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Thermal Degradation of Polychlorotrifluoroethylene, 
Poly-d., {3, ~-Trifluorostyrene, and Poly-p-Xylylene 

in a Vacuum 1 

S. L. Madorsky and S. Straus 

Polychlorotrifiuo roethylene (I"::el-F) (I ), poly-a,/J,/J-tr i[-Iuorostyrene (II), and pol.\'
p-xylylene (III) were pyrolyzed under con di tions of molccular distillation , and some of the 
light volatile fractions analyzed in the mass spectrometer. The volatiles from (I ) consisted 
of 27.9 ,,"eight percent monomeri c fragments, mostly monomcr, a nd 72. 1 percent large 
fragments of average molecular weight 904. In the case of (II), the volatiles consisted o f 
73.6 percent monomeric fragm ents, almost all monomer , and 26.4 percent large fragments 
of average molecular weight 458. The volatiles from (III) consisted of 3.6 percent mono
meric fragments, not containing a ny monomer, a nd 96.4 percent large fragments of a \'erage 
molecular ",eight 661. Rates of therm al degradation , in terms of rates of volat ili zation, 
were also investigated. The activat ion energies calculated from these rates arc 66, 67, 
and 76 kilocalo ri es per m ole for (I ), (II) , and (III), ]'especti "ely. Th e folloll' i ng order of 
t hcrmal stabil ity was founel : (I II) > (1) > (I I ). 

1. Introduction 

It ,,'as shown in a previous puhlica lion [l] 2 in 
the cnse of a numb er or simple polymers, tlmt their 
thermal behavior in a vacu um, in t il e tem perature 
range 250 0 to 550 0 C., is primarily a function of th eir 
molecular stru ct ure. In t bis paper a comparison 
is macle between polymers tbat are similar to some 
of those preyjo usly studied , and yeL di£rer from th em 
in cerlain structural features . 'With this in view, 
the following polymers were selected for th e presen t 
study: 

1. Polychloro trifluoroethylene (lCel- F) 

T his polymer differs in structure from tetrafluoro
ethylene in that one fluorine atom is replaced with a 
chlorine atom. 

2. Poly-a.,B,,B-tl'ifluoro,,tyrene 

[ F F ] -;-0 . 
T his polymer differs from polystyrene in that the 
hydrogen atoms in a ,,B,,B-posiLions arc replaced 
with fluorine atoms. 

3. Poly-p-xylylene 

[ n-C) H] - c - c-
H II • 

I This lI'ork was supported in part by the Ol'(lnanee Corps, D epart ment of 
the ArlllY, and in part by the Federa l Facilities Corporation, Office of Sy nthctic 
Rubber. 'rhis paper was prcsented at tbe ! at ional Meetin g of the Amcrican 
Chemical Socicty in Ci ncinnati, Ohio, March 29-April 7, 1955. 

'Figurcs in brackets indicate the literature references at the end of this paper. 
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This polymel' dift'ers from polybenzyl in that i L con
tains two, instead of one, CJJ2 groups between tbe 
ph enyl groups in the chain . IL is also isomeric with 
polystyrene; however , here the pb enyl group is a 
par t of th e elwin, while in polystyrene it is pending 
from eve ry seco nd ca rbon alom in Lhe cha in . 

2 . Apparatus and Experimental Procedure 

Th e experiment al wo rk consisted of (1) a sLudy of 
pyrolysis in a moleC' ular still and a subsequent in
ves tigation of the decomposition products, and (2) 
m eas urements of raLes of thermal degradation in a 
vac uum, as indicated by the loss in weight of a sample 
suspended from a spring bal ance. 

In the pyrolys is sLudy, samples weighing J 5 to 30 
mg were h eaLed at various temp er atures. In each 
case it took ahou t 45 min to h eat tllC sample Lo th e 
r equired temperalure, and chis temp erature was then 
main tained for 30 min. Four fract ions were col
lected: 

(1) Residue. Tllis fraction was weigh ed on a 
semimicro balance, but was not investigated JurLher. 

(H ) H eavy fraction, volatile at th e temperature 
of pyrolysis, but no t at room temperaLure. The 
weight of this fraction was calculated as th e difference 
between the sum of the weigh ts of the other three 
fractions and the original weigh t of the sample. 
The average molecular weight was determin ed by a 
microfreezing-poin t-Iowering method . 

(Hl) Ligb t fraction volatile at room tf'mp erature, 
and containing monom er or monomer-size fragments. 
Thi s fraction ,vas weighed and then a.nalyzed in the 
mass sp ectrometer. 

(IV) Gaseous fraction, vola tile at the temp erature 
of liquid ni trogen. This fraction was also analyzed 
in t.h e m ass sp ectrom eter and was found to consist 
of hydrogen . Its weigh t was calculated from its 
volume, pressure, and composition, and amounted to 
abou t 0.02 percent of th e weight of th e original 



sample. Details of apparatus and experimental pro
cedure have been described previously [2 , 3). 

Rates of thermal degradation were determined for 
each polymer at several t emperatures. A 5- 7-mg 
sample of the polymer was placed in a platinum cru
cible suspended from a very sensitive tungs ten h elical 
spring balance, enclosed in a Pyrex glass housing, 
whi ch could b e evacuated to 10- 5 to 10- 6 mm H g. 
An electric furnace was preheated to the temperature 
req uired for a particular run. The furnace was then 
placed in position to enclose that part of the glass 
apparatus that contained the crucible. It ordinarily 
required about 15 min from th e time the furnace was 
plaeed in position, to the time at which the thermo
couple under the crucible indicated the temperature 
requircd for the given experim ent. There was some 
loss of weight of the sample by evaporation during 
this h eating-up period. This loss ~was designated as 
the preliminary loss, and the zero time for any rate 
experiment was considered as the time when th e 
th ermocouple indicated that the operating tempera
ture had b een r eached. The apparatus and experi
m ental procedure have been described in detail in 
previous publications [1 , 4 , 5). 

In all the rate experiments th e percentage of the 
sample volatilized a t any given temperature was 
plotted against time. These plots can b e used as a 
basis for constru cting graphs of logarithm of residu e 
a t time t v ersus time. For some polymers these 
graphs are straight lines, indicating a first-order 
r eac tion [6), and the slop es of these lines are the r a te 
constan ts for the respective temperatures. For 
other polym ers the r eaction is not of first order, and 
the plots of logarithm of residu e versus time are 
cur ved lines. The three polymers of this investiga
tion b elong to the second class. In this case, oth er 
m ethods of plott ing th e r esults were adopted: (1) 
K I- ra tes, which are expressed in p ercent volatilized 
based on original sample p el' minute, at any given 
time t, were plo tted against cumulative percen tage 
volatilization at t. (2) K 2- rates, which are expressed 
in percent volatilized based on the r esidu e at any 
tim e t , p er minute, were plotted against cumulative 
percen tage volatilization at t. Usually , one or the 
other, or both, sets of plo ts are straight lines in the 
range of about 10- to SO-p ercen t volatilization. 

It ,vas not possible to make an accurate and de
tailed study of initial rates with the presen t experi· 
m en tal setup . It is planned to make such a s tudy by 
degrading polymer samples by pyrolysis slowly at 
low temp eratures, using automatic r ecording of the 
rates of volatilization. In the present work, the 
apparent initial rates were obLained by ex tra
pola ting th e main parts of th e rate plots to zero 
evaporation. 

While the apparent init ial rates can ser ve as a 
measure of th ermal stability, it is perhaps more 
accurate, for the purpose of comparing thermal 
stability of various polymers, to use a value desig
nated as Th and defined as the t.emp era ture, in 
degrees centigrade, at whi ch a sampl e of a given 
polym er loses h alf its weight by evaporation during 
45 min of h eating in a vacuum up to this temp era-

ture, followed by 30 min of h ea ting at this t.empera
ture. ~Most of th e weight loss tak es pla.ce during the 
last 30 min. 

3 . Mechanism of Thermal iDegraciation of 
Polymers 

A possible mechanism of thermal degradation 
through scissions has been described in a previous 
paper [1). According to this mechanism , degrada
tion by hea t takes place through scissions of the 
polymer chain. In som e cases the scissions are 
accompanied by transposition, as in polymethylene, 

H H--r" H H 
.. ·0 0 : 0 0 

H". / H". :/ H". / II". 
".H ".II / : ".II ".II 

o c : 0 c · · ·, 
H H : II H 

• r esulting in on e olefin and one paraffin end. In 
other cases th e scissions r esult in two fr ee radical 
ends, as in poly tetraflu oroethyl ene, 

F F : F F 
· .. c 0 :· c C 

F". / F". V F". / F". 
".F ".F /: ".F ".F 

o c ·: c o · " . 
F F , F F 

The free radicals then proceed to depolymerize into 
monomer by a chain reaction, 

F : F F F 
... C : 0 

F". :/ F". "F /: ""F 0 ' 0· --
F ! F 

.. 0 0 
F' F~ ""F ~F 0· + O, ctc. 

]<' F 

The difference in the behavior of the above two 
polymers can be ascribed to the difference in the 
C- Hand C- F bond streng ths, the latter b eing great
er that the former. Although there is a great deal of 
disagreement among jnvestiga.tors in regard to 
numerical values of bond strengths, there seems to 
b e a general agreement as to th eir relative str engths. 
Thus, in the case of bonds with which this investi
gation is con cerned, the bonds can be arranged in the 
following order: 

C- F > C- H > C- OI> C- O.I 

In the case of polychloro trifluoroethylen e, as will 
b e shown below. the volatiles consist partly of 
monomer and partly of large fragments. This is 
due to the weakness of the C- CI bond, so that 
transposition of chlorine during scissions takes place . 
However, since there is only one chlorine atom on 
every second carbon, this transposition is limi ted . 
As a result, some scissions are accompanied by 
t ransposi tion, 
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without monomer formation , while other SClSSIOns 
result in formation of free radical ends, followed by 
monomer forma tion. 

As to what happens to the res idue during th ermal 
degradation, some information is found in the li tera
ture on polystyrene [4 , 7 , 81, pol?-a- and poly-f3-
deuterostyrene [7], polymethyl methacrylate [9], 
polye thylene [10], polym cthylene [11], and polyiso
bu tylene [12]. It was found, with all these polymers, 
that there is an initial rapid drop in molecular weight 
during the first few percent volatilization, or even 
before volatilization begins, followed by a much 
slower drop in molecular weigh t as vola tilization 
proceeds . This rapid initial drop in molecular 
weigh t may be due to weak links [13] or to other 
causes. H owever, it is quite possible that the 
deviation of the initial rates from the linearity of 
the subsequen t K 1- or I(~-rates is due, to a large 
extent, to this rapid initial drop in molecular weigh t . 
It was also found that a dditives. such as benzoyl 
peroxide, affect initial rates of thermal degradation, 
as was shown in the case of polymethyl methacrylate 
[14]. 

One should be able to find a difference in the shape 
of the curves for molecular weight of residue versus 
volatilizat ion, beyond the first few percent volatili
zation, depending on whether th e mechanism of 
degradat ion is of the polymethylene type or the 
polytetrafluoroethylene t ype. However, the litera
ture data are inconclusive with regard to thi s point. 
While in the case of polymethyl methacrylate, which 
degrades by the same mechanism as polytetrafluoro
ethylene, degradation was carried out to about 90 
percen t loss of weight [9], polymethylene was 
degraded to only abo ut 14 p ercent volatilization [11]. 
As for polyethylene, the inves tigation was made at. a 
temperature below volatilization [10] . 

4 . Results 

[4. 1. Polychlorotrifluoroethylene 

This polymer 3 was in the form of a transparen t 
sheet 0.2 mm thick . It contained no additives and 
had an average molecular weight of 100,000. Ex
perimental condi tions and results of pyrolysis are 
shown in table 1. The light fraction III is, on the 
average from three experiments, 27 .9 percent of the 
total volatilized part, as compared with almost 100 
percent in t he case of polytetrafluoreothylene [5] . 
Mass spec trometer analysis of this fraction showed 
it to consist of about 90 to 95 mole pereent mono
mer, the res t being a mixture of C3F 5Cl and C3F 4Cl2• 

Thus, the yield of monomer was actually 26 to 27 
percent of the total volatilized part, as compared 
with almost 100 percent for polytetrafluoro ethylene. 
Wh en pyrolyzed in bulk [15] in ni trogen at a tmos
pheric pressure, polychlorotrifluoroethylene yields 67 
percent monomer. Bulk pyrolysis gives similar 
results in the ca e of other polymers [16, 17] . 

In figure 1 the percent of polymer volatilized is 
plotted against temperature for the experiments 
shown in table 1. The value of Th for polychloro-

TABL~~ 1. P !Jrolytic fractionation of polymers 

Exper imen t 

L . __ . __ ._. 
2 __________ 
3. ____ ._. __ 
4-. ________ 

'l'cmpcra
t urc 

Fractions of origina l sample 

I 

Residue 

II 

Non volat ile 
at room 
tempera· 

turc 

HI 

Volat ile 
at room 
tempera-

ture 

Polych lorotri fl uorocthylene (K el- F ) 

0 C wt % wt % wt % 
347 98. 9 ----- ---._-- ---- ------ --
380 47.5 37.5 15.0 
401 1. 2 71. 5 27.3 
418 0.6 70.0 27.4 

Fraction 
III in 

perccn t 
of to tal 

vola tilized 
part 

wt % 
- ---------
28.6 
27. 6 
27.6 

A vcragc ___ . ______ . _______ ._. __ ..... _ ... _._. ___ . ___ . __ . ___ 27. 9± 0. 4 

Poly ... , fl , fl·tTifiuorost yrcne 

1. _________ 333 70. 0 7.5 22.5 75. 1 
2 ___ ._._. __ 348 34.5 16.6 48. 9 74 . 6 
3. __ ._ .. ___ 365 4. 8 22.0 73.2 77.0 
4. __ .. _. ___ 382 0.9 32.2 66.9 67.5 

A \iCragc .... . ... ____ . ______ ... ____ . __ . ________________ ._.. 73. 6± 1. 5 

L _ •.. _._ .• 
2 .. __ ••. • . _ 
3_. ____ ... _ 
4._. ___ ._._ 
5_. ____ ._._ 

419 
431 
439 
449 
464 

Pol y-p·xylylene 

85.7 
56.6 
33.5 
8.5 
2.5 

41. 7 I. 7 3.8 
63.2 3.34. 9 
89.5 2.0 2. 2 
93.9 3.63.6 

--------'-----'----'---------
A vcragc ____________ . ___ . _________ . _____ ._ .. _. __ .. _______ 3. 6±0. 7 
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FIGURE 1. R elative thermal stab iWy of polychlorotrijluoro
ethylene (K el-F), poly-a,{3,{3-trijluorostyrene and poly-p
xylylene . 

The other pol ymers are shown for comparison. rn each experiment the sample 
3 The a uthors are indebted to n . s. Kaurman or the W . M . K ellogg Co. for was beated up to tbe req uired temperatnre in 45 min and t hen kept at this tem-

supplying this polymer. peratnre for 30 min. 
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tritluoroethylene is about 3800 C, as compared with 
416 0 for pol.nnethylene, and 509 0 for polytetrafluoro
ethvlene. 

The residue, fraction I, was a transparent glass. 
The heavy volatile fraction II had an average molec
ular weight of 904, as determined by the freezing
point. lowering in camphor. T his value is higher 
than those observed for other yinyl polymers, bu t 
fluorocarbon compounds are known to have higher 
vapor prcssures than hydrocarbons. 

The rates of thermal degradation of polychloro
trifluoroethylene were investigated at five tempera
tures. The experimen tal condit ions and results are 
sh own in table 2. In figure 2, percentage volatiliza
t ion is plotted against time . It can be seen from 
this figure that the prclim inary losses by volatiliza
tion are from 0 to 3 percent. The K 2-rates, in percen t 
volatilized based on the residue per minu te, are 
show"n plot ted in figure 3. These plots are s traight 
lines above 10 to 20 percen t volat ilization, and the 
apparen t initial rates are ob tained by extrapolation 
to zero vola tilizat ion. The values of these initial 
rates arc shown in table 2. The activation energy, 
as calculated from these initial rates, using Arrhenius' 
equation, is 66 kcal/mole. The apparen t initial rate 
of th ermal degrada tion of polymers at 350 0 C, K 3500 

was selected for the purpose of comparing thermal 
stability of polymcrs [1] . If this rate is not con
veniently determined experimentally, it. can be cal
culatcd from a given rate a t a given temperature by 
means of a modified Arrhenius' equation: 

where K l is the rate corresponding to th e absolute 
tempera ture, T1, and R is the gas cons tan t . For 
polychlorotrifluoroethylene, this ra te is 0.044 percen t 
per min, as compared with 0.000002 percent for 
poly tetrafluoroethylene. 

T AB L E 2. R ates of thermal degmdation of polymers 

D ura- Initial 
Tern- Total rate of Acti-

l:lolymer pel's- t ion of vola- vola- vation 
Lure ex pcri- Wized til iza- energy ment tion 
-----------

° c min % %/min keal 
:?olych lorotri n uvl'oeth y len e K , 

365 400 78.1 0.20 

[-L8~ ] 370 300 82.9 .28 
375 200 75. 0 .42 

F F " 380 160 82.3 .58 
385 130 83.2 .84 66 

Poly-a, (3 , (3-trifi uorostyrene K , 
325 360 59.7 0.27 

He? 330 4] 0 72.1 .43 
335 200 64. 3 .60 
340 200 79. 9 I. 02 67 

Poly-p-xylylene K , 
415 230 80.4 0. 06 

[-CHr~ :>-CHrJ " 
420 170 88.9 . 10 
425 110 91. 6 . 16 
430 80 93.3 .23 76 

I 
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FIGU RE 2. Thermal degradation of polychlorotrijluoroethylene. 
__ , Percentage of sample volatilized versus time; ________ , logarithm 10 of 
percentage residue versus time. 
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FIGURE 3. R ates of volatilization of polychlorotrijluoroethylene 
in percent of residue per minute, as a functi on of percentage 
volatilization. 

4 .2 . Poly-a, fJ, fJ-trifluorostyrene 

This polymer,4 in the form of white light flakes, was 
prepared by R . S. Corley, of Polaroid Corp. , from t he 
monomer at 50 0 C, using a small amount of dodecyla
mine as emulsifier . The emulsion was coagulated by 
the addition of I -percent sodium sulfate. The 
product was purified by washing thoroughly with 
ethanol to remove the emulsifier, dimer , and alcohol-

• T he authors are indebted to the Signal Corps Engiueering Laboratory, Fort 
Monmou tb, N. J ., for supplying this polymer. 
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F I r- UH m 5. Rates of volat1'li zation of pol y-a,f3,f3-tnj iuorosty
ren e i n percent of ori g1:nal sample per minute, as a f 1mcti on 
of percentage volatilization, 

soluble low polymers, and was then vacuum dried, 
Preliminary experiments on pyrolysis and rate of 
degradation showed that the polymer contained a 
considerable amoun t of short-chain molecules, A 
2-g sample was fractionated by dissolving at room 
temperature in 100 ml benzene and precipitating with 
35 ml methanol. About 1 g of heavy frac tion was 
thus obLainecL This operat i(ln was repeated on the 

heavy fra cLion, resul ting in 0.5 g of a sLiH heavier 
fraction , This last fraction was freeze-dried and 
used in the experimen ts described here, On the 
basis of informaLion with r egard to the molecular 
weight by osmo tic determin a tion of the original 
material , th e wcight average molecular weigh t of the 
twice-fractionated 0.5 g heavy fraction was estimated 
to be at least 300,000 , 

Experimental condit ions and results of pyrolysis of 
poly-a, {3, {3-triiluorostyrene at foUl' tempera tures are 
shown in table L The amount of fraction III in 
percent of total volatilized part is about 74 percen t, 
as compared with 42 percent for ordinary poly
styrene [1], Temperature of 50 percent volatiliza
tion, T il, as seen from figure 1, is 342 0 C, as com
pared with 364 0 for ordinary polyst)Trene [18]. 
There docs not seem to be an~T satisfactory explana
t ion at present for the greatcr stability of polyst~Trene 
as compared with poly-a, {3, {3-trifluorostyrene, 

Mass spectromeLer analysis showed fracLion III Lo 
consist almost entirely of Lhc mOlJomer. Judging 
from the large monomer ~'ield in the pyrolys is of 
poly-a, {3, {3-LrifluorosLyrene, Lhe mechanism of degra
dation consists mainly of sciss ions withouL Lransposi
tion, resu] ting in Lwo free rad icals: 

F F i F F 
C c: c c 

/ B"- / B"-: / 1'''- / B"-
F "-1' :" v "- F "- F 

00000 

These free radicals Lhen break lip inLo monomers by a 
chain reaction (unzipping) . The lack of transposi
tion of HUOl'ine here could be ascribed to the high 
C- F bond strength, 

The heavy fraction II had an average molecular 
weight of 458, as determincd by Lhe Jrec?'ing-point
lowering method in benz:elle . This molecular weight 
corresponds to a trimer, and could consis t of a mix
ture of dimer, trimer, and tetmmer, as in the case of 
polystyrene, poly-a and poly-{3-deuterostyrenes, and 
poly-m-methylstyrene [14]. While the weight ratio 
of fractions II and III in poly-a, {3, {3-Lrifluorostyrene 
is 74:26 , the mole ratio is 89:11 , so that only a few 
large molecules have evaporatecL The residue, 
fraction I , was glassy and light brown in color, 

Measurements of rates of degradation were carried 
ou t at four temperatures . Experimental condi tions 
and r esults are shown in table 2. Cumulative 
percentage volatilization is plotted against time in 
figure 4. A preliminaTY loss of weight of 6 to 10 
percent is shown. R ates [{I, in percent volatilized 
based on original sample per min, arc shown in 
fi.gure 5. The init ial rates were obtained by extru-
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polation to zero time, and are shown numerically in 
table 2. The activation energy based on these rates 
is 67 kcaljmole, as compared with 58- 59 determin ed 
previously for polystyrenes [14]. Rate, K 350o, of 
thermal degradation at 3500 , calculated as in the case 
of polychlorotrifluoroethylene, is 2.4 , as compared 
with 0.14, 0.24, 0.27, and 0.90 determined previously 
[4, 14] for poly-f3-deuterostyrene, polystyrene, poly
a-deuterostyrene, and poly-m-methyls tyrene, respec
t ively. 

4 .3. Poly-p-xylylene 

This polymer 5 was prepared by the Szwm'c 
pyrolysis method, and is the same as the one used 
by the Polaroid investigators in their work [19] on 
poly-p-xylylene. It is a light-yellow powder and is 
described by Livingston 120] as " apparently all 
crosslinked ." Its molecular weight was unlmown, 
but must be quite high, judging from the fact tha t 
on pyrolysis the initial rate was not excessive, as is 
the case with low m olecular weight polym ers. 

Szwarc's method [21, 22] for the preparation of 
poly-p-xylylene con sists of heating gaseous p-x ~~lene 
at about 800 0 C. At this temperature, p -xylene 
loses hydrogen to forIn 3 ,6-dimethylene-l ,4-cyclo-
hexadiene, . 

which is stable in the gaseous phase , but is labile in 
the condensed phase, and polymerizes at about O°C. 
to form poly-p-xylylene. On the basis of X-ray 
analysis and energy of formation of this polymer, 
Szwarc assumes tha tit h as a linear s tru c ture wi th 

H-Q H l' ' 11 - c - c - as t 1e repeatmg umt. - owever, H __ H 
other inyestigatol's [19, 23, 24], on the basis of 
high crystallinity, infusibility, insolubili ty in most 
of the ordinary solvents, and of other chemical, as 
well as physical, properties of poly-p -xylylene, caIre 
to the conclusion that this polymer is highly cross
linked. 

R esults of pyrolysis experiments are shown in 
table 1 and figure 1. Fraction III, in percen t of the 
total volatilized part, is 3.6. Mass spectrometer 
analysis of this fraction is shown in table 3. As sern 
from this table, the monomer, 

HC) H c= =c H _ _ H 

does not appear at all in fraction III. Fraction II 
was found by the freezing-point-Iowering method in 
camphor to have an average molecular weight of 661. 
The residue was light brown. The Th value, as seen 
from figure 1, is 432, as compared with 430 for poly-

• Tbe autbors are indebted to the Polaroid Corp . for supplying them witb this 
polymer. 

T ABLE 3. N[ ass-spectrometer analysis of fraction I If collected 
at room temperatw'e 1:n the pyroLys1:S of poLy-p-xylylene 

Component 

Methyl-eth yl-benzene (C,R ,,) ____ _ 
Methyl-styrene _________ __ _____ . __ _ 
Xylene ____ ______________ _______ __ _ 
Toluene ____ _______ __ __________ __ . _ 
Benzene . __ ____________________ __ _ 

Temprraturc of pyrolysis , 
° c 

____________ A vcrage 

],,[ole % ]I.1ole % J1Ioie % JW ole % 
i.5 7. 0 6. 0 6.8 
5.7 2. 9 3.2 3. 9 

68.0 83. 1 84.5 78. 6 
12.2 5. 6 6.3 8. 0 
6. 6 1.4 2. 7 

TotaL ______ 100. 0 103. 0 100. 0 100.0 

benzyl and 364 for polystyrene. Thus, polybenz~TI 
and poly-p-xylylene approach polytetrafluoroethyl
ene, with a Th of 509 15] in thermal stability. This 
is most likely due to the fact that the highly resonat
ing benzene ring forms a part of the polymer back
bone in these two polymers. On the other hand, 
styrene, whi ch is isomeric with poly-p-xylylene, but 
has the benzene ring pending from every second 
carbon in the polymer backbone, is less thermally 
stable than polybenzyl or poly-p-xylylene . 

Results of rate measuremen ts are shmvn in table 2. 
P ercentage volatilization versus time is shown in 
figure 6. As seen from t his fi gure, the preliminary 
losses vary from about 3 to 5 percent volat ilization. 
The K2 rate curves are plotted as solid lin es in fig
ure 7. These curves, when extrapolated to zero 
volatilization, run close t ogether, and th e rates are 
subject to considerable errol'. Th e initial K 2-rates 
are shown in table 2. Th e activa t ion energy ca lcu
la ted on the basis of these mtes is 76 kcal, as com
pared with 53 for polybenzyl [1]. As a check on 
tbe accuracy of the activation energy for poly -p
xylylene, the K 1-rates are shown plotted as inter
rupted lines in figure 7. T beK1-rates at the posi tion 
of maxima are shown in table 4, and the activation 
en ergy calcula ted on the basis of these maximum 
K 1-rates is about the sa m e as t h at calcul ated 
from th e initial K 2-rates. A surprising similarity to 
polystyrene [4], with regard to the mech anism of 
th ermal degradation, is the shape of the K l and 
K 2-rate curves for poty-p -xylylene, which point to a 
reaction intermediate between a fi rst, and a 7ero 
order, th e same as in polystyrene. 

T ABLE 4. N[ axima on~ K 1 rate-curves for poly-p-xyLylene 

T emperature 'Maxima 

° c %/min 
415 0. 50 

i 420 . 76 
425 I. 26 

I 430 1. 76 

The K 3500 initial rate calculated from Kz-rates is 
0.002 , as compared with 0.006 percen t for poly
benzyl [1] and 0.24 percent per minute for poly
styrene [4]. 

Even if we assume that poly-p-xylylene has a 
highly cross-linked structure, some parts of the 
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polymer would be linear. It was shown by Szwarc 
that the monomer, 3,6-dimethylene-1 ,4-cyclohexa
cliene, HC)=H c= - c 

]I _~_ Jl 

These radicals co uld then unzip in to monomers: 

H< >HoH-Q n ... c- - c-:-c - c · --> 
11 ll : H __ II 

H< >H HO H . . c - - c· + c= = C, ctc. 
H Jill __ H 

mO .. olller 

In order to check on the existence of the monomer 
in the pyrolysis of pol~T-p-xylylene, a sample of the 
polymer was pyrolyzed directly into the ionizing 
chamber of the mass spectrometer 6 by a method 
developed by Bradt, Dibeler, and Mobler [25]. The 
mass spectrogram consists of a series of peaks of 
formulae nX + 1 and nX - 1, where X is the monomer 

6 Thc authors are indebted to Paul Bradt and F . L . MOhler, of the Mass Spec· 
trometry Section , fol' carrying out this experiment and interpreting the results. 
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is stable in th e gaseolls pliase. This monomer can 
be expected to form as part of the volatile prociuct 
and rcmain stable while in the gaseoll s state. The 
mechan ism of monom.er formation co uld be as 
follows: A thermal sciss ion occurs at the - CHz-
CHz- bonel , whi ch is in {I-position to doubl e bonds 
in benzene rings on both sides. This scission takes 
place without hydl'Ogen transposition and results in 
two free radieals: 

uni t CH2:C6H 4:CI-Iz, molecular weight 104. With 
increase of n from. 2 to 8, thc intensi ty decreases from 
1,000 to 10 (on an arbitrar.v scale), as shown in table 
5. There arc also smaller peaks with one or two 
CIL radicals taken from or added to nX + 1. The 
amount of monomer, 3,6-dimethylenc-l ,4-cyclohexa
diene, could not be determined quantitavely, in 
v iew of unknown contribu tions from the dimer, 
trimer, tetramer, etc., to the 104 peale However , 
this amount is estimated as considerably less than 
10 mole percen t. Xylene, molecular weight 106, is 
present to the extent of about 1 mole percent. The 
highest peak is for m/e= 105. This pcak could be 
due chiefly to contribu tions from the larger ions 
which are multiples of X. Peaks at 207 and 209 
are due to dimer, those at 311 and 313 to trimer, etc . 
These results arc in general agreement with those 
obtained from pyrolysis, where the bulk of the vola-



TABLE 5." Mass spectrograph of poly-p-xylylene pyrolyzed 
directly into the ionizing chamber of the mass spectrometer 
at 3810 C. 

(Onl y the more conspicuo u s peaks a re sho \\"n .) 

Prak s 0 11 the '[ I . I I 
I 

basi::. of 105 .\ onomer mu LIP e 
rn/c= 1,000 I ±1 

1--
1 

m /c 

103 
104 
10.0 
10(j 
207 
209 
311 
313 
41 5 
416 
41 7 
519 
521 
02;j 
727 
B31 

16 
135 

1,000 
95 

334 
204 
B4. 
42 
22 
23 
19 
19 
19 
24 
20 
10 

1 
~-l}monolll cr 
X+l 

_____ xylene 

2X-l}dimel' 
2X+l 
3X - l) .. . 
3X + 1 til m el 

4X - l} 
4X tetralll l'l' 
4X+1 
.oX- 1} t . 5X+l pen ame l 
6X - l h exam er 
7X - 1 heptamer 
BX - 1 oetamcr 

0. This table is from a paper Jl OW in preparation b y 
Pan I B radt a n d F . L. :\ I' ohlel' . 

t il es consisted of fraction II, having an average 
mo~ecular weigh t of 661 , while fraction III consists 
mainly of xylene . 

.Poly-p-xylylene and polyb enzyl are two examples 
of polymers in which the phenyl group constitutes a 
part of the chain backbone. Both polymers are 
thermally stable, and do no t y ield the monomer unit 
as part of the volatile products. It was shown in the 
case of po]ybenzyl [1] that the configura tion of the 
chain is such that monomer formation b.'T unzipping 
is not to be expected. However, in the case of poly
p-xylylene, one could cxpcC't a considerable amount 
of monomer instead of the small amount actually 
found, which should be stable in the gaseous phase, 
according to the work of Szwarc. The absence of 
a large amount of monomer in the volatiles in the 
gaseous state could be explained on the basis of res
onance in thc poly-p-xylylene, which prcvents the 
free radical end of the chain from unzipping in the 
same manner as in the case, for example, of pol,vtetra
fluoroethylene, polychlol'o tl'ifluoroeth."lene, and other 
polymers. 

5. Comparative Thermal Stability of 
Polymers 

It was poin ted 011 t above that a cOll'parison of 
thermal stabili ty of polymers can be made on the 
basis of their initial rates of yolatiliza tion. These 
initial rates were no t detenl'.ined experimentally, but 
were obt.ained by extrapolating to zero volatilization 
the main parts of the rate curve extending from about 
10 to SO percent volatilization. In making this com
parison , the rates K 3500 of a ll the polYlPers arc cal
cula ted to 3500 C. Perhaps a more aecurate com
parison can be made on the basis of the Th values of 
polymers. This value was defined as the temperature 
at which a polymer sample will lose half i ts weight 
when heated in a vacuum for 30 min at this tempera
ture, preeeded by a 45-rrin h eating-up period to this 
temperature. Table 6 shows a eomparison of ther-

T ABLE 6. R elative stability of polymers 

P ol y mer 
l)crccn t Ref('r-
pCl'min encc °C R efer

eflce 
1-------------'------------- - -

Polytc trafluoroethylenc _____ ___ __ 0.000002 [5] 509 [5] 

!~5 --elY' 
407 [1] 
404 [11] 

Poly-p-xylenc ________ _________ __ .002 
Pol y benzyL _________ ____________ .006 [I ] 
Polymeth ylene __________________ . 004 [1] 
Polyethylene ____ _________ ___ ____ . 008 [4] 

387 
3BO --[lY-
372 [I] 
369 [ IB] 
304 [I B] 
362 [18] 
358 [18] 
348 [1] 
342 
327 [l B] 
278 [l B] 

P oly prop ylene _____ ___ _______ ____ .009 
Polychlorotriilu ol'oethylene _ _ _ _ __ .044 [1] 
Poly-II-d e llterostyre ne . 14 [1] 
Polyvinylcyclohexane__ __ ____ ____ .45 [17] 
Polystyre ne . .- ____ .- _____ _________ 1 . 24 [4] 
Po!y-a-deu tOJ ostyle ne ____ ___ ____ . 27 [17] 
pOly-m-m ethy lstyrcnc _________ __ 1 .90 [17] 
P ol yisobu tylcne __ ____ _____ ______ 2.4 [1] 
Poly-a, II , II-tr inu ol'ostyren c_ - - - --I 2. 4 
l'ol ymeth ylmeth acrylate ____ __ __ _ 5.2 [17] 
Poly-a-methylstyrene _____ ___ ____ 230 [17] 

mal stability of 16 polymers on the basis of K 3500 and 
Th . "iVith a few slight deviations, the two compari
sons run parallel. 
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