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ABSTRACT: The reactive pyrolysis—gas chromatography technique was applied to verify the branching
and/or cross-linking structures in an industrially available PC sample and its thermally treated ones
through identification of specific pyrolysis products directly reflecting the related abnormal structures.
On the pyrograms of the thermally treated samples, the peaks reflecting the abnormal structures such
as branching and/or cross-linking were observed together with those reflecting main chain and end groups.
Although the formations of these branching and/or cross-linking structures during the thermal treatment
of PC had been suggested early, the identification of these pyrolysis compounds by reactive pyrolysis
verified the existence of these structures. Furthermore, the fact that some of those characteristic peaks
were also observed on the pyrogram of the industrially available PC sample prepared by the melt method
indicated that the branching and/or cross-linking reactions would occur to some extent in the industrial
polymerization reactor to synthesize the PC by the melt method.

Introduction

Polycarbonate (PC), mainly comprised of bisphenol A
(BPA), is one of the most widely utilized engineering
plastics owing to its excellent transparency and me-
chanical property. PC is synthesized industrially by the
solvent method (SM), in which sodium salt of BPA and
phosgen are reacted through interfacial polycondensa-
tion, and the melt method (MM), in which BPA and
diphenyl carbonate are directly reacted through trans-
esterification. The latter MM-PC is known to contain
fractions with branching and/or insoluble cross-linking
structures to some extent formed under the concomitant
relatively higher polymerization temperature (200—300
°C).! Characterization of these branching and/or cross-
linked structures is important because these structures
are closely associated with mechanical properties of the
PC materials. However, mainly because of their in-
soluble nature, their characterization is not an easy task
even by spectroscopic methods such as NMR and IR
which have been most extensively utilized for soluble
polymeric materials.

Davis et al. studied the isothermal pyrolysis of PC in
the temperature range 300—400 °C by viscosity mea-
surement for the solution of degraded PC and noticed
that polymer undergoes random chain scission when it
is thermally degraded in a sealed system,? whereas in
a continuously evacuated system PC rapidly cross-links
to form an insoluble gel through solubility measurement
of the products.®4 Then, they studied the isothermal
pyrolysis of PC using gas chromatography to determine
the degradation products of PC in a continuously
evacuated system.>~7 They examined the thermal break-
down of a model compound, diphenyl carbonate, and
postulated the rearrangement of diphenyl carbonate to
form 2-phenoxybenzoic acid, which would undergo
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further ester exchange reaction with another diphenyl
carbonate to give phenyl-2-phenoxybenzoate found as
a product® (Scheme 1). Then, by extending this mech-
anism to the PC system, they proposed a hypothesis that
the rearrangement of the carbonate group would form
a pendant carboxyl group, ortho to an ether link, which
would undergo further ester exchange reaction with
another PC chain to form branching structure and/or
insoluble gel®” (Scheme 2). However, any pyrolysis
products directly reflecting branching and/or cross-
linking structures were not identified yet.

McNeill et al. studied the mechanism of thermal
degradation of PC in the temperature range 300—500
°C and the formation processes of branching and/or
cross-linking structures mainly using IR spectroscopy
and GC—mass spectrometry (GC-MS) techniques by
determining the degradation products of PC in a con-
tinuously evacuated system.8° They observed BPA, the
cyclic dimer of BPA carbonate and various phenols, and
proposed the degradation mechanisms for PC through
homolysis of the polymer chain and the subsequent
reactions of the radicals so formed rather than through
ester exchange. For example, the formation of the cyclic
dimer of BPA carbonate, which is the major pyrolysis
product, was explained by homolytic scission of C—C
linkage between the isopropylidene group and the
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aromatic ring and end-biting reaction of the free-radical
end8?® (Scheme 3). Furthermore, they speculated H-
abstraction by polymer radical (R*) from the methyl
group followed by cross-linking reaction of the on-chain
polymer radical so formed with another radical (R'*)8°
(Scheme 4). However, they did not observe any specific
pyrolysis products directly reflecting these branching
and/or cross-linking structures.

Montaudo et al. investigated the thermal decomposi-
tion processes in PC by pyrolysis—mass spectrometry
(Py-MS), during heating from room temperature to 600
or 700 °C by gradual heating at 10 °C/min in a
continuously evacuated system.°=14 On the spectra
recorded at the initial stage of the thermal degradation
(about 400 °C), they observed mainly BPA and the cyclic
oligomers of BPA polycarbonate formed by intramolecu-
lar ester exchange processes, unlike the radical mech-
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anism proposed by McNeill et al. On the spectra
recorded at higher temperature (500 °C), they observed
pyrolysis compounds with xanthone and with other
condensed structure units in addition to some kinds of
phenols. Thus, they proposed that compounds contain-
ing xanthone units were formed by rearrangement of
the carbonate group to form a pendant carboxyl group
and successive condensation4 (Scheme 5). Furthermore,
they speculated that cross-linking structures might be
formed by the further esterification reaction, which
would occur between the pendant carboxyl group and
phenolic end group of the other polymer chain!? (Scheme
6). Nevertheless, any specific pyrolysis compounds
reflecting those structures were not identified in their
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spectra, since those branching and/or cross-linking
related structures are contained in the pyrolysis residue
mainly as an insoluble gel.

Recently, the same authors investigated the thermal
decomposition of PC by heating isothermally at 300,
350, 400, and 450 °C under nitrogen flow and subse-
qguent analysis of the soluble fractions of pyrolysis
residue by means of matrix-assisted laser desorption
ionization (MALDI) mass spectrometry.1®> On the spectra
of the soluble pyrolysis products obtained at 300 and
350 °C, they observed the peaks corresponding to open
chain oligomers with phenol end groups, generated by
hydrolysis reaction of carbonate groups during heating
of PC, as well as the peaks corresponding to cyclic
oligomers and open chain oligomers with tert-butyl-
phenyl carbonate groups at both ends (Scheme 7). In
contrast, in the spectra of the soluble pyrolysis products
obtained at 400 and 450 °C, they observed the peaks
corresponding to not only PC chains terminated with
phenol groups but also PC oligomers bearing a phenyl
and/or an isopropylidene group, generated by the dis-
proportionation of the aliphatic bridge of BPA, whereas
the peaks corresponding to cyclic and tert-butylphenyl
carbonate terminated linear oligomers were hardly
observed (Scheme 8). Furthermore, in this work they
also identified the peaks corresponding to PC oligomers
containing xanthone units, which had been confirmed
in their previous work.* However, any specific products
containing branching and/or cross-linking structures
were not identified yet, since those products, if any,
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Table 1. Series of PC Samples

Sample Preparation method Mn® Mw®  Mw/Mn
name
pc.i  ndustral 1.3x10* 3.2x10° 25

the melt method

Insoluble fraction in
PC-2 CHClI, for thermally - - -
treated PC-1 at 300°C

Soluble fraction in
PC-3  CHClforthermally  1.8x10° 1.2x10*° 67
treated PC-1 at 300°C

Industrial 4 4
- .5
PC-4 the solvent method 2:8x10° 5.8x10 2

a Estimated by SEC using polystyrene standards and corrected
as described our previous reportta.
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CH, 1 Ha CHy
e F gl OO B
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would be contained in the insoluble fraction not favor-
able to the MALDI method.

Recently, Challinor reported that pyrolysis—gas chro-
matography (Py-GC) in the presence of organic alkali,
such as tetramethylammonium hydroxide (TMAH), was
quite effective to the qualitative analysis of various
condensation polymers.’® Applying this technique, the
authors have reported that compositional analysis
and end group determination of condensation polymers,
such as aromatic polyester and PC, were successfully
achieved.1”~1° During reactive pyrolysis in the presence
of TMAH, the PC polymer chains are decomposed
selectively at carbonate linkages to yield quantitatively
the methyl derivatives of the components for a given
PC sample. For example, a PC sample synthesized by
the solvent method is converted into mostly dimethyl
ether of BPA together with small amount of tert-
butylanisole which reflects the end groups (Scheme 9).
Thus, this technique has been applied to highly sensitive
end group determination of PC homopolymers'® and to
compositional analysis and determination of the end
groups of PC copolymers.1®

In this work, the reactive Py-GC technique was
extendedly applied to verify the branching and/or cross-
linking structures in industrially available PC and its
thermally treated samples through identification of
specific pyrolysis products directly reflecting the abnor-
mal structures.
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Figure 1. Pyrograms of the four kinds of PC samples obtained at 400 °C in the presence of TMAH. (A) PC-1, (B) PC-2, (C) PC-3,

and (D) PC-4.

Experimental Section

Samples. An industrially synthesized PC sample by the
melt method (PC-1), thermally treated PC-1 samples (PC-2
and -3), and an industrially synthesized PC sample by the
solvent method (PC-4) are used in this work. PC-1 and PC-4
are the same samples as used in our previous paper.'8

An insolubilized PC sample (PC-2) was prepared as follows,
assuming that branching and/or cross-linking reactions are
occurring to some extent at higher temperatures in the
polymerization reactor to synthesize PC by the melt method.
After 1.2 g of PC-1 placed in a Pyrex beaker was heated for 3
h at 300 °C in a electric furnace in the presence of atmospheric
oxygen, 50 mL of chloroform was added to the thermally
treated sample with light brown color. Then, the insoluble
fraction [PC-2 (about 0.3 g)] and the soluble one [PC-3 (about
0.8 g)] were separated by use of a glass filter. Both fractions
were dried under vacuum at room temperature and cryomilled
into a fine powder by a freezer mill (SPEX6750) at liquid
nitrogen temperature. The four PC samples used in this work

are listed in Table 1 together with their preparation method
and average molecular weight data.

Conditions for Py-GC. The procedure for reactive pyroly-
sis is basically the same as was described in our previous
papers.t’71% A vertical microfurnace pyrolyzer (Yanaco GP-
1018 improvement type) was directly attached to a gas
chromatograph (HP4890) equipped with a flame ionization
detector (FID). About 50 ug of a powdered PC sample and 1
ulL of a methanol solution (25 wt %) of TMAH (Aldrich) taken
in a platinum sample cup were introduced into the heated
center of the pyrolyzer under the flow of helium carrier gas to
proceed selective chemolysis at the carbonate (and the ester/
ether) linkages to yield methyl derivatives of the whole
components which had been connected serially through the
carbonate (and the ester/ether) linkages in the original polymer
chain. The relatively low pyrolysis temperature of 400 °C was
used to suppress the contribution of random thermal cleavage
of the polymer chain at higher temperatures. A fused silica
capillary column coated with poly(dimethylsiloxane) immobi-
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Figure 2. Mass spectrum of peak 4.
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Figure 3. Formation pathway of the carboxylic branching
structure and its characteristic product (peak 4).

lized by chemical cross-linking (HP Ultra 1, 25 m x 0.2 mm
i.d., 0.33 um film thickness) was used. The identification of
the peaks on the pyrograms was carried out by use of the Py-
GC/MS (Shimadzu QP-5050) with an electron impact ioniza-
tion (70 eV) to which the pyrolyzer (Shimadzu PYR-4A) was
also directly attached.

Results and Discussion

Figure 1 shows the pyrograms of the four kinds of PC
samples listed in Table 1 obtained by the reactive
pyrolysis in the presence of TMAH at 400 °C. On the
pyrogram for every PC sample, the methyl ether of BPA
(peak c) reflecting the main chain and the ethers (peak
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and its characteristic product (peak 4).
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a and b) reflecting the end groups are clearly observed,
after the elution of trimethylamine and methanol
formed from the TMAH solution.’® Among these ethers,
anisole (peak a) is commonly formed from the terminal
phenoxy group of the melt-method-related PC samples
(PC-1, -2, and -3) and p-tert-butylanisole (peak b) is
formed from the terminal p-tert-butylphenoxy end group
in the case of the solvent method PC (PC-4).18 On the
pyrograms of the melt-method-related samples (A, B,
and C), peaks 1, 2, 3, and 4 are commonly observed;
furthermore, the additional three peaks (peak 5, 6, and
7) are observed only on the pyrograms of the thermally
treated PC samples (B and C). Some of these peaks
might reflect abnormal structures, such as branching
and/or cross-linking structures, formed during the syn-
thesis by the melt method and/or thermal treatment at
300 °C, since these peaks are scarcely observed on the
pyrogram of the solvent method PC (D). In the following,
identification of those characteristic peaks was carried
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out mostly by interpreting their mass spectra, and
possible abnormal structures constructed in the polymer
chains of the melt-method-related PC samples were
inductively estimated.

Carboxylic Branching Structure. Figure 2 shows
the mass spectrum of peak 4 observed in the pyrograms
(Figure 1A—C). In this spectrum, the molecular ion at
m/z 314 and the base fragment ions at m/z 299, mainly
formed through elimination of a methyl group from a
isopropylidene group of the molecule, are observed. In
addition, the fragment ions at m/z 283 and 267 formed
through elimination of a methoxy and both methyl and
methoxy groups from the molecule, and the fragment
ions at m/z 225 and 133, which are characteristic of the
dimethyl ether of BPA, are observed. Consequently,
peak 4 can be assigned to the dimethyl ether of BPA
with a methoxycarbonyl group [MW = 314]. Further-
more, the appearance of this pyrolysis product on the
pyrograms suggests that the original polymer samples
contained the carboxylic branching structure to some
extent. Figure 3 shows the most probable formation
process of the carboxylic branching structure through
the condensation reaction between the pendant carboxyl
group, formed by the Kolbe—Schmitt rearrangement of
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the carbonate group, and a phenolic end group of the
other polymer chain, together with the formation path-
way of peak 4 through the reactive pyrolysis of the
branching moiety. Although the formation of the car-
boxylic branching structure during the thermal treat-
ment of a PC was suggested by Davis et al.®” and
Montaudo et al.,12 the clear identification of peak 4 by
the reactive pyrolysis strongly supports the existence
of the above-mentioned carboxylic branching structure.
Moreover, alternative formation pathway for peak 4 is
also probable through another abnormal structure
(abnormal structure A) generated by the Fries rear-
rangement. The possible process of this type of rear-
rangement!* and the formation root into the product for
the peak 4 are shown in Figure 4.
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methoxy groups from the molecule, respectively, and the
ion at m/z 77, which are characteristic of the aromatic
ring, are observed. Thus, peak 1 can be assigned to
p-isopropenylanisole [MW = 148]. Furthermore, since
appreciable cleavage of C—C bond would not occur
under the reactive pyrolysis condition, the appearance
of this product on the pyrograms suggests that the
original polymer samples contained the isopropenyl end
group structure to some extent especially in the ther-
mally treated PC samples (PC-2 and -3). Recently, the
same phenomenon was also reported through Py-MS
and MALDI investigations of PC degradation by Mon-
taudo et al.»*5 Figure 6 shows the possible formation
process of the isopropenyl end group structure through
the disproportionation reaction of C—C bond between
an isopropylidene group and an aromatic ring, together

Peak 3
Figure 10. Formation pathway of the abnormal structure C and its characteristic product (peak 3).
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Figure 11. Mass spectrum of peak 6.

Cleavage of Main Chain: Isopropenyl End Group
and Abnormal Structure B. Figure 5 shows the mass
spectrum of peak 1 observed in the pyrograms (Figure
1A—C). In this spectrum, in addition to the intense
molecular ion at m/z 148, the fragment ions at m/z 133
and 117, formed through elimination of a methyl and a

with the formation pathway of peak 1 through the
reactive pyrolysis of the associated end group.

Figure 7 shows the mass spectrum of peak 2 observed
in the pyrograms (Figure 1A—C). In this spectrum, the
molecular ion at m/z 166 and the fragment ions at m/z
135, 107, and 77 are observed, and the latter fragment
ions can be attributed to elimination of a methoxy, a
methoxycarbonyl, and both of these groups from the
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Figure 12. Formation pathway of the abnormal structure D
and its characteristic product (peak 6).

molecule, respectively. Thus, peak 2 can be assigned to
o-methoxycarbonyl anisole [MW = 166]. The appearance
of this pyrolysis product on the pyrograms suggests that
the original polymer contained an abnormal structure
(abnormal structure B), which would be formed through
the disproportionation reaction of C—C bond neighbor-
ing the carboxylic branching structure of which forma-
tion pathway was explained in Figure 3. Figure 8 shows
the possible formation process of the abnormal structure
B through the thermal reaction via the carboxylic
branching structure, together with the formation path-
way of peak 2 through the reactive pyrolysis of the
abnormal structure B.

Cross-Linking Structure Formed through the
Thermal Reaction of Phenoxy and On-Aromatic
Ring Radicals: Abnormal Structure C. Figure 9
shows the mass spectrum of peak 3 observed in the
pyrograms (Figure 1A—C). In this spectrum, the mo-
lecular ion at m/z 286, the base fragment ions at m/z
271, mainly formed through elimination of a methyl
group from isopropylidene group of the molecule, and
the fragment ions at m/z 225 and 133, which are
characteristic of the dimethyl ether of BPA, are ob-
served. Thus, peak 3 can be assigned to the dimethyl
ether of BPA with an additonal methoxy group [MW =
286]. Therefore, the appearance of this pyrolysis product
on the pyrograms suggests that the original polymer
samples contained another cross-linking structure (ab-
normal structure C), which would be formed through
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the recombination reaction of phenoxy and on-aromatic
ring radicals, to some extent especially in the thermally
treated PC samples (PC-2 and -3). Figure 10 shows the
possible formation process of the abnormal structure C
through the thermal reactions associated with the on-
aromatic ring and the phenoxy radicals, together with
the formation pathway of peak 3 through the reactive
pyrolysis of the abnormal structure C. Although McNeill
et al. proposed the formation of the phenoxy radical by
homolysis of a carbonate group during the thermal
treatment of a PC,2° the identification of peak 3 by the
reactive pyrolysis suggested not only the phenoxy but
also the on-aromatic ring radicals might contribute to
the formation of another cross-linking structure shown
in Figure 10.

Cross-Linking Structure Formed through the
Thermal Reactions of Methylene Radicals: Abnor-
mal Structure D. Figure 11 shows the mass spectrum
of peak 6 observed only in the pyrograms of the
thermally treated PC-2 and -3 (Figure 1B,C). In this
spectrum, the molecular ion at m/z 510, the base
fragment ions at m/z 495, formed through elimination
of a methyl group from the molecule, and the fragment
ions at m/z 240, 149, and 133, which are characteristic
of the dimethyl ether of BPA, are observed. Conse-
quently, peak 6 can be assigned to a dimer of the
dimethyl ether of BPA linked through each methyl
group [MW = 510]. Furthermore, the fact that this
pyrolysis product is observed only on the pyrograms of
the thermally treated PC samples suggests that those
samples contained another cross-linking structure (ab-
normal structure D) to some extent. Figure 12 shows
the most probable formation process of the abnormal
structure D through the recombination reaction between
the methylene radicals, formed by H abstraction from
a methylene group, together with the formation path-
way of peak 6 through the reactive pyrolysis of the
branching moiety. Although the formation of the me-
thylene radical and a subsequent cross-linking reaction
of the radicals so formed during the thermal treatment
of a PC speculated by McNeill et al.,8° the identification
of peak 6 by the reactive pyrolysis is the first clear
evidence for the existence of the above-mentioned cross-
linking structure in the thermally treated PC samples.

Cross-Linking Structure Formed through Ther-
mal Reactions of Methylene and Phenoxy Radi-
cals and Abnormal Structure Generated from This
Structure: Abnormal Structure E and F. Figure 13
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Figure 14. Formation pathway of the abnormal structure E and its characteristic product (peak 7).

shows the mass spectrum of peak 7 observed in the
pyrograms (Figure 1B,C). In this spectrum, the molec-
ular ion at m/z 496, the base fragment ions at m/z 481,
formed through elimination of a methyl group from the
molecule, and the fragment ions at m/z 133, which are
characteristic of the dimethyl ether of BPA, are ob-
served. Thus, peak 7 can be assigned to a dimer of the
methyl ether of BPA linked through methyl and hy-
droxyl groups of respective molecules [MW = 496].
Therefore, the appearance of this pyrolysis product only
on the pyrograms of the thermally treated PC samples
suggests that those PC samples contained another cross-
linking structure (abnormal structure E), which would
be formed to some extent through the recombination
reaction of the methylene and the phenoxy radicals.
Figure 14 shows the probable formation process of the
abnormal structure E, together with the formation

pathway of peak 7 through the reactive pyrolysis of the
abnormal structure E.

Figure 15 shows the mass spectrum of peak 5 ob-
served in the pyrograms (Figure 1B,C). In this spec-
trum, the molecular ion at m/z 348, the base fragment
ions at m/z 333, formed through elimination of a methyl
group from the molecule, and the fragment ions at m/z
133, which are characteristic of the dimethyl ether of
BPA, are observed. Thus, peak 5 can be assigned to a
dimethyl ether of BPA with a phenoxy group [MW =
348]. The appearance of this pyrolysis product suggests
that the thermally treated PC samples contained an-
other abnormal structure (abnormal structure F), which
would be formed through the disproportionation reac-
tion of the C—C bond at the abnormal structure E
moiety. Figure 16 shows the probable formation process
of the abnormal structure F through the thermal
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Table 2. Relative Molar Abundance of the Abnormal Structures in PC Samples

Relative abundance (mol% )°

Structure
Peak No? PC-1 PC-3 PC-2
CyHyO, MW" (MM-PC) (soluble fraction)  (insoluble fraction)
W
1 Y N 0.06 0.25 1.57
CH,
CioHy204 148

(p-propenyl phenoxy end)

OCH,

2 Cc—OCH; 0.01 0.71 2.43
&

CgH1o0; 166
(abnormal structure-B)

CHy

Haco@—é OCH;
<]:H3 0.05 0.21 0.56

OCH;

C1gH3,0; 286
(abnormal structure-C)

CH,
H;CO-@-(I:—QOCH;,
4 CHs C—OCH; 0.49 0.56 3.25
&7

CigH2,0,4 314
(carboxylic structure)

CH,
H,CO—@—E:H OCH,
A, 2
5 © - 0.20 1.20

Ca3Hos0, 348
(abnormal structure-F)

HacO-O;T—@—OCH
g
6 s Sy - 0.48 1.85
CHy

Ca4H350,4 510
(abnormal structure-D)
CHy
mco—@:i:g@—ccn,
5

7 mcgjaem - 0.19 0.93

oc,
Ci3Hz60, 496
(abnormal structure-E)

a Peak numbers correspond to those on the pyrograms in Figure 1.
b Molecular weight.
¢ Calculated from relative peak intensities on the pyrograms in Figure 1.

reactions via the abnormal structure E, together with hydrogen abstraction to generate the methylene radical,
the formation pathway of peak 5 through the reactive which relates to peaks 6 and 7 as well as peak 5, would
pyrolysis of the abnormal structure F. The fact that the be mainly attributed to pyrolysis process was confirmed
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its characteristic product (peak 5).

by the experimental results that these peaks were also
clearly observed on the pyrograms of the other PC
samples thermally treated under inert atmosphere
flowing nitrogen.

To make quantitative discussion of the abnormal
structures, Table 2 summarizes the relative concentra-
tions of the specific peaks formed from the abnormal
structures against that of the BPA formed from the
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main chain of the melt method-related PC samples. As
was expected, the whole abnormal structures were most
abundantly observed for the insoluble fraction of ther-
mally treated PC (PC-2), less for the soluble fraction
(PC-3) and least for the original PC before the thermal
treatment (PC-1). However, it is interesting to note that
peak 4 reflecting the carboxylic branching structure
amounted to about 0.49 mol % even in PC-1, which
suggested that the industrially available PC sample
prepared by the melt method would contain about one
unit of the branching structure per four chains when
considering its number-average molecular weight (M,
= 1.3 x 10%), provided that the products for peak 4 were
exclusively formed from the carboxylic branching struc-
ture.

Finally, any specific products containing a xanthone
unit, which have been ascertained to form during the
thermal degradation of PC by Montaudo et al.,121415
were missing not only on the pyrogram of the present
reactive Py-GC measurement at 400 °C but also on the
pyrogram of conventional Py-GC measurement at 600
°C without adding TMAH. These observations suggest
that those xanthone-related structures, if any in our
tested samples, would undergo hydrolysis into another
structure such as the product for peak 4 during the
reactive pyrolysis, and those distorted structures might
degrade in preference to the ordinary PC structure when
pyrolyzing at higher temperatures. Since the other
possible reason for the absence of any xanthone-related
product in the pyrograms could be attributed to the
relatively lower treating temperature at 300 °C when
considering the report of Montaudo et al.,'> further
studies for the PC samples thermally treated at higher
temperatures than 300 °C are currently in progress with
both Py-GC and MALDI-MS measurements.
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