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ABSTRACT: Poly{2,2-bis[4-(3,4-dicarboxyphenoxy)phenyl]propane dianhydride—1,3-phenylendiamine}
copolymer (ULTEM) was subjected to thermoaging in an attempt to determine the structure of the species
formed during oxidative degradation. The oxidative process was followed as a function of exposure time
by using MALDI-TOF MS. Thermal oxidation produces charring after only 15 min and the formation of
insoluble residue amounts to 50% after 180 min at 350°C. Highly valuable structural information
(including the end groups) was extracted from the MALDI spectra of the thermally oxidized ULTEM
soluble samples. Oxidized specimens contained acetophenone, phenylacetic acid, phenols, benzoic acid,
bisphenol A, phthalimide, and phthalic anhydride end groups. The mechanisms accounting for their
formation involve several reactions: (i) cleavage of the diphenyl ether units; (ii) oxidative degradation of
the isopropylidene bridge of BPA units; (iii) thermal cleavage of phenylphthalimide units.

Introduction

In the past decade the structural analysis of polymers
has taken advantage of the development of MALDI
(matrix assisted laser desorption ionization—time-of-
flight mass spectrometry), a highly sensitive, nonaver-
aging technique that allows the determination of indi-
vidual species contained in a polymer sample.!l3

Studies on oxidation mechanisms are crucial for the
understanding of aging processes in polymers. However,
mechanisms reported in the literature are often inferred
from the observation of relatively few end products.*~7
Molecules formed by oxidation are often very reactive,
do not accumulate, and are present only in minor
amounts among the ultimate reaction products. Con-
ventional techniques (IR spectroscopy for instance) may
yield information on functional groups, but not on the
structure and end groups of the whole molecule.

On the contrary, MALDI spectra yield precise infor-
mation on the size, structure and end groups of oligo-
mers originated in the oxidation process, allowing
discrimination among possible oxidation pathways.!2

Applications of MALDI to the study of polymer
oxidation processes are quite recent 8716 and involve the
collection of MALDI spectra at different exposure times
to observe the structural changes induced by heat or
light under an oxidizing atmosphere. The polymer
sample can be then analyzed, and the MALDI spectrum
arises from a mixture of pristine and oxidized chains.8-16

From the results of the MALDI investigations of
photooxidation and thermal-oxidation of polymer sys-
tems such as polycarbonate,?? nylon-6,1%14 nylon-66,13:15
poly(ether imide)'2and poly(butylenesuccinate),!6 it ap-
pears that unprecedented progress in the current un-
derstanding of the oxidation processes occurring in
complex macromolecular systems has been achieved.
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In the present paper we describe the identification of
oligomers produced during the thermal oxidation pro-
cess of ULTEM!7~19 exposed at 350 °C in the air.

Experimental Section

Materials. Basic materials were commercial products ap-
propriately purified before use. Poly{2,2-bis[4-(3,4-dicarboxy-
phenoxy)phenyl]propane dianhydride—1,3-phenylendiamine}
copolymer (ULTEM) and 2-(4-hydroxyphenylazo)benzoic acid
(HABA) were obtained from Sigma-Aldrich Chemical Co (Italy)
and used as supplied.

MALDI—TOF Analysis. Matrix assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectra were
recorded in linear and reflectron mode using a Voyager-DE
STR instrument and in reflectron mode by using a Bruker
Reflex II. Both instruments are equipped with a nitrogen laser
emitting at 337 nm and working in positive ion mode. The
accelerating voltage was 20—25 kV, and the grid voltage and
delay time (delayed extraction, time lag) were optimized for
each sample to obtain the higher molar mass values. The laser
irradiance was maintained slightly above threshold. The
MALDI-TOF MS-MS analyses were performed by using an
Applied Biosystems 4700 Proteoming analyzer equipped with
a collision induced decomposition (CID) chamber, using argon
as the collision medium.

The resolution of the MALDI spectra reported in the text
ranges between 7000 and 18000 full width at half-maximum
(fwhm), depending on molar mass distribution, purity and
oxidation level of the samples. Mass accuracy, determined by
external calibration, was lower than 150 ppm for masses in
the range of 1000—2500 Da.

Sample preparation for MALDI analysis involved mixing
of adequate volumes of the matrix solution (HABA, 0.1 M in
THF/CHCl;) and polymer solution (2 mg/mL in CHCls) to
obtain a 1:1 or 1:3 ratio (sample/matrix, v/v). A solution of
sodium trifluoroacetate (NaTFA) or potassium trifluoroacetate
(KTFA) (1 uLi of 0.1 M) in CHCl3 was added to achieve the
type of cationization needed. Eeach sample/matrix mixture 1
uLi, was spotted on the MALDI sample holder and slowly dried
to allow matrix crystallization.

Deisotoping Procedure. To distinguish and separate
among the contributions of isotopic peaks M + 1 and M + 2
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Figure 1. CHCI;s % of insoluble residue from ULTEM as a function of heating time at 350 °C.

and peaks due to isobaric structures, a deisotoping program
(Mariner Lab) was used. This program produces a theoretical
spectrum corresponding to each structural formula and sub-
tracts from the experimental spectrum the calculated intensity
for the M + 1 and M +2 isotopic peaks. Thus, the deisotoping
spectrum shows only the first mass peak M for each species.

Kinetics. The relative amounts of species monitored in
kinetic experiments were obtained as the ratio Ia/Ir, where I
is the sum of the peak intensity of each species in the mass
range 1800—5000 Da and Ir corresponds to the sum of the
intensity of all peaks appearing in the same mass range.

Thermooxidative Degradation of ULTEM. The ther-
mooxidative degradation was carried out on 10 ym films of
ULTEM in the presence of air at 350 °C. ULTEM samples were
placed in a glass vessel and reacted for 15, 30, 60, 90, and 180
min, respectively. The oxidized samples were dissolved in
CHCIls, and the soluble portions were analyzed by MALDI—
TOF.

Results and Discussion

ULTEM films were heated at 350° C in atmospheric
air for up to 180 h. At this stage the samples formed
about 50% insoluble residue (Figure 1). The concomitant
polymer degradation and extensive cross-linking cause
uncertainty in the average molar mass determination.
In fact M, and My, values of the soluble ULTEM portion
do not show a detectable change as a function of
exposure time. The exposed samples were filtered, to
generate a soluble portion suitable for MALDI analysis.
Attempts to obtain MALDI spectra of the insoluble
residue by solvent free techniques?! were unsuccessful,
as were attempts to hydrolyze or aminolyze the charred
residue.

This is not surprising, since polymers containing
aromatic units in their repeat unit tend to form a
charred residue with quasi-graphite structure and
become quickly intractable. Several bridged polyaro-
matics such as PPO, PES and PEK,??2 PPS,%? and poly-
(xylilene sulfide)?* show a marked tendency to produce
a graphitelike pyrolysis residue.

In the case of BPA—polycarbonate (PC), thanks to the
easily cleavable carbonate units, it was possible to
aminolyze the insoluble pyrolysis residue, and the MS

analysis showed that it is constituted of thermal rear-
ranged sequences which undergo aromatization and
cross-linking processes, leading to a graphitelike charred
residue as the temperature increases.?®

Hydrolysis of the insoluble residue and subsequent
MALDI analysis was also successfully performed for
Ny66, but that polymer possesses an aliphatic struc-
ture.1?

The MALDI spectrum of the original ULTEM has
been already reported,'? and therefore, only expanded
portions in the mass range 1800—2400 Da are presented
here.

The MALDI spectrum of the unexposed sample,
reported in Figure 2a, shows peaks belonging to six
different mass series, corresponding to sodiated mac-
romolecular ions.

The most intense peaks in Figure 2a are due to cyclic
oligomers at m/z 1801+ n592.6 Da (mass series A, Table
1), whereas at higher molar masses the most prominent
peaks appear at m/z 2169+ n592.6 Da (mass series B,
Table 1), corresponding to oligomers with phenylphthal-
imide end groups at both ends.

A third mass series, appearing in Figure 2a at m/z
1949+ n592.6 Da, can be assigned to oligomers of type
C, Table 1, corresponding to sodiated ions terminated
with phenylphthalimide at one end and phthalic anhy-
dride groups at the other end.

The fourth mass series at m/z 1962 + n592.6 Da
corresponds tomacromolecularions bearing phenylphthal-
imide at one end and N-methylphthalimide terminal
groups at the other end (mass series D, Table 1).

The last two peaks series, appearing with low inten-
sity in Figure 2a, are due, respectively, to macromo-
lecular ions with N-methylphthalimide end groups
(mass series F, Table 1), and to N-methylphthalimide/
phthalic anhydride terminal groups (mass series E,
Table 1).

From the inspection of the spectra in Figure 2b—c, it
is possible to observe a detectable increment of peaks
with respect to the blank sample in Figure 2a. This
indicates that thermooxidation reactions have occurred
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Figure 2. MALDI-TOF spectra in the mass range 1800—2400 Da of ULTEM samples oxidized at 350 °C for 0 (a), 30 (b), and

180 min (c).

in ULTEM, producing new compounds that are detected
and differentiated by the MALDI analysis.

The spectra sequence (Figure 2a—c) permits the
evolution of the oxidation process to be followed. The
amount of oxidized species present in the sample heated
for 180 min appears lower with respect to the sample
heated for 30 min, and this result may appear contra-
dictory.

However, the decrement of oxidized species with time
is only apparent, being related to the intervening cross-
linking phenomena in the oxidation process. In fact, the
cross-linked fraction (which contains a major portion of
the oxidized products) becomes insoluble and cannot be
detected, because MALDI analyzes only the soluble
material.8

The kinetics of the oxidation process is shown in
Figure 3, in which the relative amount of some species
(Tables 1 and 2) is reported as a function of the heating
time. The rapid depletion of species B, the linear

oligomers present in the unexposed polymer, and the
correlated increment of some species produced in the
thermal oxidation process are noted.

Because of the relatively low resolution of the MALDI
spectra in Figure 2b,c (recorded in linear mode), the
identity and relative intensity of several peaks are not
easily assessed. As discussed above (see Experimental
Section), the MALDI spectra were also obtained by
using the MALDI instrument in reflectron mode that
allows achieving peak isotopic resolution.

Therefore, the spectrum (region 1000—5500 Da) of the
unexposed ULTEM sample, obtained in reflectron mode
(resolution 18000 fwhm), with an accuracy of 140 ppm
at 1800 Da is reported in Figure 4. The inset in Figure
4 displays an expanded portion of the peaks in the
region 1800—2400 Da, which show well-resolved isotopic
distribution profiles. Peaks assignments are reported
in Table 1.
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the MALDI-TOF Spectra of the Original ULTEM Sample
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The spectrum (region 1000—8000 Da) of the ULTEM
sample heated for 120 min at 350 °C, obtained in
reflectron mode with a resolution of 8000 Da, is reported
in Figure 5. The inset in Figure 5 displays an expanded
portion of the peaks in the region 1800—2400 Da,
showing the presence of numerous new peaks with well-
resolved isotopic distribution profiles.

The isotopic distribution profiles of all the peaks
falling in the region 1200—2400Da are reported in
Figures 1Sa—1. Peak assignments are reported in
Table 2.

It should be noted that the latter can result a
demanding task, because the MALDI spectra of complex
molecules may present several peaks that could cor-
respond to isobaric or quasi isobaric structures.

Both the analysis of isotopic distribution profiles and
the deisotoping procedure, help considerably in the
peak-assignment process (see Experimental Section).
Furthermore, a tool frequently used in the peak assign-
ment task is the effect of doping agents, in fact the
doping procedure is able to help in the presence of isobar
structures.26

The comparison between the MALDI spectra, b and
d, obtained upon adding potassium salt and spectra a
and c, obtained without addition of a specific cationizing
reagent salt, is reported in Figure 6.

In Table 1, the peaks at 1207.3 and 1223.3 Da have
been assigned to a cyclic oligomer desorbing as sodiated
and potassiated adducts, as shown in Figure 6a. An
alternative structural assignment for the peak at 1223.3
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Figure 3. Relative amount vs heating time of species B at m/z 1575.5: (a, b) OH—B—OH at m/z 1607.4 and (c) —COOH at m/z
1711.5 as obtained from the MALDI spectra of oxidized ULTEM sample at 350 °C.
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Figure 4. MALDI-TOF mass spectrum obtained in reflectron mode of the original ULTEM sample.

Da might be a new product obtained by oxidation.
However, in the potassium-doped spectrum (Figure 6b),
the desorption of the sodiated species is completely
suppressed and the spectrum shows a single signal due
to the potassiated compound, and the appearance of an
additional peak of the potassiated species is not noticed.
This observation allows the univocal assignment of the

two signals appearing in Figure 6a to sodiated and
potassiated adducts of the cyclic oligomer in Table 1.
Analogously, Figure 6¢ shows a portion of the undoped
spectrum where four signals at 16 mass units distance
from each other, which may belong to several isobaric
structures (Tables 1 and 2) are present. In particular,
it is not possible to discriminate between species B K™
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Table 2. Structural Assignments of Ions Appearing in the MALDI-TOF Spectra of the ULTEM Oxidized Sample
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Table 2 (Continued)
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Table 2 (Continued)
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Table 2 (Continued)
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and B—OH Na™ (1591.4 Da) and between species B—OH
Kt and HO—B—OH Na™' (1607.4 Da).

However, in the potassium-doped spectrum (Figure
6d), where the sodiated species at 1575.4 Da is com-
pletely suppressed, the spectrum shows three signals
due to the potassiated compound.

This result allows the univocal assignment of the two
signals at 1591.4 and 1607.4 Da to the oxidation
products BOH and to BOHOH.

In Figure 7a,b the spectrum of the unexposed ULTEM
sample and that of the sample heated for 120 min at
350 °C, shown as they appear after the deisotoping
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Figure 5. MALDI-TOF spectrum obtained in reflectron mode, in the mass range 1800—8000 Da of the oxidized ULTEM sample

at 350 °C for 120 min.
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Figure 6. Comparison of cycle (a) and B peaks (c) obtained after total cationization with potassium salt (b and d).
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Figure 7. Deisotoping MALDI-TOF mass spectra in the mass range of 1200—1750 Da of the original ULTEM sample (a) and

the sample oxidized for 120 min at 350 °C (b).

procedure, 4716 are reported. Figure 8 reports a further
expansion of the deisotoping spectrum of the ULTEM
sample heated for 120 min at 350 °C.

Over 40 new oligomers are present in the mass
spectrum of the oxidized sample, as compared to only
seven in the original ULTEM sample. All these peaks

correspond to sodiated ions of oxidized ULTEM oligo-
mers, and they have been assigned (Table 2) to oligo-
mers containing ULTEM repeat units terminated by
different end groups.

The structural identification of end groups attached
to the oligomers produced in the oxidation process
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Figure 8. Expanded portions of the deisotoping MALDI spectrum of the ULTEM sample oxidized at 350 °C for 120 min.
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Figure 9. MALDI-TOF—-TOF spectrum of peak at m/z 1015.6 from the ULTEM sample oxidized for 2 h at 350 °C.

(Figures 5—8, Table 2) is revealing, because the end
groups are related to the particular oxidation mecha-
nism.

Going into a detailed analysis of the data in Figures
7 and 8, apart from peaks A and B, representing the
pristine cyclic and linear ULTEM oligomers, the most
intense peaks in Figure 7b appear at 1591.4 and 1607.4
Da. They have been assigned to oligomers terminated
by one or two hydroxyl groups attached to phthalimide

units (B—OH, HO—B—OH, Table 2). Weaker peaks of
the same type are found at 1370.4, 1371.3, and 1384.4
Da (Table 2).

This particular structural assignment is crucial to
establish the oxidation mechanism and was con-
firmed by the MS/MS analysis of the oligomer at 1015.58
Da. The collision-induced decomposition MALDI-TOF
spectrum (see Experimental Section) of this oligo-
mer is reported in Figure 9, and the structures of the
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Scheme 1. Overall Thermooxidative Processes in

ULTEM
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ion fragments produced, also shown in Figure 9, cor-
respond to those expected for an oligomer termi-
nated by two hydroxyl groups attached to phthalimide
units.

Peaks corresponding to oligomers terminated by
Bisphenol A units (and therefore bearing hydroxyl ends,
Table 2) are also found in the expanded portions
reported in Figure 7 at 1301.4, 1329.4, 1343.4, and
1345.4 Da. The first two oligomers are isobar with
structures bearing phenyl/phenol end groups and phen-
yl/benzoic acid groups, as also indicated in Table 2.

In Table 2 also appear several oligomers at 1253.4,
1476.4, 1488.4, 1490.4 1502.4, 1504.4, 1518.4, Da, whose
structures are assigned in Table 2, generated by the
oxidative cleavage of the BPA isopropylidene bridge (see
below) are also apparent.

From the results obtained, four processes may be
hypothesized to occur in the thermal oxidation of
ULTEM at 350°C (Scheme 1): (i) thermal cleavage of
the diphenyl ether units (T; in Scheme 1), to yield
oligomers with 3-hydroxyphthalimide end groups plus
oligomers with phenyl end groups; (ii) thermal cleavage
of the diphenyl ether units (Ty in Scheme 1), to yield
Bisphenol A end groups; (iii) thermal oxidative degrada-
tion of the isopropylidene bridge of BPA units (T3 in
Scheme 1) to yield benzyl alcohol, acetophenone, phenyl-
substituted acetone, phenylacetic acid, phenol, benzoic
acid end groups; (iv) thermal cleavage of phenyl-phthal-
imide units (T4 in Scheme 1) to yield phthalimide and
phthalic anhydride end groups.

In Table 2, beside the structural assignments, the
decomposition pathway that is responsible for the
formation of each new oligomer produced in the thermal
oxidation process is specified.

We have adopted a code to specify the relationship
between each oligomer end group and the thermal
oxidation mechanism from which it originated.

Thus, the symbol T specifies the decomposition of the
diphenyl ether units to yield 3-hydroxyphthalimide end
groups (Scheme 1); symbol Ty specifies the thermal
cleavage of the diphenyl ether units to yield Bisphenol
A end groups; symbol T specifies the thermal oxidative
degradation of the isopropylidene bridge of BPA units
to yield benzyl alcohol, acetophenone, phenyl-substi-
tuted acetone, phenyl acetic acid, phenol and benzoic
acid end groups; symbol Ty specifies the thermal cleav-
age of phenylphthalimide units to yield phthalimide and
phthalic anhydride end groups, whereas symbol E
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Scheme 2. Thermal Oxidation Process Occurring in
the Bisphenol-A Unit
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indicates just one of the end groups present in the
original ULTEM sample (Table 1).

Because each oligomer has two ends, the notation
T1—Ty4, for instance, means that a chain cleavage process
involving the decomposition of diphenyl ether units to
yield 3-hydroxy phthalimide end groups occurred at one
end, whereas the cleavage of phenylphthalimide units
to yield phthalimide and phthalic anhydride end groups
occurred at the other end.

Remarkably, only the process Ts (Scheme 1) corre-
sponds to a pure thermooxidation reaction of ULTEM,
whereas the degradation pathways Ty, T, and T4 are
pure thermal scissions.

In fact, the formation of the compounds related to
these cleavage pathways was already detected when
studying the thermal degradation of ULTEM in an inert
atmosphere.?”

On the contrary, process T3 corresponds to the ther-
mal oxidative degradation of the isopropylidene bridge
of BPA units.

The latter process occurs as described in detail in
Scheme 2, and the production of all the end groups
observed here has been also found in a study of the
thermooxidative degradation of BPA—polycarbonate.8
All the end groups predicted by this reaction scheme
have been detected in the MALDI spectra discussed
above.
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