directly to the mass spectrometer,
analysis of the more volatile fractions could be
further facilitated and expedited.

The authors express their indebtedness to F. L.
Mohler for many helpful suggestions; to R. M.
Reese, who operated the mass spectrometer; and
to M. Tryon, who purified most of the polymers
used in this work.
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