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ABSTRACT

The thermal decomposition and the glass transition temperature
of poly(p-bromostyrene) (PpBrS) were studied with a (DSC-2)
differential scanning calorimeter. The undecomposed and decom-
posed polymers were analyzed by gel permeation chromatography
for molecular weight distributions and by DSC-2 for changes in
the glass transition temperatures., The decomposition of PpBrS
under isothermal conditions during 50 min intervals at increasing
temperatures or at a fixed temperature (320°C) for increasing
periods results in increasing quantities of high molecular weight
polymer yielding greater amounts of low molecular weight prod-
ucts. Random scissions have been shown to break the polymer
chains which then volatilize via depolymerization, Activation
energy for the decomposition of PpBrS at 118 kcal/mol is near
that (102 keal/mol) of polystyrene (PS). Variation of Tg,, (at

a = 1 K/min) with Mn obeys the relation ©
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— 5 N
Tge(K) =414 - 1.5 X 10 /Mn

The value 414 K for the Ty of PpBrS is higher than that (391 K)
reported in the literature. A comparison of Tgoo for poly(p-

chlorostyrene) (398 K) and PpBrS (414 K) shows that the p-bromo
substituent causes more steric hindrance than its p-chloro homo-
log.

INTRODUCTION

Thermal decomposition [ 1-11] and glass transition temperature
studies [ 7-15] of polystyrene (PS) [ 1, 2, 12], poly-a-methylstyrene
{(PaMeS) }3 4, 13, 14} poly- p—-1sopropy1 a-methylstyrene (PpiPraMeS)
|5, 6, 15 poly— -methylstyrene (PpMeS) [ 7], poly-p-isopropylsty-
rene (PplPI‘S ) [8], poly-p-tert-butylstyrene (PptBuS) [ 9], poly-p-
methoxystyrene (PpOMeS) [ 10], and poly-p-chlorostyrene (PpClS) [ 11]
have been reported on earlier from this laboratory,

The p-methyl and p-isopropyl groups in substituted polystyrenes
were found to participate in the cross-linking of polymer chains
whereas the a-methyl, p-tert-butyl, p-methoxy, and p-chloro groups
did not. A compamson of o weight-loss values for polymer samples
having M > 10° showed that for identical values, the treatment tem-

peratures followed the order PS > PpOMeS = PpCIlS > PpMeS, The
activation energy for the decomposition of these polymers, however,

followed the order EPS > EPpMeS = EPpClS = EPpOM eS”

A comparison of the Tg values for PS (379 K), PpMeS (384 K),

PpOMeS (386 K), and PpClS (398 K) showed that, although the electron-
repelling p~-CH: and p-OCHs substituents do not influence the Tg_ of

s (379 K), the electron-withdrawing p-Cl substituent does raise this
value to 398 K.

Keeping this in mind, a study of the thermal decomposition and the
glass transition temperature of a similarly substituted homolog of
polystyrene, namely, poly-p-bromostyrene (PpBrS), was carried out
and the data obtained were compared with those of PS carrying other
substituents as well as those reported on the decomposition [ 16] and
Tg [17-19] of PpBrS. The principal results are outlined in the follow-

ing paragraphs.
EXPERIMENTAL

PpBrS obtained from the Aldrich Chemical Co. in the United States
was used as received. The weight-average molecular weight, M W of
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the polymer was calculated from the intrinsic viscosity data obtained
with toluene at 30°C using the relation reported in the literature [ 20].
Molecular weight distributions of PpBrS samples were obtained with

a Waters Associates (Model 200) gel permeation chromatograph [ 1-11]
calibrated with standard PS and PpBrS samples.

A Perkin-Elmer (Model DSC-2) differential scanning calorimeter
operating with pure dry helium was used for the isothermal decom-
position of PpBrS whereas a Perkin-Elmer (Model TGS-1) thermo-
gravimetric scanning balance operating in pure dry nitrogen was used
for the dynamic decomposition of PpBrS, The Tg values of the un-

decomposed and decomposed samples of PpBrS were determined with
the DSC-2 apparatus [ 7-11].

RESULTS AND DISCUSSION

Thermal Decomposition of PpBrS

In Table 1 are summarized values of the percent weight-loss a,
the molecular weights, Mw and Mn’ and the polydispersities, Mw/Mn

ratios, obtained with PpBrS both before and after its isothermal treat-
ment at various temperatures for different periods, Using the 50-
min isothermal treatment data, a curve showing the variation of a

with temperature is given in Fig, 1, For comparison purposes, data
for the 50 min isothermal treatment of PS [ 2], PpOMeS [ 10] and
PpCIS [ 11] are also plotted in this figure, For all values of @, the
thermal stability of these homologs of PS obeys the following de-
creasing order PS > PpOMeS = PpCIS = PpBrS. For identical values
of a above 5%, the respective decomposition temperature of PpBrS

is about 15 K lower than that of PS,

In Fig. 2 are shown the normalized GPC molecular weight distri-
bution curves of six PpBrS samples subjected to 50-min isothermal
treatments at various temperatures, The maxima in the GPC dis-
tribution curves of the decomposed polymers move toward higher
elution counts, i.e., toward lower molecular weights, Furthermore,
as the treatment temperature is raised, an increase is noted in the
quantity of lower molecular weight polymer present between elution
counts 27 and 36. This behavior is similar to that observed with PS
[2], PpOMeS [ 10], and PpClS [ 11] where random scission and de-
polymerization reactions operate,

In Fig. 3 is shown the variation of My, with treatment tempera-
ture for PpBrS samples subjected to 50-min decomposition periods
at various temperatures, My, decreases regularly from 1.82 X 10°
(Mw of the undecomposed polymer) to 1.2 X 10* after a 50-min iso-

thermal treatment at 355°C.
In Fig. 4 are shown, for different modes of operation, the variation
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FIG. 1, Variation of weight-loss « (%) with treatment tempera-
ture T (°C) for PS (M, = 1.8 % 10° [ 2]), PpBrsS (M, = 1.82% 10°),

PpOMeS (1\71W = 6.7 x 10° [10]), and PpCIS (‘Mw = 2,52 % 10° [11]).
See Table 1 for other data on PpBrS.

in molecular weight as a function of @, Initially, the molecular weight
decreases drastically with increasing values of a, and for identical
values, obtained following 50-min isothermal treatments at various
temperatures or at 320°C using different decomposition periods, the
decrease in molecular weight is the same, This behavior in the de-
composition of PpBrS is similar to that observed with PS [2].

Based on the data presented in Table 1 and on an analysis of Figs, 1
to 4, it is evident that the presence of Br groups in the aromatic rings
of PS greatly enhances the formation of radicals which bring about
random scission and depolymerization of the polymer chains.

To better understand the decomposition of PpBrS, the normalized
GPC distribution curve of the undecomposed polymer was compared
successively with like curves of other samples decomposed during
50-min periods at different temperatures, Subtracting from the
initial distribution curve of the undecomposed polymer the distribu-
tion of any subsequently decomposed polymer, the changes, both
positive and negative, that take place as a result of the decomposition
of the initial higher molecular weight species can be visualized, For
PpBrS, these changes are shown in Figs. 5 and 6, where the distributions
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FIG. 2, Normalized GPC molecular weight distributions of PpBrS
samples subjected to 50-min decomposition periods at various tem-
peratures. See Table 1 for other data.

over the negative sign (-) (between elution counts 21 and 29) repre-
sent the volatilized fraction due to decomposition and those over the
positive sign (+) (between elution counts 24 and 34) represent the
newly formed products.

The characteristics of the various negative (-) and positive (+)
GPC molecular weight distributions shown ir m Figs. 5 and 6 are sum-
marized in Table 2 which includes a, M w’ ,and M W/ M_ values,

For 50-min isothermal decompositions, as the temperature is raised
from 25 to 355°C, increasing quantities of high molecular weight
material (loca.ted between elution counts 21 and 29 on the GPC curve)
havmgM 's of (97.3 t0 20.0) X 10° and M /M 's of 3.2 to 5.7 de~

compose. to yield products (located between elutlon counts 24 and 34)
havmgM values of (33.6 to 0.35) X 10* and M /M 's of 1.5 to 4.8.

In Fig. 7 are shown the normalized GPC molecular weight distri-
butions of five PpBrS samples subjected to thermal decomposition at
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FIG. 3. Variation of molecular weight with treatment temperature
for PpBrS samples subjected to 50-min decomposition periods. See

Table 1 for other data.
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other data.
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FIG, 7, Normalized GPC molecular weight distributions of PpBrS
samples subjected to isothermal treatments at 320°C for different
periods. See Table 1 for other data.

a fixed temperature (320°C) for different periods ranging from 10 to

180 min, Their a, M W Mn’ and M M values are listed in Table 1.

As o increases with time of decomposition, ﬁw and Mn decrease
regularly while M w/ Mn stays within 0,3 of 4.7.

In Fig. 8 are shown the changes that occur in the GPC molecular
weight distributions of seven PpBrS samples subjected to thermal
decomposition at 320°C, where the decomposition time is varied
from zero to 10, 10 to 20, 20 to 30, 30 to 50, 50 to 90, 90 to 120, and
120 to 180 min, respectively, The values of @ and M w/ M, , associ-

ated with both the (~) and (+) distributions shown in Fig. 8, are sum-
marized in Table 2, These data show that the isothermal treatment
of PpBrS during the initial 10-min period results in the decomposi-
tion of 44.7% of the polymer having an _Mw of 40,7 X 10° and an Mn of

12,2 X 10° (Fﬂw/ﬁn = 3,3) and yielding a product (43.9%) with anmw
of 19.1 X 10* and an ‘Mn of 7.6 x 10* (‘MW/MI1 = 2.5). In the intervals
of 10 to 20, 20 to 30, 30 to 50, 50 to 90, 90 to 120, and 120 to 180 min,
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FIG. 8. Graphical method of analysis whereby the GPC molecular
weight distribution curves are broken down into various components:
the case of PpBrS samples subjected to isothermal treatments at
320°C for different periods. See Table 2 for other data.

24.8, 20,6, 33.3, 11.8, 12,0, and 5,8% of the polymer with M‘W's of
(5.2 to 2.0) x 10° and M‘n's of (2.9 to 0.4) X 10° volatilize yielding

25.8, 20.4, 27.9, 8.1, 9.8, and 0.8%, respectively, of lower molecu-
lar weight products with M_ 's of (14.3 to 0.35) X 10* and M 's of

(3.1 to 0.35) x 10*,

Based on these GPC molecular weight distribution results derived
from both undecomposed and decomposed PpBrS samples, the follow-
ing conclusions are drawn.
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PpBrS samples at a heating rate of 20 K/min. See Table 3 for other
data.

1. In the 50-min isothermal treatment of PpBrS at various tem-
peratures or in decompositions carried out at 320°C during various
intervals, the mechanism of decomposition involves random scissions
of the polymer chains which then volatilize via depolymerization,
Because of the presence of Br groups in the PS aromatic rings, the
thermal decomposition of PpBrS is facilitated; however, the changes
in the Mw/ M values as a function of temperature or time are not

as regular as those for the thermal decomposition of PS [ 2] where
Mw/ Mn ratios of the decomposed products were either 2,0 or some

value approaching this., This may be explained on the grounds that the
PS samples used in the earlier study | 2] were quasi-monodisperse
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TABLE 3. Activation Energy Values Calculated by the Method of
Coats and Redfern [ 21] for the Thermal Decomposition of Polystyrene
(PS) and Substituted Polystyrenes

Activation energy

(kcal/mol)
Sample M x107* M /M =0 n? =1
PS-A 165,0 1.1 70.0 117.0
PS-B 78.0 1.1 91,0 111.0
PS-C 14.0 1.1 - 102.0
PpMeS 5.1 2.7 45,7 62.2
PpOMeS 3.9 17.1 39.6 .4
PpClS 6.1 4.1 52,4 72.3
PpBrS 12.6 14.4 - 118.0

a . .
n is the order of reaction.

whereas the PpBrS sample used in this work has an initial M / M
value of 14,4!

2, The results of the present study agree with those reported
by Inagaki et al. [ 16] who showed that PS is thermally more stable
than PpBrS,

In Fig. 9 are shown curves representing the dynamic thermo-
gravimetric decomposition, at a heating rate of 20 K/min, of PS and
PpBrS samples. Using the method of Coats and Redfern [ 21], the
activation energy for the decomposition of PpBrS was calculated
assuming an order of reaction of one. The value obtained is pre-
sented in Table 3 along with other values for PpMeS [ 7] and PpCIS
[11]. The activation energies for the decomposition of substituted
polystyrenes appear in the followmg descending order: E ps =

Epors ~ Eppmes = Eppcis = Eppomes

Glass Transition of PpBrS

The glass transition temperature (Tg) of a polymer is heating-rate

dependent [ 7-15] as well as cooling-rate dependent [ 22, 23], Although
recent work [ 7-11] on PpMeS, PpiPrS, PptBuS, PpOMeS, and PpCIS
has shown that in the case of substituted polystyrenes the cooling rate
has no effect on Tg, it was thought pertinent to study the effect that

the cooling rate might have on the Tg of PpBrS.
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FIG, 10, Typical DSC thermograms of an undecomposed polymer
sample of PpBrS recorded in the glass transition region at a heating
rate of 40 K/min following cooling at various rates. See Table 4
for other data.

In Fig. 10 are shown typical DSC thermograms obtained with the
undecomposed polymer and recorded in the glass-transition range
at a fixed heating rate of 40 K/min, Various cooling rates were
used to bring the samples to a temperature approximately 30 K
below their expected Tg value prior to tracing the thermogram in the

heating mode. The Tg values, determined at the ACp/2 point [ 7-15],
remained constant as the cooling rate was increased. T _ values of

the undecomposed polymer subjected to four cooling rates are pre-
sented in Tabie 4. Tge values (extrapolated to a heating rate of 1K/

min) are likewise listed, These remain constant at 415 + 1,0 K,
Subsequent Tg measurements on the decomposed polymer sample
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TABLE 4, Effect of Thermal History on Tge Determination of an
Undecomposed PpBrS Sample

Sample T at various heating rates

cooling & T, 2
rate Ze
(K/min) 80 K/min 40 K/min 20 K/min 10 K/min (1 K/min)

320 426,0 424,0 422.5 421,0 415.0
80 421.0 424.,0 422.0 420.0 414,0
20 421.0 423.5 422.0 420,5 416.0

2,5 430,0 425.0 423.0 421.0 414.5

a‘Exi:ra.pola.{r.ed value at a heating rate (q) of 1 K/min using the
equation: log g =a - b/Tg [12].

were made after they had been cooled below T at a rate of 320
K/min. &

In Fig, 11 are shown typical DSC thermograms of an undecom-
posed PpBrS sample recorded in the glass transition region at vari-
ous heating rates. Tg was found to increase with increasing heating

rate, The Tg data obtained with a sample cooling rate of 320 K/min

and heating rates of 80, 40, 20, and 10 K/min for the undecomposed
and a number of decomposed PpBrS samples are summarized in
Table 5. The values of Tge are found to increase with increasing Mn'

In Fig. 12 is shown a plot of Tg e 352 function of Mn’ Tge in-

creases up to a point beyond which it remains constant. The critical
value is located at an Mn value of 5.0 X 10% A plot of Ty o 352 func-

tion of 1/Mn shown in Fig, 13 yields a straight line described by
—_— 5 kY 1
Tg(K) = 414 - 1.5 X 10°/M_ (1)

The value of 414 K for the Tg (i.e., the Tg of polymer of infinite

molecular weight) of PpBrS is higher than the value (391 K) reported
in the literature [ 17-19].
In earlier work from this laboratory [7, 10, 11, 12], the Tge of PS

(Eq. 2 [12]), PpMesS (Eq. 3 [7]), PpOMeS (Eq. 3 [10]) and PpCIS
(Eq. 5 [11]) were related to M as follows:

— 5 kv
Tg(K) = 379 - 2.1 X 10°/M_ @)
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FIG. 11, Typical DSC thermograms of an undecomposed polymer
sample of PpBrS recorded in the glass transition region at various
heating rates (cooling rate = 320 K/min). See Table 4 for other data.

Tg(K) = 384 - 2.65 X 105/Mn (3)
Tge(K) = 386 - 4.67 X 10"”/1\11l 4)
Ty, (K) = 398 - 271 X 105/“1\1n (5)

A comparison of Tgoo for PS (379 K), PpMeS (384 K), PpOMeS

(386 K), PpCIS (398 K), and PpBrS (414 K) shows that while the
electron-repelling p-Me and p-OMe substituents do not influence
the Tg_ for PS, the electron-withdrawing substituents p-Cl and p-Br
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FIG. 12. Extrapolated Tge values (to q = 1 X/min) of PpBrS as a
function of Mn. See Table 5 for other data.
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FIG, 13. Extrapolated Tge values (to ¢ = 1 X/min) of PpBrS as a
function of 1/ ﬁn. See Table 5 for other data.
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do indeed increase this value. The various p-substituents, in poly-

styrene homologs, causing increased steric hindrance and decreased

chain flexibility follow the order —Br > —-Cl1 > —-OMe = -Me = —H.
In earlier work [ 8] on the Tg of PptBuS, a comparison of Tge

values for PS (363 K), PpMeS (364 K), PpiPrS (335.5 K), and PptBuS
(399 K), all having Mn’s of 1,4 X 10*, revealed that increased steric

hindrance and decreased chain-flexibility-causing groups follow the
order p-tBu > p-Me = ~H > p-iPr.

It may be noted that replacing p-Me with P-iPr in PS lowers its
Tg, from 364 K (PpMeS) to 335.5 K (PpiPrS) whereas replacing, the

H in P-iPr with a third Me group in PS increases its Tge from 335.5

(PpiPrS) to 399 K (PptBuS). It would appear that the effective bulk
size of a substituent, i.e., its ability to pack in polymer layers, is
more significant than its apparent bulk size. This is further sup-
ported by the fact that the Tgoo of PaMeS (453 K [13]) is 69 K

higher than that of PpMeS (384 K [ 7]) although the apparent bulk size
of the Me groups in the two polymers is the same.

The principal conclusions to be drawn from this study may be
summed up as follows.

1. In the isothermal decomposition of PpBrS, random scissions
reduce the chain length of the polymer in the earlier stages of the
reaction while depolymerization reactions account for the polymer
weight-loss. This behavior is similar to that noted for PS [ 2].

2, The activation energies for the decomposition of PS and its
homologs (with Mw > 10°) obey the following descending order:

— = >
Eps = Eppars ~ EppMes = Eppcis = PppoMes-
3. The descending order of steric hindrance causing substituents
in PS homologs is as follows: a-Me > p-t-Bu > p-Br > p-Cl >
p~-OMe = p-Me = H > p-iPr,
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