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Thermal Degradation of Fractionated High and Low Mo-
lecular Weight Polystyrenes’
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{April 16, 1062)

In previpue work on the thermal depradation of polysiyrene of average molzoular
waight of 230,000, carried out in & vacuum 17 the temperature range 318 to 345 °C, the rate
eurves exhibited distinct maximums when percentage loss of Bmpﬁper minute was plotted
as # Function of percentage volatilization. These maxdmums correspond to & voletilization
of shout 35 fo 45 percent and tend to flatten with deoreazed tem ture of pyrolyais. A
similar mudy of retes of thermed degradation at 307.5 °C has now been mede on two groupa
of polvmers: (1] low molecular weight, 34,000; 51,000; and 64,000; and (2] high moleeular
weight, 2,000,000; 2,250,000; and 5,000 00, ja polymers and Also fractions of narrow-
range molecular welght were used. The rate curves for the 24,000 and 51,000 molecidar-
weight eamples exhibit very high inftial retes, but no mezimums; the 68,HH) aample ahowed
8 mazimom at 43 percent volatilization. The rate curves for the 2,000,000, 2,250,000, and
3,000,000 moleeular-weight samples exhibit a graduoal rise up to about 25 peroent volatiliza-
tion; then, instead of forming maximimas, they follow plateaus to abogt 50 percent volatiliza-
tlon. Thess plateauz are indicative of a sero-order reaction In the ranpa that they cover,
apd tha rates eorresponding to thern fik well on the Arrhenine aclvatinon-snergy eurve
obtained previously for polyslyrene samples at higher temparatyces.

1. Intreduction aplfma,ch a zeroorder at low temperatures. In
order t0 elucidate this mechanism a saries of experi-

The rates of thermal degradation of polystyrene | ments wera carried out af refatively low tempera-
in n vacoum have been studied extensively by { Hres, usin polystyrene samples of high purity,
Jellinek [1,2),* Madorsky [%,4], and Grassie [5,6]. fractionated and unfractionated, and of both high
Howaver, the exact machanism of degradstion has and low molecular weight.
been uncertain. The reaction does not follow =
simple process of randoin initiation or end initiation.
Inatead, there appeare to be » complex mechanism AT
that has bean expf&ined by assuming randomn initia- /V
tion, with & econsiderable amomt of intramolecular
and intermolecular transfer of free radicals, ac-
coinpanied by unzipping at free-radical chain ends
[7,8,9]. In addition to this, structural irr arities,
so-callad “wealt links,” in the backbone of the chains
hava beenn poatulated to oceonnt for some of the
degradation of the chaina [1,2,5,8].

n tha earlier studies on thermal degradation a
polystyrene sample of molecular weight 230,000
{osmotic pressyre) was pyrolyzed in the tamperaturs
range of about 330 to 400 °C, Curves of tho rates
of degradation in percent of original sample plotted
a3 a function of percentage degradation exhibit
maximums in the range of about 35 to 45 percent
dogradaticn [3]. These curves approach s horizontal
line ab decreased temperatures of degradation, as
shown in figure 1. At 299.5 °C' the nnddle portion
of the rate curve approaches very closely a horizontal a
lina [4], which is indicative of a zero-order reaction.
Thus, although at the higher temperatures the mech- o
anism of rcaction is rather complicated, it szema to
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1 This paper waa prosenled at the I4lst meeting of L Arsevican Oharoieal polystyrene of molecular weight of ! )
Boclsty |0 Wash D0, Maweh 2003, 1962, Fota of smenple 1o9s, 3 5 Wtaddeted o feeecait of origlml samph.  Flgws i
1 Figmres it brackaks indicits the Titeratars raferences gt the and of this papar, taken from references [3] and [4].
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2. Apparatus and Experimental Procedure

In earlier studies on rates of thermal degradation
of polymer a tungsten helical spring microbalance
was used for the higher temperatures; in the present
work an Elmic electronic microbalanee wes used
hecayse it was more suitabla for measurements of the
slower rates obtained at the relatively low tempera-
ture of 307.5 °C, This electronic balance auto-
matically recorded Lhe tﬂmf:-e.rnl;um and loss of
weight of the sample, and could be operated for long
perteds of time without attention.

The cxperimental procedure using this balance has
been described in detail [4]. A 4 to 5 mg sample of
the polymer in a small platinum c¢rocible was
suspended from the arm of the balance enclosed in
a glass housing. The aystem was evacuated to
gbout 10~* mm Hg. An elecirie furnace which
was preheated to the required temperature was then
raised around the glass%nusing for pyrolysiz of the
sample. A chromel-chromel constantan thermo-
couple directly under the crucible reached the
operating temperature in about 15 min, Very litile
loss of weight oceurred during the warming-up
period. Fhe thermocouple was precolibrated against
a similay thermocouple placed in the crucible in
contgct with itz bottom, The temperature was
kept constant to within £0.2 °C by means of an
electronic thermostat.

3. Materials

Eastman styrene, stzbilized with p-feri-butyl-
catechol, was used in the preparation of the polymer.
Ii was first washad with ¥ percent NaOH, tgen with
distilled water, and finally dried with Ca80,. The
dried monomer was distilled at 183 mm Hg, The
purified dry monomer was depassed in & high-
wvacnum line and distilled into dilatometers. Tgwu
batches of polymers were prepared: polymer A and
polymer B, Mo initiator was nsed for either of these
two polymers,

FPolymer A: This polymer was polymerized for a
Fear at room temperature to about 50 percent
conversion. The teaction mixture was poured into
methansl, The precipitated polymer was then dried.
The viscozity-average malacular weight of the whole
polymer was 2,250,000, The fractionation was begun
at & concentration of 0.5 percent of polymer in
methyl ethyl ketone using isopropyl aleohol as a
pracipitant. Several fractions and enbfractions were
recovered,

Polymer B This polymmer waz polymerized at
180 °C to about 30 pereent conversion. The re-
gciion mixture wag powred into methanol and then
precipitated with water. The wiscosity-average
molacwlar weight of the whole polymer was 51,000,
Fractionation began with an initisl concentration of
0.6 percent of the polymer in a methyl-ethyl ketone
acetone mixture (1:1% using methanol as a pre-
cipitant. Twelve fractions were recovered.

Pertinent data on the unfractionated and fraction-
ated materials vsed in this paper are shown in
table 1. The molecular weights of these materials
wera determined by the viscosity method. The

Tarre 1. Polpsfiyrene semples ured i1 pyrolysiz
Bample Mo, Fraction Mol WL
iﬂ%} Tnfracticnated %.%%
A-IC Low fractlon | 2000, X0
E-’ﬂ Tniracticnated %%
B-1t Layr Frpusflon o,

intrinsic viscosities were determined in behzens at
40 °C using an Ubbelohde wiscometer. Molecular
weighta were caleulated from the relation

[]=1.00%¢ 1)+ M 27

which s very close to the relatton given by Flory
f10] for the intrinsic viscosity and weight-average
molecular weight of fractions of polystyrene,

4, Experimental Work
4.1. Mclecular Weight of Degraded Polymers

Samples of polyatyrena fraction A-If, molecular
weight 2,000,000 (table 1), were pyrolyzed in o
vacuum for varcus periods of time at temperatures
ranging from 304 to 312 "C. The residuss were
disaolved in benzene snd freeze-drisd prior to deter-
mining their average molecular welght by viscosity
and osmotie-pressure methods.

The wiacomty method has been described above.
The osmotic-pressure determinations wers made in
cyilohexane at 35 °C in Stabhin osmometers using
“never-dricd” gel cellophane No. #00. Resulis of
these pyrolysis experiments are shown in fable 2.
In figure & the rcsuj)ts of molecular waight determina-
tionz of the residuss by tha viscosity and the camotic-
pressure methods for sample A-ll are compared with
gitnilar resulte obtuined previously [3] using the
osmotic-pressure method for an  unfractionated
thermally preparad pelystyrene sample of melecular
weight 230,000, The resulis indicate a rapid drop
of molecular weight during the initial 10 percent loss
of waight to about 70,000 to 80,000, This drop is
similar for both the fractionated polystyrene of
nversee moleculnr weight 2,000,000 and the unfrac-
tiophwted emmple of molacular weight 230,000
Bevond 10 percent loes the drop ie less drastic and
the curve shows a tendeney to level off at about
50,000 (oamotic-pressure molecalar weight) [or hoth

puiymers.
TanLe 2. Molecular weighaadﬁf degraded polystyrene fracion
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Fraure 2.

4.2. Rates of Degradation

Tha whole polymers A and B, and their two
fractions (table 1) wero studied. Pertinent details
of the rate exporimenis arc shown in table 3. In
figura 2 cumulative loss of weight, in percent of
sapmple, iz plotted ag a [unction of time., Fractions
A-hi and A-IF of 5,000,000 and 2,000,000 molecular
waipht, respeclively, show the same pyrolysis curve.
Theese hizh molecular-weight curves show inflexions
and resemble those obiained previously for uvnfrac-
tionated, thermally prepared polystyrenc, molecalar
weaight, 230,000, and of two f]{‘:ctiﬂns [rom  this
polymer of molecilar weights 106,000 and 584,000 [3].

TaBr® 3, Naleg of degradation of polysiyrens ol 3075 °C

Eample No, Maol. wt. Duration | Volatil astlon | Max, vibe

hr o Tl
A-nf 2, 250, DOk i1 3.0 L Qdgd
Ashl 13, CXONE, (NN} ) ALk . (MG
Al 2, a0, 00 ) 4L 5 JH50
E.nl A1, D00 b LD & ks
T-h! ik, (N} it 150 . Q4
B 24, B TH0 . 0Be0

* TTHin ruka correapotde bo at nfettion off the rite swrve instead of to & mazl-
DAL T8k8.

In figure 4 the rates, calewlated from the enrves in
fipure 3, are plotted in percent of sample volatilized
per minute as a function of percentage volatilized.
The high molecular weight polymers, both unfrac-
tionatad and fraa::tiwcnnma,beﬁ:1 show & gradual rise in rate
up to ahoui 25 percent loss, then there is a plateau
extending to ahoui 50 percent loss, followed by &
drop in vate tending toward zero at 100 percent
volatilization, The pate curve for B-hf fractien,
66,000 molecular weight, resembles those for the
high molecular weight iymers, except that it doea
not have a plateau. The 24,000 B-M {fraction indi-
catos a constant rate up to about 30 percent volatili-

63TaAE—82—d
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zation, followed by & drop toward 100 percent
velatilization. The 51,000 B-uf sample starts at a
very high rate and exhibits a pronounced inflexion
hatween 40 to 45 percent volatihization, followed by &
eradual decrease in rate.
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Fraure 3. Cumulofive (kermal degrodetion of polystyrene

samples.
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8. Discussion

As the high molecular weight polysiyrens under-
goes pyrolysis, ite {M) drops rapidly during the firat
5 to 10 percent loss of weight and stabilizes at about
40,600 to 60,000. Tho level of atabilization seems
t¢ be independent of the initial moleculnr weight or
of the molecular distribution in the polymer species,
Pmnded the initial (M) iz not below the stabilization
evel, The initial drop in molecular weight may be
due partislly to scissions st weak-link bonds causad
Eg' mpurities in the 'iolyme.ra, but i3 mainly due to

ermal scissions in the chain. This continues to &
point where the drop in weight caused by random
suisslons 18 counter-balanced by the disappearance
of smaller c¢haing through unzipping, mainly inte
monomers.  According to Stavdmger and Stein-
hofer [11] and Madorsky and Straus [12], the degrada-
tton products from polystyrene consist of abeut
40 percent menomers, 20 percent dimer, 20 percent
trimar, and some er fragmenta. Unzipping
Fai]ices placa at free-radical chain ands, pmsumalgljr E)
'olinwa;
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At this point stabilization sets in. Since loss here is
mainly due to loss by unzipping at endsz of chaing, the
rate iz constant a8 long a8 the number of chain ends
etays constant. This explains the platesu in the
rata curvez of the high molecular weigcht apecies.
However, the average molecular weight drops grad-
ually during this period, as is indicated in figure 2.
Thus, a8 shown in figure 4, the portions of the ate
curves from abeut 25 to 50 percent woight loss in
the ease of the three higheat mcﬂeculnr weight samples
point 0 & zero-order reaction. Bevond 50 percent
volatilization a decreaea in rate takes place due to
& deercase in the oumber of chain ends. This is
predicatad on the assumption that in the range of
converdion of 25 to 50 percent, the rate of disap-
peerance of chain-ends by unzipping ia cqual to the
rote of formation of new chain ends throvgh random
seission, while in the initial and finyl etages, the rate
of disappearance of chains is respectively slower or
faster &zm the rate of formation of new chain ends,

In the thermal degradation aé 298.3 *C of un-
fractionated polystyrens of molecular weight 230,600,
the rate curve shows g plateau in the range of abeut



20 to 50 percent volatilization [4]. Howover, at
highar temperatures, 318 to 348 °C, the rate cutves
for this polymer show maxima instead of plateaus at
about 25 to 45 percent volatilization [3]. This could
be explained en the ground that with the rise in the
temperature of pynﬁysis tha wvarious resctiong in-
volved are speedad up und overlap so that the region
of skt.ahi]iza,tmn narrows down from a plateau to &
peak.

Simba and Wall {5] predict, on theorstical grounds,
the oceurrence of maximums in the rate curves for
the thermal dagradation of polystyrene at about 25
percent degradation, in dissgreement with the present
and the earlier work.

Polystyrene fraction B-hf has a moleculsr woight
{66,000} which is in the region at which stahbilization
oceurs,  Although the temperature of degradaticn is
low enough for a plateau to occur, stabilization of
molaculay weight and of rate of loss of weipht is of
ghort duration and they begin to drop soon after
stahilization sets in. As a result, the curve in ficure 4
exhibits a maximum insiead of a platesu. The whole
polymer, B-uf, molecular weight 51,000, has sppar-
enbly a large proportion of very short chains. The
curve shows o high initial rate, followed by s short
interval of stabilization at aboui 40 percent volatili-
zation. From here on, this curve follows the same
trand as the other curves. Low fraction B-lf, molec-
ular weight 24,000, apparently has a narrow molee-
ular woight distribution and is free from very short
chain molacales, It docomposes initially in & manner
of o zaro-grder reaction, but at & high rate, up to
about 30 percent lpsz. Beyond this, the rate drops

raduslly due Lo the disappesrance of gome of the
shorter molecules, while few scissions occur Lo com-
peﬁsate for tha decrsase in the nuvmbar of chain
cnds,

211

Figure 5 represents an Arrhenius plot for the
activation energy of the thermal degradation of
polystyrena. e rate X represents u rate of loss of
wolght in percent of the original enmple per minute as
& function of percentage volatilization, The pointas
in thie plot represent maximuma of tha rate curve
ghown in figura 1 for polystyrene of molecular weight
230,000, the peak of the rate curve shown in figure 4
for polymer iraction B-hf, and for tho plateau ratea
in the sama ﬁfure of polymer sample A-ul and its
fractions, A-hi and A-If, The slope of the curva
indicates an gctivation ene of 55 keal/mole, A
imilar value was obtained by plotiing initial K
rates for polystyrene of molecular weight 230,000
[, 4]. The initial K; rates were obtained by exirap-
olating to zero the degradetion rates expressed in
percont of residue per minute ag a funetion of per-
centage volatilization.
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