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An instrumental system consisting of a combination of a program-

mable pyrolyzer, a thermal conductivity detector, a mass chromatograph,
a gas chromatograph, a fast-scan vapor-phase infrared spectrophotometer

and a computer is discussed and reviewed with examples which show the

utility of the system in the analysis of decomposition phenomena in poly-
olefins, polyolefinsulfones, polymethacrylates, polystyrenes, and poly-
butadienes._-
™~

The system records the thermal history before and during pyrolysis
of the sample and provides chromatographic retention times, infrared
spectra, mass numbers and relative amounts of the volatile products of
pyrolysis. Identification of the constituents of the effluents is thus

f+~ilitated and mechanisms for decomposition become easier to propose and

to verify.
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INTRODUCTION

Pyrolytic decomposition followed by analysis of the volatile products
of pyrolysis is a powerful method for characterization of polymeric materials.
The scope and applicability of this approach are determined by the type of

pyrolyzer and the separation and identification techniques that are utilized.

Ty SR TR R

The on-line system developed at Princeton University comprises a
programmable pyrolyzer, a thermal conductivity cell, a trap, a mass chromato-
graph, a conventional gas chromatograph, a vapor-phase infrared spectro-
photometer, and a digital computer (1,2,3). The system has proved powerful
for analysis of polymers as has been shown by results obtained with poly-
olefins (1,4,5,6,7), polyolefinsulfones (1,8), polymethacrylates (1), poly-
styrenes (1,3,8,9) and polybutadienes (10). This report provides a brief

description of the system and reviews results obtained with these polymers. 3

THE PYROLYSIS LABORATORY

A schematic diagram of the system is shown in Figure 1. A critical
discussion of its various parts has been presented elsewhere (2). Briefly,
the system consists of a programmable pyrolyzer, a thermal conductivity ]
cell (TC), a trap, a mass chromatograph (MC), a conventional gas chromato-

graph (GC), a vapor-phase infrared spectrophotometer (Vapor Phase IR) and a

-

digital computer (IBM System 7).
Figure 2 shows details of the coupling of the pyrolyzer with the :
thermal conductivity detector, the trap, and the mass chromatograph. : ;
The pyrolyzer consists of a quartz tube and an external heater which

provides flexibility for either program-heating or flash-heating.
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The thermal conductivity cell monitors the formation of the volatile
products of pyrolysis as a function of temperature and time. It provides
immediate information about the onset and the progress of the thermal events
that result in the formation of volatile products. The response curves
contain features that are characteristic of the material under investigation.

The combination of the pyrolyzer with the thermal conductivity detec-
tor is complementary to a thermogravimetric analyzer and/or differential
thermal analyzer. As an example, the thermal history before and during
pyrolysis of poly (pentene~l-sulfone) as recorded with the thermal conduc-
tivity cell (TC), a thermogravimetric analyzer (TGA) and a differential
thermal analyzer (DTA) is shown in Figure 3.

The trap is an important part of the interface between the pyrolysis
assembly and the chromatographic assembly.- It is a short stainless steel
column packed with Porapak Q (Waters Associates) and has a geometry which
permits a fraction of it to be placed in a Dewar flask for subambient cool-
ing. The function of the trap is to collect the fragments of pyrolysis
that are formed in the temperature range of interest (i.e. selective trap-
ping). The products are released from the trap by rapid heating, and intro-
duced as a slug to the chromatographic columns for separation. The valving
system permits monitoring of the release of the products from the trap with
the same thermal conductivity cell used to monitor the formation of volatile
products; the response is recorded as a sharp peak, as shown for example in
Figure 4.

The mass chromatograph is a special type of a gas chromatograph which

directly provides mass numbers of the resolved components of a mixture by
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KIRAN and GILLHAM-4

means of a paif of gas density detectors (11). The instrument consists of
two independent gas chromatographs which use a common injection port. When
a sample is introduced to the instrument it is split into two approximately
equal f;actions (splitter, Figure 2) and each fraction is carried to a trap
which is similar to the trap associated with the pyrolyzer. Then, through
a valve arrangement, different carrier gases are introduced to the two traps;
the samples, released by rapid heating of the traps, are carried over to two
matched chromatographic columns for separation. The constituents eluting
from the chromatographic columns are detected by gas density detectors. The
recorder output from the mass chromatograph displays two sets of peaks cor-
responding to the responses from the two gas chromatographic¢ systems with
different carrier gases for the same constituents of the mixture (see Figures
3 and 4).

Theoretical aspects and operational principles of the mass chromato-
graph and the gas density detector are presented elsewhere (1,11). The
ratio of the responses is related to the molecular weight (Mx) of a con-

stituent through

where Mc and Mc are the molecular weights of the carrier gases 1 and 2,
1 2

Al and Az are the chromatographic peak areas for the constituent, and K

is the instrument constant determined from analysis of samples of known

molecular weights from

<~ ==/ ()
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The response of the gas density detector is proportional to (Mx-nc)/ux
and therefore, for a given carrier gas of molecular weight Mc, the response
tends to a constant as Mx increases; the lower the molecular weight of the
carrier gas, the faster is this tendency. In order to cover a wide range
of molecular weights, the two carrier gases are chosen to be of highly dif-
ferent molecular weights. The gases used in these studies were Co2 and
clczr‘5 (Freon-115). Use of Co2 and SFG is reported (12) in a study of

oxidative degradation of isotactic poly(l-pentene) using a combination of

a thermal conductivity detector and a mass chromatograph.

Since the molecular weights of the carrier gases are known and since
the response ratios (Al/Az) can be measured from the chromatographic out-
put, calculation of the molecular weights of the constituents becomes a
simple process after the instrument constant is evaluated. In principle,
the instrument constant K can be evaluated by injecting just one solute
.(of known molecular weight) into the mass chromatograph and measuring the
response ratio from the output. However, the accuracy of measuring the
response ratio varies with molecular weight and consequently K must be
evaluated by using more than one compound if it is to be applicable to a
wide range of molecular weights. Otherwise instantaneous K values appli-
cable in small ranges are used.

In addition to providing mass numbers of resolved constituents the
mass chromatograph can be used to provide estimates of the weight amounts
of each (wi). This is performed by comparing the areas on the 002 channel
output of the mass chromatograph with those of peaks obtained under the

same chromatographic conditions from a synthetic mixture containing known

amounts of n-hydrocarbons (3). For compounds of very similar molecular
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weight and with a similar retention time, responses of the gas density
balance detector are directly proportional to their amounts (see equa-
tion 71 of reference 1ll). The relative amount of a component as a weight

percentage (Pwt) of those measured can be calculated using P

e (wi/ Zwi)

x 100.

The infrared spectrophotometer is a fast-scan vapor-phase infrared
spectrophotometer and is suitable for taking "on-the-fly" spectra of con-
stituents eluting from chromatographic columns. The instrument is capable
of scanning from 2.5 to 15 um (4000 to 670 cm-l) in either 6 or 30 seconds.
The spectrophotometer can be coupled with either the mass chromatograph or
the conventional gas chromatograph. When coupled with the mass chromato-
graph sensitivity is reduced due to the fact that column effluents are
highly diluted by the reference gas entering the gas density detector.
Furthermore the IR spectra of the carrier gases, CO2 and Freon-115, are

complex and can mask spectra of constituents (2). Therefore coupling of

infrared spectrophotometer with a conventional gas chromatograph is pre-
; ‘ ferred. A schematic of the coupling of the gas chromatograph with the
| infrared spectrophotometer and the computer is shown in Figure 5.

The gas chromatograph used is a computer-compatible, automated
research instrument equipped with thermal conductivity and flame ioniza-
tion detectors.

The computer facility is a flexible mini-computer capable of pre-
processing of data for analysis by a much larger computational system (to
which it is connected by telephone). As a constitutent elutes from the §
chromatographic column it may be trapped in the IR cell and a set number
of IR spectra taken. These spectra are computer-averaged and the back-
ground spectrum is subtracted in order to increase the signal-to-noise

ratio. %
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THERMAL DECOMPOSITION OF POLYMERS

Thermal decomposition of various polymers has been studied by the
on-line system just described. Polymers studied include:
1) polyolefins (1,4,5,6,7); 2) polyolefinsulfones (1,8); 3) polymetha-
crylates (1); 4) polystyrenes (1,3,8,9) and 5) polybutadienes (10).
Comparative discussions with literature reports on the same polymers

using different techniques have been presented in references 1 to 1ll.

1) Polyolefins

Polyethylene, polypropylene, and polyisobutylene samples were
pyrolyzed in flowing helium at 20°C/min heating rate from room temperature
to 600°C. Products volatilizing in the temperature range 300-600°C were
selected for trapping and analysis.

The output from the mass chromatograph for low density polyethylene
is shown in Figure 6. The regularly spaced doublet peaks were shown to
correspond to alkenes and alkanes by calculating the molecular weights
and comparing the retention times with hydrocarbons (1,7). Molecular
weights calculated from the mass chromatographic output for some of the
assigned structures are given in Table I. The formation of the hydro-
carbon constituents seen in Figure 6 and the observed relative abundance of
and C

CG' c alkenes and c3, c7, C and C alkanes were considered

10’ 14 18 11 15

to follow from an intramolecular radical transfer process which involves

the 5th carbon atom of the primary macroradical through a pseudo six-membered
ring intermediate. The presence of ethylene is not seen in Figure 6 since
the column conditions were not suitable for its analysis.

Main chain scission in polyethylene results initially in primary

radicals which can undergo either depolymerization or intra and/or inter-

molecular radical transfer processes. The relative extents of the
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competing reactions determines the degradation pattern.
Intramolecular radical transfer reactions in primary radicals (I)
lead to the formation of secondary radicals (II). These can undergo

B-scission to the left of the radical center and produce alkenes (III).

H
| . ,
an L]
C32C32 CH(CHz)nCHz +> N CHZCH2 CH(CHz)nCH3
(1) (11)

= CH(CHZ) CH

2
n

w . +
31X > CH2 CS 3

(I1II)

If the B-scission is to the right of the radical center short chain

primary radicals (IV) form

IT - "W CHCHCH=CH, + °CH2(CH2)

28, 2 H, 1

n-2

(IV)

B o8 LS T S

which can abstract a hydrogen atom from another molecule and produce

alkanes (V).
CH3(CH2) CH

n-=2
(V)

3

Highly strained conformations will not be permitted in the intramolecular |
backbiting steps. The process is therefore argued to involve preferen-
tially the fifth carbon atom through a pseudo six-membered ring inter-
mediate. If subsequent repetitive intramolecular transfer follows before
chain scission, the consequence of preferential radical transfer to the

5th, 9th, 13th, 17th, and 21st,...... carbon atoms is the preferential
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didh

formation of CG' clO' Cl4' Cle, C2

grees alkenes (reaction II -+ III) and

Cyr Cqe Cqgr Gy €

The probability of sequential migration of the free radical along the

197°°° alkanes (reactions II -+ IV -+ V) respectively.

chain without undergoing B-scission reactions is expected to decrease as
the number of transfer steps increases. One and two step processes
should be most dominant and, as observed in Figure 6, among alkenes C6

and C o’ and among alkanes C_, and C., represent major constituents.

3 7

The mass chromatographic output obtained for isotactic polypropylene

1

is shown in Figure 7. Calculation of the molecular weights has shown that
the peaks in the chromatogram have molecular weights corresponding to 3
those of the monomer, dimers, trimers and higher oligomers (1, 7). Cal- 3

culated molecular weights for some of the peaks are included in Table I.

The monomer (peak 1), which is formed extensively, is produced from either
the primary or the secondary radicals formed on chain homolysis. Intra-
molecular radical transfers to the 6th, 10th, and 12th carbon atoms in

the primary macroradicals and to the 5th and 9th and also the 13th carbon
atoms in the secondary macroradicals (indexing from the secondary carbon
radical at the chain end) account for the other major products of decomposi-
tion. The formation of the other volatile products of pyrolysis of poly-
propylene and their relative abundances have been explained also in terms

of intramolecular radical transfer processes. In polypropylene initiation

by chain scission results in primary (I) and secondary (II) radicals.

H
, -

W\'cnz-?—th-?ﬂ}—cuz (1)
CH, CH,

'
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——— - B —— .
" re— dadgts s o - R T T 3 T e (e
e G

e s St e gl g A i o A - s, i el L s 0 D




T MBI,

KIRAN and GILLHAM-10

H
i -
amw CH. - C —F cH, - CH CH, - CH (11)
2" i o
CH, CH, » CH,

Intramolecular transfer reactions followed by B-scission to the left of
the resulting tertiary radical produces alkenes (III) from primary radi-

cals and alkenes (IV) from secondary radicals.

CHz = ? Cﬂz - CH CH3 (II1)
CH3 CH3
n
CH2 = ? CH2 = ?H CH2 = ?Hz (Iv)
CH3 CH3 5 CH3

B-scission to the right of the tertiary radical, followed by hydrogen
atom abstraction, leads to the formation of alkanes (V) and (VI) from

primary and secondary macroradicals, respectively.

cl:x-x2 —-[» CH, - CH <]—~ CH, V)
CH CH
3 - | N
cl:u2 cH, - CH cH, - GH, (V1)
cH, CH, cH,
n=-1

Specific major decomposition products, i.e., pentane (peak 3, structure VI,
n=1l), 2,4 dimethyl-l-heptene (peak 9, structure IV, n=1l) and 2,4,6,8 tetra-

methyl-l-hendecene (peak 12, structure 1V, n=3) can form through intra-

molecular radical transfer in the secondary radicals, and 2-methylpentane
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(peak 5, structure V, n=2), 2,4,6-trimethylnonane (peak 11, structure V,
n=4) and 2,4,6,8-tetramethylhendecane (peak 13, structure V, r=5) can form
from intramolecular radical transfer in the primary radicals. Among the
higher molecular weight fragments 2,4,6,8,10,12 hexamethyl-l-tridecene
(peak 16) and 2,4,6,8,10,12 hexamethyl-l-pentadecene (peak 17) are formed
in larger amounts. Their formation is a continuation of the processes
leading to peaks 12 and 13 which are major decomposition products.

The mass chromatogram for polyisobutylene displays a series of regu-
larly spaced groups of peaks which is characteristic of a homologous series
of products (Figure 8). In addition to depolymerization processes which
account for the extensive formation of the monomer (peak 1), int;amolecular
radical transfer processes in the primary and tertiary macroradicals which
form on initial chain scission account for the formation of dimers, trimers,
and high oligomers (1,7). More intramolecular transfer occurs in the pri-
mary radicals than the tertiary radicals for energetic reasons. A major
product, the trimer 2,4,4,6,6~pentamethyl-l-heptene (peak 12}, is formed

from a primary radical via intramolecular radical transfer to a methyl

group:
H
s ik i
Y - —— - _————lCH = —
| CHZ C‘: CH2 (I: (o 2 (': CI-!2
CH3 CH3 CH3 &
CH3 $H2 $H3
'\N\aCHz—C——CHZ-?'—-CHZ-? CH3
CH3 CH3 CH3 5

When the radical thus formed undergoes B-scission to the left of the

adjacent carbon, alkenes with the structure (I) are formed:
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EHZ ?33
‘C-—CHZ - (': CH3
CH3 CH3

(1)
For n = 2 the alkene is the trimer 2,4,4,6,6-pentamethyl-l~heptene. In
each quartet (peaks 14-29) the first two peaks correspond to alkenes which
arise from tertiary radicals, but the last two, which are formed in larger
amounts, to alkenes which are formed from primary radicals. For example

in structure (I) n = 4 corresponds to peak 20, n = 5 to peak 24. Peaks

21 and 25 arise irom primary radicals but via intramolecular radical
transfer to methylene instead of a methyl group. Assigned structures and

calculated molecular weights for some of the peaks are given in Table 1.

2) Polyolefinsulfones
Polybutene-l-sulfone, polypentene-l-sulfone and polyhexene-l-sulfone
have been studied by pyrolyzing samples in helium at a heating rate of

20°C/min (1,8). The volatile products formed in the temperature range

100-500°C were analyzed by the mass chromatograph.
The mass chromatographic outputs are shown for polypentene-l-sulfone H
in Figure 3. The results for the three polymers are compared in Figure 9

in terms of the outputs of the CO, channel of the mass chromatograph.

2
The primary products of decomposition have been found to be 502 (peak 1)
and the respective olefin, i.e., butene, pentene, and hexene (peaks 2).

o
)
These polysulfones contain -q-é— linkages in the polymer backbone. The

bond dissociation energy for the C~S bond (55-60 kcal/mole) is appreciably
lower than for the C-C bond (80~85 kcal/mole) and the C-H bond (90-100

kcal/mole) (13). Consequently thermal decomposition in these polymers
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may occur readily by scission of the C-S bond and results in the formation

of So2 and the respective olefin.

As seen in Figure 9, in going from one chromatogram to the next, the

locations of the constituents (peaks 2 to 6) other than SO, (peak 1) shift

2

to higher retention times in an ordered fashion. Calculations of the

molecular weights have shown that in each chromatogram the incremental in-
crease in molecular weight in going from peak 2 to 3 is 32 mass units,
from peak 3 to 4 is equal to the the molecular weight of the respective
olefin, from 4 to 5 is 32 mass units, and from 5 to 6 is 16 mass units.
Based on the atomic weight of S being 32 and that of O being 16, some com-
positional possibilities were suggested for peaks 3 to 6. These have the

form [cn 1[S] for peaks 3, [Cn ]2[51 for peaks 4, [Cn ]2[S][o]2 or [Cn ][S]2

for peaks 5, and [Cn ]2[S][0]3 or [Cn ]2[512[01 for peaks 6, where Cn

represents C4 olefin, c5 olefin or C6 olefin. Mechanisms for the formation

of these structures were not advanced (18). Their formation probably involves
some destruction of SO2 in the presence of free radicals. ;
These polymers all show a two-step decomposition phenomenon (see '

Fig. 3). Selective trapping and analysis of the volatile decomposition

products which form in the temperature range 100-200°C showed that only i
502 and the respective olefin are formed in the first step of degradation. i

In addition to these polyolefinsulfones, a sample of polystyrene- J
sulfone has been studied (1,8). so2 and styrene are found to be the major

products of decomposition. Additional fragments derived from styrene

dimers were observed as indicated by comparison of the results with those

obtained from pyrolysis of polystyrenes; this provided evidence for the
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presence of consecutive styrene residues in the repeat unit of the poly-

styrenesulfone.

3) Polymethacrylates

Polymethylmethacrylates and polytertiarybutylmethacrylates of dif-
ferent tacticities have been studied by pyrolyzing samples in flowing
helium atmosphere at a heating rate of 20°C/min (1).

Thermal conductivity responses during pyrolysis of polymethylmethacry-
lates showed some differences for the different tactic forms (Figure 10).
Analysis of the products of pyrolysis formed in the temperature range 200-
500°C shows, however, that all the tactic forms revert almost exclusively
to a single compound with a calculated molecular weight which compares
well with that of the monomer, methylmethacrylate (Table I). Mass chromato-
grams are shown in Figure 11. Analysis of the products of pyrolysis formed
from the isotactic polymer in the temperature range 420-500°C (see Figure
10) has shown that in this region monomer formation is no longer observed
(see Figure 11D). The traces of high molecular weight constituents ob-
served were not characterized.

The thermal histories during pyrolysis of the polytertiarybutyl-
methacrylates are shown in Figure 12. These polymers behave similarly
and show two-stage decomposition. The mass chromatogram of the volatile
products of pyrolysis formed in the temperature range 140-500°C is shown
in Figure 13 for the isotactic polymer. The major products of decomposi-
tion of all of the tactic forms are found to be isobutylene (peak 1) and
the monomer, tertiarybutylmethacrylate (peak 2) (Table I). Formation of

the monomer is a consequence of depolymerization. The formation of iso-

butylene is indicative of ester decomposition, i.e.,

PP T T T T T ——
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CH CH CH CH
|3 &3 |3 2
ww C =—=———CH, - C ——CH, VW —> v\ C CH (4 CH, YWV
l 2 ] 2 [ 2 ) 2
C=0 C=0 C (64
i ] £
? 0 (o) OH Oé/ \\O
|
C(CH3)3 C(CH3)3

+ 2 Hzc =C (C!-l3)2
isobutylene

The relative extents of these reactions were found to be dependent on the
tacticity of the sample as evidenced by differences in the monomer to iso-
butylene peak height ratios measured in the outputs of the co2 channel of
the mass chromatograph (1). Monomer to isobutylene ratio was found to be
smallest for the syndiotactic and largest for the isotactic polymer. This
observation was interpreted to mean that the extent of depolymerization
compared with ester decomposition is greatest with the isotactic polymer;
the steric hinderances of the bulky side groups apparently favor depolymer-
ization most in the isotactic polymer. Further analyses of the volatile
decomposition products formed in the temperature ranges 140 to 225°C, 140
to 320°C and 320 to 500°C in the isotactic polymér showed that all monomer
generation takes place in the temperature range 140 to 320°C. 1In the
second stage of decomposition (i.e., from 320 to 500°C) no monomer is

generated, but some isobutylene continues to form.

4) Polystyrenes
Anionic, thermal, and comb-shaped polystyrenes have been studied
(3,9).

Anionic polystyrenes with different average molecular weights, which

had been polymerized using n-butyl lithium as the initiator and terminated
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with protons, were pyrolyzed in flowing helium at a heating rate of 20°C/min,
and the products wvolatilizing in the temperature range 200-500°C were analyzed.
The mass chromatographic output for a low molecular weight polymer is shown

in Figure 14. Calculations of the molecular weights and examination of the
on-the-fly IR spectra showed that the major decomposition products are toluene
(peak 4), styrene (peak 5), 1l,3-diphenyl-butadiene (peak 11) and 2,4,6 tri-
phenyl-l-hexene (peak 16) (Table I and Table II). The relative amounts of

these constituents have been found to depend on the molecular weight of the

initial polymer. Among the constituents, toluene shows the highest sensi-

tivity to molecular weight (Table II).

In polystyrene cleavage of the backbone results in the primary (I)

and secondary (II) radicals.

H H

1 - 1 : 1
A C - CH e C-CH —Tcn-cn —— CH v

I 2 i 2 I 2] i

? (1) g 2 (1) ’'n % |

Both of these can undergo depolymerization and form styrene (peak 5, {
Tables I and II).
1,3 diphenylbutadiene (peak 11, Tables I and II) forms from tertiary

radicals of the form

formed by hydrogen abstraction, which cleave B from the tertiary radical

to form terminally unsaturated species with allylic hydrogens:
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NMACH, -C=~CH, ~CHVA —> AW CH. = C = CH. + *CH v
2 " ol g g

@ @ @ @
Abstraction of the allylic hydrogen followed by B-scission of the iesultinq

tertiary radical leads to 1,3 diphenylbutadiene:

“MACH, ~CH~-~CH=-C=CH, —> “WULCH +*+CH=CH-C=CH
2 ) | 2 - I l 2

@ 2 2 2

Intramolecular radical transfer in secondary radicals of type II,

via a pseudo six-membered ring intermediate, may result in tertiary radicals

such as:

which upon B-scission to the left of the radical center leads to 2,4,6-
triphenyl-l-hexene (peak 16, Tables I and II):

CH2 = f = CH2 - ?H - CH2 = ?HZ

2 2 '
Depolymerization reactions in secondary radical II , if not stopped

by other mechanisms, may eventually lead to the primary radical

. lcﬁz
2

which can abstract a hydrogen atom from another molecule to yield toluene

(peak 4, Tables I and II).

et ¥ i e e i I i o
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Thermally polymerized polystyrenes have been found to display a
different decomposition pattern from that of anionic polystyrenes. Com-
parison of the mass chromatograms shown in Figures 14 and 15 and examination
of Table II shows that fewer products are formed with thermal polystyrenes;
those peaks which are highly molecular weight dependent (i.e., influenced
by chain ends) are absent.

Another set of low molecular weight anionic polystyrenes initiated
with a di-carbanionic species and terminated at both ends with either proton,

a=-naphthyl, diphenylmethyl, or hydroxyl groups, was also studied. These

polymers have been found to give products of decomposition which are similar
to those of themmal polystyrenes. Polymers with a-naphthyl ends and diphenyl-
methyl ends showed some differences in that products arising from these
groups are also observed. Figure 16 shows the mass chromatogram for the
polymer with a-naphthyl ends. Peaks 5 and 6, predicted to be naphthylethane
and 3-naphthyl-l-propene, respectively are characteristic of this polymer.

The major products of pyrolysis of comb-shaped polystyrenes were

found to be similar to those of thermal polystyrenes also. However the
steric hinderance of the side branches in the comb-shaped polymers was
considered to affect the relative abundance of the observed constituents.

Formation of the trimer (peak 16) is restricted and lesser amounts form.

5) Polybutadienes
1,4-polybutadienes with different cis/trans ratios have been studied

(10).
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Thermal histories before and during pyrolysis of a high trans and a
high cis 1,4-polybutadiene in an inert atmosphere are shown in Figure 17.
The polymers undergo two-step decomposition. Degradation to 15% weight
loss and also after 15% weight loss has been investigated. Mass chromato-
grams of the volatile producgs formed during 15 weight percent degradation
from a high cis and a high trans sample are shown in Figures 18 and 19,
respectively. Calculation of the molecular weights and examination of
on-the-fly IR spectra (Figure 20) have shown that the major products of

decomposition are 1l,3-butadiene (monomer, peak 1), cyclopentene (peak 2),

1,3-cyclohexadiene (peak 5) and 4-vinyl-l-cyclohexene (dimer , peak 9).

Their relative amounts were found to vary with the cis/trans ratio in the

polymer sample. The relative quantities of 4-vinyl-l-cyclohexene and
1,3-butadiene decrease, cyclopentene increases and 1, 3-cyclohexadiene is
relatively unchanged with increasing trans content as shown in Figure 21.

The mass chromatogram of the products of pyrolysis after 15 percent
weight loss of high trans 1,4-polybutadiene (Figure 22) showed that
4-vinyl-l-cyclohexene, which is the most abundant product in degradation
to 15% weight loss (see Figure 19), is only a minor product of further
decomposition.

The major products of decomposition of polybutadienes are accounted
for by a free radical mechanism. Homolytic scission of the single bond
of the polymer chain at a site which is B to the double bond results in

the radical

YWy CH2 - CH=CH - CH2 > VN CH2 - CH - CH2 = CH2

(1)
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The monomer l,3-butadiene arises from I via B-scission, i.e.,

NN . = - =
I ——— Cﬂz + CH2 CH CH CHz
4~vinyl-l-cyclohexene arises via a backbiting step involving a pseudo

six-membered ring intermediate which is favored by a cis 1,4-structure,

as is indicated by

H
H\c-c/ CHw==CH,

~CH2—CH_./ \/CH, — ~CH, + O/

-CH—CH,
H
CH,

1,2-vinyl-polybutadiene has also been studied (10). In contrast
to 1,4-polybutadienes, this polymer undergoes one-step decomposition.
The mass chromatogram of all of the volatile products of pyrolysis was
similar to that from pyrolysis above 15% weight loss for 1,4-polybutadienes
(compare Fig. 4 and Fig. 22). This observation has been interpreted to
suggest that part of the 1,4-structure undergoes isomerization to the

1,2-structure in the course of being heated to 15% weight loss.

COMMENTS ON CALCULATED MASS NUMBERS

The accuracy of the molecular weight determination using a mass
chromatograph depends on the invariance of the instrument constant and
the accuracy and precision with which the response ratios are measured (1l).
Table I shows the theoretical molecular weights and the molecular

weights calculated from the mass chromatographic outputs for some of the

———— e — - — g e —_ T T ey S, 1
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assigned structures in the pyrograms discussed in the foregoing sections.
As seen from this table, the calculated values are acceptable values, and
thus the mass chromatograph offers a convenience not found in the usual
gas chromatograph-mass spectrometer combinations. Mass spectrometry, even
though more accurate, requires elaborate interfacial systems and sophisti-

cated data-reduction processes.

CONCLUDING REMARKS

. The results presented in the foregoing sections show the utility

and power of the on-line pyrolysis system in polymer analysis. The system
provides thermal history before and during pyrolysis and makes selective
trapping and analysis of volatile constituents possible. Chromatographic
retention times, easily calculable mass numbers, computer-added IR spectra =--
all available from an on-line system -- facilitate identification of the
volatile constituents. Thus not only are fingerprint pyrograms generated,

but also detailed information about the products of pyrolysis and their

U

relative abundances are obtained. Based on these, mechanisms for decompo-

sition become easier to propose and to verify.




10.

11.

12.

13.
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TABLE I.

{

Calculated Molecular Weights and Assigned Structures

for some of the Characteristic Peaks in the Pyrograms

discussed in this paper.

Figure Peak Molecular Weight
No No Assigned Structure Theory Calculated
6 6 Hexene 84 85.1
6' Hexane 86 85.5
10 Decene 140 141.6
} 10' Decane 142 142.9
| 14 Tetradecene 196 ‘195.4
20 Eicosene +(eicosane) (283) 287.4
7 3 pentane 72 77
2 methylpentane 86 86
9 2,4 dimethyl-l-heptene 126 124.7
11 2,4,6 trimethylnonane 170 171
12 2,4,6,8 tetramethyl-l-hendecene 210 2207
16 2,4,6,8,10,12 hexamethyl-l-tridecene 266 270.4
8 6 2,2,4 trimethylpentane 114 112.2
12 2,4,4,6,6 pentamethyl-l-heptene 168 170.5
16 2,4,4,6,6,8,8 heptamethyl-l-nonene 224 227
20 2,4,4,6,6,8,8,10,10 nonamethyl-l-hendecene 280 277.2
: 24 2,4,4,6,6,8,8,10,10,12,12 undecamethyl-l- 336 325
g | tridecene
- % 11 1 methylmethacrylate 100 100.3
| 13 ) isobutylene 56 60.1
‘ 2 tertiarybutylmethacrylate 142 136
14,15 4 toluene 92 93
S styrene 104 109
11 1,3 diphenylbutadiene 206 205
16 2,4,6 triphenyl-l-hexene 313 339
18,19 1 1,3 butadiene 54 56.3
2 cyclopentene 68 68.7
S 1,3=cyclohexadiene 80 Tl
9 4-vinyl-l-cyclohexene 108 108.8




Peak/ﬁh

Number

10

11

12

13

14

1S5

16
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TABLE II. Volatile Products of Pyrolysis of Anionic and Thermal
Polystyrenes. Variation of their Relative Amounts (as
weight percentages) with the Molecular Weight of the
Initial Polymer.
Anionic Thermal
2100 4000 10,000. 20,400 390,000 1880 6270 111,000
.076 .031 Trace Trace 0] 0 0 0
.69 <37 Trace Trace 0 0 o] 0
.71 .38 1277 2.97 1.82 0 0.32 0
8.33 5.24 2.79 1.99 1.31 1.0 1.40 2.54
37.4 35.8 41.2 45.7 49.0 42.80 48.00 50.90
4.14 1.61 Trace Trace 0 0 0 0
2.72 3.64 Trace Trace 0 o] 0 0
2.56 1.14 Trace Trace 0 0 0 0
3.02 2,75 3.39 3.04 2.22 0 0 (0]
4.11 5.25 5.75 4.36 5.91 Trace Trace Trace
8.96 9.76 12.56 11.74 11.37 17.50 18.00 18.87
1.66 1.17 .50 Trace 0 0 0 0
2.99 2,23 1.27 Trace 0 0 0 0
4.53 5.85 6.45 7.19 5.07 0 0 0
5.75 7.63 7.38 6.57 8.69 0 0] 0 :
22,33 18.14 16.70 16.44 14.64 35.60 29.80 26.33 |
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FIGURE CAPTIONS

Figure 1. Schematic diagram of the laboratory for pyrolytic studies.

Figure 2. Coupling of the pyrolyzer with the thermal conductivity

detector, the trapr-and the mass chromatograph.

Figure 3. Left: Thermal history before and during pyrolysis of
poly (pentene-l-sulfone) ([n] = 1.49 d&/g).
Right: Mass chromatogram of the volatile pyrolysis products of
poly (pentene-l-sulfone). Peak attenuations were X256 for
peaks 1 and 2,and X16 thereafter. The columns (SE-30) were

program-heated at 5°C/min from 30° to 300°C.

Figure 4. Mass chromatogram of the volatile pyrolysis products of syndiotactic

1,2-polybutadiene (1,2 structure 83-90%, ﬁ; = 177,000,

ﬁ; = 107,000) formed during 100% weight loss. Peak attenua-

tions for the Freon-115 channel were X64 for peak 1l and X16
thereafter. Those for the CO2 channel were X8 for all peaks.

The columns (Dexsil 300) were program-heated at 4°C/min from

30° to 300°C. The broad peak at the extreme left shows the thermal
conductivity cell response during pyrolysis; the subsequent sharp peak

shows the response during flash release of the products from

the pyrolyzer trap.

Figure 5. Schematic of the coupling of the gas chromatograph with the

fast scan vapor-phase infrared spectrophotometer and the computer.

. ot PP —




Figure 6.

Figure 7.

Figure 8.

Figure 9.

Figure 10.

were X8, except for peaks 3 and 4 in the Freon-115 channel for

KIRAN and GILLHAM -26

Mass chromatogram of the volatile pyrolysis products of low density

polyethylene (ﬁ; = 140,000, ﬁ; = 16,000). Peak attenuations

which the attenuations were X64. Columns (SE-30) were program-

heatad at 5°C/min from 30-300°C.

Mass chromatogram of the volatile pyrolysis products of isotactic poly-
propylene (v100% isotactic, E; = 284,000 and F /i = 2.98).

In the CO, channel peak attenuations were X32 for peak 9, and X8

for all others. In the Freon-115 channel attenuations were X128

(Peak 1), X64 (peaks 2 through 5), X32 (peaks 6 through 11),
and X8 thereafter. Columns (SE-30) were program-heated at

7°C/min from 30° to 300°C.

Mass chromatogram of the volatile pyrolysis products of polyisobutylene

(§§ = 120,000). Peak attenuations were X8 in both channels,
except for peaks 1 and 2 for which the setting was X128.
Columns (SE-30) were program-heated at 5°C/min from 30° to 300°C.

Comparison of the CO_, channels of the mass chromatograms of volatile

2
pyrolysis products of poly(butene-l-sulfone) (top), poly(pentene-1l-

sulfone) (middle), and poly(hexene-l-sulfone) (bottom).

Thermal conductivity cell responses during pyrolysis of atactic
(M = 105,000, M,/M = 2.15), syndiotactic (70% syndio,

M = 83200, M/M_ = 1.33) and isotactic (91.5% iso, M_ = 2,780,500 1
w w n w

ﬁ;/ﬁn = 2,28) polymethylmethacrylates.

e —————— —————__ - P —

i s n wiininis




Figure 11.

Figure 12.

Figure 13.

Pigure 14.
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Mass chromatogram of the volatile products of pyrolysis formed in the
temperature range 200-500°C of atactic (A), syndiotactic (B)

and isotactic (C) polymethylmethacrylates. Only the CO2 channel
outputs are shown for the syndiotactic and isotactic polymers. Columns
(Dexsil=-300) were program—-heated at 5°C/min from 30 to 300°C.

Peak attenuations were X64 for peak l,and X8 for all others.

The figure at the bottom (D) shows the CO_, channel output for

2
the products formed from the isotactic polymer in the tempera-

ture range 420 to 500°C.

Thermal conductivity cell responses during pyrolysis of atactic
(Mw = 359,950, Mw/Mn = 2.03),svndiotactic (Mw = 20940, Hw/l-in =
1.49) and isotactic (82% iso, iw = 300,000, ﬁw/ﬁn = 1.13)

poly (tertiarybutylmethacrylate)s.

Mass chromatogram of the volatile products of pyrolysis of isotactic
poly (tertiarybutylmethacrylate). Columns (Dexsil-300) were
program-heated at 5°C/min from 30° to 300°C. Peak attenuations
wére X8,except fo; peak 1 for which the settings were X128

in the Freon channel and X16 in the Co2 channel.
Mass chromatogram of the volatile products of pyrolysis of anionic

polystyrene (ﬁn = 2100, ﬁw/ﬁn < 1.1) with n-butyl ends. Columns

(Dexil-300) were program-heated at 5°C/min from 30° to 300°C.
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Figure 15.

Figure 16.

Figure 17.

Figure 18.

Figure 19.
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Mass chromatogram of the veolatile products of pyrolysis of thermal poly-
styrene (ﬁ; = 1880, Hw/ﬁn = 1.01). Columns (Dexsil 300)

were program-heated at 5°C/min from 30° to 300°C.

Mass chromatogram of the volatile products of pyrolysis of anionic
polystyrene (ﬁg = 10500, ﬁw/ﬁn- 1.15) with a-naphthyl ends.
Columns (Dexsil=-300) were program-heated at 5°C/min from 30°

to 300°C.

Thermal history before and during pyrolysis of 1,4-polybutadienes.
Solid lines for sample with 87% trans, ﬁ;a 67300, ﬁw/ﬁn = 2.18;
and dashed lines for sample with 0% trans, E; = 633,500, ﬁ;/ﬁ;a

3.62.

Mass chromatogram of the walatile pyrolysis products of high cis 1,4-poly-
butadiene (0% trans, ﬁ; = 633,500, E;/E; = 3.62) formed during

15 percent weight 1loss. Columns (Dexsil-300) were

program-heated at 4°C/min from 30° to 300°C. Peak attenuations
for the Freon-115 channel were X64 for peak 1,and X16 thereafter.

That for the CO2 channel was X8 for all peaks.

Mass chromatogram of the volatile pyrolysis products of high trans 1,4-
polybutadiene (87% trans, E; = 67300, E;/§; = 2.18) formed during

15 percent weight loss. Columns (Dexsil-300) were program=-
heated at 4°C/min from 30° to 300°C. Peak attenuations for the
Freon-115 channel were X64 for peak l,and X16 thereafter. That ]

for the C02 channel was X8 for all peaks.
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: ;
;

1 Figure 20.

Figure 21.

Figure 22.

"On-the-£fly" infrared spectra of peaks 1,2,5 and 9 of the

pyrogram shown in Figure 19.

Volatile degradation products from 1l,4-polybutadienes:

amounts of main products versus trans content (15 percent

weight loss).
@ 1.3-butadiene

(D cyclopentene

d) 1,3 cyclohexadiene

QO 4-vinyl-l-cyclohexene

ZQS cyclopentene + 4-vinyl-l-cyclohexene.

[Numbers identify samples (10)].
Mass chromatogram of the Vvolatile pyrolysis products of high trans
1,4-polybutadiene (87% trans, Ew = 67300, M w/ﬁn = 2.18)

formed during 15 percent to 100 percent weight loss.

Columns (Dexsil-300) were program-heated at 4°C/min from

30° to 300°C. Peak attenuations for the Freon-115 channel were

X64 for peak 1l,and X16 thereafter. That for the CO2 channel

was X8 for all peaks.

|
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