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the atactic isomer. Both these factors decrease the
film thickness at which oxidation becomes diffusion
controlled.

As diffusion of oxygen into the film is the rate-
controlling step and if it is assumed that a type of
Bolland mechanisms? is operative, then the initial stages
of the oxidation process can be accounted for quanti-
tatively. This will be demonstrated in part II of this
paper. The amount of tertiary hydrogen atoms in the
film and the initial oxygen pressure can be considered
approximately constant for the initial stage of the
oxidation reaction. The later stages of this.process,
however, become too complicated to be explained
quantitatively; at best a semiquantitative account can
be given and trends can be indicated. Volatiles pro-
duced by chain scission alone will consist only of quite
small amounts during the initial stages. The volatiles
formed during this initial stage must be almost exclu-
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sively due to decomposition of hydroperoxide groups,
which does not lead to chain scission. Actually, the
main volatile product during the initial stage appears
to be water.

As the oxidation proceeds beyond its initial stage,
the oxygen pressure in the gas phase, the film thickness,
and the medium viscosity decrease continuously; the
latter decrease is due to chain scission. It may even
be the case that eventually the chemical reaction will
become rate determining,.
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ABSTRACT: The initial stage of the oxidation process can be accounted for by diffusion control of the oxidation
rate of polyrer to hydroperoxide. The kinetics of the initial oxidation reaction follows quantitatively a type of
Bolland mechanism. Chain scission consists of a random process due to hydroperoxide decomposition. Ener-
gies of activation have been determined for all the reactions involved in the oxidative process. The kinetics and
diffusion equations for the initial stage of the oxidation are well obeyed by the experimental results. Later stages
of the reaction can only be described in a qualitative or at best semiquantitative way.

Experimental results of the oxidative degradation

of isotactic polystyrene were presented in part 1
of this paper.! It was pointed out there that the reac-
tion is diffusion controlled and follows some type of
Bolland mechanism. The complexity of the process
becomes very large after the very initial stages, as
oxygen pressure, film thickness and medium viscosity
(chain scission) decrease continuously. Thus, it is
only feasible to treat the very initial stages of the
oxidation process quantitatively, whereas trends can
only be pointed out for later stages.

The present part of the paper deals with a quantita-
tive evaluation of the experimental results obtained
during the initial stages of the thermooxidative degrada-
tion process. It has already been pointed out that the
reaction is diffusion controlled. The relevant diffusion
equations are given here. Not as much use could be
made of these equations as desired, since nothing is
known about gas concentration gradients in the polymer
at the temperatures employed here; but they give
general guidelines about the reactions involved and are
generally applicable under experimental conditions as
encountered here.

(1) Part I: H. H. G. Jellinek and 8. N. Lipovac, Macro-
molecules, 3, 231 (1970).

Later parts of the oxidation process are discussed
only briefly due to their complexity.

A. Initial Stages of Oxidation. Only initial stages
of the oxidation process will be considered here, where
the oxygen pressure and the amount of tertiary hydrogen
atoms can be considered practically constant. Thisisa
good approximation for the experiments carried out at
249 and 280°, respectively; however, it is still quite
satisfactory at 300°, as only the first 6-8 min are in-
volved. The decrease in oxygen pressure is 7% at
249°, 10%; at 280°, and 259 at 300° at the end of the
initial stages considered here.

A mechanism can be formulated, which accounts
satisfactorily and in a quantitative way for the initial

stages of the oxidation process. Here O, denotes
Do,
diffusion

slow Og,g == Oy,s
into film

oxygen in the gas phase and O, oxygen in the film,
respectively; Do, is the diffusion coefficient for O,

&
RH + 05y —> R- + HO-,
ko
fast § R. + 0, —>RO-,
ka
RO:; + RH —> ROOH + R-
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k
ROOH -+ O.i —> R,OR, + H,0,

(epoxide)
H,O + O,
R., + H,O (volatiles)
(unsaturated
polymer)
ks +ok71 i
cnain
ROOH T (cageh———> R, = O + R,0H + O,
ke scission
s [0
RO, + R+ = (cage)i1 ———> inert products
ko

in the film, RH, R-, RO;-, ROO-, and ROOH stand
for tertiary hydrogen atoms in the polystyrene mole-
cule, polymer radicals, and hydroperoxide groups,
respectively. Chain scission has to proceed via cages,?
the diffusion out of cages (completed chain scission)
is a rare event.
The rate of oxygen consumption in the film under
steady (stationary) state conditions is given by
(o} 27[04);

0
+—bt = Do dx?

— k[OJ[R- ]y =0 (1)

Here, x is the distance from the film surface and Do*
the diffusion coefficient of O: in the film. From eq 1,
it follows that

040

Ox?

Do, = ko[Oa)i[R - ]z )

The rate of consumption of oxygen in the gas phase is
practically only due to reaction 2 of the scheme, hence
(see Appendix I, eq4’)

_ dOa, - _D <5[02]f> _ KoV 3
x=0

Ads A

A is the surface area of the film and V; is the film
volume.
The reaction rate in the film is controlled by the
relatively slow rate of supply of oxygen due to diffusion.
According to the mechanism (see Appendix I, eq 4/)
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Figure 1. Calculated curves according to eq 6’ and experi-
mental points for initial stages of peroxide formation during
thermooxidative degradation of isotactic polystyrene at
constant initial oxygen pressure of 195.5 mm.

(2) H. H. G. Jellinek and Ming Dean Luh, Eur. Polym. J.,
Suppl., in press.
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Vide ds

_ (klkzks(kg + k1)
ksk1o

= Kr,02 = KOz[OQ]f[RH]f

_dOuag, (d[ROOH]i>
formation only

> " ruyos, @

K:.0, is not constant in the prestationary state ([Os), =
constant, but [O;]; ¢ constant), but rises from zero to
the steady-state value with an induction period, whose
length is determined by temperature and initial oxygen
pressure. The steady-state K.o, values ([O.), ==
constant and [O;];: = constant) were derived from the
initial slopes of the plots of oxygen consumption rs.
time. The experimental points give a slightly curved
line; this means that the steady state is not completely
reached; however, these slightly curved lines can be
considered as straight lines, whose slopes represent
good approximations to the real steady state. This
implies that the [Os]; concentration is constant with
good approximation. Ko, is proportional to the
initial oxygen pressure as required by the mechanism.
Experimental indications are that the straight line
relationship holds at least up to 80 mm of oxygen.
Calculations made on this basis give reasonable K..o,
values. Also calculations involving hydroperoxides
give consistent results up to 195.5 mm on the basis of a
straight line relationship according to eq 4.

The overall rate of hydroperoxide formation during
the period when the oxygen concentration is near the
steady state is given by (see Appendix [, eq 5/)

d—[iqd?—H—]f = Ko,[RH]{O:]; — k{O:]{ROOH];
= Kroom — C[ROOHI; 5
where
Kroon = Kro, = Ko,[RHI[O:]s (6a)
and
C = kJO:]; (6b)

Equations 6a and 6b are well obeyed. The oxygen
concentration in the film is assumed to follow Henry’s
law, [ROOH]; (nonstationary state for hydroperox-
ides) is given approximately by (see Appendix I, eq 6)

Kroon

[ROOH]; = (1 — e )
Equation 7 is also well obeyed (Figure 1, part II).
The rates of hydroperoxide formation in moles/cm?
min of film are of the required magnitude (i.e., almost
equal to the respective rates of moles of oxygen taken
up by the film).

The near stationary state for hydroperoxides coin-
cides with the near stationary state for oxygen consump-
tion. When the stationary states for hydroperoxide
and oxygen consumption are reached, the overall rate
of peroxide formation becomes zero and one obtains

Kroor = K0, = C[ROOH];
or

KROOH

[ROOH) = —c (8)
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TaBLE 1
CoMPARISON OF EXPERIMENTAL C VALUES AND C VALUES
CALCULATED FROM EQUATION 12

C, min~!
(from peroxide
Temp, measure- C, min—!
°C Po,i, mm ments) (from eq 12)
300 195.5 0.54 0.53
300 97.5 0.41 0.45
300 39.0 0.22 0.23
280 195.5 0.40 0.40
249 195.5 0.30 0.27

This is the case, when the [ROOH]; concentrations
reach their maximum values. The kinetic eq 7 for
hydroperoxide formation requires such maximal values
(see Figure 4, partI).

The overall rate of volatile formation in the film,
when the steady state or near steady state is reached, is
given by (see Appendix I, eq 3”)

1 dlvoll; o = %N[vol]f

m de m Ox? + CIROOH]: ()

where m is a stoichiometric factor. Further

1 dMa1 D‘,M(a[vol]f) C[ROOH]fV
_ 2 8Mvoe Do OLVOL = SRR
z=0

m Adt m ox A

10)

where A is the film surface area, M., are the moles
of gas in the reaction vessel. Hence, when exactly
steady-state conditions are reached, one obtains accord-
ing to the proposed mechanism

1 dMw; _ C[ROOH]tn Ve

m  Adt A

v, 1
Kuooe?t _ Ixve an)
A m

where K .. has the dimensions of a rate cm—2.

A straight line should be obtained by plotting K..
vs. the initial oxygen pressure. This is actually the
case. Calculated values of Ky.', 10 K.’ (mol min~—!
cm~?® [mm]~Y), are 1.15, 3.13, and 6.78 at 249, 280,
300°, respectively. The following ratio is obtained
from the kinetics of near steady-state conditions.

__l deol Fe
m dt

LA S in—! 12
[ROOHLV. C min (12)

From the mathematical derivation of the diffusion
process, one obtains (see Appendix II, eq 10/’ and 117)

4 Do (ld[vol]f>
m dx /.-o0

[ROOH]:V;

= C min—! (13)

Equation 12 is well obeyed by the experimental data
as is shown in Table I. Equation 13 cannot be evalu-
ated as D.q(d[voll¢/dx); -0 is not known, but the latter
term can be calculated when Cis known.

Fromeq 11 it follows that

1
”Kvol = Kr,Oz/A (14)
m
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The following relationship also holds
AP = Py — (Po,; — Po,,) = (m — 1)Po,,
As the volume is constant, one can also write
Kap' = mKo' — Kio) = (im — DKo’ (15)

The m values calculated from eq 15 are 1.7, 3.0, and
3.4 at 249, 280, and 300°, respectively. Thus all
experimental results are in satisfactory agreement with
the proposed mechanism.

It cannot be decided with certainty whether also the
volatile formation in the gas phase is diffusion controlled
or not. The kinetics would be the same in either case.
The energy of activation for oxgen consumption in the
gas phase is 12.3 kcal/cm. This energy of activation
is related to the net flux of oxygen into the film (see
Appendix I, eq 1’). According to eq 4, the energy of
activation should be the same for peroxide formation
which was found to be 13.8 kcal/cm; this is equal to
the energy of activation for oxygen uptake within
experimental error (see Figure 6, part I). The oxygen
flux in the film can also be written in the form (compare
eq 3)

_dozs)l-g - DO a[02]f - P02[02]f.z=0 (16)
Adr ’ ox z=0 So.d

where Po, = Do,So, is the permeability constant, and
So, the solubility of oxygen in the film (Henry’s law);
! is the film thickness. Thus the energy of activation
corresponds to

(Po[Os)t.z=0/S0,) = DoJOslt,z—0

According to eq 11, the energy of activation for the
production of volatiles in the gas phase or also for the
flux of volatiles into the gas phase is given by Exgoon
+ En = 13.8 + 8.0 = 21.8 kcal/mol or E(roon]ms: +
Ec+ E,=71+469 4+ 8.0 = 22.0kcal/mol.

These values are in satisfactory agreement with the
experimentally measured energy of activation of 20.6
kcal/mol for volatile formation (see Figure 6, part I).
Here again, if diffusion control takes place, Pyo[volls.z—o/
Svor = Dyai[vOl]s,2—0 is related to this energy of activa-
tion. Further

1 dM.o1 o

C[ROOH]V: - L Pooi[volls,z—o a7

m  Adrs A m Svoll

where S.o is the solubility of volatiles in the film and
P, the corresponding permeability constant.

The rate of random chain scission is according to the
proposed mechanism given by

_d[n] = kifcagel; = ks s[IROOH]{[O:]: ~
ds ko + ks
kaé[ROOkH]f[OZ]f (18)
8

[n] is the concentration of main chain links at time z.
During the stationary state, which is reached after
about 2-3 min, [ROOH]; remains constant (see eq 8).
Hence integration of eq 18 gives ([n] = [no]) for the
degree of degradation «

. 1 _ 1 o k7ﬁkD KROOH[O2]ft
DPn,l -D_I-;IIVO kﬁ C

= Kexpt (19)
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Equation 19 is identical with the empirical equation
for chain scission (see part I and Figure 7, part 1).
Chain scission measurements were only started after
2 min reaction time. K.., was found to be directly
proportional to [Og);.

The energy of activation for K., is 17.2 kcal/mol.

It was found that Krpooy and C have energies of
activation Egpooy = 7.1 kcal/mol and C = 6.9
kcal/mol. Hence, for k:ks/ks one has E = 17.2 +
7.1 — 6.9 = 17.4 kcal/mol.

It is of interest to compare the chain scission reaction
results obtained for atactic polystyrene.® First, there
is a great difference in softening points of these isomers,
230° for isotactic and 83° for atactic polystyrene, re-
spectively. The oxidation above 220° becomes very
violent in the case of the atactic polymer, whereas the
isotactic compound is still below its softening point.
The energy of activation for chain scission for the
atactic polymer is 26.2 kcal/mol, whereas the isotactic
isomer gives 17.2 kcal/mol for K..,. The difference
may be due to increased strain in the isotactic polymer
molecule. The energy of activation for actual chain
rupture is not known for the mechanism, as the indi-
vidual rate constants &, ks, and k; cannot be determined.

It was found that, in contrast to the oxidation of
isotactic polystyrene, the reaction of the atactic isomer
is not diffusion controlled. In its later stages some
slowing down takes place, which is assumed to be due to
inhibitors formed during the reaction. The main
distinguishing characteristics in the reactions of the two
isomers are apparently due to the large differences in
softening points. This indicates that chains of the
isotactic polymer are stiffer than those in the atactic
polymer. The C-C bonds seem to be weaker in the
isotactic compound than in the atactic one, due to
strain.

The initial changes in ultraviolet absorbances at
A 245 my give an energy of activation of 23.1 kcal/mol,
which is a value near that for volatile formation. The
increase in absorbance seems to be due to double bond
and carbonyl formation (see Figure 9, part I).

Chromatography data indicate that the main product
of oxidation during the initial stages is water. This
could be formed by the following tentative reactions.

H

\
o)

|
DA
NC—C—‘C—C—C‘N + 0, —>
\ | |
CH: H CH; H CiH;

oo AR

NC—C—C—C—C——C‘N + H.0;

| | | | |
Ce¢H:; H CH;H CeH; H l
H:0 4 O,
I i
| ‘
CH:H CH:H CeH; H

(3) H. H. G. Jellinek, /. Polym. Sci., 4, 1 (1949).

Macromolecules

H,0; is a fairly stable compound, its half-life is
about 2 sec.? The above scheme would account for
the increase in uv absorption and for the formation
of more than 1 mol of water for each mole of hydro-
peroxide decomposed.

B. Later Stages of the Oxidation Process. It was
pointed out above that the oxygen pressure, the thick-
ness of the film and the medium viscosity will decrease
continuously during the later stages of the process.
Also the amount of tertiary hydrogen atoms will be
depleted and the number of main chain links will not
remain constant. In addition, several kinds of secon-
dary reactions will become more dominant. Thus, it
would seem that a quantitative account of these stages
is not feasible at present. The experimental curves
(see Figures 12 and 13, part I) show slowing down after
the initial stages and eventually become approximately
straight lines. The energy of activation derived from
the straight lines of the later stage of oxidation gives
an average energy of activation of 16.2 kcal/mol for a
pressure range of 90-200 mm. The overall peroxide
formation does not remain on a plateau as required
by eq 7, but decreases and eventually increases again.
At 249° the decrease is most pronounced (see Figures 12
and 13, part I), whereas at higher temperatures a
smaller dip occurs after which the peroxide concen-
tration increases again.

A number of experiments were carried out with
purified polymer, but leaving the 2097 of atactic poly-
mer in the sample. A typical curve of pressure in-
crease is shown in Figure 11, part I. It appears that
the atactic component reacts faster than the isotactic
one and is eliminated first.

The chromatograms (see Figure 14a and b, part I)
give the composition of the residues of isotactic and
atactic polystyrene, respectively, after prolonged ther-
mal oxidation at 300° at an oxygen pressure of 300 mm
in a closed system. The initial amounts of either
polymer were similar. The data show the presence
of the same compounds in the residue of either polymer.
The products are much more numerous at 300° than
at 249°, The one difference in composition is due to
an unidentified compound D only present in the residue
of the atactic polymer. The relative amounts of com-
ponents A, B and monomer are larger in the residue
of the isotactic than atactic polymer. Benzoic acid is
present in greater amount in the residue of the atactic
than in the isotactic polymer. It has been found?® that
the stereoregularity of polystyrene affects the nature
of products even when degradation is carried out at
360°.
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Appendix

1. Kinetics (for initial stages only, oxygen pressure
= constant and [RH] = constant)

steady state (or near steady state)
[RHI{O:]; = A[RO-L[R-1¢ — kol(cage)ul: (1)
ks[RO2){R -1

{ =
Keage)ul ko + ko
Further
(RO-J(R.], = Fitks T+ kRHIO,
ksko
Hence
/(-:[R ) ]f[o'z]f
ROy = —————=
[ oJe = i[RHI
or
- ol /4
[RO ) = {“‘i"%")} ol @)
3810
and

 fkikatks + ko)) ,
[R-I; -—{ P }[RH]f (3"

Oxygen consumption is practically only given by reac-
tion 2’ of the scheme, hence

d[O;]f — kR 1O = Ko[RHUOL: = Keow (4)

where

{klkzks(ks + km)}‘/z
Ko, = == ——=
kSkIO

K..0,1s a linear function of the oxygen pressure.

The formation of hydroperoxides is given by the
following equations (chain scission is only a minor side
reaction in this connection)

d[ROOH];

ar = kRO JJ{RH]; — kJO:}{[ROOH];

= Ko,[0:{[RH]; — k,{O,]{ROOH]; (5’
= Kroor — C[ROOH];

where Kroor = K:..0.and C = k[0:);. The latter two
constants are both linear functions of the oxygen pres-
sure (Henry’slaw); thisis borne out by experiment.

Integration of eq 5’ gives (this is an approximation as
[OJ]; is not constant until the stationary state is reached,
but for the major part of the reaction [Os]; is fairly near
the steady state concentration)

KROOH

[ROOH]; = {1 —e°h 6"
Equation 6’ is quite well obeyed by the experimental
results (see Figure 1). When the exact steady state is
reached, one has

d[ROOH];

5 = 0 = Kroor — C[ROOH]; @)
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Thus, [ROOH]; is constant and has reached its maxi-
mum value,

Volatile formation is given by the decomposition of
hydroperoxides. For the near steady state one obtains

d[voll;
ds

mC[ROOHI;

= mKROOH(l - e"‘”) (8')

Ct has rather large values after a few minutes and can be
neglected, hence integration of eq 8’ gives

fvoll: = mKroont = mK..ot "

The concentration of volatiles is a linear function of
[Os]: = K'Po,.: (Henry’s law). This is actually the case.
When steady state is exactly reached, one has

[volls = mC[ROOH]maxt

where f = fmax.

II. Diffusion. The equation for oxygen uptake
and the oxidation of the polymer (hydroperoxide) is at
steady state

Doy——= — Ki0, =0 (1’

one has also
K:,0, — Kroog = 0 2

Here Do, is the diffusion coefficient for oxygen in the
film and x is the distance from the surface of the film.

Further, the formation of volatiles is given by the
decomposition of hydroperoxides, and their diffusion
out of the film,

2
D2l L ROOH], = 0 D)
ox?

The boundary conditions are md[O,];/dx = d[vol];/dx
= 0 at x = [ where / is the film thickness. [O,); =
K'[0); (Henry’slaw) at x = Oand [voll; = Oatx = 0.

Solutions
cosh 4/ Ko: (- x)
D
[0 = KO == 4"
cosh J 532/
DOz
b cosh g_o?(l - %)
[volls = 177K’[Og]gD02 1 - — = (')
vot cosh ‘/ Ko, /
DOz

Kos cosh _K_°2(1 - X)
DOz

(6'")
C cosh V,K_Ov

O2

[ROOH]; = K'[0:];

The flux of oxygen into the film and the exit flux of
volatiles are given by
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d[O,); / d[vol); Ko\
D 2 = _Dvo = L - 17
© < dx > m 1< ds =0 tanh D02 mol cm~2 (9 )

K'[0:.V Ko, Do, tanh‘/ Kot mol em=2 sec=1 (777
s flux of volatiles =

If /is large, the following approximations hold

The total peroxide amount in the film is mK'[0s] \/Ko Do, mol em—? sec=! (1077)
g 2 2 —
\/KOz

l Vv Ko Do, Ko
j; [ROOH]; dx = K’[Oz]g‘gfﬂ’ tanh D_z[ total peroxide in film = K’[04], Y_K0:Do: o] cm-2
, , C

mol cm~=2 (8’7) a1

and the total volatiles in the film D
total volatiles in film = mK’'[0s), =2/ mol cm-~2

l 1/
D02 D02 Dvol
voll; dx = mK'[O 1 —
ﬁ[ ldx = mK'L Zlgbm[ <K1> % (127
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ABSTRACT: Transitions in linear polyethylene (LPE) samples encompassing a wide range of fractional crystal-
linity, 0.46-0.85, have been examined with the objective of ascertaining the glass transition temperature, T, of
this polymer. Thermal expansion, calorimetric, and dynamic mechanical measurements lead to the conclusion
that the v transition at ca. —130° is the primary glass transition of LPE. At temperatures below the v transition,
the coefficient of thermal expansion, «, is almost independent of crystallinity, whereas at temperatures slightly
above this transition, « increases systematically as the degree of crystallinity decreases. The quantitative behavior
of « above and below the v transition in LPE is very similar to that of other crystalline polymers at their respective
glass temperatures. Furthermore, the value of « estimated for completely amorphous LPE below the v transition
is similar to that of completely amorphous polymers below 7, and the value of « estimated for completely amor-
phous LPE slightly above the « transition is similar to that of wholly amorphous polymers above T,. Qualitative
calorimetric measurements show that the heat capacity of LPE with low levels of crystallinity increases across
the v transition. The magnitude and character of the heat capacity change in the v region for the least crystalline
LPE sample is similar to that of semicrystalline polydimethylsiloxane at the T, —123°, of this polymer. Dynamic
mechanical measurements show that the intensity of the v relaxation increases as crystallinity decreases. The
observed asymmetry of the v relaxation is interpreted in terms of two overlapping relaxations arising from the
noncrystalline domains of the polymer. A simple morphological model is suggested which satisfactorily accounts
for the results of a large number of wide-line nmr and dynamic mechanical experiments made on melt and solution
crystallized LPE. Since other investigators have proposed that the T, of polyethylene is ca. —80° or ca. —20°,
these temperature regions were also closely examined. However, even in the LPE samples with low levels of
crystallinity, transitions in these temperature regions were, at most, barely detectible, Transitions in these tem-
perature ranges, if they exist at all, do not have the typical characteristics of a primary glass transition.

he relaxations of linear and branched polyethylene

have been extensively examined by numerous
investigators, and the experimental results have been
reviewed by Boyer,2 McCrum, Read, and Williams,?
and by McKenna, Kajiyama, and MacKnight.* Dy-
namic mechanical measurements made at low frequen-
cies on branched polyethylene show loss maxima at
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relaxations have also been observed in all dynamic
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