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ABSTRACT: The evaporation-grinding MALDI-TOF MS sample preparation method and evolved gas analysis/
GC/MS (EGA/GC/MS) were used to study the cyclodehydration of polybenzoxazole and poly(benzoxazoleamide)
precursors. Precursor fibers were heated from 100 to 300°C while evolved gases were monitored by GC/MS;
after each heating, samples were removed for MALDI-TOF MS analysis. Changes observed in MALDI-TOF
mass spectra result from cyclodehydration, along with end group, and structure modifications (due to
decarboxylation and branching). Evolved gas analysis/GC/MS and thermogravimetric analysis data indicate mass
loss (from chain rupture) and evolution of low mass material which lead to branching. Cured polybenzoxazole
fibers display an overall predominance of branched species with minor reduction in molecular weight whereas
cured poly(benzoxazoleamide) fibers yield linear species as the predominant product with only minor branching
observed and significant reductions in molecular weight. Results from this study indicate that a combination of
MALDI -TOF MS and EGA/GC/MS has great potential for examination of thermal, chemical, and photodeg-
radation pathways of high molecular weight, condensation polymers.

Introduction

Major advances in the theory, synthesis, and processing of
rigid polymers in the past 30 years have raised polybenzoxazoles
(PBOs) from the status of obscure laboratory curiosities to a
new class of environmentally resistant, high strength, high
modulus materials, receiving much attention from both the
academic and industrial communities. Polybenzoxazoles are
aromatic heterocyclic polymers that belong to a group of rigid-
rod polymers first introduced in the 1960s and further developed
in the 1980s by SRI International under the U.S. Air Force
Ordered Polymers Research Program, to match the thermal
stability requirements of the aerospace industry.1

Wholly aromatic PBOs offer superior chemical resistance,
high fiber strength, and ultrahigh modulus along with being the
most thermally and thermooxidatively stable organic polymers
known.2 However, uses of wholly aromatic PBOs have been
limited because they are generally insoluble in most solvents
(except for strong acids), possess high glass transition temper-
atures, and decompose below their melting points.3 Despite these
limitations, their outstanding properties have been the driving
force to investigate their use in fibers, films, coatings, and
composites, as well as ballistic-protection fabrics and panels,
because of the high energy absorption and rapid dissipation of
impact by the fibrillar morphology.3

Conventional methods of analysis (i.e., viscometry, titration,
TGA, DSC, DMA, GPC, NMR, IR, Py-GC/MS)1,4,5have proven
to be inadequate in providing exhaustive information on the
molecular mass distribution, chemical distribution, and structural
heterogeneities present in these fibers.6 This is due to weak
signals generated from the low concentrations of end groups
and byproducts with respect to the polymer backbone. Back-
ground noise often masks these weak signals preventing their
detection and hence they were seldom reported in the past.7

However, MALDI-TOF MS provides the mass accuracy and
resolution for direct structural determination of the species and
end groups present in a complex polymeric sample.6

Recent studies investigating PBO resistance to acid chemical

attack and UV irradiation, which raised questions of PBO
reliability as protective apparel, have launched further investiga-
tions throughout U.S. Government laboratories.8 In an effort to
substantiate or refute claims of PBO failure due to degradation,
our laboratory is currently developing methods of analysis for
PBO fibers with the ultimate goal of identifying sources of PBO
chain rupture and to link these sources to identifiable degradation
products.

In the present study, we present our initial results which
exploit the evaporation-grinding MALDI-TOF MS sample
preparation method9-11 and evolved gas analysis/GC/MS (EGA/
GC/MS) to examine the thermal curing of poly(o-hydroxy
amide) (PAOH) and a poly(benzoxazoleamide) precursor. By
following the curing process from 100 to 300°C, we were able
to identify critical temperatures in the cyclodehydration process
that lead to structural, distribution, and end group changes. This
work indicates that MALDI-TOF MS has great potential for
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Figure 1. MALDI -TOF mass spectrum (covering one repeat unit,
690-960 Da) of PBO-amide precursor fibers. Sample prepared by
the E-G method in 3AQ and cationized with NaTFA.
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examination of degradation processes of PBO fibers and other
condensation polymers. Studies are currently underway to
validate this proposal.

Experimental Section

Solution Polymerization of Poly(o-hydroxy amide) Fibers.
Poly(o-hydroxy amide) fibers were synthesized via solution po-
lymerization.1 All reagents were obtained from commercial sources
and used as received after analysis by Py-GC/MS to verify their
purity. Finely ground (and dried) lithium chloride (0.2 g) and 140.0
mL of dry 1-methyl-2-pyrrolidinone (NMP, Fisher) were added to
a well-dried, 250 mL three necked flask, with nitrogen inlet/outlets
and magnetic stirrers. To this suspension, 5.8 g (27.3 mmol) of
powered 4,6-diaminoresorcinol dihydrochloride (Aldrich), and 8.9
mL (109.2 mmol) of pyridine (Aldrich) were added with stirring.
The resulting mixture was cooled to 0°C. Subsequently, with
continued cooling and rigorous stirring, 5.5 g (27.3 mmol) of
terephthaloyl chloride (Aldrich) were added to the mixture. Stirring
was continued for 45 min at 0°C under a nitrogen atmosphere.
The resulting viscous solution was terminated with large volumes
of distilled water or ethanol yielding a fibrous precipitate. Each
precipitate was filtered and washed thoroughly with the appropriate
terminating solution then dried at room temperature for 72 h in a

vacuum. The experimental conditions (i.e., NMP as the solvent)
were chosen to ensure that the reactions would yield low molecular
weight PAOH fibers.1 The two functions of an aminophenol could
be acylated. However,N-acylation forms the more stable isomer
vs O-acylation.12 Further complicating the synthesis, is the issue
of N-monoacylation vs diacylation which Sillion et al.12 solved by
performing the condensation reaction in the presence of an inorganic
salt (LiCl) in NMP to favor theN-monoacylated product, hence
the use of LiCl in our synthesis. The structures of the oligomers
were assumed to be as shown in Scheme 1a.

Solution Polymerization of Poly(benzoxazoleamide) Precursor
Fibers. Poly(benzoxazoleamide) precursor fibers were synthesized
via solution polymerization.1 All reagents were obtained from
commercial sources and used as received after analysis by Py-GC/
MS to verify their purity. To a well-dried, 250 mL three necked
flask, with nitrogen inlet/outlets and magnetic stirrers, 0.2 g of finely
ground (and dried) lithium chloride and 140.0 mL of dry 1-methyl-
2-pyrrolidinone (NMP, Fisher) were added. To this suspension, 5.4
g (27.3 mmol) of powered 4,6-diaminophenol dihydrochloride
(Aldrich), and 8.9 mL (109.2 mmol) of pyridine (Aldrich) were
added with stirring. The resulting mixture was cooled to 0°C.
Subsequently, with continued cooling and rigorous stirring 5.5 g
(27.3 mmol) of terephthaloyl chloride (Aldrich) were added to the
mixture. Stirring was continued for 45 min at 0°C under a nitrogen

Scheme 1. Polybenzoxazoleamide and Polybenzoxazole Synthesis

Figure 2. MALDI -TOF mass spectrum (covering one repeat unit,
690-960 Da) of PBO-amide precursor fibers after heat treatment at
250°C for 45 min. Sample prepared by the E-G method in 3AQ and
cationized with NaTFA.

Figure 3. MALDI -TOF mass spectrum (covering one repeat unit,
690-960 Da) of PBO-amide precursor fibers after heat treatment at
300°C for 45 min. Sample prepared by the E-G method in 3AQ and
cationized with NaTFA.

Macromolecules, Vol. 39, No. 7, 2006 MALDI -TOF MS Study of PBO Fibers 2489

CDV



atmosphere. The resulting viscous solution was terminated with
large volumes of distilled water or ethanol yielding a fibrous
precipitate. Each precipitate was filtered and washed thoroughly
with the appropriate terminating solution then dried at room
temperature for 72 h in a vacuum. The structures of the oligomers
were assumed to be as shown in Scheme 1b.

MALDI )TOF MS Measurements.All fibers were analyzed
using a Voyager Elite DE STR MALDI-TOF MS (Applied
Biosystems, Framingham, MA) equipped with a 337 nm N2 laser.
All spectra were obtained in the positive ion mode using an
accelerating voltage of 20 kV and a laser intensity of∼10% greater
than threshold. The grid voltage, guide wire voltage, and delay time
were optimized for each spectrum to achieve the best signal-to-
noise ratio. All spectra were acquired in the reflectron mode with
a mass resolution greater than 3000 fwhm; isotopic resolution was
observed throughout the entire mass range detected. External mass
calibration was performed using protein standards from a Se-
quazyme Peptide Mass Standard Kit (Applied Biosystems) and a
three-point calibration method using Angiotension I (m ) 1296.69

Da), ACTH (clip 1-17) (m ) 2093.09 Da), and ACTH (clip
18-39) (m ) 2465.20 Da). Internal mass calibration was subse-
quently performed using a PEG standard (Polymer Source, Inc.)
to yield monoisotopic masses exhibiting a mass accuracy better
than∆m ) ( 0.1 Da. The instrument was calibrated before every
measurement to ensure constant experimental conditions. All
samples were run in 3-aminoquinoline (3AQ, Aldrich) doped with
sodium trifluoroacetate (NaTFA, Aldrich), potassium trifluoro-
acetate (KTFA, Aldrich), or cesium trifluoroacetate (CsTFA,
Aldrich). All spectra displayed the expected mass shifts for the

Figure 4. MALDI -TOF mass spectrum (covering one repeat unit,
720-1000 Da) of PBO precursor fibers. Sample prepared by the E-G
method in 3AQ and cationized with NaTFA.

Figure 5. MALDI -TOF mass spectrum (covering one repeat unit,
720-1000 Da) of PBO precursor fibers after heat treatment at 250°C
for 45 min. Sample prepared by the E-G method in 3AQ and cationized
with NaTFA.

Figure 6. MALDI -TOF mass spectrum (covering one repeat unit,
720-1000 Da) of PBO precursor fibers after heat treatment at 300°C
for 45 min. Sample prepared by the E-G method in 3AQ and cationized
with NaTFA.

Figure 7. Representative peak intensities extracted from EGA/GC/
MS chromatograms of PBO-amide and PBO precursor fibers cured
between 100 and 300°C.
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respective cationizing agent and were used for spectral interpreta-
tion. However, NaTFA was the reagent of choice since it yielded
spectra with the greatest S/N ratios. Attempts were made to obtain
MALDI -TOF mass spectra using silver and copper salts; however,
we were unable to obtain usable mass spectra using these cationizing
agents. Additional attempts were made to obtain mass spectra in
the negative ion mode but they too were unsuccessful. The samples
were prepared using the evaporation-grinding method (E-G
method)9-11 in which a 2 mgsample of aromatic fiber was ground
to a fine powder using an agate mortar and pestle. Then molar ratios
(with respect to the moles of polymer) of 25 parts matrix and one
part cationizing agent (NaTFA, KTFA, or CsTFA) were added to
the finely ground polymer along with 60µL of distilled tetrahy-

drofuran (THF, Fisher). The mixture was ground until the THF
evaporated after which the residue that accumulated on the sides
of the mortar was pushed down to the bottom of the vessel. The
mixture was then ground again to ensure homogeneity. A sample
of the mixture was then pressed into a sample well by spatula on
the MALDI sample plate. The weight-averaged molecular weights
(Mw) of all fibers were determined with the software supplied by
the manufacturer of our MALDI-TOF MS.

EGA/GC/MS Measurements.All fibers were analyzed using
a Frontier Labs double-shot pyrolyzer (Frontier Labs, Japan)
interfaced to a Hewlett-Packard 5890 II gas chromatograph and a
Hewlett-Packard 5970 mass selective detector. Platinum cups were
used to ensure homogeneous heating of the sample. Evolved gas

Table 1. Structural Assignments for Peaks in the MALDI-TOF Mass Spectra Reported in Figures 1 and 2a

a Right-hand columns display mass ranges of the indicated species at different curing temperatures. Underlined masses correspond to the lowest mass
peaks in the figures.
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analysis was performed using the following protocol: 50 mg of
precursor fiber was placed into a platinum sample cup and allowed
to purge under a 100 mL/min flow of 99.999% pure (grade 5)
helium for 3 min inside the pyrolyzer. The pyrolyzer was then
heated to 100°C, and a GC/MS was taken of the evolved gases.
After obtaining the GC/MS, the sample was briefly removed from
the pyrolyzer furnace, and the furnace temperature raised 25°C.
This procedure was repeated until a temperature of 300°C was
completed by the GC/MS. The GC/MS used a heating program
starting at 50°C for 2 min and ramping at 12.5°C for 20 min
before finally holding at 300°C for 8 min, for a total GC/MS
heating cycle of 30 min. A 99/1 split of the carrier gas was used to
ensure that the gases were introduced as a “plug” and not to corrupt
the mass spectrometer.

The pyrolyzer was also used to cyclodehydrate the precursor
fibers for MALDI-TOF MS analysis. Fifty mg of precursor fiber
were placed in a platinum sample cup and allowed to purge under
a 100 mL/min stream of grade 5 helium gas. The sample cup was
introduced into the furnace at a temperature of 100°C and
maintained at that temperature for 30 min. After this time interval
had expired the platinum cup was removed from the pyrolyzer,
and a 2 mgsample of polymer was analyzed by MALDI-TOF
MS. The platinum cup was then suspended in a sealed chamber
above the furnace in a 100 mL/min stream of grade 5 helium for
3 min before being introduced into the furnace that was set at 25
°C higher than the last heating temperature and reheated for 30
min. This procedure was repeated until a 300°C heating interval
was completed.

Results and Discussion

In an effort to determine the effectiveness of MALDI-TOF
MS for the analysis of PBO fibers, PBO and PBO-amide
precursors were synthesized to examine their cyclodehydration

with a combination of MALDI-TOF MS and EGA/GC/MS. It
was envisioned that MALDI-TOF mass spectra (with respect
to the temperature at which the precursor was cured) would
reveal amide, intermediate amide/benzoxazole, and fully cured
benzoxazole species.

Changes observed in the MALDI-TOF mass spectra result
from cyclodehydration, along with the end group, and structure
modifications (due to decarboxylation and branching). It should
also be pointed out that all figures display peak splitting due to
hydrogen/sodium exchange, which is a phenomenon associated
with analyzing these materials by the E-G method. Moreover,
the main peaks in all figures are labeled with peak series
(resulting from hydrogen/sodium exchange) to simplify figure
comparison and emphasize changes occurring between the
figures. Figures 1-3 show expanded regions (690-960 Da) of
the resulting PBO-amide precursor spectra, and Figures 4-6
show expanded regions (720-1000 Da) of the resulting PBO
precursor spectra under various heating conditions. Figures 1-6
show peaks labeled in thex-y format (x ) table number,y )
structure number) followed by the atom and/or ion which has
been added to the oligomers during the MALDI process. For
instance, a peak labeled 1-6 NaNa+ corresponds to a structure
found in Table 1, structure 6, in which a sodium ion has been
exchanged for a hydrogen ion and is ionized by an additional
sodium ion from the MALDI process. For easier peak identi-
fication, all mass spectra which display branched species are
labeled with the letter “b” in front of their structure number
(example: 2-b1 Na+). Tables 1-9 show mass ranges of all
identified species from Figures 1-6 with underlined masses
corresponding to the lowest mass peaks shown in the figures.
The mass shifts observed in the MALDI spectra of the various

Table 2. Structural Assignments for Peaks in the MALDI-TOF Mass Spectra Reported in Figures 1 and 2a

a Right-hand columns have the same information as Table 1.
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salt-doped and reaction-terminated solutions allowed unambigu-
ous assignment of the isobaric peaks corresponding to the PBO-
amide and PBO precursor oligomers.

Figure 1 displays a PBO-amide precursor mass spectrum
(Mw ) 2180 g/mol) with three predominant series of species,
labeled in order of abundance. Series CCa represents species
which possess carboxyl-carboxyl end groups (species 1-6),

series CAa represents species possessing carboxyl-amine end
groups (species 1-2), and series CQa identifies species resulting
from carboxyl-carboxyl end group adduct formation with the
3AQ MALDI matrix (species 1-7). Less abundant species
contain the following end groups: decarboxyl-carboxyl (species
1-9) and amine-amine (species 1-1) followed by decarboxyl-
amine (species 1-4). This figure exhibits an overall predomi-

Table 3. Structural Assignments for Peaks in the MALDI-TOF Mass Spectra Reported in Figure 2a

a Right-hand column has the same information as Table 1

Macromolecules, Vol. 39, No. 7, 2006 MALDI -TOF MS Study of PBO Fibers 2493

CDV



nance of linear species with only minor quantities of cyclic
(species 1-5) and branched species (Table 2) present. The
abundances of the observed end groups are those expected for
a synthesis using a very slight excess of diacid chloride
monomer.

Figure 2 displays a PBO-amide precursor mass spectrum
(after curing at 250°C for 45 min) (Mw ) 1720 g/mol) which
contains five series of peaks representative of amide (Table 1),
intermediate amide/cyclodehydrated (Table 3), and fully cyclo-
dehydrated (Table 4) species. The dominant species observed
are labeled as follows: series CCa represents amide species
possessing carboxyl-carboxyl end groups (species 1-6); series

CCb identifies intermediate amide/cyclodehydrated species
containing carboxyl-carboxyl end groups (species 3-6); and
species 3-4 signifies intermediate amide/cyclodehydrated spe-
cies containing carboxyl-amine end groups. The next most
abundant species are cyclic amide structures (species 1-5),
series Cyb (which identifies intermediate amide/cyclodehydrated
cyclic structuressspecies 3-5), and series DAc (which repre-
sents cyclodehydrated species containing decarboxyl-amine end
groupssspecies 4-4). Less abundant intermediate amide/
cyclodehydrated species contain the following end groups (in
their observed order of abundance): species representative of
carboxyl-carboxyl end group adduct formation with 3AQ

Table 4. Structural Assignments for Peaks in the MALDI-TOF Mass Spectra Reported in Figures 2 and 3a

a Right-hand columns have the same information as Table 1.
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(species 3-7) and its associated decarboxylated species (species
3-10), carboxyl-amine (species 3-2) along with its amide
(series CAasspecies 1-2) and cyclodehydrated (species 4-2)
species, followed by a species representative of carboxyl-amine
adduct formation with 3AQ (species 3-3). Minor quantities of
intermediate amide/cyclodehydrated species contain decar-
boxyl-decarboxyl (species 3-11) and decarboxyl-carboxyl
(species 3-9) end groups. Overall, this figure displays a pre-
dominance of linear species with an increase in cyclic structures
and species containing decarboxylated end groups (with respect
to Figure 1). Observed species (Tables 3 and 4) indicate that
the cyclodehydration process is well underway at 250°C.

Figure 3 shows a PBO-amide precursor mass spectrum (after
curing at 300°C for 45 min) (Mw ) 1580 g/mol) which contains
fully cyclodehydrated species. Three distinct series of peaks are
labeled in this figure (in order of abundance): series DAc is
representative of decarboxyl-amine end groups (species 4-4);
series CAc identifies species containing carboxyl-amine end
groups (species 4-2); and series CCc represents carboxyl-
carboxyl end groups (species 4-6). Species 4-3 (an abundant
species not belonging to a series) is representative of carboxyl-
amine adduct formation with 3AQ. Species of very low
abundance contain decarboxyl-carboxyl (species 4-9) and
decarboxyl-decarboxyl (species 4-11) end groups along with
the cyclic and branched species. This figure displays an overall
predominance of linear species with very minor quantities of
cyclic (species 4-5) and branched species (Table 5) present.

Comparison of the MALDI-TOF mass spectra displayed in
Figures 1-3 reveals a decrease in weight-average molecular
mass upon full cyclodehydration, from 2180 (Figure 1) to 1580
g/mol (Figure 3), and a shift from the carboxyl-carboxyl
dominated end groups in Figures 1 (series CCa and CQa) and
2 (series CCa and CCb) to an overall predominance of
decarboxyl-amine end groups (series DAc), as displayed in
Figure 3. The observed shift in end groups and decrease in
average molecular mass indicate that chain rupture is occurring
in the cyclodehydration process.

Figure 4 displays a PBO precursor mass spectrum (Mw )
1770 g/mol) containing four predominant series, labeled in order
of abundance. There series are listed as follows: series CCa
represents species containing of carboxyl-carboxyl end groups
(species 6-6); series QQa and CQa identify species representa-
tive of carboxyl-carboxyl end groups after adduct formation
with the 3AQ MALDI matrix (species 6-7 and 6-8); and series
BQa labels branched species (species 6-b1). Less abundant
species observed (in order of abundance) contain the following
end groups: carboxyl-amine (species 6-2) along species
representative of carboxyl-amine adduct formation with 3AQ
(species 6-3); cyclic structures (species 6-5); and decarboxyl-
carboxyl (species 6-9). This figure exhibits an overall pre-
dominance of linear species with minor branching (Table 6,
species 6b-1). The abundances of the observed end groups are
what would be expected for a synthesis using a very slight
excess of diacid chloride monomer. The increased branching

Table 5. Structural Assignments for Peaks in the MALDI-TOF Mass Spectra Reported in Figures 2 and 3a

a Right-hand column has the same information as Table 1.
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observed in the PBO precursor spectrum with respect to the
PBO-amide precursor spectrum is to be expected due to the
extra hydroxy pendant groups present on the PBO precursor
oligomer backbone.

Figure 5 displays a PBO precursor mass spectrum (after
curing at 250°C for 45 min) (Mw ) 1590 g/mol) which contains
amide (Table 6), intermediate amide/benzoxazole (Table 7), and
fully cyclodehydrated (benzoxazole) species (Tables 8 and 9).
The most abundant species are identified in four distinct
series: series CCa represents amide species containing of
carboxyl-carboxyl end groups (species 6-6); series QQa and
CQa identify amide species representative of carboxyl-carboxyl
end groups after adduct formation with the 3AQ MALDI matrix
(species 6-7 and 6-8); and series CCb labels intermediate

amide/benzoxazole species containing carboxyl-carboxyl end
groups (species 7-4). Observed species of low abundance
contain the following end groups (in order of abundance):
carboxyl-amine (intermediate species 7-2); decarboxyl-amine
(intermediate species 7-3); benzoxazole branched structures
(Table 9); amide cyclic structures (species 6-5); decarboxyl-
carboxyl (intermediate species 7-6 and benzoxazole species
8-6); and amide species representative of carboxyl-amine
adduct formation with 3AQ (species 6-3). This figure dis-
plays an overall predominance of linear species with a notice-
able increase in species containing decarboxylated end groups
(with respect to Figure 4); observed species (Tables 7 and 8)
indicate that the cyclodehydration process is well underway at
250 °C.

Table 6. Structural Assignments for Peaks in the MALDI-TOF Mass Spectra Reported in Figures 4 and 5a

a Right-hand columns have the same information as Table 1.
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Figure 6 shows a PBO precursor mass spectrum (after curing
at 300°C for 45 min) (Mw ) 1550 g/mol) which contains fully
cyclodehydrated (benxozazole) species with two predominate
series of peaks. Series BCc identifies branched species contain-
ing carboxyl end groups (species 9-b5) and series BDc
represents branched species with carboxyl and decarboxylated
end groups (species 9-b6). Branched species (Table 9) dominate
this figure with small quantities of linear species present
representing the following end groups (in their order of
abundance): decarboxyl-carboxyl (species 8-6); species rep-
resentative of decarboxyl-carboxyl and carboxyl-carboxyl

adduct formation with 3AQ (species 8-7 and 8-5); decarboxyl-
aldehyde (species 8-8); and cyclic structures (species 8-3).

Comparing Figures 4-6, the MALDI-TOF mass spectra
identify a slight decrease in weight-average molecular mass upon
full cyclodehydration, from 1770 (Figure 4) to 1550 g/mol
(Figure 6), and a shift from linear species in Figures 4 (series
CCa, QQa, and CQa) and 5 (series CCb) to an overall
predominance of branched structures in Figure 6 (series BCc
and BDc). These changes are further indications of chain rupture
occurring in the cyclodehydration process. PBO fibers display
the ability to compensate for mass loss (from chain rupture)

Table 7. Structural Assignments for Peaks in the MALDI-TOF Mass Spectra Reported in Figure 5a

a Right-hand column has the same information as Table 1.
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through the formation of branched structures, while PBO-amide
fibers experience greater mass loss due to their limited ability
of form branched structures. Finally, it should also be noted
that the PBO spectra (Figures 4-6) do not exhibit a shift from
carboxyl-carboxyl to carboxyl-amine end groups, as observed
in the PBO-amide spectra (Figures 1-3).

Figure 7 exhibits two graphs displaying evolved gases
(species 1, 2, and 3) from the curing process (100-300 °C) of
PBO-amide (Figure 7a) and PBO (Figure 7b) precursors.
Species 1 represents 4-cyanobenzoic acid, species 2 identifies
terephthalic acid (hydrolyzed diacid chloride monomer), and
species 3 labels 2-benzoic acid-benzoxazole. Structures of these
species are displayed in Table 10. Appreciable amounts of
volatilized materials were first detected at a curing temperature
of 250°C with the observation of species 2 (97Ks7a and 92K
countss7b) with very small quantities of species 1, indicative
of chain rupture (6K countss7a and 6K countss7b). At 275
°C large quantities (398K countss7a and 383K countss7b) of
species 2 were detected along with increasing amounts (27K
countss7a and 26K countss7b) of species 1. The final heating
at 300°C brought about a large evolution of species 1 (93K
countss7a and 85K countss7b), species 2 (907K countss7a
and 824K countss7b), and species 3 (998K countss7a and
779K countss7b), which coincided with the increased branching
detected in the MALDI-TOF mass spectra at this curing
temperature. Furthermore, the larger abundance of species 3 in
Figure 7a (with respect to 7b) coincides with the PBO-amide
MALDI -TOF mass spectra (Figures 1-3) displaying a greater
decrease in average molecular weight than the PBO MALDI-

TOF mass spectra (Figures 4-6). Since greater mass loss is
occurring, we would expect to observe more fragment peaks,
such as species 3. TGA data of the PBO-amide and PBO
precursors also showed similar weight losses up to 300°C,
which further validated our MALDI-TOF MS and EGA/GC/
MS findings. These EGA/GC/MS data indicate that mass loss
(from chain rupture) and evolution of low mass material lead
to branching. Experimental data indicates that branched species
are formed when low molecular weight materials are volatilized
above 200°C and are not due to the evaporation-grinding
MALDI -TOF MS sample preparation method. These volatile
materials have the potential to react with the PBO and PBO-
amide precursors; introducing branch points which limit the
cyclodehydration process.

Conclusions

The combination of MALDI-TOF MS and EGA/GC/MS
was successfully exploited to follow the cyclodehydration of
PBO and PBO-amide precursor fibers. Findings indicate that
fully cured PBO fibers convert from predominately linear
species to predominately branched species, with minor reduc-
tions in average molecular weight. Fully cured PBO-amide
fibers retained linear species as the predominant product (with
only minor branching observed) but exhibited significant
reductions in average molecular weight. Cured PBO-amide
(300 °C) fibers show a significant increase in decarboxylated
end groups as well as a shift from carboxyl-carboxyl to
carboxyl-amine end groups. Intermediate species observed
during the curing process of both fibers identify critical

Table 8. Structural Assignments for Peaks in the MALDI-TOF Mass Spectra Reported in Figures 5 and 6a

a Right-hand columns have the same information as Table 1.
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temperatures in the cyclodehydration, branching, and decar-
boxylation processes. Around 250°C the cyclodehydration

process is noticeably occurring and (at temperatures of 275°C
and above) decarboxylation and branching become more
pronounced with increasing temperatures.

Results of this study indicate that a combination of MALDI-
TOF MS and EGA/GC/MS has great potential for examination
of thermal, chemical, and photodegradation pathways of high
molecular weight condensation polymers. Studies are currently
underway to validate these assumptions.
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