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The thermal degradation of bisphenol A polycarbonate in air

Bok Nam Jang, Charles A. Wilkie∗

Department of Chemistry, Marquette University, P.O. Box 1881, Milwaukee, WI 53233, USA

Received 13 May 2004; received in revised form 16 July 2004; accepted 26 July 2004
Available online 25 September 2004

Abstract

The thermal degradation of polycarbonate in air was studied as a function of mass loss using TGA/FTIR, GC/MS and LC/MS. In the main
degradation region, 480–560◦C, the assigned structures of smaller molecules and linear molecules that evolved in air were very similar to
those obtained from the degradation in nitrogen; the degradation of polycarbonate follows chain scission of the isopropylidene linkage, in
agreement with the bond dissociation energies, and hydrolysis/alcoholysis of carbonate linkage. Compared to the degradation in nitrogen,
some differences were observed primarily in the beginning stage of degradation. Oxygen may facilitate branching as well as radical formation
via the formation of peroxides. These peroxides undergo further dissociations and combinations, producing aldehydes, ketones and some
b ning due to
b egradation.
T
©

K

1

a
g
t
d
[
d
fi
t
d
r
i
m

v
t

sion,
Var-
eight

he
CO,

that
g with
tion

ch-
in

phe-
asses
chain

the

ll as

0
d

ranched structures, mainly in the beginning stage of degradation. It is speculated that the intermediate char formed in the begin
ranching reactions of peroxide interferes with the mass transfer through the surface of degrading polycarbonate in the main d
hus, even though the mass loss begins earlier in air, a slower mass loss rate is observed.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Bisphenol A polycarbonate (PC) has attracted consider-
ble attention, since PC is one of the most widely used en-
ineering polymers and it shows very good mechanical and

hermal properties. In addition, PC itself exhibits flame retar-
ancy and produces a large fraction of char upon combustion

1]. Polycarbonate and its blends exhibit excellent fire retar-
ant performance with conventional halogen or halogen-free
re retardants[2,3]; it is thought that this behavior relates to
he degradation characteristics of polycarbonate. The degra-
ation behavior of a polymer is closely related to its flame
etardancy and, in order to achieve effective flame retardancy,
t is a prerequisite that the degradation pathway of the poly-

er be well understood[4].
Lee studied the thermal degradation of polycarbonate in

acuum and in an oxygen atmosphere. He suggested that
he initial step is oxidative hydrogen cleavage from the iso-
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propylidene linkage and then carbon–carbon bond scis
followed by hydrolysis and alcoholysis of the carbonate.
ious evolved products were assigned up to a molecular w
of 228 using mass spectroscopy[5].

Davis et al. assigned CO2, phenol and bisphenol A as t
main volatile products, together with a small amount of
alkyl phenols and diphenyl carbonate. They speculated
the carbonate group undergoes rearrangements, alon
hydrolysis and alcoholysis; they also proposed the forma
of a xanthone unit during thermal degradation of PC[6–8].

McNeill et al. investigated the thermal degradation me
anism of PC using thermal volatilization analysis (TVA)
nitrogen. They assigned some cyclic oligomers of bis
nol A carbonate and various phenol structures having m
less than 228 using GC/MS and suggested a homolytic
scission mechanism for the degradation of PC[9,10].

Montaudo et al. carried out an extensive study on
degradation of polycarbonate with pyrolysis-GC/MS[11,12],
direct pyrolysis mass spectral (DPMS) measurements[13]
and MALDI-TOF investigations[14–16]. In the PGC/MS
and DPMS study, they assigned xanthone units as we
040-6031/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2004.07.023



74 B.N. Jang, C.A. Wilkie / Thermochimica Acta 426 (2005) 73–84

cyclic oligomers, and proposed that the major degradation
pathways for PC include the rearrangement of carbonate link-
age by intramolecular ester exchange and disproportionation
of isopropylidene linkages.

Since there is little work done on the PC degradation mech-
anism at atmospheric pressure, we have used TGA/FTIR,
GC/MS and LC/MS to study the degradation of PC in ni-
trogen and have assigned the structures for many significant
evolved products and suggested that thermal degradation of
PC in nitrogen occurs by chain scission of the isopropyli-
dene linkage, and hydrolysis/ alcoholysis and decarboxyla-
tion of carbonate linkage[17]. The xanthone units and cyclic
oligomers were not detected among the evolved products in
this study in nitrogen.

Most of the above results were obtained under nitrogen
or vacuum. However, the degradation behavior upon heat-
ing or combustion may be altered in the presence of oxygen.
Montaudo et al. analyzed the soluble solid fraction of ther-
mally oxidized PC by heating at 300 and 350◦C in air for up
to 180 min and suggested its oxidation pathway to be radi-
cal formation by peroxy and subsequent rearrangements pro-
ducing biphenyl linkages, etc.[18]. They did not report the
presence of xanthone units in air. It is generally believed that
the presence of oxygen accelerates radical formation during
heating or photo irradiation[19]. However, the involvement
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through stainless steel tubing. This instrument uses a sniffer
tube that extends into the sample cup to remove the evolved
gases; this sniffer tube removes gas at the rate of 40 ml/min.
The evolved volatile products are introduced into the IR
chamber through the sniffer and analyzed by vapor-phase
FTIR. The temperature reproducibility of the TGA is±3◦C
and the fraction of non-volatile is±3%. The sample size was
40–60 mg. The evolved products during thermal degradation
were collected for 5–20 min as a function of mass loss using
a cold trap at a temperature of−78◦C.

2.3. Analysis of evolved condensable products at each
mass loss

The collected-evolved products in the sniffer and cold trap
were washed with acetonitrile. FTIR (Nicolet Magna 560
Model) analysis was performed by placing the material on a
KBr window and allowing the solvent to evaporate. GC/MS
spectra were obtained using an Agilent 6850 series GC con-
nected to an Agilent 5973 Series MS (70 eV electron ion-
ization). LC/MS spectra (Electrospray Ionization, negative)
were obtained using an Agilent 1100 Model.

2.4. FTIR Analysis of solid residue sample
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f oxygen in the thermal degradation of the polymer
ng combustion is not clear. Although the environment of
ecomposing sample may affect the degradation pathw
as been said that in the case of combustion, there m
o oxygen effect during combustion because oxygen i
resent with the degrading polymer[20,21].

In order to investigate the thermal degradation behavi
olycarbonate under an air atmosphere, TGA/FTIR was

ormed in air. To obtain molecular structure information
he fragments produced during the degradation, the ev
roducts were collected at each mass loss and analyzed
TIR, GC/MS and LC/MS. The solid residues after degra

ion were analyzed using FTIR.

. Experimental

.1. Materials

PC samples were provided by Cheil Industries Inc.,
ere used as received; this material is end-capped witht-butyl
henol in order to further improve the thermal stability. T
umber and weight average molecular weight of the bis
ol A polycarbonate are 16,000 and 28,000, respective

.2. TGA/FTIR analysis and sampling of evolved
roducts

TGA/FTIR was carried out at a heating rate of 20◦C/min
nd a gas flow of 60 ml/min on Cahn TG 131 instrum
hich was connected to Mattson Research grade
The solid residues at each mass loss were collecte
nalyzed by FTIR (Nicolet Magna Model 560).

. Results and discussion

.1. Thermal degradation temperature and in situ FTIR
esults

The TGA curve of bisphenol A polycarbonate unde
ir atmosphere at the rate of 20◦C/min is shown inFig. 1; the
GA result in nitrogen is also included. In comparison w
egradation in nitrogen, mass loss in air begins at 45◦C,
hich is about 50◦C earlier than in nitrogen. The end

he main degradation step occurs at about 560◦C in both
ases, leaving a residual mass of about 35%. It has been
hat the mass loss rate in air is slower than that in nitro
n the main mass loss region. The residue remains con
p to 700◦C in nitrogen, but it continues to degrade in
ventually going to zero.

Fig. 2shows the in situ FTIR spectra of the evolved pr
cts at each mass loss stage. At the beginning of mass
O2 evolution, 2200–2400 cm−1, was significant and th
haracteristic bands of substituted phenol derivatives
bserved. The weak noise-like bands at 1400–1900 c−1

nd 3500–3900 cm−1 were due to H2O evolution. The gen
ration of CO2 and H2O was observed over the who
ass loss range. Peaks due to free alcohol, 3645 cm−1, sp2

arbon–hydrogen and sp3 carbon–hydrogen stretching,
pectively, above and below 3000 cm−1, as well as carbon
tretching of the carbonate functional group, 1780 cm−1,
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Fig. 1. Thermogravimetric analysis curves for Bisphenol A Polycarbonate at a heating rate of 20◦C per minute in nitrogen and air.

were observed. The band at 1690 cm−1, for the low-mass
loss region, corresponds to a ketone functional group. The
peaks at 1610 cm−1 and 1510 cm−1 are due to ring stretch-
ing of phenyl compounds, and the range between 1300 and
1150 cm−1 corresponds to the carbon–oxygen stretching re-
gion of ethers and carbonates. The bands at 1880 cm−1 and
830 cm−1 are overtones and out-of-plane deformations of
para-disubstituted aromatic compounds.

The bands in the 2800–3200 cm−1 region, which is C–H
stretching, show qualitative changes as mass loss proceeds.
Initially, a relatively strong sp3 carbon–hydrogen peak was
observed in the low-mass loss region, and then sp2 C–H bands
became the major peaks at the high-mass loss region. In the
case of low-mass loss region, less than 20%, two carbonyl
stretching peaks at 1780 and 1690 cm−1 were clearly ob-
served, suggesting the presence of different carbonyl func-
tional groups. In the high-mass loss region, the carbonyl peak
of carbonate at 1780 cm−1 is still present and the other car-

bonyl group band, 1690 cm−1, became very small. With the
exception of the beginning stage of mass loss, the FTIR spec-
tra at high-mass loss were almost identical to those obtained
in a nitrogen atmosphere. From the TGA and FTIR results, it
can be speculated that the presence of oxygen accelerates the
degradation of polycarbonate, leading to evolution of ketones
in the low-mass loss region.

3.2. Analysis of collected products evolved at each mass
loss

The evolved products were collected as a function of mass
loss and FTIR spectra for the condensed products, after evap-
orating the solvent, as shown inFig. 3. The spectra may be
divided into two regions based on the characteristic func-
tional groups seen in the FTIR results: the low-mass loss
region, 0–20%, and the high-mass loss region, 20–70%, that
corresponds to the main degradation.

There is no qualitative difference in the functional groups
that were observed in the main mass loss region (over 20%
mass loss) and the peaks were very similar to those in nitro-
gen, except for the beginning stage of degradation. In the low-
mass loss region, two carbonyl peaks, at 1750 and 1660 cm−1,
are observed, which implies another carbonyl group in addi-
tion to carbonate. In nitrogen, the only carbonyl band that was
o cm
w d the
c n,
w tone
f
t
c n car-
b own
i rela-
Fig. 2. Vapor-phase FTIR of polycarbonate with mass loss in air.
bserved was carbonate. The carbonate peak, 1750−1,
as observed over the whole mass loss range in air, an
arbonyl peak around 1660 cm−1 in the low-mass loss regio
hich was not observed in nitrogen, corresponds to a ke

unctional group. It is thought that the 1780 and 1690 cm−1 in
he vapor-phase FTIR shifted to 1750 and 1660 cm−1 in the
ondensed-phase FTIR, due to hydrogen bonds betwee
onyl groups and alcohols, whose structures will be sh

n Table 1. The intensities of these carbonyl bands are
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Fig. 3. Condensed-phase FTIR for evolved products at each mass loss region.

tively low, because the most abundant evolved products are
alkyl substituted phenols and bisphenol A, as can be seen in
the GC/MS result (Fig. 4andTable 1). The bands between
1150 and 1300 cm−1 are due to the carbon–oxygen stretch-
ing of ethers and carbonates. Again, the bands at 830 cm−1

and 1880 cm−1 indicate that the evolved products are mainly
para-disubstituted benzenes. In short, the FTIR spectra sug-
gest that there were considerable amounts of alcohols, ethers

Table 1
Assigned structures having one and two benzene rings from GC/MS results

Group Structure (m/z, retention time in minutes)

Alcohols

Aldehyde ketones

Ethens

C

and carbonates in the evolved products over the whole mass
loss range, along with some ketones only in the low-mass
loss region. Hence, the primary differences in degradation
behavior between nitrogen and air occur at the beginning of
the degradation.

In order to provide an opportunity for the identification
of the components in the evolved products, both GC/MS and
LC/MS were used; the strategy that was followed was to use
arbonates
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GC/MS for lower molecular weights, and to reserve LC/MS
for higher molecular weights. Since the GC and LC traces
exhibit relative abundance of the evolved products and its
sensitivity to compounds is proportional to ionization effi-
ciency, the following results are primarily explained by com-
paring GC and LC traces and using the relative intensities as
an indicator of changes in composition.

The GC trace, as a function of mass loss at which the
sample was collected, shown inFig. 4, has appended to it the
molecular weights that have been discerned, and the corre-
sponding structures having one or two benzene rings were
identified, using the mass fragmentation pattern and func-
tionality information from FTIR, as shown inTable 1. For
the products having two benzene rings, the evolved products
contain mainly ether and carbonate linkages with some ke-
tone and aldehyde structures.

In the beginning degradation stage, the evolution oft-butyl
phenol (m/z150, 15.3 min), which has been used to end-cap
the end of polycarbonate chain, andm/z326 (28.7 min), bis(t-
butyl phenyl)carbonate, were noted, which means scission
at the chain-ends of polycarbonate. The ether compounds,
m/z212 (20.5 min) andm/z210 (21.3 min) are also assigned,
which implies decarboxylation of carbonate linkage as will
be shown inScheme 3.

It was proposed that the main degradation pathway of
p iso-

F
e
p

Fig. 5. Bond dissociation energy of bisphenol A polycarbonate in kJ/mol
[5,24].

propylidene linkage according to bond dissociation energies
as shown inFig. 5, and hydrolysis/alcoholysis and decar-
boxylation of carbonate linkages, since the carbonate linkage
easily undergoes reaction with H2O and alcohols at elevated
temperature[17]. This is generally in agreement with the
work of Lee[5] and McNeill [9,10]. It appears that the in-
tense peaks of bisphenol A over the whole mass loss range
were mainly caused by hydrolysis or alcoholysis of carbonate
linkages rather than chain scission.

Compared to the results in nitrogen, some differences
were observed in the beginning stage of degradation, both
from the GC traces and the FTIR results; them/z value
of 122 (16.4 min), 136 (17.5 min) and 270 (28.3 min) were
not seen in nitrogen but are present in air, and bisphenol A
(m/z 228, 25.9 min) was significant even in the beginning
mass loss region, which suggests hydrolysis/alcoholysis of
carbonate linkage. Them/z 122 (16.4 min) corresponds to
p-hydroxybenzaldehyde. Them/z value of 136 (17.5 min),
which was assigned asp-hydroxyacetophenone through the
fragment pattern and confirmed by co-injection, may arise via
methyl scission of isopropylidene linkage followed by perox-
ide formation and�-scission[22] of alkoxy radicals, as shown
in Scheme 1. Elimination of the aryl group in alkoxy radicals
via �-scission is much more favorable than that of methyl or
hydrogen producing ketones and phenyl radicals[22]. The
p e
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b 70
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b O
a d by
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a drol-
y d in
olycarbonate in nitrogen follows chain scission of the
ig. 4. GC traces of the evolved decomposition products. Inset numbers on
ach peak indicate the molecular weight acquired by mass spectroscopy and
ercentages denote the mass loss range for the collected sample.

t ts that
m
w s as
s

henyl radicals, which are produced inScheme 1, may b
sed as the reaction source inScheme 2, which also prese

he degradation scheme for the low-mass loss region. Th
onyl groups ofm/z122 (16.4 min), 136 (17.5 min) and 2
28.3 min) have vibration modes at around 1660 cm−1 [23],
hich are present in the FTIR results for low mass re

Fig. 3). Some other acetophenone structures were iden
y Montaudo et al. in the analysis of the soluble fractio

hermally oxidized polycarbonate[18].
Scheme 1, which covers the initial mass loss stage,

orts the presence of ketones in the evolved products
ome important features of degradation pathway of poly
onate: first, the evolution of relatively large amounts of C2
nd H2O in the low-mass loss region in air can be explaine

his scheme; second, the significant evolution of bisphen
t the beginning stage of degradation is caused by the hy
sis of the carbonate linkage by water, which is produce
his scheme; and third, this degradation scheme sugges
ethyl scission of isopropylidene linkage occurs first[17],
hich is in agreement with the bond dissociation energie
hown inFig. 5.
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The structure of the ketone atm/z270 (28.3 min) can arise
through the isopropylidene scission, as shown inScheme 1;
the structures of the compound with a phenyl end group (m/z
256), an ethyl end group (m/z284) and an isopropyl end group
(m/z298), with the same skeletal structure and which are not
observed in significant amounts, can also arise via chain scis-
sion at the isopropylidene linkage. This result is consistent
with the relative intensity trend of phenol (m/z94, 9.7 min),
p-methylphenol (m/z108, 11.6 min),p-ethylphenol (m/z122,
13.3 min) andp-isopropylphenol (m/z136, 14.3 min), which
shows the most abundant intensity forp-methylphenol in the
GC traces, implying chain scission following the bond dis-
sociation energies. Comparing the relative intensities of the
structures form/z122 (16.4 min),m/z136 (17.5 min) andm/z
270 (28.3 min) produced viaScheme 1in the GC traces of
the low-mass loss region with those of the main loss region, it
appears that the oxygen effects are primarily observed in the
beginning stages of degradation (0–20% mass loss region),
since the oxygen in the atmosphere mainly affects the sur-
face of degrading polymer. The FTIR results ofFigs. 2 and 3
support this.

The GC/MS results for the main mass loss region (over
20% mass loss) are qualitatively very similar to those in nitro-
gen. Thus, the evolved products are very similar to the results
in nitrogen, which means the same degradation pathway in the
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t
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Fig. 6. Expanded GC traces for higher retention time.

trace for the main mass loss region. The assigned structures
correspond to the structures having three benzene rings as
shown inTable 2. Most structures are classified as either
ethers or carbonates. It is notable that the relative abundance
ofm/z348 (44.8 min), carbonate, is more intense than that of
m/z318 (36.2 min), ether, which is the opposite result to that
in nitrogen. Thus, the shift from the ether-containing group
to a branched structure is more probable in the main degra-
dation because of the intermediate surface char layer which
was formed at the initiation of the degradation. The branched
structures were not significant in GC traces, probably be-
cause of their size and volatility, and these will be shown in
the LC/MS results.

Fig. 7 shows the LC/MS results which have a molecular
weight range of 250–800. While the assignment of structures
having one, two and three benzene rings in GC/MS is fairly
easy and clear, it is much more complicated to assign the
structures for the higher molecular weights that are obtained
by LC/MS, because there are many possible isomers and only
molecular weights, with no fragment patterns, are available.

In order to simplify and assign the significant peaks for
high molecular weights in the LC/MS data, several pos-
tulates were developed based upon the GC/MS and FTIR
data and previous work[17]. First, the possibility of un-
saturated aliphatic end groups was discarded by a compar-
i
1 ups,
w d
m nd
ase of the main degradation stage. It has been propose
he presence of 1,1′-bis(4-hydroxyphenyl)ethane (m/z214,
5.4 min) suggests that methyl scission occurred and m

he source of branched compounds in the evolved pro
n nitrogen[17]. However, this peak was observed with a
tively small intensity in the evolved products in air, wh
eans that more branched structures were formed in air.

he TGA curves ofFig. 1, it was observed that the mass l
ate in air is slower than that in nitrogen. It is likely that
resence of oxygen during thermal degradation accele

he branching reactions on the surface of degrading pol
onate at the beginning of the degradation and forms an

ating surface layer. Therefore, diphenylethyl radicals, w
re formed in the condensed phase via methyl scissi

he isopropylidene group, may have more chance to und
eaction with other radicals and form branched structur
ondensed phase, as will be shown later inSchemes 2 and

Fig. 6 shows and assigns the longer retention time,
ence higher molecular weight, materials from the GC

able 2
he structures having three benzene rings in GC/MS results ofFig. 5

inkage Structure

thers

arbonates
retention time in minutes)

son of the relative abundance ofm/z122 (13.3 min) andm/z
36 (14.3 min), which have saturated aliphatic end gro
ith the unsaturated analogues atm/z 120 (14.1 min) an
/z134 (15.3 min) inFig. 4. Second, according to the bo
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Fig. 7. LC/MS results for the evolved condensed products at each mass loss.
Inset numbers indicate the molecular weight acquired by mass spectroscopy.

dissociation energies[24], the abundance of products having
methyl or ethyl substituents on the benzene ring is larger than
those with hydrogen or isopropyl. Third, all benzene rings
are para disubstituted based on FTIR data. Fourth, in those
cases where several isomers appear possible and/or a linea
structure seems unlikely, branched structures based on 1,1-
bis(4-hydroxyphenyl) ethane were considered. In accordance
with these postulates and the GC/MS results, the significant
peaks from LC/MS were speculatively assigned as shown in
Table 3.

For the structures having two or three benzene rings in the
LC/MS, some structures which have been already assigned
by the GC/MS are not repeated here. In comparison with
the results in nitrogen, many carbonate and ether containing
structures were again assigned while some ketones and
aldehydes were mainly found in the low-mass loss region,
but overall, more branched structures were identified. The
evolved products due to the thermal degradation of poly-
carbonate in the presence of oxygen showed some results
different from those in nitrogen; for instance, ketone and
aldehyde, which were not observed in nitrogen, are seen at
m/z376 (25.1 min) and 390 (26.7 min) and these may arise in
a fashion similar to that shown inScheme 1, especially in the
low-mass loss region,and many branched structures were
formed via radical recombination over the whole mass loss
r

zene
r ed as
c ore
b cribed
i the

notion that the presence of oxygen accelerates the formation
of branched structures on the surface in the beginning stage
of degradation as shown inScheme 2, and it may provide a
thermal barrier for the degrading polycarbonate by forming
this surface layer, which gives more chances for degrading
substances not at the surface to undergo branching reactions.
This explains why the mass loss rate is slower in the presence
of oxygen, even though the mass loss initiation temperature
is earlier than in nitrogen (Fig. 1).

As the molecular size of the evolved products increases,
branched structures are more probable than linear structures.
One of the new peaks ism/z488 (8.7 min), which was sig-
nificant in the low-mass loss region, implying that this com-
pound was produced due to the presence of oxygen. It can
be assigned to a structure having an ether linkage due to
peroxide formation in the presence of oxygen, as shown
in Scheme 2. The source of phenyl radical combining with
alkoxy radical might come fromScheme 1, which was pro-
duced via� scission of alkoxy radical. In the case of the
structure ofm/z488, even though it was mainly formed in
the beginning stage of degradation, it is seen to the end
stage of the degradation. Therefore, it may be concluded
that peroxide structures are formed in air and those struc-
tures undergo dissociation and radical combination at the
peroxide site, producing aldehydes, ketones and branched
s

3
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In the case of the linear structures having four ben

ings, the number with significant abundance was reduc
ompared to the degradation results in nitrogen, while m
ranched structures were assigned in air. Thus, as des

n the GC/MS results, the LC/MS results also support
r

tructures.

.3. FTIR analysis of solid residues at each mass loss

FTIR spectra of the solid residues at each mass los
hown inFig. 8. The alcoholic peaks, 3500 cm−1, were ob
erved over the whole mass loss range, and the charact
eak of carbonate, 1780 cm−1, could be observed up to 50
ass loss and then disappeared at 70%. This means th
onate groups are stable even at very high temperature
ands around 1200 cm−1 correspond to the carbon–oxyg
tretching region. The FTIR of the solid residues in air w
ery similar to those in nitrogen.

The relative intensity changes of carbon–hydro
tretchs can give some information on the source of
rogen abstraction for the evolved products during de
ation, since it is thought that the hydrogen source sh
e from the condensed phase. The relative intensit
oth sp2 carbon–hydrogen and sp3 carbon–hydrogen aroun
000 cm−1 are variable. Considering the bond dissocia
nergies, as shown inFig. 5, it may be that hydrogen a
traction occurs first from the aliphatic carbon–hydrogen
hen from the aromatic carbon–hydrogen. However, the
ociation energies are not very different and hydrogen
e abstracted from both aliphatic and aromatic sites.

ikely that the radical produced by hydrogen abstractio
he condensed phase is so unstable that it may instantly
branched structure or induce carbonization. The chem

n the condensed phase of the polycarbonate during the
egradation is not clear because of the difficulty and com

ty of analyzing the residues produced in the degradatio
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Table 3
Structure assignments for the significant peaks in LC/MS

Group Structures (m/z, retention time in minutes)

Three rings

Four rings

Branch

Fig. 8. FTIR spectra for solid residues at each mass loss.
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3.4. Thermal degradation pathways of polycarbonate in
air

The thermal degradation mechanisms for bisphenol A
polycarbonate are suggested as shown inSchemes 1–5, based
on the analysis of the evolved products during thermal degra-
dation of bisphenol A polycarbonate in air.

Schemes 1 and 2primarily correspond to the initial stage
of degradation; in the beginning stage of degradation, since
no significant mass loss is exhibited, the relative concentra-
tion of oxygen on the surface of degrading polymer may be
high and it is possible for oxygen to react with the degrad-
ing polymer and form peroxide. Aldehydes and ketones are
evolved viaScheme 1, along with H2O and phenyl radicals.
The H2O produced inScheme 1induces hydrolysis of the
carbonate linkage, which mainly produces bisphenol A and
CO2. As shown in the vapor-phase FTIR results (Fig. 2), rel-
atively intense bands due to CO2 and H2O supportScheme 1,
while the phenyl radicals produced inScheme 1may be in-
volved in the formation of branched structures, as shown in
Scheme 2.Scheme 2shows an example how oxygen may
induce branching on the surface of degrading polycarbonate.
This assists in the formation of an intermediate surface char
layer which prevents the access of oxygen and the evolution
of degraded smaller molecules. ThroughScheme 1 and 2,
i of
t lycar-

bonate as well as radical formation which may initiate mass
loss.

Therefore, in the case of main degradation stage (over
20% mass loss in TGA curve), due to the intermediate sur-
face layer and relatively fast mass loss rate of degrading poly-
carbonate, the effect of oxygen becomes negligible. Hence,
many of the evolved products are the same as those in ni-
trogen; it appears that the degradation pathway in this re-
gion in air is similar to that in nitrogen.Schemes 3–5are
the degradation pathways of main degradation region. As de-
scribed in the section on GC/MS, the primary evolved prod-
ucts in the main degradation region are phenol, alkyl phenols,
bisphenol A, ethers and carbonates. In the case of the ether
linkage, it was suggested that the ether linkage is thermally
produced through a Kolbe–Schmitt type rearrangement of
carbonate[16,18,25,26]or through the concerted 1,3-shift of
carbonate group[5], followed by decarboxylation, as shown
in Scheme 3.

Most of the evolved products in this main degradation
stage are thought to be produced through the chain scission
of the isopropylidene linkage and hydrolysis/alcoholysis of
the carbonate linkage, producing alkyl, phenyl and alcohol
ends for the structures having two or three benzene rings in
the evolved products, as shown inScheme 4, and this is the
same both in nitrogen and in air.

for
t lative
t is thought that oxygen also facilitates the formation
he branched structures on the surface of degrading po
Scheme
Scrutinizing the results of the GC/MS and the LC/MS
he higher molecular weights, it can be seen that the re
1.
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Scheme 2.

Scheme 3.

intensity of ether compounds and the number of assigned
linear structures are reduced, but branched structures are
increased in air. It is speculated that the intermediate surface
char formed in the beginning stage of degradation, noted
in Scheme 2, assists the formation of branched structures,
since this layer may act as a barrier and prevent the
evolution of degraded products and give more opportunity
for radical recombination reactions leading to branched
structures.

It is thought that the 1,1′-diphenylethane skeleton is
important in the branched structures. The radical of 1,1′-

Scheme 4.

diphenylethane produced via methyl scission is quite stable,
so it is quite possible to react with other radicals, such as para
alkyl substituted phenol radicals in the condensed phase of
degrading polycarbonate, as shown inScheme 5.

3.5. Comparison of these results with previous work

There has not been much work done on the degradation
of PC in air. Lee has proposed that hydrogen cleavage from
the isopropylidene linkage occurred, followed by alkyl rear-
rangement producing a tertiary radical[5]. Montaudo et al.
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Scheme 5.

studied the soluble fraction of solid residues of degraded PC
in air, and assigned ketones such asp-hydroxybenzophenone
via peroxide formation followed by rearrangement[18]. In
this study, it has been shown that the initiation of the degra-
dation is through the cleavage of a carbon–carbon bond in
the isopropylidene group, followed by reaction with oxygen
and the formation of a hydroperoxide. This is completely
different from the scheme proposed by earlier authors and
is supported by the bond energies. After the initiation of the
degradation, the reaction proceeds in the same way as in ni-
trogen and following a similar pathway to that proposed by
Lee [5] and McNeill [9,10]. This means that the presence
of oxygen does not effect the main degradation pathway, in
agreement with the ideas of Cullis et al.[20], but there is an
oxygen effect in the initiation of the degradation. It is likely
that the surface char layer which is formed via radical recom-
bination of alkoxy radical in the initiation step acts as barrier
during the main mass loss region and, as a result, the mass
loss rate is decreases in air.

4. Conclusions

Through the use of TGA/FTIR and chromatography cou-
pled with mass spectrometry, the significant evolved products
h ol A
p n
d very
s oly-
c age,
f hy-
d that
o well
a ese
p bina-
t struc-
t ainly
a s are
m oly-

carbonate is one of the good char-forming polymers. Thus,
it can be speculated that the reaction between the surface of
the degrading polymer and oxygen in air accelerates the for-
mation of an intermediate char on the surface. Due to this
insulating layer, there is increased opportunity for radical re-
combination reactions in the condensed phase. Thus, even
though the mass loss begins earlier, a slower mass loss rate
is observed.
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