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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, 480-56G, 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
branched structures, mainly in the beginning stage of degradation. It is speculated that the intermediate char formed in the beginning due to
branching reactions of peroxide interferes with the mass transfer through the surface of degrading polycarbonate in the main degradation.
Thus, 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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1. Introduction propylidene linkage and then carbon-carbon bond scission,
followed by hydrolysis and alcoholysis of the carbonate. Var-
Bisphenol A polycarbonate (PC) has attracted consider- ious evolved products were assigned up to a molecular weight
able attention, since PC is one of the most widely used en-of 228 using mass spectroscgpy.
gineering polymers and it shows very good mechanical and Davis et al. assigned GOphenol and bisphenol A as the
thermal properties. In addition, PC itself exhibits flame retar- main volatile products, together with a small amount of CO,
dancy and produces a large fraction of char upon combustionalkyl phenols and diphenyl carbonate. They speculated that
[1]. Polycarbonate and its blends exhibit excellent fire retar- the carbonate group undergoes rearrangements, along with
dant performance with conventional halogen or halogen-free hydrolysis and alcoholysis; they also proposed the formation
fire retardant$2,3]; it is thought that this behavior relates to  of a xanthone unit during thermal degradation of [BES].
the degradation characteristics of polycarbonate. The degra- McNeill et al. investigated the thermal degradation mech-
dation behavior of a polymer is closely related to its flame anism of PC using thermal volatilization analysis (TVA) in
retardancy and, in order to achieve effective flame retardancy,nitrogen. They assigned some cyclic oligomers of bisphe-
it is a prerequisite that the degradation pathway of the poly- nol A carbonate and various phenol structures having masses
mer be well understoogd]. less than 228 using GC/MS and suggested a homolytic chain
Lee studied the thermal degradation of polycarbonate in scission mechanism for the degradation of[9Q0].
vacuum and in an oxygen atmosphere. He suggested that Montaudo et al. carried out an extensive study on the
the initial step is oxidative hydrogen cleavage from the iso- degradation of polycarbonate with pyrolysis-GC/M$,12],
direct pyrolysis mass spectral (DPMS) measuremgis
* Corresponding author. Tel.: +1 4142887239; fax: +1 4142887066, aNd MALDI-TOF investigation{14-16]. In the PGC/MS
E-mail addresscharles.wilkie@marquette.edu (C.A. Wilkie). and DPMS study, they assigned xanthone units as well as
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cyclic oligomers, and proposed that the major degradation through stainless steel tubing. This instrument uses a sniffer
pathways for PC include the rearrangement of carbonate link-tube that extends into the sample cup to remove the evolved
age by intramolecular ester exchange and disproportionationgases; this sniffer tube removes gas at the rate of 40 ml/min.
of isopropylidene linkages. The evolved volatile products are introduced into the IR

Since thereislittle work done on the PC degradation mech- chamber through the sniffer and analyzed by vapor-phase
anism at atmospheric pressure, we have used TGA/FTIR,FTIR. The temperature reproducibility of the TGA4s3°C
GC/MS and LC/MS to study the degradation of PC in ni- and the fraction of non-volatile i§3%. The sample size was
trogen and have assigned the structures for many significant40—-60 mg. The evolved products during thermal degradation
evolved products and suggested that thermal degradation ofvere collected for 5-20 min as a function of mass loss using
PC in nitrogen occurs by chain scission of the isopropyli- a cold trap at a temperature f78°C.
dene linkage, and hydrolysis/ alcoholysis and decarboxyla-
tion of carbonate linkag@ 7]. The xanthone units and cyclic  2.3. Analysis of evolved condensable products at each
oligomers were not detected among the evolved products inmass loss
this study in nitrogen.

Most of the above results were obtained under nitrogen  The collected-evolved products in the sniffer and cold trap
or vacuum. However, the degradation behavior upon heat-were washed with acetonitrile. FTIR (Nicolet Magna 560
ing or combustion may be altered in the presence of oxygen.Model) analysis was performed by placing the material on a
Montaudo et al. analyzed the soluble solid fraction of ther- KBr window and allowing the solvent to evaporate. GC/MS
mally oxidized PC by heating at 300 and 3%Din air for up spectra were obtained using an Agilent 6850 series GC con-
to 180 min and suggested its oxidation pathway to be radi- nected to an Agilent 5973 Series MS (70eV electron ion-
cal formation by peroxy and subsequent rearrangements pro-4zation). LC/MS spectra (Electrospray lonization, negative)
ducing biphenyl linkages, et{18]. They did not report the  were obtained using an Agilent 1100 Model.
presence of xanthone units in air. It is generally believed that
the presence of oxygen accelerates radical formation during2.4. FTIR Analysis of solid residue sample
heating or photo irradiatiofiL9]. However, the involvement
of oxygen in the thermal degradation of the polymer dur-  The solid residues at each mass loss were collected and
ing combustion is not clear. Although the environment of the analyzed by FTIR (Nicolet Magna Model 560).
decomposing sample may affect the degradation pathway, it
has been said that in the case of combustion, there may be
no oxygen effect during combustion because oxygen is not3. Results and discussion
present with the degrading polym@o0,21].

In order to investigate the thermal degradation behavior of 3.1. Thermal degradation temperature and in situ FTIR
polycarbonate under an air atmosphere, TGA/FTIR was per-results
formed in air. To obtain molecular structure information on
the fragments produced during the degradation, the evolved The TGA curve of bisphenol A polycarbonate under an
products were collected at each mass loss and analyzed usingir atmosphere at the rate of 20/min is shown irFig. 1; the
FTIR, GC/MS and LC/MS. The solid residues after degrada- TGA result in nitrogen is also included. In comparison with
tion were analyzed using FTIR. degradation in nitrogen, mass loss in air begins at°450

which is about 50C earlier than in nitrogen. The end of
the main degradation step occurs at about 60n both

2. Experimental cases, leaving a residual mass of about 35%. It has been noted
that the mass loss rate in air is slower than that in nitrogen
2.1. Materials in the main mass loss region. The residue remains constant

up to 700°C in nitrogen, but it continues to degrade in air,
PC samples were provided by Cheil Industries Inc., and eventually going to zero.
were used as received; this material is end-cappedoitity| Fig. 2shows the in situ FTIR spectra of the evolved prod-
phenol in order to further improve the thermal stability. The ucts at each mass loss stage. At the beginning of mass loss,
number and weight average molecular weight of the bisphe- CO, evolution, 2200-2400 cit, was significant and the
nol A polycarbonate are 16,000 and 28,000, respectively.  characteristic bands of substituted phenol derivatives were
observed. The weak noise-like bands at 1400-1900cm

2.2. TGA/FTIR analysis and sampling of evolved and 3500-3900 crt were due to HO evolution. The gen-
products eration of CQ and HO was observed over the whole
mass loss range. Peaks due to free alcohol, 3645 cap?
TGA/FTIR was carried out at a heating rate of"Z0min carbon—hydrogen and $garbon-hydrogen stretching, re-

and a gas flow of 60 ml/min on Cahn TG 131 instrument spectively, above and below 3000th as well as carbonyl
which was connected to Mattson Research grade FTIRstretching of the carbonate functional group, 1780¢m
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Fig. 1. Thermogravimetric analysis curves for Bisphenol A Polycarbonate at a heating rat€Cop@0minute in nitrogen and air.

were observed. The band at 1690¢mfor the low-mass bonyl group band, 1690 cnd, became very small. With the
loss region, corresponds to a ketone functional group. The exception of the beginning stage of mass loss, the FTIR spec-
peaks at 1610 cmt and 1510 cm® are due to ring stretch-  tra at high-mass loss were almost identical to those obtained
ing of phenyl compounds, and the range between 1300 andin a nitrogen atmosphere. From the TGA and FTIR results, it
1150 cnt! corresponds to the carbon—oxygen stretching re- can be speculated that the presence of oxygen accelerates the
gion of ethers and carbonates. The bands at 1883 @nd degradation of polycarbonate, leading to evolution of ketones
830cnt! are overtones and out-of-plane deformations of in the low-mass loss region.

para-disubstituted aromatic compounds.

The bands in the 2800-3200 ctregion, which is C—H
stretching, show qualitative changes as mass loss proceed
Initially, a relatively strong spcarbon-hydrogen peak was
observed in the low-mass loss region, and thérGsgH bands
became the major peaks at the high-mass loss region. In thq0
case of low-mass loss region, less than 20%, two carbonyl
stretching peaks at 1780 and 1690¢nwere 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 cnd is still present and the other car-

ﬁ3.2. Analysis of collected products evolved at each mass
0ss

The evolved products were collected as a function of mass
ss and FTIR spectra for the condensed products, after evap-
orating the solvent, as shown kig. 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-

functional group. Itis thought that the 1780 and 1690 ¢in

the vapor-phase FTIR shifted to 1750 and 1660 tin the
condensed-phase FTIR, due to hydrogen bonds between car-
bonyl groups and alcohols, whose structures will be shown
Fig. 2. Vapor-phase FTIR of polycarbonate with mass loss in air. in Table 1. The intensities of these carbonyl bands are rela-

-

E 70% gen, except for the beginning stage of degradation. In the low-
£ mass loss region, two carbonyl peaks, at 1750 and 1668,cm
g2 50% are observed, which implies another carbonyl group in addi-
5 2 A ‘ tionto carbonate. In nitrogen, the only carbonyl band that was
< ‘ ' observed was carbonate. The carbonate peak, 1758.cm

£ 10% I was observed over the whole mass loss range in air, and the
5 ' carbonyl peak around 1660 cthin the low-mass loss region,

2 50% . o
E M which was not observed in nitrogen, corresponds to a ketone
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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 areand carbonates in the evolved products over the whole mass
alkyl substituted phenols and bisphenol A, as can be seen inloss range, along with some ketones only in the low-mass
the GC/MS result (Fig. 4ndTable 1). The bands between loss region. Hence, the primary differences in degradation
1150 and 1300 cm' are due to the carbon—oxygen stretch- behavior between nitrogen and air occur at the beginning of
ing of ethers and carbonates. Again, the bands at 838cm  the degradation.

and 1880 cm? indicate that the evolved products are mainly In order to provide an opportunity for the identification
para-disubstituted benzenes. In short, the FTIR spectra sug-of the components in the evolved products, both GC/MS and
gest that there were considerable amounts of alcohols, etherd C/MS were used; the strategy that was followed was to use

Table 1

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

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

Alcohols HO—@ (94, 9.7, Ho—()-cHs (108, 11.6), o~ )-cats (122, 13.3),

oo (120, 14.1),  o<Orew (136,14.3), =<0 (150, 15.3),
oo (134, 15.5), OO 212, 22.7),

T (214, 254, OO (228, 25.9)
Aldehyde ketones oA (122, 16.4), o~ p-ton (136, 17.5), wedD)-o-olOp-Fon (270, 28.3)
Ethens oo (198, 19.9), w0 (212, 20.5)

o >°{ e (210,21.3), ok (226, 23.7)
Carbonates weprorbo ) (228, 22.2),  me-obo-Ohmon (242, 23.5),

Q Q
C2H5—©—O-C-O—©—CH3 355 :14 5 HaC—Q-O'C‘O—O—CzHa [*21:‘4 ':4 8'~|

Q 2

- o = -

02H5—©—0-C-0—©—02H5 (2"“] :_ ,,_':I__ CZHS_O_O-C-O_O_CZHS ]"__(_..J&ﬁ’ 25 U,
CgH5—©— —@—mw -3:_. T 2':[_‘ CgH3_©_O—E—O—©—CsH7 fzgj 26?1
CH —@—o-%o—@—c S s TR g CaH —@—o-'é-o—@—c H 2R T
s W (208, 3700, o s (326, 28.7)
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GC/MS for lower molecular weights, and to reserve LC/MS 251 H__..-418 737
for higher molecular weights. Since the GC and LC traces "\ CHo “. O
exhibit relative abundance of the evolved products and its o O h A
sensitivity to compounds is proportional to ionization effi- 4 \

ciency, the following results are primarily explained by com- 617 A
paring GC and LC traces and using the relative intensities as 57
an indicator of changes in composition.

The GC trace, as a function of mass loss at which the Fig. 5. Bond dissociation energy of bisphenol A polycarbonate in kJ/mol
sample was collected, shownhig. 4, has appended to it the [5.24].
molecular weights that have been discerned, and the corre-
sponding structures having one or two benzene rings werepropylidene linkage according to bond dissociation energies
identified, using the mass fragmentation pattern and func- as shown inFig. 5, and hydrolysis/alcoholysis and decar-
tionality information from FTIR, as shown ifiable 1. For boxylation of carbonate linkages, since the carbonate linkage
the products having two benzene rings, the evolved productseasily undergoes reaction with,& and alcohols at elevated
contain mainly ether and carbonate linkages with some ke-temperaturg17]. This is generally in agreement with the

tone and aldehyde structures. work of Lee[5] and McNeill[9,10]. It appears that the in-

Inthe beginning degradation stage, the evolutiarinftyl tense peaks of bisphenol A over the whole mass loss range
phenol (m/250, 15.3 min), which has been used to end-cap were mainly caused by hydrolysis or alcoholysis of carbonate
the end of polycarbonate chain, am¢z326 (28.7 min), bis(t- linkages rather than chain scission.

butyl phenyl)carbonate, were noted, which means scission Compared to the results in nitrogen, some differences
at the chain-ends of polycarbonate. The ether compoundswere observed in the beginning stage of degradation, both
m/z212 (20.5 min) anan/z210 (21.3 min) are also assigned, from the GC traces and the FTIR results; tméz value
which implies decarboxylation of carbonate linkage as will of 122 (16.4 min), 136 (17.5min) and 270 (28.3 min) were
be shown infScheme 3. not seen in nitrogen but are present in air, and bisphenol A
It was proposed that the main degradation pathway of (m/z 228, 25.9 min) was significant even in the beginning
polycarbonate in nitrogen follows chain scission of the iso- mass loss region, which suggests hydrolysis/alcoholysis of
carbonate linkage. Thm/z 122 (16.4 min) corresponds to
p-hydroxybenzaldehyde. Tha/z value of 136 (17.5min),
which was assigned gshydroxyacetophenone through the
fragment pattern and confirmed by co-injection, may arise via
methyl scission of isopropylidene linkage followed by perox-
L AP P 4 ide formation ang-scissior22] of alkoxy radicals, as shown
in Scheme 1. Elimination of the aryl group in alkoxy radicals
via 3-scission is much more favorable than that of methyl or
hydrogen producing ketones and phenyl radi¢2®. The
. ” phenyl radicals, which are produced $theme 1, may be
. ’ used as the reaction sourceSnheme 2, which also presents
. the degradation scheme for the low-mass loss region. The car-
4 | 28 g 254 bonyl groups oim/z122 (16.4 min), 136 (17.5min) and 270
7 (28.3min) have vibration modes at around 1660 ¢rj23],
148 15 which are present in the FTIR results for low mass region
(Fig. 3). Some other acetophenone structures were identified
[ 2 by Montaudo et al. in the analysis of the soluble fraction of
5~15% thermally oxidized polycarbonaf&8].
Scheme 1, which covers the initial mass loss stage, sup-
138 ports the presence of ketones in the evolved products and
. 2| L. N some important features of degradation pathway of polycar-
~5% 2 bonate: first, the evolution of relatively large amounts 05CO
and B O inthe low-mass loss region in air can be explained by
a0, 2?30'25 this scheme; second, the significant evolution of bisphenol A
— L-I—-—fkla”z“‘“f L — ‘274 L .‘l : at the beginning stage of degradation is caused by the hydrol-
B0 2o el 200 240 2.0 ysis of the carbonate linkage by water, which is produced in
Reterttion Time {rrin] this scheme; and third, this degradation scheme suggests that
Fig. 4. GC traces of the evolved decomposition products. Inset numbers onmethyl scission of isopropylidene linkage occurs flast],

each peak indicate the molecular weight acquired by mass spectroscopy andVhich is in agreement with the bond dissociation energies as
percentages denote the mass loss range for the collected sample. shown inFig. 5.

Abundance (Relative Intensity)
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The structure of the ketonemz270 (28.3 min) can arise
through the isopropylidene scission, as showB8dheme 1;
the structures of the compound with a phenyl end group (m/z
256), an ethylend group (n284) 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 (n94, 9.7 min),
p-methylphenol (m/208, 11.6 min)p-ethylphenol (m/222,
13.3 min) andp-isopropylphenol (m/236, 14.3 min), which
shows the most abundant intensity femethylphenol in the

— e

070% 4

Ma
304 346
316 Haaz M 332 35p
.Y
25~50%
320 340 360 380 40.0 420 440

Abundance (relative intensity)

GC traces, implying chain scission following the bond dis- Retention Time (min)
sociation energies. Comparing the relative intensities of the
structures fom/z122 (16.4 min)m/z136 (17.5 min) andh/z Fig. 6. Expanded GC traces for higher retention time.

270 (28.3min) produced vi&cheme 1lin the GC traces of
the low-mass loss region with those of the main loss region, it trace for the main mass loss region. The assigned structures
appears that the oxygen effects are primarily observed in thecorrespond to the structures having three benzene rings as
beginning stages of degradation (0-20% mass loss region)shown inTable 2. Most structures are classified as either
since the oxygen in the atmosphere mainly affects the sur-ethers or carbonates. It is notable that the relative abundance
face of degrading polymer. The FTIR resultdads. 2 and 3 of m/z348 (44.8 min), carbonate, is more intense than that of
support this. m/z318 (36.2 min), ether, which is the opposite result to that
The GC/MS results for the main mass loss region (over in nitrogen. Thus, the shift from the ether-containing group
20% mass loss) are qualitatively very similar to those in nitro- to a branched structure is more probable in the main degra-
gen. Thus, the evolved products are very similar to the resultsdation because of the intermediate surface char layer which
in nitrogen, which means the same degradation pathway in thewas formed at the initiation of the degradation. The branched
case of the main degradation stage. It has been proposed thagtructures were not significant in GC traces, probably be-
the presence of 1:bis(4-hydroxyphenyl)ethane (m244, cause of their size and volatility, and these will be shown in
25.4 min) suggests that methyl scission occurred and may bethe LC/MS resullts.
the source of branched compounds in the evolved products Fig. 7 shows the LC/MS results which have a molecular
in nitrogen[17]. However, this peak was observed with a rel- weight range of 250-800. While the assignment of structures
atively small intensity in the evolved products in air, which having one, two and three benzene rings in GC/MS is fairly
means that more branched structures were formed in air. Fromeasy and clear, it is much more complicated to assign the
the TGA curves oFig. 1, it was observed that the mass loss structures for the higher molecular weights that are obtained
rate in air is slower than that in nitrogen. It is likely that the by LC/MS, because there are many possible isomers and only
presence of oxygen during thermal degradation accelerategnolecular weights, with no fragment patterns, are available.
the branching reactions on the surface of degrading polycar- In order to simplify and assign the significant peaks for
bonate at the beginning of the degradation and forms an insu-high molecular weights in the LC/MS data, several pos-
lating surface layer. Therefore, diphenylethyl radicals, which tulates were developed based upon the GC/MS and FTIR
are formed in the condensed phase via methyl scission ofdata and previous workl7]. First, the possibility of un-
the isopropylidene group, may have more chance to undergosaturated aliphatic end groups was discarded by a compar-
reaction with other radicals and form branched structures in ison of the relative abundancemiz122 (13.3 min) anan/z
condensed phase, as will be shown latéBahemes 2 and 5. 136 (14.3 min), which have saturated aliphatic end groups,
Fig. 6 shows and assigns the longer retention time, and with the unsaturated analoguesratz 120 (14.1 min) and
hence higher molecular weight, materials from the GC/MS m/z134 (15.3 min) inFig. 4. Second, according to the bond

Table 2
The structures having three benzene rings in GC/MS resukgob

Linkage Structures (m/z, retention time in minutes)
Ethers OO+ o4, 33.0, OO+ 1318, 36.2),

OO0 332,395, OO 1+D 315,308
Carbonates OOt (332, 33.1), OO (346, 36.6),

st (360, 404y, Ot~ OHTD- (348, 44 8)
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D 4513“ notion that the presence of oxygen acc_elerates the f_ormation
( l]q‘ﬂ\‘ | of branched structures on the surface in the beginning stage
254 1fl,,\m]l“l.l “32 JU “«A,M‘\wﬂ& f|34s\ of degradation as shown Bcheme 2, and it may provide a
T 448 7 e N = thermal barrier for the degrading polycarbonate by forming
45~70% ‘ﬁ. D'JL! J\ ‘ S04 11 this surface layer, which gives more chances for degrading
= ..5\3 mﬂ\g%é‘ - \J'u y ol “ﬁw ,\ﬂ Jllu" 75 sul_)stance_s not at the surface to unde_rgo bran_ching reactions.
g e el | = qm Rk ;}v This explains why the mass loss rate is ;I(_)\(ve_r in the presence
£ a2, ‘"\; fJ\ {lfi «nﬁJﬁJI\J{ ’-'-of|488ﬂ“\ : of oxygen, even though the mass loss initiation temperature
Bl MV N R \ is earlier than in nitrogen (Fig. 1).
& Mo~a0% e 59 54 M As the molecular size of the evolved products increases,
T 272 aJl J.L I J qﬂzgﬂ g, 362 branched structures are more probable than linear structures.
= _/_N,_,NJLJ”'«' ' - J\“w&jf{‘}l'. Jl““uww One of the new peaks i®/z488 (8.7 min), which was sig-
g 5~15% e 3 -t ] nificant in the low-mass loss region, implying that this com-
2 ;\fﬁ JL | | - pound was produced due to the presence of oxygen. It can
_F_,,“__J‘Lw sl Lﬂ'}m{f’uu“lw_,u\_‘_‘___k_ be assigned to a structure having an ether linkage due to
0~5% (%8 - s4o‘°92 peroxide formation in the presence of oxygen, as shown
!\ TE' \ 3U7 jos 350 348 in Scheme 2. The source of phenyl radical combining with
M‘_‘) L M’mﬁo lj 'i*’;fifbfhﬁu«ﬁ% a0 ane alkoxy radical might come frorScheme 1, which was pro-
[ 0~2% i duced viap scission of alkoxy radical. In the case of the

0 10 20 30 40

Retention Time(min) structure ofm/z 488, even though it was mainly formed in

the beginning stage of degradation, it is seen to the end
Fig. 7. LC/MS results for the evolved condensed products at each mass lossStage of the degradation. Therefore, it may be concluded
Inset numbers indicate the molecular weight acquired by mass spectroscopythat peroxide structures are formed in air and those struc-

tures undergo dissociation and radical combination at the

peroxide site, producing aldehydes, ketones and branched
dissociation energig24], the abundance of products having structures.
methyl or ethyl substituents on the benzene ring is larger than
those with hydrogen or isopropyL Th”‘d' all benzene rings 3.3. FTIR analySiS of solid residues at each mass loss
are para disubstituted based on FTIR data. Fourth, in those
cases where several isomers appear possible and/or a linear FTIR spectra of the solid residues at each mass loss are
structure seems unlikely, branched structures based on 1,18hown inFig. 8. The alcoholic peaks, 3500 cf were ob-
bis(4-hydroxyphenyl) ethane were considered. In accordanceserved over the whole mass loss range, and the characteristic
with these postulates and the GC/MS resullts, the significantPeak of carbonate, 1780 crh could be observed up to 50%
peaks from LC/MS were speculatively assigned as shown in mass loss and then disappeared at 70%. This means that car-
Table 3. bonate groups are stable even at very high temperatures. The

For the structures having two or three benzene rings in the bands around 1200 cm correspond to the carbon—-oxygen
LC/MS, some structures which have been already assigneostretching region. The FTIR of the solid residues in air were
by the GC/MS are not repeated here. In comparison with very similar to those in nitrogen.
the results in nitrogen, many carbonate and ether containing The relative intensity changes of carbon—hydrogen
structures were again assigned while some ketones ancbtretchs can give some information on the source of hy-
aldehydes were mainly found in the low-mass loss region, drogen abstraction for the evolved products during degra-
but overall, more branched structures were identified. The dation, since it is thought that the hydrogen source should
evolved products due to the thermal degradation of poly- be from the condensed phase. The relative intensity of
carbonate in the presence of oxygen showed some result$oth sg carbon-hydrogen and $parbon-hydrogen around
different from those in nitrogen; for instance, ketone and 3000 Cl’n_l are variable. Considering the bond dissociation
aldehyde, which were not observed in nitrogen, are seen atenergies, as shown ifig. 5, it may be that hydrogen ab-
m/z376 (25.1 min) and 390 (26.7 min) and these may arise in straction occurs first from the aliphatic carbon—hydrogen and
a fashion similar to that shown Bcheme 1, especially inthe  then from the aromatic carbon—hydrogen. However, the dis-
low-mass loss regiorand many branched structures were sociation energies are not very different and hydrogen can
formed via radical recombination over the whole mass loss be abstracted from both aliphatic and aromatic sites. It is
range. likely that the radical produced by hydrogen abstraction in
In the case of the linear structures having four benzene the condensed phase is so unstable that it may instantly form

rings, the number with signiﬁcant abundance was reduced as2 branched structure or induce carbonization. The chemistry
compared to the degradation results in nitrogen, while more in the condensed phase of the polycarbonate during thermal
branched structures were assigned in air. Thus, as describeflegradationis not clear because of the difficulty and complex-
in the GC/MS results, the LC/MS results also support the ity of analyzing the residues produced in the degradation.
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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 i~ 346,201 Oto-OFO (348, 23.1),
oot OO (352, 30.9), OO (375, 33.9),
et OO 1390, 35.8), HO-Eo-OHT- 404, 37.5)
E ot O 1376, 2511 e t-Orobo- OO (380, 267
Four fings OotoeOHO-0 1424, 253), nOrebo-OHO-<Oron 466, 30.6),
oA (482, 31.5)

Branch i i HO HO,
@ Q)
O OH ?—@—m& O O oH O CH o @—o-g-o O O OH
@ Q) & " & " J

(306, 12.2), (320, 17.3), (334,202, (348, 237) (426, 13.1)
A O <

(440, 14.7), (454, 28.4), (@68, 29.7)
(458, 8.7) (452, 15.1) (466, 16.3;

SR o AV

e P

NG
50%

W 0%
15% WM

5%

Absorbance (relative intensity)

2%
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Wavenumbers (cm-1)

Fig. 8. FTIR spectra for solid residues at each mass loss.
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3.4. Thermal degradation pathways of polycarbonate in bonate as well as radical formation which may initiate mass
air loss.
Therefore, in the case of main degradation stage (over
The thermal degradation mechanisms for bisphenol A 20% mass loss in TGA curve), due to the intermediate sur-
polycarbonate are suggested as shov8tinemes 1-5, based face layer and relatively fast mass loss rate of degrading poly-
on the analysis of the evolved products during thermal degra-carbonate, the effect of oxygen becomes negligible. Hence,
dation of bisphenol A polycarbonate in air. many of the evolved products are the same as those in ni-
Schemes 1 and@rimarily correspond to the initial stage trogen; it appears that the degradation pathway in this re-
of degradation; in the beginning stage of degradation, sincegion in air is similar to that in nitrogerSchemes 3-%re
no significant mass loss is exhibited, the relative concentra-the degradation pathways of main degradation region. As de-
tion of oxygen on the surface of degrading polymer may be scribed in the section on GC/MS, the primary evolved prod-
high and it is possible for oxygen to react with the degrad- ucts in the main degradation region are phenol, alkyl phenols,
ing polymer and form peroxide. Aldehydes and ketones are bisphenol A, ethers and carbonates. In the case of the ether
evolved viaScheme 1, along with $0 and phenyl radicals.  linkage, it was suggested that the ether linkage is thermally
The H,O produced inScheme linduces hydrolysis of the  produced through a Kolbe—Schmitt type rearrangement of
carbonate linkage, which mainly produces bisphenol A and carbonat§16,18,25,26pr through the concerted 1,3-shift of
CO,. As shown in the vapor-phase FTIR results (Fig. 2), rel- carbonate groufb], followed by decarboxylation, as shown
atively intense bands due to G@nd HO supporScheme 1, in Scheme 3.
while the phenyl radicals produced 8theme Imay be in- Most of the evolved products in this main degradation
volved in the formation of branched structures, as shown in stage are thought to be produced through the chain scission
Scheme 2Scheme Xhows an example how oxygen may of the isopropylidene linkage and hydrolysis/alcoholysis of
induce branching on the surface of degrading polycarbonate.the carbonate linkage, producing alkyl, phenyl and alcohol
This assists in the formation of an intermediate surface charends for the structures having two or three benzene rings in
layer which prevents the access of oxygen and the evolutionthe evolved products, as shown$tcheme 4, and this is the
of degraded smaller molecules. Througbheme 1 and 2, same both in nitrogen and in air.
it is thought that oxygen also facilitates the formation of Scrutinizing the results of the GC/MS and the LC/MS for
the branched structures on the surface of degrading polycarthe higher molecular weights, it can be seen that the relative

; ot cH :
OO Vo Ng¥y
He
_CH3. 02 He
Ole. m@—o c- oHom
RH
RH

l-OHo e R+ HO

Na g SRy o

lB scission
B scission
Q Q

Wa SN0 CIUC WS VA S v e R Wt

Hydrolysis Scission at Hydrolysis

-CO, isopropylidene -CO,

Q

HO@C—H @—O—C O@-C CHs —O—C CH;
(m/z 122) (m/z 270) (m/z 136)

Scheme 1.
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3 " 3 L 3
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|-
A=A it 600@%
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o (m/z 488)

Scheme 2.

Kolbe-Schmitt type

DA+ Fo O et~y L O o A

COH

1,3 shift

Decarboxylation Decarboxylation

AT+ 0

Scheme 3.

intensity of ether compounds and the number of assigneddiphenylethane produced via methyl scission is quite stable,

linear structures are reduced, but branched structures areso itis quite possible to react with other radicals, such as para

increased in air. It is speculated that the intermediate surfacealkyl substituted phenol radicals in the condensed phase of

char formed in the beginning stage of degradation, noted degrading polycarbonate, as showrsicheme 5.

in Scheme 2, assists the formation of branched structures,

since this layer may act as a barrier and prevent the 3.5. Comparison of these results with previous work

evolution of degraded products and give more opportunity

for radical recombination reactions leading to branched There has not been much work done on the degradation

structures. of PC in air. Lee has proposed that hydrogen cleavage from
It is thought that the 1/idiphenylethane skeleton is the isopropylidene linkage occurred, followed by alkyl rear-

important in the branched structures. The radical of-1,1 rangement producing a tertiary radi¢g]. Montaudo et al.

o HydrolySIS;c of Carbor}ége and  m/z =94, 108, 122, 136, 214, 228,
J\@—O—C—O—©—|—'\/‘ scission of isopropylidene 242, 256, 270, 284,332,346,
Hydrogen abstraction 348, 360, 362, 376,390,etc.

Scheme 3

J\@—O—@—I—'\J‘ Scission of isopropylidene  r; - 198, 210, 212, 226, 240, 288
Hydrogen abstraction

304,316,318, 332, 346, etc.

Scheme 4.
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Q CHy Q
a
CHy
Scission at a Re: radical ofphenol or alkyl phenol
Combination with Re

Ak OF OO

Scission at cor
hydrolysis/alcoholysis at b

m/z= 306, 320, 334, 348, 426,
440, 452, 466, 454, 468

Scheme 5.

studied the soluble fraction of solid residues of degraded PC carbonate is one of the good char-forming polymers. Thus,
in air, and assigned ketones suclpasydroxybenzophenone it can be speculated that the reaction between the surface of
via peroxide formation followed by rearrangem¢b8]. In the degrading polymer and oxygen in air accelerates the for-
this study, it has been shown that the initiation of the degra- mation of an intermediate char on the surface. Due to this
dation is through the cleavage of a carbon—carbon bond ininsulating layer, there is increased opportunity for radical re-
the isopropylidene group, followed by reaction with oxygen combination reactions in the condensed phase. Thus, even
and the formation of a hydroperoxide. This is completely though the mass loss begins earlier, a slower mass loss rate
different from the scheme proposed by earlier authors andis observed.

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 Acknowledgement
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[1] D.W. van Krevelen, Polymer 16 (1975) 615.

[2] J. Green, J. Fire Sci. 9 (1991) 285.

[3] J. Green, J. Fire Sci. 12 (1994) 388.

[4] C.A. Wilkie, in: G.L. Nelson (Ed.), Fire and polymers, ACS Sym-
Through the use of TGA/FTIR and chromatography cou- posium Series 425 (1990) 178.

pled with mass spectrometry, the significant evolved products [5] L.H. Lee, J. Polym. Sci. 2 (1964) 2859.

have been identified for the degradation in air of bisphenol A [6] A- Davis, J.H. Golden, J. Gas. Chromatogr. 5 (1967) 81.

. . [7] A. Davis, J.H. Golden, Macromol. Chem. 110 (1967) 180.
p0|ycarb(_)nate e_nd-capped wittoutyl phenql. In_ the_ mam [8] A. Davis, J.H. Golden, J. Macromol. Sci. Rev. Macromol. Chem.
degradation region, the thermal degradation in air is very C3 (1968) 49.
similar to that in nitrogen; the degradation pathways of poly- [9] I.C. McNeill, A. Rincon, Polym. Degrad. Stab. 39 (1993) 13.
carbonate are chain scission of the isopropylidene linkage,[10] I.C. McNeill, A. Rincon, Polym. Degrad. Stab. 31 (1991) 163.
following the order of the bond dissociation energies, and hy- [11] A. Ballistreri, G. Montaudo, C. Puglisi, E. Scamporrino, D. Vitalini,

. . . S. Cucinella, J. Polym. Sci., Polym. Chem. Ed. 26 (1988) 2113.
drolysis/alcoholysis of the carbonate linkage. It appears that[lz] G. Montaudo, C. Puglisi, Polym. Degrad. Stab. 37 (1992) 91.

Oxygen encourages th_e branching _and cross—linking as wellj13] c. puglisi, L. Sturiale, G. Montaudo, Macromolecules 32 (1999)
as radical formation via the formation of peroxides. These 2194.

peroxides undergo further dissociations and radical combina-[14] C. Puglisi, F. Samperi, S. Carroccio, G. Montaudo, Macromolecules
tions, which produce aldehydes, ketones and branched struc- 32 (1999) 8821.

. L . . . [15] G. Montaudo, S. Carroccio, C. Puglisi, Polym. Degrad. Stab. 77
tures in the initial mass loss region. Since the oxygen mainly (2002) 137

affects the surface of degrading polymers, the differences arey16) G. Montaudo, S. Carroccio, C. Puglish, J. Anal. Appl. Pyrolysis 64
mainly observed in the beginning stage of degradation. Poly- (2002) 229.

4. Conclusions



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

[17] B.N. Jang, C.A. Wilkie, Polym. Degrad. Stab, in press. [22] T.H. Lowry, K.S. Richardson, Mechanism and Theory in Organic
[18] S. Carroccio, C. Puglisi, G. Montaudo, Macromolecules 35 (2002) Chemistry, Harper & Row, 1987 (Chapter 9.4-9.5).
4297. [23] C.J. Pouchert, The Aldrich Library of FT-IR Spectra, 1985, p. 44
[19] M.C. Gupta, R.R. Pandey, Makromol. Chem., Macromol. Symp. 27 and 132.
(1989) 254. [24] X. Li, M. Huang, Polym. Int. 48 (1999) 387.
[20] C.F. Cullis, M.M. Hirschler, The Combustion of Organic Polymers, [25] J. March, Advanced Organic Chemistry, Wiley Interscience, New
Oxford Press, 1981 (Chapter 3.4.1). York, 1992.

[21] R.M. Asseva, G.E. Zaikov, Combustion of Polymer Materials, New [26] K. Oba, H. Ohtani, S. Tsuge, Polym. Degrad. Stab. 74 (2001)
York Press, 1986 (Chapter 2). 171.



	The thermal degradation of bisphenol A polycarbonate in air
	Introduction
	Experimental
	Materials
	TGA/FTIR analysis and sampling of evolved products
	Analysis of evolved condensable products at each mass loss
	FTIR Analysis of solid residue sample

	Results and discussion
	Thermal degradation temperature and in situ FTIR results
	Analysis of collected products evolved at each mass loss
	FTIR analysis of solid residues at each mass loss
	Thermal degradation pathways of polycarbonate in air
	Comparison of these results with previous work

	Conclusions
	Acknowledgement
	References


