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ABSTRACT: High-resolution pyrograms of isotactic, syndiotactic, and atactic polypropylenes were obtained
by pyrolysis—hydrogenation glass capillary gas chromatography. The assigned characteristic peaks on the
pyrograms were interpreted in terms of the stereoregularity and the degree of chemical inversion for the monomer

units along the polymer chains.

It is well-known that many physical properties of pro-
pylene (PP) are affected not only by the average molecular
weight and the molecular weight distribution but also by
the stereoregularity and the degree of the chemical in-
version in the polymer chain. However, many arguments
exist about the polymerization mechanism of olefins, even
for Ziegler-Natta catalysts. This is largely responsible for
the insufficient and sometimes imprecise information
about the microstructures of the resulting polymers. The
structural characterization of PP has been carried out most
extensively by IR,® 'H NMR,” and *C NMR!%% gpectral
studies. Although the existence of the irregular tail-to-tail
linkages of the monomer units along the polymer chain was
pointed out by Natta et al.? and Tosi et al.,® most of the
spectroscopic studies were focused on the stereoregularity
by asssuming the normal head-to-tail linkages. Recently,
Doi et al.!817 successfully applied 3C NMR for the elu-
cidation of the chemical inversions in PP,

In addition to the spectroscopic work mentioned above,
pyrolysis—gas chromatography (PGC) has been also dem-
onstrated to be a simple, but powerful, technique for
studying the microstructures of PP.1%2" Noffz et al.?
adopted PGC and used a 100-m-long capillary column to
separate the degradation products from various PP’s

0024-9297/80/2213-0928%01.00/0

without any hydrogenation. They suggested that quali-
tative distinction of the PP’s differing in the stereoregu-
larity was possible from the resulting diastereomeric ole-
fins. Tsuchiya et al.?? studied the thermal degradation of
PP and pointed out the existence of the irregular monomer
placement from resulting 2-methyl-1-hexene.

Most of the other PGC work made use of in-line hy-
drogenation followed by pyrolysis, using H, as a carrier gas
in order to convert the resulting degradation products into
saturated hydrocarbons.!?21242% Seeger et al.?® achieved
fairly good separation of the diastereoisomeric products
between the trimers and the heptamers and suggested the
possibility of estimating the stereoregularity in PP semi-
quantitatively by comparison with standard PP samples.
The resolution of the associated peaks appearing on the
reported pyrograms, however, is not still sufficient for
complete assignment of the characteristic products.

Recently, we?®?® developed a method for obtaining
high-resolution pyrograms of polymers in which a fur-
nace-type pyrolyzer attached to a high-resolution glass
capillary column is used. This technique, employing in-line
hydrogenation of the resulting degradation products just
before the separation column,®® was successfully applied
to characterization of polyethylenes and ethylene-a-olefin

© 1980 American Chemical Society
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copolymers. In this work, basically the same technique
was utilized for the elucidation of the microstructures in
PP. Almost complete separation of the associated peaks
between the trimers and the nonamers was achieved. The
assigned characteristic peaks on the pyrograms were in-
terpreted in terms of the stereoregularity and the degree
of the chemical inversion in PP.

Experimental Section

Samples. Raw material of predominantly isotactic poly-
propylene (i-PP) was synthesized in the presence of a typical
heterogeneous Ziegler-Natta catalyst consisting of a combination
of AlEt,Cl/TiClg. The i-PP sample was prepared by removing
the amorphous portions from the raw material through n-hexane
extraction. The n-hexane soluble fraction in boiling ethyl ether
was used as the atactic-polypropylene (a-PP) sample. Syndiotactic
polypropylene (s-PP) was synthesized in the presence of a soluble
homogeneous catalyst consisting of a combination of AlEt,Cl/VCl,,

Pyrolysis—Gas Chromatographic Conditions. The pyro-
lysis-hydrogenation glass capillary gas chromatographic system
utilized in this work is basically the same as that described
previously.® A vertical microfurnace-type pyrolyzer (Yanagimoto
GP-1018), described in detail elsewhere,2? was directly attached
to a gas chromatograph (Shimadzu 7AG) with a glass capillary
column (0.9-mm o.d. X 0.3-mm i.d. X 50-m long) suspension coated
by OV-101. A small piece of precut column (3-mm i.d. X 5-cm
long) containing 5 wt % of OV-101 packing (80/100 mesh Dia-
solid-H) and a hydrogenation-catalyst column (3-mm i.d. X 30-cm
long) containing 10 wt % of Pt packing (80/100 mesh Diasolid-H)
were inserted in series between the pyrolyzer and the splitter. The
former precut column was used to protect the catalyst and the
separation column from tarry and/or less volatile degradation
products. The column temperature was programmed to increase
from 40 to 250 °C at a rate of 2 °C/min. A sample of about 200-ug
size was pyrolyzed at 650 °C under a flow of hydrogen carrier gas.
Most of the peak assignment of the pyrograms was carried out
by direct combination of the capillary gas chromatograph with
a mass spectrometer (Shimadzu LKB-2091).

Results and Discussion

Stereoregularity. When saturated hydrocarbon
polymers such as polyethylene (PE) and PP are exposed
to high temperatures under an inert atmosphere, they yield
various kinds of hydrocarbon fragments. These degrada-
tion products mainly consist of «-olefins, a,w-diolefins, and
alkanes. Therefore, as was reported previously,? the py-
rograms of PE’s consisted of serial triplets. However, as
shown in Figure 1, the pyrograms of PP’s are not as simple
as those of PE’s since methyl branchings cause complicated
degradation-product patterns. Thus, the resulting a-ole-
fins, a,w-diolefins, and alkanes are further complicated by
the additonal diastereomeric, geometrical, and positional
isomers. The number of the possible isomers becomes so
large at higher carbon number fragments that the complete
chromatographic separation is not a very easy task, even
by high-resolution capillary column.

Nevertheless, some conspicuous differences in peak in-
tensity can be observed among the three pyrograms in
Figure 1. For example, the doublet peaks of C;, (a and
b) correspond to monoolefins of meso- and rac-2,4,6-tri-
methyl-1-nonenes (1 and 2, respectively). i-PP yields a
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Figure 1. High-resolution pyrograms of (A) i-PP, (B) s-PP, and
(C) a-PP without hydrogenation of the degradation products at
650 °C. a and b are peaks for meso- and rac-2,4,6-trimethyl-1-
nonenes, respectively.

stronger peak for a and s-PP yields a stronger peak for b,
while a-PP yields nearly identical peaks for a and b. At
larger fragments than pentamers, however, it becomes very
difficult to make unequivocal peak assignments.

On the other hand, as shown in Figure 2, the pyrograms
of PP’s are characteristically simplified when the degra-
dation products are totally hydrogenated by the hydro-
genation catalyst. Thus, otherwise triplet peaks of mo-
noolefin, diolefin, and alkane with the same carbon number
are simplified into a singlet, and the final products, mainly
consisting of various diastereomeric and positional isomers,
are fairly well separated on the pyrograms, even at the
heptamers. As was pointed out by Seeger et al.,?® however,
the serial cluster peaks above hexamers become weak in
intensity and very complicated because of the large num-
ber of possible diastereomeric products.

Therefore, the expanded pyrograms up to pentamer
regions are shown in Figure 3 and will be discussed in
detail. The main peaks in the trimer region (Cg—C,,) are
noncharacteristic of the stereoregularity since structures
like 3 and 4 are actually the same because of the free

rotation of the terminal methyl groups. Accordingly, the
tetramers (C,;—C,3) are the first peaks which reflect the
original stereoregularity. Actually, the main tetramer
peaks are composed of a triplet of a doublet which corre-
sponds to a meso (m) and racemic (r) pair. For i-PP, the
peaks with an m configuration are always stronger than
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Figure 2. High-resolution pyrograms of (A) i-PP, (B) s-PP, and
(C) a-pp after hydrogenation of the degradation products at 650
°C.

those with an r configuration. Just the reverse tendency
can be observed for s-PP. On the other hand, the peak
intensities of the diastereomeric pair are almost equivalent
for a-PP.

Similarly, the pentamer clusters of Cyy, Cy5, and Cyg
should be composed of a triplet (mm, mr, rr), a quartet
(mm, mr, rm, rr) and a triplet (mm, mr, rr), respectively
(Chart I). Actually, all the corresponding peaks can be
observed on the pyrograms, and mm and rr peaks are
characteristic of i-PP and s-PP, respectively, while the
peak intensities of mm, mr (plus rm), and rr are nearly
identical for a-PP. Thus, qualitative discussion about the
stereoregularity in PP’s can be made on the basis of the
relative intensities among these characteristic diastereo-
meric isomers of the tetramers and/or the pentamers.

As was pointed out by Seeger et al.,?® however, the
relative peak intensities of these diastereomeric products
do not exactly correspond to the original stereoregularities
along the polymer chain since isomerization of the dia-
stereomeric products occurs to some extent during pyro-
lysis at high temperatures.

Here, the reproducibility is fairly good, within 2% of
relative standard deviation for the relative intensity
measurements of the characteristic peaks. These data
suggest that the degree of the isomerization during thermal
degradation is almost constant under given pyrolysis
conditions. Therefore, this method could be utilized for
the practical determination of the stereoregularities if
well-characterized samples of PP’s are used as reference
materials

Chemical Inversions. So far, the stereoregularity in
PP’s has been discussed only in terms of the main peaks
" between the trimers and pentamers. However, other minor
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Figure 3. Detailed pyrograms up to heptamer regions for (A)
i-PP, (B) s-PP, and (C) a-PP after hydrogenation of the degra-
dation products at 650 °C: Cg—Cg, saturated hydrocarbons with
8-16 carbons; m and r, meso and racemic forms, respectively; A-F,
minor peaks associated with irregular arrangements of monomer
units in the polymer chain.

peaks on the pyrograms of the PP’s also provide important
information about the microstructures. The peak clusters
designated by A-F on the pyrograms in Figure 3 are more
or less associated with the irregular positions of the methyl
groups along the original polymer chain.

As was discussed in the foregoing section, however, the
degradation products above Cy3, e.g., D-F, should pertain
not only to the positional but also to the diastereomeric
isomers. Therefore, in the following, the isomers in the
trimer region, viz., A (Cg), B (Cg), and C (Cy) which mainly
reflect differences in the positions of the methyl groups,
will be discussed with regard to the irregular attachment
of the monomer units.

Before further discussion of the experimental results,
we will consider the possible degradation products from
the moieties of the irregular attachments along the polymer
chain. Here, the methine carbon with methyl branching
and the methylene carbon in the monomer unit are defined
as the head and tail, respectively:

1"

|
H H
head tail

Every C-C bond along the backbone composed of the
repeated head-to-tail structures could be regarded as
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equivalent in bond dissociation energy, provided that
differences in the stereoregularities caused negligibly small
effects on the bond energy of the backbone. However,
when some chemical inversions of the monomer units are
supposed to exist, the backbone should have at least three
different bondings, as shown in 5, 6, and 7. These cor-

—¢—C~—  —Cc—C— —Cc—¢—

| 6 |
C C C

5 7

respond to the head-to-tail, the tail-to-tail, and the head-
to-head linkages, respectively. The bond dissociation en-
ergy is in order 6 > 5 > 7. Therefore, as reported by
Tsuchiya et al.,?? the thermally weakest structure, 7, is
preferentially subject to the thermal cleavage. Actually,
the minor degradation products relating to the irregular
attachment do not contain any of the 7 structure. Ac-
cordingly, in the following discussion, only the 5 and 6
structures are considered for the resulting degradation
products associated with the chemical inversions.
Figure 4 illustrates the possible C,; products from var-
ious moieties of the polymer chain. Here, every degra-
dation product is considered to have been saturated by the
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Figure 4. Possible C;, products from various structures of PP.

Table 1
Peak Assignments of the Trimers

peak?® assignment

4-Me-C
side pe;k 1% }CS
2,4-Me,-C.¢
side peak 2°

}trimethylcyclohexanes

4-Me-C,

2,4,6-Me,-C,

side peak 3°

nonterminal, 2,6-Me,-C, olefin C,
2,4-Me,-C,

2,5-Me,-C,, 3,56-Me,-C,

4@ Peaks correspond to those in Figure 5. ? Not identi-
fied. ¢ Main trimer, )

G,

e e g D DO O

hydrogenation catalyst. Thus, the main peak representing
the successive head-to-tail structures is 2,4,6-trimethyl-
heptane (Me3-C;). On the other hand, the tail-to-tail
structures are reflected by 2,4-, 2,5-, and 3,5-dimethyl-
octanes (Mey,-Cg). Similarly, the successive head-to-tail
structures for the other possible trimers would yield 4-
Me-C, (Cq) and 2,4-Me,-C (Cy), and the associated chem-
ical inversion peaks would be 2,4- and 2,5-Mey-C¢ (Cg) and
4-Me-Cs (Cy), respectively.

Table I summarizes the assigned peaks around the
trimer region of the detailed pyrograms in Figure 5. In
addition to the expected products mentioned above, the
minor side peaks b (Cg), d (Cy), i (Cyy), and j (Cyg) can be
seen on the pyrograms. Among these, peak j is assigned
to nonterminal 2,6-Me,-C; olefin. This component is most
probably formed through demethylation of 2,4,6-Me;-Cg
(Cy;) and should be included in the C;; main peak. Sim-
ilarly, nonterminal 2,6-Me,-C; olefin (Cg) formed through
demethylation might exist somewhere between the main
peaks of Cq4 (c) and Cy, (h) and should be included in the
C,; main peak. However, the contribution of the peak, if
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Figure 5. Detailed pyrograms around trimer regions from (A)
i-PP, (B) s-PP, and (C) a-PP after hydrogenation of the degra-
dation products at 650 °C. a-1 are assigned in Table I.

any, might be negligibly small.

The possible products associated with the tail-to-tail
structure for the Cq cluster are 2,5-Mey-Cq and 2,4-Meo-Cg;
which should have appeared before peak a. However, the
corresponding peaks were not resolved on the pyrograms.

In the region of C,, the relative peak intensities of ¢
(2,4-Me,-C, main trimer) and g (4-Me-Cy), which are as-
sociated with the tail-to-tail structure, give fairly good
information about the chemical inversions along the
polymer chain. However, here we should notice fairly
strong peaks of trimethylcyclohexanes (e and f) on the
pyrograms. The formation of these products can be ex-
plained by the possible cyclic intramolecular thermal
degradation process. The simple radical transfer of the
depropagating macroradical yields the main product of
2,4-Me,-C; as the Cq trimer. On the other hand, there also
exists some probability of forming cis- and trans-tri-
methylcyclohexanes since the main chain, consisting of six
carbons, just meets the requirement for formation of stable
six-membered rings.

C C C
7 (24Me,qC,)
T
c c c ~
depropagating macroradical
C C
trimethylcyclohexane

Other possible minor peaks of 1,2,4-trimethylcyclohexane
reflecting the irregular structure might be buried in the
C, cluster. Thus it is very difficult to correlate these peaks
quantitatively to the chemical inversions in the polymer
chain.

Consequently, the most promising information about the
chemical inversions can be obtained from the relative peak
intensity between the clearly separated C,, peaks of h-l,
provided that these products are reflecting the average
molecular structures of the original polymer.

Thus, the chemical inversions in PP’s were estimated
by eq 1, where A is the area of each peak and the factor

Ak+A1 ]_x
Ay + (A + A) 3

of 1/4 is needed since one of the three monomer units in

% tail-to-tail linkage = 100 (1)
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the peaks k and 1 is involved in the tail-to-tail linkage.
Here, the side peak of i (Cyy) was included in the peak h
(Cip). Thus, the calculated values of the tail-to-tail
structure amount to 1.7, 10.8, and 6.3% for i-PP, s-PP, and
a-PP, respectively. Only the amounts of the tail-to-tail
structure were estimated by this method. However, the
polymerization mechanisms of propylene units in the
presence of the Ziegler-Natta catalysts predict that almost
the same amount of head-to-head structure should be
formed in the same chain where the tail-to-tail structure
happens to form.%3 Therefore, the total amount of
chemical inversion might be close to double the tail-to-tail
amount.

In our earlier work,? total chemical inversions for the
same PP’s were reported for chlorinated PP samples:
2.6% for i-PP and 9.7% for a-PP. Although the doubled
tail-to-tail amounts (3.4% for i-PP and 12.6% for a-PP)
are slightly larger than those in the earlier report, they are
quite comparable.

The measurements of the relative peak intensities on
the pyrograms were repeatable with a standard deviation
of less than 5% under the given experimental conditions.
Moreover, only 200-ug amounts of the polymer samples
were pyrolyzed to get the high-resolution pyrograms and
no preliminary sample treatment was made. Therefore,
this technique can be used as a rapid and simple method
for the routine characterization of PP’s.
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