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FOREWORD

This report was prcpared by the National Bureau of Standards
under WADC Order No. f33-616) 58-8, Project No. 7340: "New Chemi-
cals and Methods". The work was administered under the direction
of the Directorate of Materlals and Processes, Deputy for Technol-
ogy, Aeronautical Systems Division.

This report, "Thermal Degradation Studies of Polymers at High
Temperatures", which covers the work carried out from February 1,
1960 to April 16, 1961, is divided into two Sections.

Section A. This Section, "Thermal Degradation of Polymers Up
to 1200°C™, was prepared by S. L. Madorsky and S. Straus of the
Polymer Structure Sectlon of the National Bureau of Standards. The
present report represents the termination of this portion of the
progject.

Section B. This Section, "Degradation Studies of Mass Spec-
trometer Technlques", was prepared by Morton E. Wacks and Vernon
H. Dibeler of the Mass Spectrometry Section of the National Bureau
of Standards. This portion of the project is being continued into
the next year.
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ABSTRACT

~Section A: An 1lnvestigation was made of the thermal degrada-
tlon of polydivinylbenzene and a series of copolymers of styrene
with divinylbenzene and with trivinylbenzene in the temperature
range 346 to 450°C. One phase of this investigation involved a
study of the relative thermal stablllty of these polymers and co-
polymers and of the qualitative and quantitative compositions of
the degradation products. Another phase conslsted of a study of
rates and activation energles of thermal degradation of these mater-
ials. The regults indicate a gradual Increase of thermal stability
of the copolymers as the amount of the crosslinking agents, divinyl-
benzene or trivinylbenzene, is increzsed. An investigation was also
made of thermal degradation of polystyrene, polymethylene, polytetra-
fluoroethylene, poly-a-methylstyrene, polypropylene, polylsobutylene,
and poly(methyl methacrylate), at temperatures up to 1200°C, 1in a
vacuum and 1n helium at atmospherlc pressure.- The pyrolysis produce
a greater fragmentation of the degradation products.

'Sectlon B: ‘“Instrumentation for the study of the basic pro-
cegsses occurring in the thermal degradation of organic material
has been declded upon and obtalned.. Exlstling equlpment has been
modified to complement the newly acqulired equipment. With this
instrumentation the 1nitial stages of degradation are to be studled.
Some tests and specifications on the newly acquired Bendix Corpo-
ration time-of-flight mass spectrometer are discussed.

PUBLICATION REVIEW
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SECTION A

THERMAL DEGRADATION OF POLYMERS
AT TEMPERATURES UF T0 1200°C*
S. L. Madorsky and S. Straus

Polymer Structure Section
National Bureau of Standards

I. INTRODUCTION

The previous annual reportl describes some studies on the
thermal degradation in a vacuum of copolymers of styrene (St) with
divinylbenzene (DVB) or with trivinylbenzene (TVB) in the tempera-
ture range of 346° to 450°C, also on the pyrolysis of simple vinyl
polymers up to 1200°C. The main objectlve in the studies on co-
polymers was to determine the effect of crosslinking agents such
as DVB and TVB on the thermal stabillty of polystyrene. The <o-
polymers that were studled had the following compositions in
weight percent: 9BSt - 2DVB; 758t ~ 25DVB; 525t -~ A8DVB; 44S% -
56DVB, and 755t - 25TVB. Using a previously described method”
of evaluating the relative thermal stabllity of a polymer, 1t has
been found that the presence of 2% of DVB does not change aprre-
clably the thermal stabllity of polystyrene. The additlion of
25% increases the thermal stability by about 9°C. Additlons of
48% or 56% DVB, or of 25% TVB, increase the thermal stabllity by
27°-35°C. 1In additlon tc these copolymers a study has also been
made previously of pyrolysis of polymethylene in a vacuum and 1in
helium in the temperature range 330° to 1200°C. The results in-
dicated that the higher the temperature and pressure of pyrolysis
the greater was the fragmentation of the degradatiocon products.

All these studies have been extended and amplified during the
past year to include not only the nolymers and copolymers indicate
above but also the following additilonal polymers: Polydlvinyl-
benzene (PDVB), polystyrene, polytetrafluorcethylene, poly-a-methyl-
styrene, polypropylene, polyisobutylene, and poly(methyl methacrylate).
The findings and concluslons of these gtudles are described in this
report.

Modt carbon-chaln polymers begin to lose welght appreclably
when heated in a vacuum in the temperature range 200° -
300°C, although polytetrafluoroethylene, which 18 the most

*Manuscript released by authors June 15, 1961, as an ASD
Technical Report 59-64 Pt III.




and used an arbitrary scale for megsuring the relative thermal
stabllity of thls type of polymer.< This scale 18 based on a tem-
perature of half life, deslgnated as Ty, which 18 defined as the
temperature at which a polymer loses half of 1ts welght in 30 min
of heating in a vacuum. For example, poly-a-methylstyrene, poly-
(methyl methacrylate), polyisobutylene, polystyrene, polymethLylene,
and polytetrafluoroethylene have T ya&ues of 286°, 327°, 348°,
364°, 4L14°, and 509°C, respectively.2~% However, polymers such

as polyacrylonitrile or poly(vinylidene fluorides, which develop
double bonds or crosslinks or both during pyrolysis, or a polymer
like polytrivinylbenzene, which 18 highly crosslinked to start
wlth, do not vaporize completely even at temperatures far above
500°C; dbut instead they form more or less completely carbonized
residues.” The Tj scale could not be used as a rellable measure
of the relative thermal stabllity of these crosslinked polymers.

A more appropriate scale of comparison in this case would be a
measure of the amount of carbonacegus residue and the extent of
carbonization of this residue,.

The overall effect of a higher temperature of pyrolysis in
a vacuum is that there 1s a greater fragmentation of the volatile
products of decomposition. A similar effect is produced when the
polymer is heated in a neutral atmoaphere, such as helium. Pyrol-
yals studies in an air atmosphere have been avolded because the
reaction of oxygen with the prcoducts of degradation would make 1t
very difficult to interpret the purel!y thermal effect on the
degradation of the polymers.

- h o) ™ ~
I1I. EXFERIMENTAL

1. Apparatus and Procedures

Studies on the thermal degradation of PDVB and of copolymers
of DVB and TVB wlth St consisted 1n pyrolyzing these materials,
determining their relative thermal stabllity, and making Qualita-
tive and quantitative determination: of the products of degradation.
In addition, the rates of thermal degradatlon were measured at var-
jous temperatures, and the overall s&ctivatlon energles of degrada-
tion were calculated on the basla of these rates by means of the
Arrhenius equation. Studles on the thermal degradation of the
simple vinyl polymers 1nvolved only pyrolysis of these materials
at temperatures up to 1200°C and analysis of the volatile products
of degradation.

Btable of such polymers, does not begln to lose welght apprecilably
until about %00°C. However, all these polymers vaporize almost
completely when heated above 500°C. We have previously chosen

18]




The apparatus used in the pyrolysis studles was the same as
that used in thf pyrolysis of polytrivinylbeniene (PTVE) and
other polymers, Samples welghing 15-30 mg were heated in a
vacuum by quickly moving a preheated furnace into position sur-
rounding the sample for pyrolyeis. At temperatures vbelow 500°C
a b-min period was used to heat up the sample from room tempera-
ture to the temperature of pyrolysls, followed by a 30-min period
at the pyrolysis temperature. Fluctuation of the final temperature
was 32°C., The resldues were weighed, and the volatile products
were collected and fractionated. The followlng volatillzed frac-
tions were obtalned: a) & wax-llke fraction, designated as V R
volatlle at the temperature of pyrolysis, but noc at room temB¥§~
ature. 7Tt consisted of large molecular fragments deposited 1n the
apparatus just beyond the hot zone; b) a light fracticn, Vag, vol-
atlle at room temperature, collected in a lliquid-nitrogen-cooled
trap; and c) a paseous fractlon, V_3jgo, not cordensable at the
temperature of liquld nitrogen. In 8ome cases a fractlon, V_ 0’
volatile at the temperature of dry lce, was also collected. gnaly-
8ls of fractions Vpy, V_gg, and V—19O was made by means of a mass
spectrometer,

The rates of thermal degradatlior. were measured in a vacuum
by a gravimetrlic method, which makes use of a very sensitive
tungaten spring balance having a sensltlvity of about 570y/mm
of displacement. The apparatus and sxpevimental prgcedure have
been described in detall in an ecriier publication. Samples
were limited to about 5 mg and were heated in a platinum crucilble.

2. Materlals Used

The gopolymera were the same as those used by Winslow and
Matreyek7 In their pyrolysls work. The PDVB was prepared by
heatling a pure grade of DVB monomer 1n an evacuated and sealed
f-mm Pyrex tube in an oven at 80-90°C for 6 weeks. The tube was
then opened, and the polymer, which was in the form c¢i a rod, was
heated further for 1 hr in an evacuated chamber at 120°C. A loss
of 8%, presumably monomer, took place durlng this heating step,
but no additlonal loss occurred on further heating at thils tem-
perature.

The followlng homopolymers were used:

(a) Polystyrene, Thermally prepared. Molecular weight

*The authors are indebted to F. H. Winslow of Bell Telephone
Laboratories for supplying them with samples of these copolymers.

3
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230,000 as determined by the osmotic pressure method.

(b) Polymethylene. A nonbranched hLigh molecular weight
materlal prepared by treating an ether solution of
diazomethane with boron trifluorlde ethereate.

(¢) Polytetrafluorcethylene, A Teflon tape 0.07 mm
thick. The molecular welght 18 not known, but
egtimated to be very high.

{d) Poly-a-methylstyrene., A flaky material obtained
from the Dow Chemlcal Company. It was prepared by
low~temperature polymerization and had & molecular
welght of 350,000 as determined by light scattering.

(e) Polypropylene. A fine white powder, prepared by
B. F. Goodrich Company uslng the Zlegler method.
Its molecular welght was Iindicated as belng between
50,000 and 100,0Q00.

(f) Polyisobutylene. A pure grade white gum, currently
used a8 a National Bureau of Standards standard
material for viscosity measurements, It had a welght
average molecular weight of 1,560,000 as determined
by the light-scattering methed,.

(g) Poly(methy> methaorylate). Prepared from the monomer
at room temperature without the use of catalysts.
It had a mrlecular welght of 5,100,000 as determined
by light-scettering.

IIY¥. RESULTS FROM THERMAL DEGRADATION \

1. Cogolxmers of Styrene with Divinylbenzene and with
rivinylbenzene

a) Pyrplyslsi- Polystyrene was foung Bo decompose thermally
in a vacuum”2° or in a neutral atwmosphere-’” at temperatures up

to 850°C by a mechanism consisting of random scilsslons of C-C

chain bonds, fecllowed by unzipplng at the resulting free-radical
chain-ends to yleld incnomers and also multiples of atructural

units of an average molecular welght of about 264. Undor these
conditions complete volatilization of the sample takes place, for
example, at 400°C in about %0 min of heating. On the other hand,
polytrivinylbenzene (PTVB),) in which the structural unit consists
of a trifunctional styrene, when pyrolyzed under similar conditions
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does not yleld any appreclable amounte of either St or of TVB
monomers, Instead, the volatlle degradation products consist of
a fraction contalning a emall amount of hydrogen and of saturated
and unsaturated hydrocarbon fragments having from 1 to 11 carbons;
& less volatlle fractlion consists of larger fragmente having an
average molecular welght of 372; and the resldue consiasts of a
carbonaceous material.

The mechanisms of degradatlion of this highly crosslinked
polymer are aspumed to be as followss When a C-~C bond in the
short connecting links between the phenyl groups breaks, two re-
actione are possible: &) a transfer of hydrogen may take place st
the site of break so that one end becomes saturated and the other
unsaturated, and b) the two ends become free radicals. In the
latter case the free radicals do not unzip to form monomers be-
cause of the crosslinkages that hold the phenyl groups at other
points. Instead, the free radicals abstract hydrogen from the
surrounding medium and become saturated., As the number of such
scissions increases, fragments of varlous sizes, which may or may
not contain phenyl groups, split off from the chain, abstract some
hydrogen from the residue, and vaporize., The residue in the mean-
time becomes carbonlzed in *the process through loss of hydrogen.

Intermedliate between these two extremes are copolymers of
St with DVB or with TVB. An investigation of the thermal behay—
ior of such copolymers was carried out by Winslow and Matreyek
in nitrogen at atmospheric pressure at temperatures up to about
550°C. They were interested primarily in the relative thermal
stabllity of these copolymers and in the nature of the residues
and therefore did not study the volatile products of degradation.
An attempt was made in the present study to obtain informatlon
on the mechanism of thermal degradation of these copolymers
through analysle of the volatile products of degradation. A study
was Also made of the degradatlion of PDVB. The present work, as in
the case of most of our other work on thermal degradation of poly-
mers, was carried out in a vacuum. In additio.n to a study of the
nature of the volatlle degradation products, the rates and acti-
vation energles of degradation were also included. Allowing for
the differences in the experlimental conditions, our results are
in fairly good agreement with those of Winslow and Matreyek.

Fractions Vpyr and Vog were welghed, and the amount of
V.190 was determgned from” pressure, volume, and chemical com-
posltion data. Mractions VQ% V-80, and V_l9 were analyzed in
the mass spectrometer. Fraction V_jgp was very small, iess than
about 0.1% by welght, and was found %o conslist prigarily of CO.
This 18 similar to the results obtained previously® 1n the case of
polystyrene.

I
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The relatlive thermmal stabllitles of PDVB and of copolymers
of St with DVB and with TVB are shown in Flgure 1. The data from
which these curves are plotted are pgiven in Table 1. Curves for
polystyrene and PTVB are I1ncluded in F%gpre 1 for comparison and
are based on data obtained previously.”?’? As can be seen from
this figure, St-DVB copolymers containing only a small percentage
of DVB have a thermal stabiliiy not much different from that of
the styrene homopolymer. The copolymer contalning 25% of DVB shows
an increase in the stablllity over that of the polystyrene. Still
greater quantities of DVB in the copolymers produce further increases
in the thermal stability and when about 50% or more of DVB 1s pres-
ent thermal stabllity 1s reached which is about equal to that of
PDVB homopolymer. Polytrivinylbenzene (PTVB) has a higher thermal
Btabllity than that of the PDVB, and 1t requires only 25% of TVB
in the St-TVB copolymer to equal the thermal stability of PDVB.

The relative amounts of volatilized fractions from the pyrol-
ysls experiments on PDVB and the copolymers are glven in Table 1.
The Vzg5 fractions from a number or expe—iments on the copolymers
were analyzed in the mass spectrometer, and the results are shown
in Table 2. The mass spectrograph for fraction Vo from PDVB was
very complex and could not be interpreted completefy. The results
are therefeore not 1lndlcated on the table. However, there was a
definite indicatlon of the presence of considerable amounts of tol-
uene, btenzene, styrene, and xylene. There was alsoc a group of
peaks in the mass-range of 112-118, corresponding to a compound
C~H, ..
9710

In the 2%-DVB copolymer the yield of the styrene monomer,
CgHB, was grester than that from 100% polystyrene, which had
previously beeB found to be about 40 weight % of the total vol-

atilized part. The yleld of styrene decreased with an 1ncrease

of DVB content in the copolymer and disappeared altogether when
the content of DVR reached about 50%. There was, however, con-

slderable styrene monomer content in the volatiles from the
25%-TVB copolymer.

The mechanlism of thermal degradation of the copolymers of
St with DVB or wilth TVB can be visualized as follows: In poly-
styrene, cleavage of the chaln ordinarily takes place at the
weakest bonds, which are the C-C bonds in P-position to the

double bonds in the phenyl groups--in thls case the ones in
the main chain.
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The cleavage can be of two types. Type 1 results in the
formation of one saturated and one unsaturated end; and type 2
produces two free radicgls, which proceed to unzip to give mono-
mer, dimer, and trimer. The monomer collects with other small
fragments in fraction V,-, while the dimer, trimer, etc., appear
in fraction Vpypr. On tgé additiorn of a small amount of a
crosslinking agent, such as 2% DVB, the unzipping to give dimer
and trimer is somewhat blocked by the ghortening of the free
chaln between crosslinke, and more of the monomer appears at the
expense of the multiple units. However, with an increase of
crosslinks in the chain by the additlon of DVB or TVB, the for-
mation of monomer units is blocked. This 18 the case with the
copolymer containing 25% DVB, where the yleld of monomer falls
off, or with the copolymer contalning 25% TVB, where the ylelds
of monomer fall off even more. When the amount of the crosslink-
ing agent 1s further increased, as in the case of copolymers con-
taining 50% or more of DVB, no monomer is found among the volatile
products.

There were no s8igns of carbonlization of the degradation
residues from copolymers with 2% or 25% of DVB. However, for
copolymers containing higher percentages o¢f DVB and also for
the 25%-TVB copolymer and the PDVB, the volatlilization curves
begin to level off at about 80% to 90% loss (Figure 1), and car-
bonization of the residue takes place., The PTVB volatilizatlion
curve- begins to level cff at about 53% loss, and the residue
shows coneiderable carbonizsastlon.

b) Ratesi~ Fertinent data on rates of thermal degradetion
of PDYB and of copolymers of St with DVB and with TVR are shown
in ta%®le 3. Cumulative percentagem of volatilizatlon for the co-
polymers and for PDVB are shown plotted in Figures 2, 4, 6, 8,
10, and 12. These curves of percentage loss versus time were used




in caleculating the data for the rate curves, which are shown plot-
ted in terms of percentag¢ loss per minute as a functlon of cumu-
iatilve percentage volatilization, in Plgures 3, 5, 7, 9, 11, and
13. 1In calculating the activatlon energies of the polymer degra-
dation reactions by means of Arrhenius equation, the maximum rates
were used in all cases except for the 25%-TVB copolymer, where the
initial rates obtained by extrapolation (Figure 11) were used.

The results of these calculations are shown plotted in Figure 14
and the numerical valueg of the activation energles are given in
Table 3. Data for PTVB- are shown for ccmparison. The activation
energles seem to increase with an increase 1in content of the cross-
linking agent in the copolymer. An activation eﬁsrgy for poly-
styrene was previocusly found to be 55 kcal/mole, which 18 about
the same as that for the copolymers having small percentages of
DvB.

2. Polystyrene

It was shown in an earlier studyb on pyrolysis of pouiystyrene
at 362° and 850°C in a vacuum and in helium at atmospher:c pressure
that higher temperatures and higher pressures produce a greater
fragmentation of the volatile products. This 18 shown in Table 4,
which 18 based on Table 2 of Reference 5, recalculated in terms of
welght percent of total volatiles.

This study has now been extended to¢ temperatures up to 1200°C.
The volatile products were coilected and fractionated in the usual
manner, and the more volatlle fractlions were analyzed in the mass
spectrometer., Results of analysis for pyrolysis 1n & vacuum are
shown in Table 5 and those for pyrolysis in helium at atmospheric
pressure in Table €. Ag can be seen from these tables, the yicld
of monomer 08H§ generally decreases wilth a rlse i1n the temperature
of pyrolysise elther in a vacuum or in helium, while the ylelds of
CoHp, CoHy, and CgHg generally increase. In comparing the results
of pyrolysls in a vacuum wlth that in He, the degradation products
in helium pyrolysis show greater fragmentation, particulsrly at the
higher temperatures.,

3+ Polymethylene

Of all carbon-shain polymers polymethylene is unlgue in that
it has the highest ratlo of hydrogen to carbon. It is very simple
in structure and has a high thermal stabllity and a high activation
energy for decomposition. A study of the behavlor of this polymer
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at high temperatures should therefore throw llght on the mechan-
ism of degradation of high-temperature polymere in general underg
Ebmiiar conditions of pyrolysis. 1t has been studied previocusly“

’ at temperatures below 500°C, and in the present work the
temperature range has been extended to 1200°C.

Results of pyrolysis of polymethylene at 500°, 800°, and
1200°C, in & vacuum and also in helium at atmospheriﬁ pressure,
are shown in Table 7. Resulte of previous pyroiysis™ at 393°
and 449° are also included in this table for comparison. As can
be seen from thie table, volatilization 1s almost complete above
500°C both in vacuum and in helium, The higher the temperature
or pressure, the greater 1s the fragmentation of the volatile pro-

ducte. In the case of pyrolysis in helium the effect of temperature

or pressure on the size of volatlle fragments is somewhat masked
in thls table Ly the fact that the amounts of fractions V., and
V.1g9p are shown combined. We are dealing here with very g%all
quantities of material, and it would have been very difficult to
separate the gaseous products that are not condensable at the tem-
pevature of liquild nitrogen from the helium. The amount of V_ 90
was therefore calculated by difference, together with that of pyr*

Results of mass spectrometer analysis of volatile products
from pyrolysie of polymethglene in a vacuum at 500°, 800%, and
1200°C are shown in Table 8. The amounts of Vyypr are included in
this table as part of the total volatiles. The heavier fragments
predominate at the iower temperatures, while the reverse 1s true
of the lighter fragments. The monomer, CpHy, 1se lacking at 500°C
and increases to about 26% at 1200°C. In the pyrolysis of poly-
methylene at 800° and 1200°C the amount of monomer (CoHy) 18 the
most abundant volatile product, next to the V v frac%ion, as Bhown
in Table 8. This could be explained on the bgsfs of two competing
reactions taking place in the decomposlition of this polymer by
random scisgions:

s N I/-\
(1) H K HKH_AH) H
C C
C c ¢ ¢
H H |[H H H —————

——

H H H H
CH I-\/C
&yﬁ\}{ H o+ H\l
c ¢ , c ¢
H H H H H
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which produces one saturated and one unsaturated chaln end, and
the other reaction

(2)

H H H { H ooon

C PN~
}{/H\IKA‘\}CV{\H/ 1&11/) }Vﬁ —
c c c Y ¢

H H ® g H H

H H H ¥ H H

. C

y{N-l /&\}é/n + %/S\H/{\n/’{
c & Y} T

H H H H H K

which forms 2 free radicels. Each of the free radicals proceeds
then to unzlp to yleld C?HQ, thus,

noulow H d
|l c- Ce c~C¢C
5/5\2;/1%{5/}{ H H + H H
P~ C C
H H |H
l

At lower temperatures reaction (1) 1s predominant, while with
the rise of temperature cf pyrolysis re.ction (2) asserte
1tself more and more. As a result, the yleld of monomer in-
creases 1n direct proportion to the temperature. At tempera-
tures above 1200°, however, the monomer itself may break up
to glve 02H2 -+ Hz, CHq + ¢, ete.

Table 9 shows comparative results of mass spectrometer
analysis of volatile fractlione from pyrolysis of polymethylene
in a vacuum and in helium. Here the comblned results of ana-
lyels of fractions Va5 and V_gpo &re shown. Since fractlon V_190
could not be collected for ana?ysie In the hellum experiments
1t 18 shown combined with fraction Voyr for all the experiments.
This table shows some monomer at 500 ﬁ in the pyrslysis in
helium. It also shows increaeing amounts of monomer with
increasens 1n temperature and pressure, except in the case of
pyrolysis in helium at 1200°. Thise can be explained on the
ground that whlle the rate of scission increases wlth 1lncreased
temperature, the rate of vaporization i1s slowed down with
increaged pressure. The latter circumstance would permit riore

10
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Line for free radicals to unzip into monomer in the pyrolysis in

helium. However, fraction V 38 not shown in this table, and
some of the monomer produccd “12%he pyrolysis in helium at 1200°C
could have been in the V_190 fraction.

4. Polytetrafluorocthylene

Previous work11 has shown that polytetrafluoroecthylene
(Terlon), when pyrolyzed in a vacuum at temperatures up to 538°C,
yields about gL% monomer. The present work determines the effect
of higher temperatures of pyrolysls on the nature and relative
amounts of the volatile products. Pyrolysls was carried out at
500°, 800°, and 1200°C. Distribution of fractions is shown in
Table 10, and analysis of the volatlle products is shown in Table
11. In contrast with low-temperature pyrolysis, the higher tem-
peratures yield, 1n addition to tho monomer, some large rmolecular
fragments collected in fractlon Vpyp (Table 10) and larger amounts
of CE% and CzFg (Table 11). 1t wh postulated in our earlier
work that his polymer breaks up at free-radical ... of the
chains by an unzipplng process to yleld mostly moncwir, This
unzippling, once started roceeds untll the whole c¢liat 18 consumed.
so that large fragments r) do not appear amon, tr& volatile
products., It is likely tha% at the higher temperaru:se: some of
the shorter free-radlcal chains evaporate before thyr have a
chance to decompose Into monomer, thus produclng larger fractions
of prr'

5. Poly(-c-methylstyrene)

When heated in a vacuum at temperatures below 400°C, poly-a-
methylstyrene decomposes almost completely into monomer. The
effect of a higher temperature on the distribution of fractions
in the pyrolysis of thls polymer is shown 1n Table 12, Consider-
able amounts ol fractions \ r and V_j1gg are produced at the
expense of fractlion V q effect ?s even more clearly indl-
cated in Table 13, whgge analysiq of the volatile fractions from
pyrolysis of the polymer are shown. The appearauce of larger
molecules found in fractlon Vyyp could be caused by the higher
temperatures vaporizing some 8¥ these molecules before they have
time to break up into the monomer by the unzipplng process. The
formatlor of small molecules found in V_jgp 18 most likely caused
by cracking of the larger molecules in the hot zone of the apparatus.

11




6. TFolypropylene and Folyisobulylene

Pyrolysls of these two polymers in a vacuum has been studied
previously at temperatures up to about 400°C. For polypropylene
the yield of monumer-size moleculeg, fraction Vuog, 1s about 12%,
and for polylsocbutylene about 30%.1é At higher %emperatures frac-
tions Vog are produced 1n larger amounts, as shown 1n Tables 1k
and 15. "Analyses of the volatlle fraction from pyrolysis of these
two polymers are shown in Tables 16 an lZ. As compared with
pyrolysis at temperatures below 500°C,%,12,13 the yields of mono-
mers, C3H6 and 04H8’ are much higher at tl.e hlgher temperatures.

7. Poly(methyl methacrylate)

Poly(methyl methacrylate) decomposes on heating in a vacuum
primarily into monomer at temperatures up to atout ﬁ5o°c.4
However, when the temperature is raised to 1200°C considerable
anounts of other fragments, both larger and smaller than the
monomer, appear anong the volatiles. Table 18 shows the distri-
bution of volatlle fractions for 500°, 800°, and 1200°C pyrolysis.
The appearance of preponderant amounts of V—l9 at 1200°C is
particularly notable and 1s malnly due to the gormation of CO,
C0,, Hp, CHy, and C_.H,, as indlcated in Table 19, which shows
andlysis of volat11lé products. It was found that fractions V25
and V_190 from pyrolysis at 80C° and 1200°C, if sllowed to

stand for more thar a day, tend to repoiymerize and thus give
mislzading results. All the analyses of these two fractions

were therefore made on the same day that they were produced and
collected.

Iv. CONCLUSIONS

A polymer such as styrene can be greatly improved in thermal
stability 1f 1t 1s copolymerlized with a sufficlent guantity of
crosslinking agent such as divinylbenzene or trivinylbenzene.

At higher temperatures and pressureg the breakdown of the
polymers produces greater fragmentation of the degradation pro-
ducts than at lower temperatures and pressures. At higher
temperatures a fragment already formed might break up further
while passling through the hot zone 1n the furnace. At higher
pressures, a further breakup of a fragment coulld take place whille
1ts escape from the hot zone 1s retarded through coillsions with
other molecules. It 1s nol clear from the present work whether
the greater fragmentation at higher temperatures and pressures
takes piace during the primary reaction when the fragments break
off the polymer, or ln a secondary reaction after the fragments
have already been formed.

12




SECTION B

DEGRADATION STUDIES BY MASS SPECTROMETER TECHNIQUES
ernonag Dibeler
Morton E. Wacks
Mass Spectrometry Sectlon
National Bureau >f Standards

Thls past year has been spent primarily in deciding on and
procuring the instrumentation necessary to obtaln information
applicable to the problem of understanding the baslc processes
of degradation. 7The resulting instrumentation is almed at study-
ing the degradation process by observing both steady-state condi-
tions and transient phenomena from rapld reactions. The equipment,
when completed and installed, will consist baslcally of a modifled
Consollidated Electrodynamics Corporation Model 21-103 mass spec-
trometer and a Bendix Corporation Model 14-101 mass spectrometer,

The CEC 21-103 has been modirfied by the addition of a
heated inlet overn, micromanometer, pen recorder, Veeco lonization
gauge and control chassis, and a vibrating reed electrometer.,
The existing electronics were modified to improve stability of
operation, and a higt resolution analyzer was installed after the
existing magnet pole faces were reshaped to accept 1t. The exist-
ing wiring has been changed sc that the instrument 1s electrically
isolated from the laboratory power lines by means of a 7.5 kva
1solation transformer, and all electronic circultry is powered by
a 3Kva constant voltage transformer. The mechanical clrcults are
electrically isolated from the electronic circults. The electrical
ground return ies i1solated and made via a stranded No. 4 copper
wire connected to two 8-foot copper grounding rods placed directly
In the ground outside the laboratory.

The Bendix Corporaticn mass spectrometer, Model 14-101, was
delivered during April 1961. It has the following characteristics
and specifications:

1. The spectrometer is suppiied with the S-14-107 1on
source whilch 1s capable of analyzing posltive or negative ions
produced at a 10 KC repetition rate or contlinuously.

2. The spectrometer 1s supplled with the M105-G6 multiplier
for detection of positive or negative ilons. This multlplier has
six gate structures and associated anodes and an oscllloscope
anode.
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3., The spectrometer 1s equipped with six analog output
chassls (five scanncr chassis number 321 and one controller chas-
sis number 311) for urc with the slr gated outputs of the ML05-GO
multiplier,

4, The spectromctcr uses an IFI model 395A wide band ampli-
fier for amplifying the output of the scope anode of the M10H-G6
multipller.

5. The vacuum system pressure is monitored by a Vecezo
discharge gauge type DG-2-10, a Veeco Jonlzatlion gauge and two
Veeco thermocouple gauges. The assoclated control circult 1is
the Veeco model RG~3A.

6. 'The ion-accelerating voltage and multipllier voltage 1s
supplied by a John Fluke regulated power supply model 405 N.

7. The spectrometer presents 10,000 complete mass spectra
per second to an oscllloscope.

8. Each of the 10,000 mass spectra per second covers the
masg range from 1 to 5000 atomic¢ mass unilts.

9. Adjacent masses are partially resolved above mess 500
on the oscillloscope spectrum, and resolution s Improved at lower
masses. The spectrometer will resolve the mercury spectrum so
that the peak height 1Interforence between adjacent masses as
measured at mass 202 1s;:

Type of Spectrometer
Operation (electron

beam 1l1lonization 1in Type of Spectrum Peak Helght
all cases Presentation Interference
Pulsed Recorder less than 1.5%
Continuous Recorder less than 4.0%

The mass resolution on the oscilloscope will always be better
than that shown on the recorded spectrum for the correspcending
‘mode of spectrometer operation.

10. The 1onlzing electron energy 1s continuously varisble
from 0 to 100 volts.

11l. When no sample 1s being introduced, the mass spectrometer
will pump down to a pressure of at least § x 10-7 Terr, zs8 measured
with a hot filamei:t 1lonization Gage.

14
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side of the 12-inch diameter chamber.

15. The spectrometer can present elther poslitive or regative
lon spectra to an oscllloscope.

dlameter gate valve, (c) a Freon-cooled baffle with the cenductance
of a 6-inch-dlameter hole, and (d) a 6-inch metal mercury diffusion
pump. The 1on source 18 housed in a 3.3-inch tube welded to the
16. The spectrometer l1s equlpped to analyze either positive

or negative 1lons created outside the mass spectrometer.

17. The spectrometer 1s equipped with two side ports
opposite the 1on source and two side ports between the cold trap
and multipller.

18. The spectrometer i1s equipped to utilize an externally-
created continuous lonlzing beam such as a beam of light or a
beam of particles (such as protons).

18. The spectrometer can record elther the ratio of any two
resclved mass peaks between 1 and 800 a.m.u. or a masg spectrun.
Any portlen of the mass spectrum between 1 and 800 a.m.u. can be
recorded 1n a slngle sweep.

20. After a one-hour warmup, the trap current regulator will
be capable of regulating (to % 0.1%) an average current of 0.1 to
0.3 microamp 1in the range of measured electron energy of 10 to
90 volts.

21. The difference between the ionlzatlon potentials of
argon and neon shall be constant and reproduclble to within
* 0.25 ev. The 1onlzatlon potentlial shall be obtalned by plotting
the logarlithm of the ion intensity vs. the energy of the ionizing
electrons and extrapolating to essentlally zero ion current. The

15

12, The gensltivity of the mass gspectrometer 1s suclhh that
an argop partisl pres=sure In the londzatlon reglon of about
2 x 10-¢ Torr produccs a pcak containing, on the average, one
ion per cyele,
13, The relative sensitivity of the speetrometer 1s such
that 1t has been able to detect the argom 36 and 38 1sotopes in
an alr sample (3% and 6 parts per million respcctively) as well
as helium in alr (9 parts per million).
14, The vacuum system includes: (a) a 12-inch-diameter
chamber enclosing a well-type liquid nitrogen trap, (b) a slx-inch-
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difference between the onset of these two curves when the slopes
are normalized at 50 volts shall be the difference between the
spectroscopic 1onization potentials of argon and neon to t 0.25 ev.

22. The posltive lon mass spectrum of normal butane shall
be reproducible as follows: The relative abundance of each lon
in a mass spectrum shall not vary by more than * 2% standard
deviation of themselves or t 0.05% standard deviation of the larg-
est peak in each spectrum (whichever 1s greater). These results
will be obtalned when (a) the analog output system is used, (b)
when the mass spectrum is obtained af a scan rate which wlll cover
m/e 10 to m/e 100 in not less than 5 minutes, (c¢) when a recording
system capable of belng read to an accuracy of % 0.2% of full scale
1s used, ?d) when the 1lilquid nitrogen trap is continuously maln-
tained full, and (e) when the equivalent partial pressure of the
largest peak of the samyle spectrum in the ion source 13 equal to
or greater than 5 x 107! Torr. Negative lon spectra will be qQual-
1tatively reproducible on the oscilloscope.

23. The sensitivity of the instrument shall not vary abrupt-
ly, and the ratio of peak height to partlal pressure of the gas
being ionized will not change during an 8-hour continuous period
of operation by more than * 5% for changes 1in the total part1a1_6
pressure of the sample 1n the lon source within the range of 10
to 10-9 Torr, provided the spectrometer is preconditioned for a
continuous period of § hours by a gas similar in nature to the sam-
ple.

24. The above specifications are to be met with the follow-
ing operating conditions:

A. 10 kc repetition rate

B. electron gate pulse of 0.3 mlcroseconds, average
electron beam intensity 0.125 microamperes,
except where otherwise noted.

This spectrometer has its own isolated and regulated voltage
source similar to that previously described for the CEC 21-103
instrument. AuxXilliary equipwent for this spectrometer consists

of the following:

a. A silx-channel recorder of the direct writing galvanometer
type, matched to the slx analog output circults.,

16




b. Oscllloscope with a Polaroid i.and Camera attachment and
a revolving drum camera.

c. High-speed (1/4 second response) pen recorder.

d. dril-vac 1on pump with speed of 25 1/sec alr and 8 1/scc
argon.

e. capacltor bank for energy storage of 4000 Joules.
f. assoclgted sample handling and introcductory system.

The time-of-flight instrument provides data as a repetitive
signal consisting of an ampllitude and time variation. The indi-
vidual signals represent the quantity of lons (m/e ratio), by the
amplitude of the signal, as a function of the mass to charge ratlo
of the l1lons, by the time base of the signal., This 1nformation 1s
obtained at a 10 Ke¢ repetition rate and can be presented in one of
several manners, The resulting information can then be recorded
in one of several ways. The combinatlion of output and recording
system chiosen will depend upon the experimental apparatus used wlth
the instrument and the processes bhelno monitored.

The cutput cf the instrument 1s obtained from an electron
multiplier. This multipller has six gated outputs as well as
the final scope output which 1s used to present the total mass
spectrum to an oscllloscope. Each of the six gates can be applied
at any time during a single cycle. When the gate 1s applled, the
apecific portion of the elcctron multiplier current due to a par-
tilcular ion 1s deflected to a separate anode associated with that
gate structure. Thus, a part of the electron current 1s subtracted
from the total output. This portion is put through an assocliated
electrometer circuit (analog system), and a signal proportional
to the deflected electron beam current is availlable from a cathode
follower output circuit. This signal can be presented to a pen
recorder or galvanometer recorder for storage of information.
If the gate pulse 1s constant in time for each cycle of the 1instru-
ment, each of these six output charnnels represents the time-rate-
of-change of a speclfic ion. Thls signal has a time constant
assoclated with the electrometer-amplifier clrcult and can be
adjusted 1n the range of 10 mlllliseconds to 5 seconds. Since this
1s a subtraction phenomenon, the final signal whilch reaches the
osclllogcops display now has these six lon peaks misslng.

17
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The total signal can alternatively be presented on an oscill-
loacope with the trace representing the entire mass range possible
(m/e 1-500 Amu) or any sel :cted portion thereof. fThese data can
be recorded from the oscilloscope by means of a revolving drum
camera (whlch then records every cycle of the instrument% or a
Polarold Land Camera attachment which obtains a time average of
several cycles to several thousand cycles, depending upon shutter
apeed. These methods give data on several lons, as a function of
time (with the revolving drum camera every 100 microseconds, with
the polaroid camera perhaps every minute. Indlvidual lons can be
followed continuously as a functlion of time for much longer periods
by use of the oscilloscope or analog output system., If the oscll-
loscope 18 set for a very slow scan and the trace blianked fxcept
for the portion of the 10 Kc repeated silgnal corresponding to the
lon of interest, the resulting envelope of the osclllosccpe trace
will represent the time-rate-of-change of ion intensity (of the
ion in question).

A typlcal experiment might conslst of carrylng ocut a rapild
reaction (about 10-2 to 10-5 seconds) and sampling the products
wlth the lnstrument. The data conslst of the initlal transient
specles and the specles characterizing the steady state of the
system. The reaction onset, which could be an explosively rapild
reaction, would trigger the oscilloscoplc revolving drum camera
which would record for approximately 1/50 sec. This would record
about 200 total mass spectra representing the translent phenomena
occurtng durlng reaction., At or near the end of thils period, the
8ix analog circulits would be activated and the slx signals fed to
sppropriate recording systems with preselected time constants.
This would take over the gathering of information while the final
Information can be obtalned by a mass scan wlth one of the analog
systems recorded on a pen recorder or by photographing an oscll-
loscopic presentation of the total spectrum (this last step wou.d
also be the very first step so that the condltion of the total
system is known before, during and after the experiment).

The resultant data represent (a) the steady-state pre-reaction
qulescent syastem, (b) the translent, very short-lived specles
during the reacticn, (c¢)} the longer-lived species, (d) the post-
reaction qulescent steady state of the system. All of this infor-
mation 1s known as an accurate function of time so thal the data
may be treated as kinetlc informatlion, time-concentration and
rate-temperature correlations being the final data processing
steps. The understanding of the pathways involved in going from

18
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reactants to products will most certalnly requlre more than one
ion peak per compound so that a system of simultaneous equations
will arise. The solution of these equations for every point in
time chosen will represent the concentration of various compounds
in the system belng sampled a2t that particular time. With this
information the kinetlics of the reaction may possibly be under-
stood.

During the latter half of March 1961 data were obtained
in Clncinnati, Ohio, on the Bendlx mass spectrometer belng
constructed for this research. These data consist of the results
of a stabllity test as specified in Item 22 of the Characteris-
tles and Specifications and a check on Item 21, the measured
difference between the lonization potentials of neon and argon as
compared to the spectroscoplc value of this difference. Table 20
contalns the results of a five-day test on Item 22. Of 10 runs,
one was made each morning and one each afternoon during the flve-
day period. The standard deviation, o, 1s the conventionally
defined value )

4
N -1
where x, 1s the value of the quantlty x for the 1th determination,

1
X 1s the average value of x, [X ii‘xi]; and N is the number of

determlnations of the value x. Since the ion currents are normal-
i1zed to the largest ilon current (m/e=43), to meet specifications
all values of o can be no greater than 0.05/1 where I 1s the
normalized ion current. In general 1t 1s seen that the standard
deviations of the average relative abundances of the ion (R.A.)
fall close to or within the maximum allowable values (cmax)'

Some determinations of the relative lonization potentials
of Argon and Neon, as outlined 1n Item 21 of the specifications,
gave values well within the tolerance specified (typical values
were in the range of 5.95 ev to 6.0, ev while the spectroscopic

19




value 18 5.80, ev). It appears that the instrument will be able
to meet speci?ications upon delivery and probably will outperform
the written specifications in several respects.

20
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TABLE 1

PYROLYSIS OF COPOLYMERS OF STYRENE WITH
DIVINYLBENZENE AND WITH TRIVINYLBENZENE

Volatlll- Tractlons, based on
Copolymer Temp. zation total volatilized
v vV,
pyr 25
°C % % %
2% DVB 346 16.0 42.1 57.9
255 32.2 4o 7 7.3
273 70.6 h7.2 52.8
390 g98.3 48.1 51.9
25% DVB 361 20.7 43,0 57.0
375 5k.2 49.7 50.3
386 73.9 4.1 50.9
400 gk.5 52.1 h7.9
48% DVB 370 18.6 80.5 19.5
390 31.1 87.4 12.6
401 64.6 94.9 5.1
420 87.5 96.0 4.0
4y 90.7 95.0 5.0
56% DVB 370 14,4 64.0 36.0
387 28.4 Y 22.6
400 50.1 82.9 17.1
425 87.3 93.2 6.8
450 91.6 g1.8 8.2
100% IVB 385 24.0 54,4 45.6
400 55.8 67.1 32.9
420 79.8 71.1 28.9
450 84, 81.0 19.0
25% TVB 372 17.3 69.0 31.0
388 41.1 63.6 36,4
400 65.6 77.8 22.2
420 81.4% 79.9 20.1
L5g 82.0 83.7 16.7
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TABLE 2

ANALYSIS OF VOLATILE PRODUCTS FROM PYROLYSIS IN A VACUUM
QF COPOLYMERS OF STYRENE WITH DIVINYLBENZENE
AND WITH TRIVINYLBENZENE

Tompo- 2% VB | 25% VB [ 48% IVB 6% VD 5% TUS
nent® T3I4E 390 86 400 | 370 330 443 00 Eh0 | FO0 20
%% % % % % % % % % %
CBHG - - c.8 - - - - - - 0.8 0.4
C4H6 - - 0-6 - b — - -— - - -
55”10 - - - - - - - 0.7 0.6 - -
c5H12 - - - - - - - 3.0 2.7 - -
C6H6 - 0.4 1.5 0.5 - - - - - 0.4 C.4%
CeHyy - - 0.8 - - - - - - - -
C7H8 0.6 1.4 2.8 2.7 - - - - - 2.7 3.0
Cgllg 51.7 43.8 | 39.9 34.8 - - - - - 16.2 14.4
Cghig 2.0 - 0.9 1.4 - 0.5 0.6 1.0 1.2 1.3 1.4
Cgﬂlo 0.7 - 1.7 1.0 0.4 0.4 0,5 0.9 - 0.4 -
c9H12 2.1 - 0.7 0.8 0.7 0.8 0.6 0.9 0.9 - -
CioH1p - - - 4,8 1 ¢.2 7.5 2.0 6.7 0.5 - -
Ciof1y 0.8 - 1.0 1.1 | 8.9 2.9 0,6 1.7 0.5 - -
Others® 0 0.3 ] 0.2 0.8] 0.3 0.% 0.7 2.2 1.8 | 0.4 o.5
Total
of Vye 57.9 51.9 | 50.9 U47.9 [19.5 12.6 5.0 17.1 8.2 (22.2 20.1
prr 4p.1 48.1 | 49.1 52.1 {80.5 87.4 95,0 82.9 91.8 {77.8 79.¢
Total 100.0100.0 1100.0 100.0 100.0100.0100.0 [1CC.CXC.0O %gp.ozoo.o

aComponents are 1n welght percent of total volatiles.

bComponcnts in amounts of 0.3% or less are not shown individually
in this table.
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TABLE 3

RATES OF THERMAL DEGRADATION OF COPOLYMERS OF STYRENE
WITH DIVINYLBENZENE AND WITH TRIVINYLEENZENE

-

Heatin Loss of welight Activation
Copolymer Temp. duratign Amount Rate ener
M} min .2 175IH"TEEH7E%§E"
2% DVB 330 290 54 0.19 53
340 2o 74 0.2
349 160 83 0.7
355 120 86 1.05
360 130 93 1.79
254 DVB 350 280 59 0.27 54
360 230 75 0.52
369 160 83 1.00
48% DVB 370 340 TO 0.23 58
380 200 80 0.45
390 100 81 0.88
56% DVB 370 280 65 0.24 58
380 170 76 0.48
390 110 81 0.93
100% DVB 360 k60 35 0.08 65
370 LYo 68 o.12
380 290 30 Ol
390 150 81 0.86
25% TVB 360 300 48 0.29 61
370 230 60 0.70
380 140 63 1.32
390 120 75 - 8
100% TVB 394 2,640 39 0.03 3
k20 210 4g 628
430 140 46 0.59
440 80 48 l.22

8Rate at this temperature war too fust, and the accuracy of
the extrapolated initial rate was therefore in doubt.
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TABLE 4

ANALYSIS OF VOLATILE PRODUCTS FROM PYROLYSIS OF POLYSTYRENR
IN A VACUUM AND IN HELIUM

= ~X% 35550 XL B50°C
Component In Vac. ~1n He In Vac. In He
28 z ~ % z
02H4 0 0 ) 17.7
c,nu 0 0 0.5 0.6
c6H6 o] 20.5 3Te1l 18.%
C7H8 2.1 3.1 3.8 16.6
Cglig 40.9 214 26.6 17.1
ber 5T7.0 45.0 32.0 28.0
Total 100.0 100.0 100.0 100.0

la'cc:mpcmer:u:,.'31 are in weight percent of total volatiles.
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TABLE 5

ANALYSIS OF VOLATILE PRODUCTS FROM PYROLYSIS OF POLYSTYRENE

IN A VACUUM

Compo- _at %00°C at 500°C at 800°C at 1200°C
nent? No.l No.2 No.5 No.4 No.5 No.6 No.7R No.d No.G

% % % % % % % % %
CH, - - - - - - - 2.3 -
CoHy, - - - - - 1.6 2.8 5.6 4.7
03H4 - - - - - 0.4 0.7 o.4 0.8
03H6 - - - - - - - - 1.0
CeHg 1.9 2.2 1.5 0.5 0.8 1.6 3.8 3.1 2.1
C7H8 o 3.7 1.1 3.4 1.8 3.9 8.9 2.5 2.8
07H11 0.4 - 0.5 - - 0.6 -
CgHg .6 50.2 56.4 51,4 y7.4 47.5 27.2 24,0 28.%4
CgHy; - - 0.3 - 0.3 - - 0.3 -
C, and 0.% 0.5 4.5 6,1 21.8 22.2 - 16.6 17.1

9 up

Voyr  47.1 3.1 35.8 38.6 27.4% 22.8 56.6 | 44.6 3.1
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 [100.0 100.0

aComponents are in weight

bTime of collection was 1

39
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TABLE 6

ANALYSIS OF VOLATILE PRODUCTS FROM PYROLYSIS
OF POLYSTYRENE IN HELIUM

- - ]

Compo~ At 500°C At Boo°c At 1200°C
nent® T No.10 NOaY1  Nc.12 | O C. OelbD | .
x % % % ]

02H2 O.l - - Ll - 0-1 an
CoH, - - 3.5 8.5 5.8 5.9 2.6
02H6 - - - - 0.4 0.3 0.2
C;Hu - - - Q2 - - -
cq.Hlo = 3.5 - - - 0.1 -
%5f10 - - *ol - - - -
°6H6 OeT 1.4 2.4 16.2 15.5 20.9 12.5
CTHB 5.5 12.5 10.2 TeT T.2 8.9 1.3
C7Hll 009 - - 006 - - -
CgHg 52.7 43,1 29.8 8.8 12.5 3.7 0.6
CBHIO - - - - 0.8 - -
csHll 004 had - - - - -
cs and up 405 5-1 - 18-0 18‘0 Ll 706
prr 35.2 28.4 50.0 40.0 39.8 60.1 T4.6
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0

S0omponents are in weight percent of totsal volatilee.

e
h'rime of collection was 1 hr instead of the usual 3 hrs.
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PYROLYSIS OF POLYMETHYLENE IN A VACUUM AND IN HELIUM

TABLE 7

.

ractlons,based on total vofa%fi!zea

E:gf ) Ogeéf.l}:l;le Temp. I::.?‘::érlin prr 725 _—v_so Y-IQO
ng °c % % % % %
1 (*n vaec) = 393-4U49 7.2-98.5{94.0-98.5 2.4 0.5 Trace
2 v " 17.2 500 99.4 94.1 4.7 1.2 Trace
30" " 17.9 800 99.5 7748 11.0 11,0 0.2
y n " 25,0 1200 98.2 41.3 10.6 37.1 11.0
5 (1n He) 17.9 500 99.2 82.9%  10.0 6.2 &
6 " " 18.7 800 97.9 56.1% 18.0 25.9 a
7 %o 15.9 1200 95.3 61.6% 14,6 23.8 a

aFor pyrolysis in helium, values for V v

pyITr

4

and v—190 were combined.
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TABLE 8

ANALYSIS OF VOLATILE PRODUCTS FROM PYROLYSI1S
OF POLYMKETHYLENE IN A VACUUM®

e At 500°C At 800°C At 1200°0
Component No. 2P No.3° — No., v
3 3 x

He hnd O'l Oca
0'14 - 001 3-6
OEHE - - 3.3
O H, - 5.5 264
CoHg 0.1 0.3 0.9
CyH,, 0.1 0.2 2.7
chG o.l 209 8-0
CyHg 0.3 0.9 7.1
cuHB 003 3'9 }ol
CSHB - 005 108
c5H1° 0-8 2.2 -~

06H6 - O.1 l.1
GGH].}? - 0»/ -

07 a.nd 08 260 108 -

Voyr gk.1 77.8 k1.3
Total 100.0 100.0 100.0

8Results of analysis of Vés, VFSO’ and
V-lgo were combined.

bxxpt. Nos. are the same as in Table T.

°Components are in welght percent of total
volatiles.
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TABLE 9

COMBINED ANALYSIS OF FRACTIONS Vés AND V_g FROM PYROLYSIS
OF POILYMETHYLENE IN A VACUUM AND IN HELIUM

At 500°C At 800°C At 1200°C
a ‘Iﬁ'vag In He in vac In He in vac In He
Component No.2 N°i2_J No.3 No.6 No. & No.7
& B ] - K3
CH, - - - 0.2 3.1 0.1
C,H, - - - 0.4 2.9 0.6
C Hy - 2.1 5.4 11.9 22.3 16.2
C Hg 0.1 0.8 0.3 2.2 0.8 1.5
CxHy 0.1 0.1 0.2 0.2 2.1 -
CyHg 0.1 2.2 2.8 5.8 6.4 3.9
CyHg 0.2 0.8 - 0.6 0.4 -
CyH, - 0.3 - 0.3 - 0.3
CyHg 0.3 0.5 0.9 1.7 5.4 1.3
CyHg 0.3 1.5 3.9 3.6 2.4 0.7
CyHig 0.1 0.3 0.4 0.3 -
CsHg - - 0.1 0.7 - 0.5
CsHg - 0.6 0.5 1.8 1.2 0.4
CsH g 0.8 1.0 2.1 2.0 - -
Celg - 0.1 0.1 Te2 0.6 11.4
CeHig - 1.2 0.6 1.2 - -
CeHy o 1.9 1.5 2.4 1.4 - -
CeHyy - 0.8 0.3 0.3 - -
C, and Cg 2.0 3.3 2.0 z.1 0.1 1.5
Voyr + V_190 k.1 82.9 78.0 56.1 52.3 61.6
Total 100.0 10C.0 106.0 100.0 100.0 10040

aCOmponents are in weight percent of total volatiles.

bExpt.Nos. are the same as in Table 7.

45

vl

by ety




TABLE 10
PYROLYSIS OF POLYTETRAFLUORQRTHYLENE IN A VACUUM

_ - Practions,based on
MU Bapte  rewbes Yoatian | tobal velatiltsess
yr 25
* 7z % 1 %
g 1 2k 500 17.2 0 100
; 2 20.2 500 15.1 0 100
| 3 14.1 800 99.7 0 100.
| 3 8.6 800 100 1.8 98.2
: 5 10.9 1200 100 11.8 88.2
; 6 10.7 1200 100 15.9 8u4.1

8graction V_lgo appeared in trace amounts.
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TABLE 11

ANALYSIS OF VYOLATILE PRODUOTS FROM FYROLYSIS
OF FPOLYTRTRAFLUOROETHYLENE IN A VAOUUM

At 500°C At_B00'C At _1200°C__

Component® 10% No.2 “No.3 No. % 1o, Yo.5
F * *

P 0 0 0 o 0.2 0.5
CF), 1.5 1.2 1.6 1.8 1.7 2.6
O ¥, 9.8 95.1 92.5 89.9 81.0 75.2
CxFg 347 3.7 5.9 6.5 5.3 5.8
Voyr o 0 0 1.8 11.8 15.9
Total 100.0 100.0 100.0 100.0 100.0  100.0

a‘components are in welght percent of total volatiles.




TABLE 12

PYROLYS1S OF POLY(a-METHYLSTYRENE)
IN A YACUUM

— Practions,paBeqd on
Bt Mea®D mew. MINofe  ow) volisilized
r 25 =190
mE ~C .2 ‘Pi % ‘7£2_
1 10.2 500 99.0 0 100 0
2 11.3 500 99. 4 0 100 0
3 B.0 800 1C0.0 1le2 88.7 0.1
] 10.1 800 100,0 5.4 9.3 0.3
5 7.9 1200 98.7 34,3 54,2 11.5
6 8.2 1200 99.4 32.6 61,1 6.3




TABLE 13

ANALZSIS OF VOLATILE PRODUCTS FROM PYROLYSIS
oF POLY(G—MITHYLSTYRENE) IN A VACUUM

N AE SO0 ¢ "It 800 e, X -LoJe MR
Component~ __ No.l No.2 ~Ro. ~Yo.l Tt ¥o.5 ___ No.6
Ha - - 0.1 Oel 1.7 1.2
oK, - - 3 -3 5.6 3.1
02H2 - - - -~ «8 T
Oeﬁu - - B vl 3.8 3.2
CyHy, - - .8 3 1.0 1.8
03}{6 - - «8 -2 7T o
CyHy ~ - - - 5 1.9
CGHG - - 2.0 1.1 9.2 133
C7H8 - - ol - 6.1 3.6
Csﬂs ~ - - - 246 b2
Cgﬁlo 100.0 100.0 83.9 §2.2 33.6 33.9
Voyr 0 0 11.2 5.4 343 32.6
Total 100.0 100.0 100.0 100.0 100.0 100-9

a'C&::mpcu'xon‘ba are in weight percent of total volatiles.
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TABLE 14

PYROLYSIS OF POLYPROFYLENE IN A VACUUM

“Fiacflonsibasea on total

Expt. No. :;pgg Temp. ~ yoratll- . volatilized
Vpyr 25 -190
ng °C % % % %
1 10.0 koo T6.5 76«7 23.3 trace
2 10.5 400 82.4 79.2 20.8 trace
3 11.0 500 99.6 82.14 17.6 trace
4 .6 800 100.0 29.6 T0.3 0.1
5 9.4 1200 98.9 22.4 75.8 1.8
6 40.8 1200 98.9 31.7 53.7 14.6
8Includes v—BO fraction.
48




TABLE 15

PYROLYSIS OF POLYISOBUTYLENE IN A VACUUM

s =

Fractions,based on

Expt. No. ggipgg Tempe X:i::é;’ v total g%;atilizqg
yr 25 ~190
g R Sa S S %
1 15.9 400 a9.> 53.3 4647 0
2 1h.1 400 98.6 57.5 2.5 0
3 17.0 500 99.4 5l.1 47.8 1.1
4 15.8 500 99. 4 52.1 46.9 1.0
5 13.8 800 99,6 3.6 94.8 1.6
6 12.9 800 9G.2 3.1 gk.5 2.4
7 141 1200 98.6 4.7 66.8 18.5
8 14,0 1290 97.5 T+6 T3.3 19.1 -
49
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TABLE 16

ANALYSIS OF VOLATILE PRODUCTS FROM PYROLYSIS
OF POLYPROPYLENE IN A VACUUM

o At 100°C At 500°c ] At 8o0°C At 1200°C
Companent No;l No. 2 No.3 Yo. ¥ No.© No.©o
H, - - - .1 .1 o4
CH,, .1 .1 - b 2.6 9.6
C H, ol el - .3 6.3 4.3
CoH), N’ 3 WU 6.0 13.1 19.0
CoHg .3 o3 .3 .7 1.0 .9
C3Hy .6 o4 .3 3.4 8.5 6.5
CyHg 6 o6 o4 179 18.% 12.6
CyHg <5 .5 -6 2.3 1.9 -6
C\H), - - - -7 2.3 2.4
CyHg - - - 3.0 5.1 4.1
CyHg 2.5 1.7 .6 12.4 8.1 2.9
CyH ¢ 1.8 1.3 o7 1.3 0.5 -
CsHg - - - 5 .8 1.0
C5H8 -8 .6 .6 3.0 2.1 B
CcHyg 3.2 3.8 2.0 10.2 4.1 o3
CcHyp 3.1 2.2 3.0 1.9 - -
Cglg - - - ~ 1.6 2.9
96310 -7 <5 o7 1.7 o7 -
C6H12 4,0 2.7 3.0 4.6 o -
06}{14 02 1.4 1.9 - - -
SeHie 2,2 1.8 1.0 - - -
Cotlyg 2.1 1.5 1.4 - - -
C10f20 - - -7 - - -
vbyr T6.7 79.2 82.4 29.6 22. 4 31l.7
Total 100.0 100.0 100.0 100.0 100.0 100.0

aCOmponents are in welght percent of fotal volatlles.




TABLE 17

ANAT)YSIS OF VOLATILE PRODUCTS FROM PYROLYSIS

OF POLYISOBUTYLENE IN A VACUUM

N At 400°C At 500°C | At 8B00°C At 1200°C
Compmert.™ Wo.l — No.2 | No.3 "No.4 | No.5H No. 61T No.7 — "N>.B
3 & [ % 3 k2 -

H, - ~ - - - - 2.7 1.6
CH,, - - - - 1.2 - 17.6 10.1
CH, - - - - 0.8 1.1 6.8 73
CuH)y, - C.S 0.6 2.7 540 G0 13.6
CoHg - - - - - - 1.6 1.2
C3H), 0.5 - 1.1 1.6 3.0 Sl | 14.9 16.5
Calg - - - - - - C.9 1.0
CyHg - - 0.7 1.3 - - 4.8 4ok
CyH, - - - - 2.1 1.3 1 &5 k.2
CyHg - - - - - 0.7 | %5 5.9
CyHg 3546 31.5 l 8.0 34,91 72.7 65.3 | 10.6 15.3
CyHio 0.7 0.7 ! - - - - - -

CoHg - - - - - 0.5 1.0 1.9
C-Hg - - 0.7 - - - 0.7 2.4
CcHyg - - - - 5.7 1.7 - 1.1
Cg end vp 9.9 10.32 Tk S5 8.2 15.8 5.1 5.9
vpyr 53,3  57.5 ] 5l.2 52.1 3.6 3,1 | 14.7 7.6
Total 100.0 100.0 |100.0 100.0 |100.0 100.0 ]100.0 100.0

aComponents are

in welght percent of total volatlles.
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TABLE 18
PYROLYSIS OF POLY(METHYL METHACRYLATRE) I¥ A VACUUM

W s Yolatil Fractions,based on
Expt. No. s:ipge Temp. 1:a%:6n- total volatilized
Voyr Vo V_190
ng (] *TK""”"';l""'"'"Fé*"""‘1EL“"'

1 10.3 500 100 3.6 96. 4 0

2 9.9 500 100 Ze3 97«7 0
3 8.5 800 100 1l.2 88.7 0ed
4 1i.3 800 100 8.8 91l.1 5
5 9.8 1209 100 5.0 29.4 65.6
6 9.8 1200 100 8.2 26.2 65.6
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TABLE 19

ANALYSIS OF VOLATILE PRODJCTS PT9M PYROLYSIS
OF POLYV(MBTHYL MRTHACRYLATE) IN A VACUUM

AT 5007 At BOOC At 1300 C

ment® TR ~No.C2 “No. No. % “No. No.©O
— % 3 % ——%
H, - - - - -9 1.1
CH,, - - - - 549 6.3
CH, - - - - 2.6 3.5
CoHy ~ - o7 <7 5.3 4.7
C,Hg - - - - 1.4 1-1
CHy o7 1.0 »3 l.4 6.7 6e6
03H40 ~ - 3 8 - -
C}H6 - - .1 T 8.2 5.£
CyHg0 - - .3 - - :
C4Hu - - <4 - 1.2 5
04316 - - 3 - 1.4 3.0
C4H8 - - 2,0 1.0 1.3 2.0
05H8°2 g3.0 95. 4 80.5 83«1 16.5 9.7
CgHg - - 3 - - -
Csiig - - 1.0 1.0 o7 2.0
S5t - - 7 - - -
CeHe .1 - o2 - 1.8 1.9
Co 2.3 .8 ) 1.8 31.3 3l.4
002 3 5 1.1 T 9.8 12.8
prr _ 3.6 2.3 11.2 8.8 5.0 8.2
Total 100.0 100.0 100.0 100.0 170.0 100.0

8Components are in weight percent of total volatiles.
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TABLE 20

STANDARD DEVIATIONS OF IONS FROM n-BUTANE

m/e ~ R.A. Gobs Orax
% %
2 1.19 k.92 4,10
12 .15 16.3 23.22
13 .22 12.0 22.73
14 .07 5.85 7.69
15 4,20 3,43 2.00
16 1.51 8.00 3.13
25 .61 2.11 8.77
26 7.05 3.15 2.00
27 35.32 '1.10 2.00
g 2hETT 1,24 2.00
29 431,22 1.17 2.00
30 - 1.10 3.78 4,42
37 .49 8.13 10.63
38 1.63 5.10 3.13
39 14,48 2.34 2.00
40 2.41 3.29 2.12
43 29,49 1.28 2.00
4o 13.86 2,34 2.00
43 100.00 - -
Ly 3.19 2.83 2.00
50 LT7 1.62 6.76
51 1.00 4.90 5.05
52 .35 9.17 14.71
53 1.09 3,11 k.67
54 .33 13.89 15.15
55 1.23 6. 40 4,07
56 1.09 11.23 4.59
57 2.95 3,42 2.00
58 21.43 1.62 2.00
59 .85 7.37 5.62
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"Stability of Thermoset Plastics at High Temperatures"
by S. L. Madorsky and S. Straus, Modern Plastlcs,
February 1961.

"Thermal Degradation of Polymers at Temperatures up to
1200°C", by S. L. Madorsky and S. Straus; to be published
in the near future by the Soclety of Chemical Industry,
London.

"Thermal Degradation of Organic Polymers", by S. L.
Madorsky, Journal of the Soclety of Plastics Engineers,

17, 7 (1961).

"Pyrolysis of Pcolydivinylbenzene and Copolymers of
tyrene with Divinylbenzene and Trivinylbenzene" by
S. Straus and S. L. Madorsky, J. Research Natl. Bur.
Standards, 65A, 243 (1961).
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