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ABSTRACT: The thermal properties (viz., second-order transitions, melting points,
dynamic and isothermal heat behaviour) of chlorinated polyethylene (CPE) samples are
studied here. Thermomechanical analysis (TMA), differential thermal analysis (DTA),
and thermogravimetric analysis (TGA) results are listed together to correlate the thermal
properties and the microstructure of CPE samples, of various chlorine contents by weight,
produced from thermal chlorinated or photochlorinated linear and branched polyethylene
samples. The dehydrochlorination rate of a CPE sample is shown to be strongly de-
pendent on its microtacticity up to a 56—61-% chlorine content by weight value: Beyond
this 56—61-%Cl. interval the microtacticity influence is screened by the steric hindrance
introduced by the a1 (—CH;—CHCI—CCl;— or —CHCI—CHCI—CCl>—), a1 —CHCl—
CHCI]—CHCIl— or —CH,—CHCI—CHCIl—), and 11 (—CHC1—CH;—CCl,—) structures.
At the saturation level (73-% Cl), the higher a CPE ratio, nb CHCl/nb CHz, is, the lower
is its maximum dehydrochlorination rate. When its ratio, nb? CHCl/nb CHz, is less than
4, a saturated (73%) CPE sample has a unique global dehydrochlorination activation
energy (E.); when this ratio stands between 4 and 6, there are two global dehydro-
chlorination E,. The structures which could be regarded as responsible for these different

global E, and the second-order transitions are specified.
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Very few studies have been published about the
thermal properties of CPE. The first one, made
by Oswald and Kubu' dealt with glass-transition
temperatures (7). FErd and Lindberg® showed
the effect of heat treatment on crystallinity.
Abu Isa® studied the dechlorination mechanism
and the effect of added antimony oxide on the
rate of dehydrochlorination. Saglio, et al.t
studied the degradation of saturated (73%) CPE
and showed that fibers of saturated CPE can be
used as a carbon fiber precursor.

The CPE samples used for the above studies
were, generally, commercial ones supplied with-
out the specific conditions of their preparation
which are required® to correlate microstructure
and properties. In addition, their microstruc-
tural characterizations have been made only with
infrared analysis, which is not sufficient.

Since we have prepared and characterized
various CPE samples®™° we will be able to cor-
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relate their microstructure and thermal properties
in this paper.

In carbon backbone high polymers secondary
transitions can be detected besides the main
second-order transition, i.e., the glass-transition
temperature (), and the main first-order transi-
tion, i.e. the solid-liquid-transition or the melt-
ing temperature. They are:

(1) The secondary second-order transitions
occuring, generally, at temperatures less than
T,. They are related to the motion of short
segments of the polymer’s backbone (viz., branch-
ings, substituants, ‘‘crankshaft’’ or ‘‘kink’’ mecha-
nisms'*'?) related to motions in the amorphous
or crystalline phase.

(2) The secondary first-order transition or
crystal—crystal transition which involves changes
of crystalline forms. We will not take into ac-
count this secondary first-order transition because
the crystallinity of the polyethylene is rapidly
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reduced as the chlorination proceeds.

EXPERIMENTAL

Materials

Two kinds of CPE samples have been employed:

Those of chlorine contents by weight less than
73-% Cl,: i.e., branched polyethylene samples
photochlorinated at 20°C in 1,1,2,2-tetrachloro-
ethane (TCE) (type Ia); branched polyethylene
samples thermally chlorinated at 90°C in TCE
(type Ib); linear polyethylene samples thermally
chlorinated at 110°C in TCE (type Ic).’

Those chlorinated at saturation level (73-% Cl,):
i.e., branched polyethylene samples (type Ila)
and linear polyethylene samples (type IIa’) photo-
chlorinated at 20°C in carbon tetrachloride (CCl,)
during 4—6—8 hr;” branched polyethylene sam-
ples (type IIb) and linear polyethylene samples
(type IIb")photochlorinated during 4 hr at 20°C;
40°C; 60°C® in CCl,.

Second-Order Transitions

The Dupont 942 Thermomechanical Analyser
(942 TMA), coupled with the 990 Dupont Re-
corder was used to detect the second-order transi-
tions of the CPE samples of type I. The experi-
mental samples were the CPE-films describes
previously.6 The tension-probe technique was
used to record the changes of the elastic modulus
of the CPE-film under a load, as a function of
rising temperature. This technique is accurate
only if the applied load does not cause any creep
of the experimental sample in the time-frame of
the experiment, i.e., in the temperature interval
investigated. For all the measurements the ex-
perimental samples were 13 mm long (between
two cleaved lead balls) and 2 mm wide; the ap-
plied load was 2 g and the heating rate was 5°C/
min from a 40°C starting temperature.

Melting Temperatures

The Dupont 990 Thermal Analyser, coupled
with the “DSC cell,”” was used to detect the
melting points of the CPE samples of type I.
Quantities of 5—10 mg of the powdered sampled
were used. The heating rate was 10°C/min from
room temperature (23°C). All the measurements
were conducted in helium atmosphere.

Thermogravimetric Studies
A Cahn electrobalance Model R-H transformed
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into a TGA-instrument was used (Figure 1).
The glass wares were made from quartz. Each

oven had an electric power of 1100 W. The

temperature-regulation device was a Stanton

Figure 1. TGA apparatus: a, inert gas inlet;
b, magnet; ¢, beam; d, vacuum system; e, hang-
ing; f, oven; g, measurement thermocouple; h,
gas outlet; i, inert gas outlet; j, sample holder;
j’, reference sample holder; k, regulation system;
1, recorder device.
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Figure 2. Isothermal (235°C) TGA. Influence of
the molecular-weight distribution (MWD) of a
73-% CPE sample upon its weight-loss magnitude:
1, lowest number-average molecular weight, L,
6000; 2 medium number-average molecular weight,
MM, 15000; (3) highest number-average molecular
weight, HAM,, 50000.
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redcroft’s model; the recorder was a Kipp—Zonen
Model BD-5.

We used the TGA dynamic method, i.e., the
recording of the weight loss as the temperature
is raised at a constant rate (2°C/min), to study
the thermal behaviour of all the CPE samples
(types I and II) over the 180°C—500°C interval.
A Cahn Time-Derivative Computer Model
MARK II, coupled with the TGA apparatus,
was used to record the degradation rate.

The global activation energies (F,) of the de-
hydrochlorination process have been calculated
for the CPE samples of type II, viz., those chlo-
rinated to the saturation level (73-% Cl,) by
using the isothermal method.’® The polymeric
chains’ breakages occurring during the chlorina-
tion process could be enhanced if the chlorination
time exceeds the minimum time necessary to
obtain the saturation level.’"

Figure 2 shows the influence of the molecular
weight of a saturated (73-% Cl;) CPE sample
upon its weight-loss ‘magnitude in an isothermal
process; the fraction of the lowest number-aver-
age molecular weight (LA,) is rapidly degraded.
Thus, to have reproductible runs and compara-
tive results it is necessary to use homogeneous
samples. All the experimental CPE samples of
type II used in the isothermal process were frac-
tions of the highest number-average molecular
weight (HM,) obtained by fractionation of the
initial samples in a 70/30 mixture of tetrahydro-
furan and methyl alcohol at room temperature.”

For each experiment, isothermal or dynamic,
20 mg of powdered CPE sample were used. All
the experiments were conducted in nitrogen
atmosphere; the rate-flow of the gas through the
sample and the reference tubes (Figure 1) was
6 l/hr. The heating rate in the dynamic method
was 2°C/min. These experimental conditions
which permit reproductible runs, matched those
advocated by Wendlandt,'* Guyot and Bert.**

RESULTS AND DISCUSSION

Two main theories have been established to
explain the second-order transitions of polymers
and particularly the glass transition: a kinetic
based one'” and a thermodynamical one.’® In
the following discussion we will follow the

302

kinetic theory.

Melting Points and Second-Order Transitions

In Table I are listed the results obtained with
the DTA experiments; three melting temperatures
are reported: T, is related to the starting of
the melting process and T to its end, i.e., when
the disruption of the polyethylene’s crystallities
is completed. Many scientists use Ty, the
temperature at the thermogram-top (Figure 3),
to characterize fusion. This T’; -temperature can
be related to the average statistical thickness of
the crystallites if the thermogram areas, on each
side of the T -vertical-line, are symmetrical.

When the thermal chlorination proceeds, the
crystallinity of the polyethylene samples (branched
or linear) is rapidly destroyed (Table I); the nu-
merous —CCl,— units appearing during the first
chlorination step’ can be regarded as responsible
for this. But in the photochlorination process,
the CPE samples keep some crystallinity up to
a high chlorine-content value by weight; the
crystallites disappearance is completed only be-
yound the 67.5-9% chlorine content value, as
proved by dynamic mechanical properties studies;
the 67.5—73-% photochlorinated CPE samples
are amorphous ones, although they are hard
and brittle owing to the presence of dichloro
and trichloroethylene units.*

In Table II are listed the Dupont 942 TMA
results (second-order transitions). The asterisked
transitions stand between the 7, and the T
(Table I) of the CPE samples and can be related
to the motions of short segments of the poly-
meric chains in the CPE crystalline phase. The

ENDO

L
Ty, Tc

Figure 3. Thermogram of the 6-%; Cl; linear CPE
sample.

Polymer J., Vol. 7, No. 3, 1975
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Table I.

Melting points of the CPE samples®

Type Ia. LDPE photochlorinated Type Ib. LDPE thermalchlorin-
ated at 90° in TCE

at 20°C in TCE

Type Ic. HDPE thermalchlorinated
at 110°C in TCE

T-%, Ta, Ten, To, 4H, T-%  Ta, Tin, To, 4H, 1-%, Ta, Tty, Tc, 4H,

Cl, °C  °C °C caljg Cl;, °C °C °C «clg Cl; °C °C °C  callg

19.5 69 101 112 1475 24 50 57 72 88 6 785 81  123.5 39.1
4

46 8 105 112 11.6 33  32.5 6; 86 — 4l - -
7

55 86 88 112 3.2 545 — — —  — 56 - -

82 L

60.5  65.5 100} 100 — 61.5 — — — — 617 —  —

67.5 — - - - 65 - - -~ 64 - - -

68.4 - - -  — - - - - — e - = - —

¢ The dashed lines indicate that the CPE sample did not show any melting point in the 25—180°C

range.
Initial LDPE Ty, 110°C; 4H, 32.8 cal/g.
Initial HDPE Ty, 134°C; 4H, 58cal/g.

T, melting-process starting; T%,,, temperature

at the thermogram-top; Tc, melting-process end.

The thermograms of the 60.5-% Cl; photochlorinated CPE sample and the 33-9 Cl. thermal chlorin-
ated CPE sample show many Tt,; in such cases the calculation of the 4H is not easy.

temperatures of nearly all these asterisked transi-
tions are in close agreement with the temperatures
of the a-relaxation peak of the photochlorinated
CPE samples."’

The other transitions i.e., the non-asterisked
ones, can be easily related to the various struc-
tures revealed by the microstructural nuclear-
magnetic-resonance (NMR) study.®’

In the thermal-chlorination process, between
e-% Cl, and 24-95 Cl,, the chlorination mecha-
nism is not yet a random one. The —CCl,—
groups of the structures, such as:

—~(—CH,—CH,—),—CCl,—CH,—CCl,—
_‘(CHZ_CHZ'*)4“”\
or
—~~(—CH,—CH,—),—CCl,—CH,—CH,—
CCl,—(CH,—CH,—),~—

are responsible for almost the whole chlorine
content value® and the thermal CPE samples still
keep crystallinity. When the poly(vinyl chloride)
(PVC) triads ay; (—CH,—CHCI—CH,—) and
Binn (—CHCI—CH,—CHCIl—) appear from the
24-% Cl, value) the chlorination mechanism
becomes a random one,” which destroys the
crystallinity of the thermal CPE samples. The
numerous —CCl,— units along with the few
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—CHCI— units behave like a plasticizer, which
lowers the second-order transition temperature.
This effect is maximum in the range of the 33—
41-% chlorine content and the 33—41-95 CPE
samples are similar to elastomers."’

Beyond the 33—41-% CI, range PVC sequences
increase and the temperatures of the second-order
transitions rise.

When the PVC sequences reach their maximum
length, there is an important difference between
the 56-9%5 thermal-chlorinated linear polyethylene
sample and the 61.5-9 thermal-chlorinated
branched-polyethylene sample. The latter has
more ﬂ'IV structure (mono or dichloropropane
or butane); otherwise the 61.5-% thermally chlo-
rinated branched polyethylene sample has PVC
sequences shorter than those of the 56-9; ther-
mally chlorinated linear polyethylene sample.’
Thus, at the proper temperature, those short PVC
sequences will go easily into motion along with
the 8’1y structures and consequently the 61.5-%
thermal (branched) CPE sample has a unique
second-order transition. On the contrary, the
long PVC sequences of the 56-95 thermal (linear)
CPE sample will not go easily into motion
a long with the B’y structures; the two
entities, the PVC sequences and the B'1v struc-
tures, will each have its second-order transition
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temperature, with that of the ﬁ'lv structures
being lower. As the 81 (—CHCI—CH,—CHCIl—)
structures neighboring with CHCI units are
already present in large amounts in the 56-%
thermal (linear) CPE sample, their second-order
transition temperature will take place at a tem-
perature higher than that of the PVC sequences.

In the photochlorination process, when the
reaction is carried out in a suspension medium
(20°C), the radical substitution of the hydrogen
atoms by chlorine atoms starts in the amorphous
phase of the polymer and vinyl units first ap-
pear.’ These vinyl units are responsible for a
unique second-order transition up to about the

Second-order transitions of the CPE
samples®

Table II.

Type Ta. LDPE photochlorinated at 20°C
in :

, ansiti

Zélié C(:}II_ICZI BF- Transition

Ist 2nd 3rd
16 0.111 1270 36°C  103°C* —
19.5 — — 33°C 96°C* —
46 0.266 1320 48°C 71°C 90°C*
55 0.316 2750 66°C 78°C —
60.5 0.9 2930 76°C 88°C —
67.5 1.88 2220 76°C  108°C  148°C
68.4 1.98 700 78°C  137°C 150°C

Type Ib. LDPE thermal-chlorinated at 90°C

in TCE®
24 e 1000 32°C  56°C*  —
33 0.07 1580 —12°C — —
54.5 0.38 1760 60°C — —
61.5 0.4 1310 55°C — —
65 1.31 1065 58°C  70°C 102°C
Type Ic. HDPE thermal-chlorinated at 110°C
in TCEY
6 e 1500 10°C  104°C*  —
41 0.114 1810 0°C — —_
56 0.483 1360 52°C 68°C  90°C
61.7 1.27 1000 76°C 94°C 130°C
64 1.975 595 80°C 128°C  160°C
67 2.66 328 75°C  160°C  176°C

¢ The starting temperature was —40°C; the initial
HDPE has a unique second-order transition tem-
perature at 12°C, and the initial LDPE one at
—20°C.

b TCE, 1,1,2,2-tetrachloroethane.
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20-% chlorine content. From this value PVDC
triads or tetrads (—CCl,—CH,—CCl,— or
—CCl,—CH,—CH,—CCl,—) appear randomly in
the photochlorinated CPE chains.® When these
PVDC units reach their maximum proportion the
photochlorinated CPE samples have two second-
order transitions. The short PVC sequences sur-
rounded by a PVDC triad or tetrad can be re-
garded as responsible for the second-order transi-
tion taking place at the lower temperature; the
other second-order transition can be attributed
to the motion of the long PVC sequences.

In the thermal chlorination process or in the
photochlorination one, when the reaction pro-
ceeds beyond the 56—61.5-% Cl, range, the apy
(—CHCI—CHCI—CHCl— or —CH,—CHCl—
CH,—) and the a; (—CHCI—CHC]—CCl,— or
—CH,—CHCI—CCl,—) structures which appear
stiffen the CPE chains;'® their second-order transi-
tion temperatures are distinct and higher than
those of the previously described structures.

To sum up, we have reported in Tables Va,
Vb and Vc the structures which can be regarded
are responsible for the second-order transitions.
During the discussion we have not named any
of the second-order transitions of CPE sample
a glass transition (T,), since the Dupont 942
TMA method is only a qualitative one. But the
second-order transitions revealed by the TMA
method and those revealed by the dynamic me-
chanical properties’ studies, carried out with the
Rheovibron,*° appear at almost the same tem-
peratures; thus it is easy by listing together the
two different results and by defining the T as
the temperature for which the complex modulus
decreases sharply to identify the T,. These are
plus-marked in Tables V.

In our previous study'® we showed that be-
tween the 46—60.5% chlorine-content range
(for photochlorinated CPE samples) the a-peak
(motions in the crystalline phase of the CPE
sample) and the S-peak (vinyl sequences motion)
stand at the same temperature. In this chlorine-
content interval, the disruption of the crystallites
of the polyethylene is high although not yet
completed (see Table I). It is important to notice
that, in spite of the difference in technique, the
Dupont 942 TMA method reveals a similar be-
havior for the 46—60.6-95 photochlorinated CPE

Polymer J., Vol. 7, No. 3, 1975



Chlorinated Polyethylene. III.

samples (e.g., the 55-9 CPE samples in Table
Va and the 49-9 photochlorinated CPE sample
in our previous study').

Dynamic TGA Experiments

Figures 4 and 6 show the weight loss of the
photochlorinated (type Ia) and thermally chlorin-
ated (type Ib) branched polyethylene samples in
dynamic TGA experiments. Figure 5 and 7 re-
present the degradation rates corresponding to
the curves in Figures 4 and 6.

As can be seen on Figures 5 and 7 the plots
of the degradation rates vs. the chlorine contents
by weight reveal two peaks between 180°C and
500°C, depending on the chlorination degree of
the CPE samples.

The first peak stands within the 262—272°C
interval for the photochlorinated CPE sample
(type Ia) and within the 266—288°C interval for
the thermal-chlorinated CPE samples (type Ib).
Figures 4, 6, and 11 show that, up to 300°C, the
hydrochloric acid evolution is responsible for the
whole amount of the weight loss of the CPE
samples. Therefore we can assign the first peak
to the maximum dehydrochlorination rate of the
chlorinated sequences present in the CPE chains.

The second peak stands within 400—420°C
samples (type Ia) and within 400—418°C for the

;

80k 2
85

60

o~

2

<
40-
20-

| 1 1
200 400 500
Figure 4. Dynamic TGA (2°C/min) of branched
polyethylene samples photochlorinated at 20°C in
1,1,2,2-tetrachloroethane (TCE): 1, 16-9% Cly; 2,
46-% Clg; 3, 55-% Cls; 4, 60.5-% Cls; 5, 67.5-%
Clg; 6, 73-9% Clgz; 7, initial LDPE,
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Figure 5. Degradation rates of branched poly-
ethylene samples photochlorinated (20°C) in 1,1,2,2-
tetrachloroethane (TCE): 1, 16-% Clz; 2, 46-9% Clg;

3, 55-% Clg; 4, 60.5-Cls; 5, 67.5-9 Cls; 6, 73-% Cl.
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1 1 L I
200 300 400 500
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Figure 6. Dynamic TGA (2°C/min) of branched
polyethylene samples thermally chlorinated (90°C)
in 1,1,2,2-tetrachloroethane (TCE): 1, 24-9% Cly;
2, 33-% Clz; 3, 38-% Cly; 4, 54.5-% Clz; 5, 61.5-%

Clg; 6, 65-% Clg; 7, initial LDPE.
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Figure 7. Degradation rates of branched polyethyl-
ene samples thermally chlorinated (90°C) in 1,1,2,2-
tetrachloroethane (TCE): 1, 24-% Cly; 2, 33-9 Cly;
3, 38-% Cls; 4, 54.5-% Cl; 5, 61.5-% Clg; 6, 63-%
Cly; 7, 65-9 Cls.
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thermal CPE samples (type Ib). By comparison
to the parent-polymer’s behavior in that range
of temperature, one can attribute this second
peak to the maximum degradation rate corre-
sponding to the evolution of volatile products
such as hydrogen gas methane, ethylene, and
poorly chlorinated olefines. One must notice
that this peak disappears when the CPE sample’s
chlorine content is higher than 60.5% (type Ia)
or 61.5% (type Ib), i.e., when the polyethylene
sequences and the f'1y structures (monochloro
and dichloropropane or butane) have disap-
peared.®

Figure 8 represents the plot of the maximum
dehydrochlorination rate (viz., the first peak
value) of the photochlorinated CPE samples (type
Ta) against their syndiotacticity-index, S.%°

The plots of the maximum dehydrochlorination
rate of the CPE samples (type Ia and type Ib)
vs. the ratio, nb CHCl/nb CH,, are represented in
Figure 9.

These two figures (8 and 9) permit us to show
the influence of the microtacticity and the molec-
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ular microstructure of CPE samples upon the
magnitudes of their dehydrochlorination rates.

As can be seen in Figure 8, up to the 60.5-9%
chlorine-content value, i.e., till the PVC sequences
reach their maximum length,® a slight increase
of the syndiotacticity-index, S, leads to a large
increase of the maximum dehydrochlorination
rate (4:(HCI)/45~=800). When the PVC sequences
decrease, from the 60.5-9 chlorine-content value,
i.e., when the a;; (—CHCI—CHCI—CHCI— or
—CH,—CHCI—CHCl—) and p;; (—CHCl—
CH,—CCl,—) structures appear,’ a large increase
of the syndiotacticity-index, S, leads to only a
slight increase of the maximum dehydrochlorina-
tion rate (4.(HCI)/S~=80).

The first behavior, i.e., the large increase of
the maximum dehydrochlorination rate vs. a
slight increase of the syndiotacticity-index, de-
pends on the microtacticity. Indeed, between
e-% and 60.5-9% Cl,, the PVC sequences increase
and the polymeric chains are freed from high
steric hindrance;® thus the dehydrochlorination
occuring on the long PVC syndiotactic sequences
TTTT can be have like a ‘‘zip”’ mechanism."®

The second behavior, i.e., the slight increase
of the maximum dehydrochlorination rate vs.
a large increase of the syndiotacticity, depends
on the molecular microstructure.

As can be seen in Figure 9, the maximum
dehydrochlorination rate decreases when the ay;

=
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A1450 em! — 1434cm”!
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Figure 8. Maximum degradation rate vs. syndio-
tacticity-index for branched polyethylene samples
photochlorinated (20°C) in 1,1,2,2-tetrachloroethane
(TCE). The percentage values represent the chlo-
rine content by weight.
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Figure 9. Maximum degradation rate vs. the ratio,
nb CHCl/nb CHs: A, LDPE thermally chlorin-
ated (90°C) in 1,1,2,2-tetrachloroethane; a, LDPE
photochlorinated (20°C) in 1,1,2,2-tetrachloro-
ethane. The percentage values represent the chlo-
rine content by weight.

and By; structures begin to appear, i.e., when
the PVC sequences decrease.® Thus, the “‘zip”’
process cannot take place on a large scale. At
the highest chlorine-content level (73-% Cl,),
the higher a CPE ratio, nb CHCl/nb CH,, is the
lower is its maximum dehydrochlorination rate
(see Table III). This behavior is proof that the
aip  (—CHCI—CHCI—CHCIl—) structure is
thermodynamically more stable than the vinyl
and vinylidene structures, through the free-radical
dehydrochlorination mechanism."™**
Isothermal TGA Experiments

The graphs of isothermal degradation versus
time (Figure 10) and the plots of the weight loss
vs. temperature (Figure 11) show a marked

Table III. Maximum dehydrochlorination of
various 73-%5 CPE samples
L L dw e

Chlorination Chlorination nb CHCI a x 102,

medium time, hr nb CH, )

mg/min

UV+TCE,

20°C 4 2.7 2.40
UV+CCl,,

20°C 4 4 3.4 1.68
UV +CCly,

60°C 4 6 1.30

¢ Maximum dehydrochlorination rate.
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change in the degradation process for a saturated
(73-% Cl;) CPE sample when the pyrolysis tem-
perature stands in the 270—300°C range. Ac-
cording to the results of Berticat, et al.,"*"™* a

500 °C
/ 400 °C
GOfr 300 °C
) 270 °C
40
—
E
250°C 235°C
20¢
215°C
- ——206°C
0 5 10 15
T(Hours)
Figure 10. Isothermal TGA of the fraction of the

highest number-average molecular weight of a
(73%) CPE sample produced from a 4-hr photo-
chlorination in CCl, at 20°C.

80} :
2
<

80

3 40+

2

<

20
| | 1
200 300 400 500
TC

Figure 11. 1, pyrolysis in a horizontal oven, model
Heraeus; 1’ hydrochloric acid evolution; 2, iso-
thermal TGA. Each (a) represents a 5-hr degra-
dation at 235°C. Experimental samples were the
fraction of the highest number-average molecular
weight of a 73-95 CPE sample produced from a 4 hr
photochlorination in CCly at 20°C.
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global degradations occur during the pyrolysis 1
process of a 73-% CPE sample or a saturated
(73%) chlorinated PVC sample.

Up to about 350°C, intra-and inter-chains de-
hydrochlorinations, occuring easy by the fluidity
exhibited by the material between 200°C and
300°C, take place. They are followed by a
rearrangement of the double-bond-containing
chains which give polyacenic cycles.

Between 350°C and 800°C, these polyacenic
cycles reticulate themselves to give a pregraphitic
structure.

In order to show the influence of the molec-
ular microstructure of the 73-9 CPE samples
upon their dehydrochlorination activation ener-
gies, we will consider the first mechanism.

As can be seen in Figure 11, up to 300°C,
hydrochloric acid evolution accounts for the
entire amount of the weight loss of a saturated
(73-% Cl,) CPE sample and up to about 270°C
(Figure 10) the isothermal weight-loss graphs vs.
times are straight lines from the intersection of the
axes, which indicates that the dehydrochlorination
mechanism is a zero-order one. Thus Arrhenius’ 1]85 1190 1195 26 5 2LO z
plots can be drawn for a series of saturated (73%) ' ' ' ' '
CPE samples (Figure 12) to calculate their global %(-103
activation energies of dehydrochlorination. . o,

The activation energies values (E,) are listed T ‘eure 12. Arrhenius’ plots: 1, nb CHCl/nb CH,
in Table IV, along with the main characteristics <4 2, nb CHCl/nb CH;24.
of the highest number-average molecular weight

_4.51

log Kk

— 5+

- 55

Table IV. Fractions of the highest number-average molecular weight of the 73-% CPE samples

Chlorina- g0 _ My

Initial Chlorination tion tem- 7 cflllna o1, CUC DP, P=-=Den-nbCHCI E,, Sun_ Aes
polymers medium pergglre, time, hr 2 " (HMn)e (HMy)e AL ): sity nb CH, kcal Sgoi Agss
LDPE UV+CCl, 20 4 75 1 537 2.13 1.6650 3.4 45  0.11
LDPE UV+CCl, 20 6 70 1 400 — 1.6758 3.5 45  0.28
LDPE UV+CCl; 20 8 65 1 289 — 1.6844 3.7 45  0.27
LDPE UV4+CCl, 40 4 — 1 515 2.4 1.6720 4.5 3(5,} 0.31
LDPE UV+CCl, 60 4 61 1 — 2.2 1.6772 6 3(5)} 0.37
LDPE UV+TCE 20 4 75 1 1040 4  1.6615 2.7 45 0
HDPE UV+CCl, 20 4 9% 1 516  3.25 1.6616 3.4 45  0.35
HDPE UV+CCl, 20 6 86 1 505 — 1.6644 3.4 45  0.28
HDPE UV+CCl, 20 8 86 1 516 — 1.6640 3.4 45  0.26
HDPE UV+CCl, 40 4 90 1 — — 1.6622 3.7 45  0.28
HDPE UV4+CCl, 60 4 87 1 — 2.6 1.6610 4 2(5)} 0.34

» HM,, fractions of the highest number-average molecular weight of the 73-9 CPE samples.
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(HM,) fractions of the 73-9 CPE samples, viz.,
polydispersity, DP,, density, nb CHCl/nb CH,,
and conformation: Sgg/Src or Sun/Sucr.t

One can notice that only the variations of
the ratio, nb CHCl/nbCH,, have an influence
upon the E, values. When this ratio value is
less than 4, a saturated CPE sample has a unique
global dehydrochlorination E, of about 45 kcal.
When this ratio stands between 4 and 6 there are
two global dehydrochlorination Ej: the first one,
about 35kcal, rules the dehydrochlorination
process up to 244—250°C; the second, about 60
to 70 kcal, acts above this interval of temperature
(247—250°C) (Figure 12).

It is important to remark that, according to
Oswald and Kubu,' the T, of polyethylene di-
chloride (—CHCI—CHCI—CHCl—), is at least
equal to 226°C. This estimate have been ob-
tained by using the well-known empirical equ-
ation applied to random copolymers:*

Tg: P MiTgi

M the mole fraction of the ith component,
T,: the glass temperature of the copolymer
in degrees Kelvin,

the glass temperature of the homopoly-
mer of the ith component.

Tg.:

7

The value 226°C is indoubtedly below the real
one because these authors' have not taken into
account the contribution of the vinylidene chlo-
ride and trichloroethylene units.

Moreover, Murayama and Amagi*® demon-
strated that head-to-head poly(vinylidene chlo-
ride) (H-H-PVDC) is less thermally stable than
head-to-tail PYC or H-H-PVC within the 200—
260°C range.

Thus, taking into account these results”*’ and
listing them together with the microstructural
NMR studies,”'’ the Dupont 942 TMA experi-
ments and the TGA results, and assuming that
the dehydrochlorination process starts after the
concerned structures have gone into full motion,
i.e., when their main second-order transition

1,23

where temperature is exceeded, one can attribute the
Table Va. Branched polyethylene samples photochlorinated in 1,1,2,2-tetrachloroethane
at 20°C, Type Ia
T-95 nb CHCI 5 . : . . on DbCHCl 794
Cls nbCH, CH, T, °C Structures responsible for the second-order transition T2, °C -————nb CH, Cl
] —CH,—CH;, (short vinyl sequences in amorphous phase)
36+b 2 2 33+b
16 0.111 CH,—CH,— — 19.5
103 motions in partly chlorinated crystalline-phase
48+b —8gz—CHCI—CHz*CClz—CHz—-CClz—CHz——CHCl- 66
7 0.316 55
46 0266 4 — CHy—CHy—long vinyl sequences—CH;—CHy— 78+
90 motions in partly chlorinated crystalline-phase
76+ long vinyl sequences
60.5 0.9
88 motions in partly chlorinated crystalline-phase
76 vinyl sequences 78
—CHCI—-CHCI—CHCI—CH,;—CHCI—CH,—CHCl—
108+® 137+0
67.5 1.88 CHCl— 1.98 68.4
—CHCI—CHCI—CHCI—CH,—CCl,—CHCI—CHCIl—
148 150
CHCl—
@ Temperatures of the second-order transitions.
b The plus-marked transitions represent the glass transitions.
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Table Vb. Branched polyethylene samples thermally chlorinated in 1,1,2,2-tetrachloroethane

at 90°C, Type Ib

T-g; nbCHCI . , ] L . o~ DbCHCl T.9
Cl; “nbCH, T»,°C  Structures responsible for the second-order transition T, °C nbCH, Cls
” 32+p (—CHy—)sCCle——CH>—CCl,—CHy(—CH2—CHz—)sg
e
56 motions in partly chlorinated crystalline-phase
— gg g:CHz——CHz—CHz—C Cl,—CH;—CCl,—CH— 124 0.07 33
54.5 0.38 60+v —gggz%}-zlz——CHz—(short vinyl sequences)—CHz—
—CCl,—CHy—CHy—(maximum length of the vinyl
61.5 0.4 35+ sequences)—CH;—CH,—CHCI f 58
long vinyl sequences 70+v 1.31 65
—CHCI—CHCI—CH,—CHCI—CH,—CHCI—CHCI— 102
@ Temperatures of the second-order transition.
b The plus-marked transitions represent the glass transitions.
Table Vc. Linear polyethylene samples thermally chlorinated in 1,1,2,2-tetrachloroethane
at 110°C, Type Ic
T-9; nbCHCI ., . ) .. . o~ BbCHCI 1294
Cl: abCH. CH, T=,°C Structures responsible for the second-order transitions T, °C S5 CH. CH, Cl
b (—CH;—CHz—)§—CCl;—CH,—CH»,—CCl,—(CH.—
10+ CH,—)
6 e T8
104 motions in partly chlorinated crystalline-phase
—gﬁl[g;—CHz—CHz—CClszHz»—CClg~CH2—CH2— 0+b 0.114 41
5 —CCl,—CH;—CHa—(short vinyl sequences)—CHz—
CHCIl—
56 0.483 68+p long vinyl sequences 76+D
% —CHCI—CHCIl—(short vinyl sequences)—CHCl— o4
CHCl— 1.27 61.7
—CHCI—CHCI—CHCI—CH,—CHCI—CHCI—CHCI— 130
CHCl1
75 vinyl sequences o 80+»
160+b —CHCI—CHCI—CHCI—CH,—CHCI|—CH;—CHCl— 128
67 2.66 CHCI—CHCI— 1.98 64
176 —CHCI—CHCI—CHCI—CHCI—CH>—CCl,—CHCl— 160
CHCI—CHCIl—

¢ Temperatures of the second-order transitions.
b The plus-marked transitions represent the glass transitions.
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35-kcal and 45-kcal E, to the global dehydrochlo-
rination activation energy of the sequences (type
A) below:

Aa —CHCI—CHCI—CHCI—CHCI—CH,—
CHCI—CH,—CCl,— 45 keal

Aa’ —CHCI—CHCI—CH,—CCl,—CH,—
CCl,—CH,—CHCIl— 35 keal

and the 60-kcal and 70-kcal E, to sequences (type
B) below:

Bb —CHCI—CHCI—CCl,—CH,—CHCIl—
CH,—CCl,—CHCl— 60 kcal
Bb’ —CHCI—CHCI—CHCI—CHCI—CH,—
CCl,—CHCI—CHCl— 70 kcal

If we consider that the initiation rate rules
the dehydrochlorination rate, the italic-written
segments of the above sequences (types A and
B) can be regarded as the initiation sites of the
degradation process.

CONCLUSION

The isothermal TGA results confirm the as-
sumptions made during the discussion about the
second-order transitions, viz., the temperatures
at which the sequences of type A go into motion
are lower than those of the sequence of type B.

We can now assign the different second-order
transitions, observed with the Dupont 942 TMA
experiments, to the molecular structures which
can be regarded as responsible for them (Tables
V). A portion of these different structures have
been written in italic, in order to point out
their particular contribution to the second-order
transition. When a CPE sample has many
second-order transitions, the responsible struc-
tures can belong either to the same polymeric
chain; and therefore they are each from widely
separated other; or they can belong to distinct
polymeric chains. The values of the ratio,
nbCHCl/nb CH,, in Tables V give a rough
estimate of the chlorinated chains’ length.

Our previous study'’ dealing with the dynamic
mechanical properties of the CPE samples studied
here confirms these structural attributions.
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