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Abstract
Aged materials, such as polymers, can exhibit modifications to their chemical structure and
physical properties, which may render the material ineffective for its intended purpose. Isotopic
labeling was used to characterize low-molecular weight volatile thermal-oxidative degradation
products of nylon 6.6 in an effort to better understand and predict changes in the aged polymer.
Headspace gas from aged (up to 243 d at 138 °C) nylon 6.6 monomers (adipic acid and 1,6-
hexanediamine) and polymer were preconcentrated, separated, and detected using cryofocus-
ing gas chromatography mass spectrometry (cryo-GC/MS). Observations regarding the relative
concentrations observed in each chromatographic peak with respect to aging time were used in
conjunction with mass spectra for samples aged under ambient air to determine the presence
and identity of 18 degradation products. A comparison of the National Institute of Standards and
Technology (NIST) library, unlabeled, and isotopically labeled mass spectra (C-13 or N-15) and
expected fragmentation pathways of each degradation product were used to identify the location
of isotopically labeled atoms within the product’s chemical structure, which can later be used to
determine the exact origin of the species. In addition, observations for unlabeled nylon 6.6 aged
in an O-18 enriched atmosphere were used to determine if the source of oxygen in the
applicable degradation products was from the gaseous environment or the polymer. Approx-
imations for relative isotopic ratios of unlabeled to labeled products are reported, where
appropriate.

Key words: Nylon 6.6 degradation, Isotopic labeling, Thermal-oxidative degradation, Cryofocusing
gas chromatography mass spectrometry (Cryo-GC/MS), Volatile low-molecular weight degradation
products

Introduction

P olyamides, in particular nylons, are commercially
available and used in automotive parts, carpets, ropes,

food packaging, barrier materials, clothing, etc. Certain
high-reliability applications require that nylon materials are
either stored or used for durations up to several decades [1,
2]. Therefore, it is critical to enhance the current knowledge

base of nylon aging, in particular nylon aged under
thermal-oxidative conditions, as a means to correlate
degradation product formation to changes in physical
properties. Identification and characterization of species
that outgas during nylon aging at specific times can be
used as the foundation to elucidate the underlying
degradation mechanisms and leveraged towards future
development of chemical sensors tailored to monitor
specific volatile compounds [3–5] that can provide early
warning of potential changes in the mechanical properties
of the material.
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Previous reports have studied nylon 6.6 degradation
through chemiluminescence [6], UV/VIS spectroscopy [7–
10], nuclear magnetic resonance (NMR) [11], Fourier
transform infrared spectroscopy (FTIR) [12–14], mass
spectrometry (MS) [15, 16], and gas chromatography/mass
spectrometry (GC/MS) [17]. Most recently, Gröning and
Hakkarainen employed headspace solid-phase microextrac-
tion with gas chromatography/mass spectrometry (HS-
SPME-GC/MS) to identify and characterize volatile ther-
mal-oxidative degradation species and detailed degradation
mechanisms of polyamide 6.6 [18–20]. These previous
investigations helped increase the understanding of nylon
aging, but the specific origin and formation of several
degradation species, such as cyclopentanone, remains un-
clear [21, 22].

Accelerated aging experiments were tailored to identify
volatile thermal-oxidative degradation species of nylon 6.6
in an effort to enhance the understanding of the complex
degradation mechanisms. In contrast to past studies, we
focused on volatile low-molecular weight degradation
products that form under ambient environmental aging
conditions. In addition, physical properties that alter the
performance and possibly the application of a material can
change as a function of temperature and time. Consequently,
our experimental accelerated aging temperature and times
were chosen such that nylon 6.6 degradation products were
collected and detected at multiple time points that correlated
to a loss of tensile strength up to 100 % [2]. C-14 labeling
was previously used to study the mechanism of the photo-
oxidation of amides [23]. However, to our knowledge, this is
the first time selective isotopic labeling has been used to
identify the exact origin of nylon 6.6 thermal-oxidative
degradation products.

Cryofocusing gas chromatography/mass spectrometry
(cryo-GC/MS) was used to sample the headspace over nylon
6.6 monomers (adipic acid and 1,6-hexanediamine) and
polymer aged at an elevated temperature (138 °C) under
ambient air for up to 243 days. Additionally, selective
isotopic labeling was employed for samples of nylon 6.6 (C-
13 and N-15) and the gaseous environment (O-18 enriched
air) in which it was aged. A comparison of the gas
chromatograms along with mass spectra from the NIST
library [24] and unlabeled nylon 6.6 afforded the identifica-
tion of 18 volatile thermal-oxidative degradation species
(butene, butane, carbon dioxide, ammonia, 1-pentene,
acetone, methyl acetate, cyclopentene, 2-butanone, tetrahy-
drofuran, benzene, 2-pentanone, tetrahydropyran, pyridine,
toluene, 2-hexanone, cyclopentanone, and water). A com-
parison of the mass spectral data obtained from unlabeled
nylon 6.6 samples for a specific degradation species were
compared with those for the isotopically labeled samples.
The contrasting mass spectral peaks allowed us to identify
species with and without isotopic labels, along with the
relative quantity and location of each label. This work
focuses on the use of mass spectrometry to identify the
degradation products and selective isotopic labels whereas

future publications will investigate the exact origin of
individual species as they relate to the complex nylon 6.6
degradation mechanisms [25, 26].

Experimental
Materials

All of the following materials (see Scheme 1 for chemical
structures) were purchased from Isotec (Sigma-Aldrich, Miam-
isburg, OH, USA) and used without further purification:
unlabeled adipic acid, C-13 labeled adipic acid (99 %
enriched), unlabeled 1,6-hexanediamine, C-13 labeled nylon
6.6 (99 % enriched), N-15 labeled nylon 6.6 (51.4 % enriched,
~1:1 14N:15N), and O-18 enriched oxygen (18O2, 99 %
enriched). Before using unlabeled nylon 6.6 (99 % pure,
Isotec), residual solvent contaminates—mainly xylenes
employed during synthesis—were extracted with chloroform.

Accelerated Aging

Aging temperature (138±2 °C) and times (up to 243 d) were
selected using information gathered in previous nylon 6.6

Scheme 1. Structures of nylon 6.6 monomers and polymers
used in these studies
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studies that focused on changes in tensile strength (i.e.,
physical properties) [1, 2]. The aging temperature was
chosen to achieve reasonable levels of physical property
degradation in an acceptable amount of time. As for aging
times, previous results indicated that nylon 6.6 aged at 138 °C
retained nearly 100 % of its tensile strength after 1 d of aging
and about 10 % of its tensile strength after roughly 200 total d
of aging [2].

Samples were placed in separate stainless steel vessels
(5 cc) sealed with gold plated copper gaskets to maintain a
barrier between the aged sample and the gaseous environ-
ment surrounding the vessel. In addition, the gold plating on
the gaskets assured oxidation products formed at elevated
temperatures were from the materials being aged and not the
sampling units (e.g., organic O-rings that can outgas can be
used in place of gaskets). All accelerated aging experiments
were conducted in duplicate at elevated temperature within
an air circulation oven. Data were collected in series at
various time points for a single sample to ensure that the
first, second, third, etc. time points indicate the total days the
sample was aged. In other words, the headspace volume was
collected and then allowed to regenerate between time
points.

Material masses were chosen such that sufficient signal
from the volatile products was present for detection across
the span of aging times without maxing out the instrument
detector. Adipic acid (~4.5 mg for both unlabeled and C-13
labeled) was aged for 20 and 41 total d, whereas 1,6-
hexanediamine (~11 mg) was aged for 24, 44, 64, and 89
total d. Samples of each monomer were filled under ambient
pressure room air (~85 kPa at 25 °C in Albuquerque, NM,
USA). Similarly, nylon 6.6 [unlabeled (39 mg), C-13 labeled
(50 mg), and N-15 labeled (50 mg)] was filled with ambient
pressure room air (~85 kPa at 25 °C) for 1, 34, 63, 153, and
243 total d.

Unlabeled nylon 6.6 (40 mg) was also aged for the same
time intervals under a backfill pressure (17.3 kPa at 25 °C
post vessel evacuation at ~1.3×10–7 kPa) of O-18 enriched
oxygen in an effort to determine if oxygen originated from
the gaseous environment or macromolecular structure of the
polymer for the applicable degradation products. The O-18
backfill pressure was chosen so that the partial pressure of
oxygen in the vessel for the experiment at the elevated aging
temperature was slightly greater than that of ambient air in
our laboratory. This pressure ensured enough oxygen was
present for degradation to occur under simulated ambient
conditions [10, 27].

Instrumentation

Cryo-GC/MS was used to preconcentrate, separate, detect,
and identify the volatile compounds that evolved from the
aged samples. Headspace (10 cc) over the samples was
extracted into the 3-stage preconcentrator (model 7100A;
Entech Instruments, Inc., Simi Valley, CA, USA). The gas
packet was first trapped (–150 °C) onto and then desorbed

from (100 °C) a glass bead trap before transmission to a
Tenax trap (trapped –100 °C, desorbed 180 °C). Following
the final preconcentration stage of on-column focusing
(–160 °C), the gas was transported to the GC through a
transfer line (100 °C).

The preconcentrated gas was rapidly injected into the
back inlet (240 °C) of a GC (model 6890 N; Agilent
Technologies, Santa Clara, CA, USA) equipped with a DB-
5MS column (0.25 mm×60 m, Agilent). GC settings were
optimized to separate the compounds of interest effectively
over the course of 52 min: the GC oven was held at an initial
temperature of –40 °C for 2 min, then ramped to 30 °C
(9 °C min–1), ramped to 150 °C (3 °C min–1), and finally
held at 150 °C for 2 min. Argon blanks were run between
samples to eliminate potential degradation species carryover.

Mass spectral analysis was performed in conjunction with
the GC separation using a GCMate II mass spectrometer
(Jeol USA, Peabody, MA, USA) fitted with an electron
ionization (EI) source operated in positive mode at 70 eV.
The ions were scanned from 12 to 220 Da in 0.49 s with a
maximum resolution of 1000 (m/Δm). Perfluorokerosene
(PFK) was used as an instrument calibrant over the entire
mass range scanned. Data was analyzed using TSSPro 3.0
(ver. 300.0440; Shrader Analytical and Consulting Labora-
tories, Inc., Detroit, MI, USA), and mass spectra were
compared with those in the NIST Mass Spectral Library
[24].

Results and Discussion
Volatile compounds from aged monomeric and polymeric
nylon 6.6 samples (Scheme 1) were identified and detected.
Cryofocusing was used to preconcentrate low concentrations
of gaseous species before injection at the GC inlet. Since GC
retention times are known to be highly reproducible if all
sampling conditions are constant [28], they allow for a direct
comparison of known and unknowns across a sample set.
Mass spectral peaks produced from an electron ionization
(EI) source are also highly reproducible [29]. Hence,
combining these three techniques (cryo-GC/MS) creates a
powerful tool for identifying multiple unknowns for com-
plex samples. In addition, mass spectral shifts due to isotopic
enrichment provide a high level of information that can be
used to pinpoint the origin of each degradation product with
respect to a macromolecular structure.

Data Analysis and Interpretation

The resulting GC chromatograms for a series of aging times
(1 to 243 total d) of a single unlabeled nylon 6.6 sample are
shown in Figure 1; data for the duplicate experiments exhibit
results consistent with those depicted. Eighteen thermal-
oxidative degradation products were identified and have
been numbered according to increasing retention time. The
relative retention times for 17 species are shown in Figure 1,
in conjunction with the visual presentation of all degradation
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Figure 1. Gas chromatograms of total ion current (TIC) vs. time for the gaseous species that accumulated in the headspace
over unlabeled nylon 6.6 aged under an ambient atmosphere at 138 °C for (a) 1, (b) 34, (c) 63, (d) 153, and (e) 243 total days in
series. The numbers 1-17 across the top of the chromatograms correspond to the identified degradation products as listed in
Table 1, and the peak next to {10} in (a) indicates the presence of chloroform (CHCl3) before sample purification. Si, B, EA, A,
PA, ME, and N indicate peaks corresponding to silicone containing species from column bleed, 2-butanol, ethyl acetate, a
species with characteristic sequential alkyl group losses separated by 14 Da, n-propyl acetate, methyl ester butanoic acid, and
a nitrile, respectively, as discussed in the text
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products in Table 1. The compounds are also denoted as
“compound name” followed by its corresponding “{#}”
throughout this text. It should be noted that water {18} is
listed as a product but not identified with a label in Figure 1
since we normally detect it in the injection artifact (not
shown), the background, and the final minutes of the
chromatogram (not shown).

As seen in Figure 1, most products increased in intensity
relative to the background noise as time progressed while

two decreased in intensity. The peaks corresponding to
carbon dioxide {3} and ammonia {4} were both detected
over the same retention time period between species {2} and
{5} and decreased in intensity after 1 d of aging, which
indicated the source for these products diminished. Since our
studies were not quantitative, relative peak areas for the
detected products were not calculated or reported here.
However, the striking similarity of the retention times for
each of the species across all chromatograms in Figure 1 is

Table 1. Low-Molecular Weight Volatile Nylon 6.6 Thermal-Oxidation Degradation Products Showing the Position of Isotopic Labels that Originated from
Aged Samples as Depicted in Scheme 1 Under Ambient Atmospheric Conditions and for the Unlabeled Polymer Aged Under an O-18 Enriched Oxygen
Atmosphere, where Applicablea

and/or 
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 butene {1} 
 (C4H8, 56.0626)

acetone {6} 
(C3H6O, 58.0419)

methyl acetate {7} 
(C3H6O2, 74.0368)

2-butanone {9}
(C4H8O, 72.0575)

toluene {15}b

(C7H8, 92.0626)
cyclopentanone {17}c

(C5H8O, 84.0575)
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6-
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 butane {2} 
 (C4H10, 58.0783)

ammonia {4} 
(NH3, 17.0265)

1-pentene {5} 
(C5H10, 70.0783)

cyclopentene {8}
(C5H8, 68.0626)

benzene {11}d 

(C6H6, 78.0470)
2-pentanone {12} 
(C5H10O, 86.0732)

13C
N
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O
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 tetrahydropyran {13}d 

 (C5H10O, 86.0732)
pyridine {14} 
(C5H5N, 79.0422)

2-hexanone {16}d 

(C6H12O, 100.0888)
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 carbon dioxide {3} 
 (CO2, 43.9898)

water {18} 
(H2O, 18.0106)

U
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 tetrahydrofuran {10}e 

 (C4H8O, 72.0575)

N
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s

a Compounds are numbered by increasing retention time (see Figure 1 & 2). 
b Compound  is likely from the adipic acid portion of nylon 6.6 even though it

was not distinguishable from the noise in the monomer data because no C-
13 labeled peaks were identified. 

c C-13 atom labeling corresponds to aged adipic acid monomer (Scheme 1b).
d Compound is likely from the 1,6-hexanediamine portion of nylon 6.6 even

though it was not distinguishable from the noise in the monomer data
because C-13 labeled peaks were identified. 

e Compound signal intensity was not distinguishable from the noise in the
monomer data, and no clear origin could be identified. 

aCompounds are numbered by increasing retention time (see Figures 1 and 2).
bCompound is likely from the adipic acid portion of nylon 6.6 even though it was not distinguishable from the noise in the monomer data because no C-13
labeled peaks were identified.
cC-13 atom labeling corresponds to aged adipic acid monomer (Scheme 1b).
dCompound is likely from the 1,6-hexanediamine portion of nylon 6.6 even though it was not distinguishable from the noise in the monomer data because C-
13 labeled peaks were identified.
eCompound signal intensity was not distinguishable from the noise in the monomer data, and no clear origin could be identified.
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noteworthy. The same degradation products were seen at
most aging times, and this repeatability in our data adds a
level of confidence to our experimental design.

The GC chromatograms for unlabeled and isotopically
labeled nylon 6.6 aged under air and unlabeled nylon 6.6
aged in enriched O-18 for 243 total d are presented in
Figure 2. The use of labeled polymers and the aging
environment did not cause a noticeable shift in the
chromatographic peaks (Figure 2) and thus denoted that
the isotopic labels did not change the underlying degradation
mechanisms of nylon 6.6.

Several other peaks were observed in the chromatograms
and were determined to represent solvent or GC column
bleed contaminants. Residual chloroform (CHCl3) and the
three xylene isomers from the purification process for
unlabeled nylon 6.6 were seen at 1 d of aging (Figure 1a).
Silicon-containing species corresponding to column bleed
were denoted with Si in Figures 1 and 2; these silicon-
containing species were noted in the bleed profile of the
column. Other species were detected, but they were not
present in quantities sufficiently above the background noise
at earlier aging times or in the monomer data for a distinct
structural assignment to be made. These species were
identified in Figures 1 and 2 based on characteristic mass
spectral peaks [30] and the best possible NIST library match
[24] as: 2-butanol (B), ethyl acetate (A), a species with
characteristic sequential alkyl group losses separated by
14 Da (A), n-propyl acetate (PA), methyl ester butanoic acid
(ME), and a nitrile species (N). In addition, no C-13, N-15,
or O-18 isotopic shifts were seen in the applicable data,
which implies that there is a low probability of these species
being nylon 6.6 degradation products. All other unlabeled
peaks in the chromatograms shown correspond to species
with signal too far below the background noise for a positive
identification to be made.

All mass spectra for aged unlabeled nylon 6.6 materials
were manually interpreted [30] to ensure the correct
structural assignments denoted each GC peak, as identified
using the top ten NIST library matches [24], was made. The
correlation factors for the compounds reported here were
≥80 % (i.e., the specificity of the library match) and were
often more than 5 % above the second best match. In the few
cases where analyte intensities were low or coelution with a
neighboring species and/or an impurity occurred, a digital
subtraction of the background spectrum was necessary,
which introduced minimal error. Because library mass
spectra fragmentation patterns are created using pure com-
pounds rather than complex mixtures, it is sometimes
problematic to clearly identify the unknown compounds in
a complex matrix.

Mass spectra for specific GC peaks from the unlabeled
materials (Scheme 1a, c, and d) and the corresponding NIST
library match [24] were then compared with mass spectra
from the same GC peak retention time region—retention
time predictability is shown in Figures 1 and 2—for the
isotopically labeled materials (Scheme 1b, e, and f) aged

under ambient air. Similarly, mass spectra from aged
unlabeled nylon 6.6 and the individual compound’s NIST
library match [24] were compared witih mass spectra for
unlabeled nylon 6.6 aged under an O-18 enriched atmo-
sphere. Mass spectral shifts in the molecular ion peak
indicated whether or not the molecule had an isotopic label
within its structure. Relative isotopic ratios for the molecular
ion (Table 2) were tracked for all isotopically labeled species
except water {18}, which was difficult to quantify since it
was present in large amounts and multiple locations
throughout the chromatogram. Patterns noted for the
relationship between the ratios of intensity for the unlabeled
peak divided by that of the labeled peak (or sum of labeled
peaks) and aging time will be discussed.

After noting isotopic shifts in the molecular ion peak,
predictable fragmentation schemes [30] were mapped based on
the NIST library matches [24]. Combining these fragmentation
schemes with mass spectral shifts in the fragment ion peaks
allowed us to pinpoint which fragments in the molecule
contained an isotopic label. Cases in which small fragment
ion peaks (≤ ~5 % of the base peak intensity) may have been
indicative of another isotopic labeling position were considered
to be insignificant since they were likely within the expected

limits of error for the cryo-GC/MS instrumentation. Ultimately,
we were able to identify specific locations for the isotopic
labels in each applicable compound, as noted in Table 1 and 2
and discussed below.

Degradation Products Containing No Isotopic Labels

Three of the 18 identified volatile compounds—butene {1},
butane {2}, and toluene {15}—contained no isotopic labels after
aging of the isotopically labeled samples. Since the NIST library
match [24] is nearly identical for both 1-butene and 2-butene {1},
we were unable to determine if one or both isomers formed as
thermal-oxidative degradation products from the adipic acid
section of the nylon 6.6 backbone. Another four-carbon chain
molecule, butane {2}, formed from the 1,6-hexanediamine
portion of the nylon 6.6 backbone. The lack of C-13 labels in
the four-membered carbon structure of butane {2} suggests the
product formed from themiddle of the nylon 6.6 backbone chain
where no isotopic labels were present. Identifying toluene {15}
as a degradation product of nylon 6.6 was more convoluted.

Toluene {15} contains seven carbon atoms. However, the
compound was never identified to have a C-13 label, nor
was it identified in the aged monomer data. In addition, it
was verified by the supplier (Isotec) that the synthesis
process for nylon 6.6 contained an aromatic solvent system
that may have contained toluene. However, the GC peak
characteristic of toluene {15} intensified relative to the
background signal as aging time increased (Figure 1) in the
duplicate samples, which indicated that it may be a
degradation product of nylon 6.6 from the adipic acid
portion of the backbone where no C-13 labeled carbon
atoms were present.
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Figure 2. Gas chromatograms of total ion current (TIC) vs. time for the gaseous species that accumulated in the headspace
over samples of (a) unlabeled, (b) C-13 labeled, and (c) N-15 labeled nylon 6.6 aged under ambient room air at 138 °C for 243
total days. The chromatogram for (d) unlabeled nylon 6.6 aged under O-18 enriched oxygen (18O2) at 138 °C for 243 total days
is also shown. The numbers 1-17 across the top of the chromatograms correspond to the identified degradation products as
listed in Table 1. Si, B, EA, A, PA, ME, and N indicate peaks corresponding to silicone containing species from column bleed,
2-butanol, ethyl acetate, a species with characteristic sequential alkyl group losses separated by 14 Da, n-propyl acetate,
methyl ester butanoic acid, and a nitrile, respectively, as discussed in the text
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Table 2. Approximate Relative Isotopic Ratios for the Thermal-Oxidation Degradation Products of Isotopically Labeled Species Aged Under Ambient
Atmosphere and Unlabeled Nylon 6.6 (Scheme 1b, d, e, and f) Aged in an O-18-Enriched Environmenta

O

13C
O

18O
C

18O

 carbon dioxide {3} ammonia {4} 1-pentene {5} acetone {6} methyl acetate {7}
M+  (Da) 44:45 44:46:48 17:18 70:71 58:60 74:76:78

1 100:40 40:75:100 100:66 35:100 57:100 N/Ab

34 100:80 10:40:100 100:75 40:100 25:100 25:100:73 
63 100:65 10:40:100 20:100 30:100 28:100 34:100:82 

153 100:50 50:100:50 20:100 35:100 100:100 60:100:30 

D
ay

s 
A

g
ed

 

243 100:45 30:100:90 20:100 25:100 100:45 60:100:40 

 cyclopentene {8} 2-butanone {9} tetrahydrofuran {10} benzene {11} 2-pentanone {12} 
M+  (Da) 68:69 72:74 72:74 78:79:80 86:87

1 100:40 N/Ab N/Ab 100:9:11 47:100 
34 100:40 25:100 10:100 100:25:45 55:100 
63 100:40 25:100 10:100 100:32:74 50:100 

153 100:34 100:100 40:100 60:35:100 45:100 

D
ay

s 
A

g
ed

 

243 100:33 100:40 75:100 40:40:100 40:100 

 tetrahydropyran {13} pyridine {14} 2-hexanone {16} water {18}
M+  (Da) 86:87 86:88 79:80 79:80 100:101 18:20

1 N/Ab 16:100 90:100 
34 100:90 

N/Ab

20:100 80:100 
N/Ab

63 100:90 54:100 25:100 90:100 100:35 
153 100:95 100:70 35:100 88:100 60:100 

D
ay

s 
A

g
ed

 

243 100:90 100:100 30:100 90:100 20:100 

N/Ac

  cyclopentanone {17}d 

M+  (Da)  84:85

Days Aged 41 4:100

aCompounds are numbered by increasing retention time (see Figures 1 and 2). Relative isotopic ratios are reported for the average of individual mass spectrum
over the entire GC peak width at full width half max (FWHM) as approximate values where the base peak has a value of 100.
bIon intensity was low and indistinguishable from the background signal.
cLarge abundances of water prevented these calculations.
dRelative ratios correspond to labeled adipic acid (Scheme 1b).
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Degradation Products Containing C-13 Isotopic
Labels

Compounds containing C-13 labeled atoms, aside from
cyclopentanone {17}, shown in Tables 1 and 2, originated
from the 1,6-hexanediamine portion of the nylon 6.6
backbone; cyclopentanone {17} was expected to form from
the adipic acid portion of nylon 6.6 [17, 20, 31, 32] and was
also the only compound with an identifiable C-13 label for
aged C-13 labeled adipic acid (Scheme 1b). Five compounds
containing five-carbon atoms—1-pentene {5}, cyclopentene
{8}, 2-pentanone {12}, tetrahydropyran {13}, and pyridine
{14}—did not exhibit a significant change in the relative
amount of unlabeled to labeled species as aging time
increased (Table 2). This suggests they were all formed by
way of a straightforward mechanism involving five of the
six carbon atoms in the polymeric backbone (Scheme 1e).
Since there was only one suspected source of C-13 atoms
contained within a 6-membered carbon backbone, it was
surprising to see benzene {11} containing zero, one, and two
C-13 atoms and 2-hexanone {16} with zero and one C-13
atom. Also, the relative amount of C-13 labeled to unlabeled
benzene {11} and 2-hexanone {16} increased as aging time
increased. In contrast, the relative intensity of both benzene
{11} and 2-hexanone {16} increased relative to the back-
ground noise as aging time increased (Figure 1), which
indicated these were degradation products that did not
contain C-13 atom contributions from other sources (e.g.,
solvents). These discrepancies indicate multiple mechanisms
form these products. Similarly, an increase in the relative
amount of unlabeled carbon dioxide {3} was observed as
aging time increased. This may indicate that carbon dioxide
{3} evolved more readily from the unlabeled adipic acid
portion of the polymer than it did the C-13 labeled 1,6-
hexanediamine end. The details for determining the location
of the C-13 atom in three compounds (cyclopentanone {17},
2-pentanone {12}, and pyridine {14}) will be discussed
herein, and all other C-13 atom(s) locations are shown in
Tables 1 and 2.

The C-13 atom for cyclopentanone {17} was pinpointed
to an exact location using data obtained for aged C-13
labeled adipic acid monomer (Scheme 1b). The mass
spectrum for the NIST library match [24], unlabeled, and
C-13 labeled cyclopentanone {17} along with the proposed
fragmentation pathway are depicted in Figure 3. The +1 Da
shift for the molecular ion indicated only one C-13 atom was
present in the molecular structure; m/z 55 (C3H3O

+) and 56
(C4H8

+• and/or C3H4O
+•) also exhibited a +1 Da shift. The

absence of a +1 Da shift for the ion of m/z 41 (C3H5
+), 28

(C2H4
+•), and 27 (C2H3

+) indicated the C-13 atom was at the
C-1 or carbonyl position, which agrees with the expected C-
13 atom location based on the structure for C-13 labeled
adipic acid (Scheme 1b).

Analogous results for mass spectral shifts were seen for
the ketones 2-pentanone {12} and 2-hexanone {16}, which
are particularly interesting since they formed from the 1,6-

hexanediamine portion of the nylon 6.6 that does not contain
oxygen atoms. A comparison of the NIST library match
[24], unlabeled nylon 6.6, and C-13 labeled nylon 6.6 are
shown along with the constructed fragmentation pathway
[30] for 2-pentanone {12} in Figure 4. The molecular ion
had a shift of +1 Da for this species, which indicated only
one C-13 isotopic label was present. Also, a portion of
unlabeled species was present for the molecular ion and
most fragment ions. A +1 Da shift for m/z 58 (C3H6O

+•)
indicated that the C-13 atom was at either the C-1, C-2, or
C-3 position, which was confirmed with the shift at m/z 71
(C4H7O

+, two structures). A shift at m/z 43 (C2H3O
+ and/or

C3H7
+) but not at m/z 27 (C2H3

+ via methane loss from
C3H7

+) ruled out the C-3 position. The relative abundance of
m/z 43:44 is nearly one and indicates that the m/z 87 ion is
likely a mixture of C-13 atom contributions from both the C-
1 and C-2 positions.

The mass spectrum and fragmentation pathway com-
parison for pyridine {14} (Figure 5) [33] that originated
from the 1,6-hexanediamine portion of the nylon 6.6
backbone resulted in an unambiguous location for the
single C-13 atom. Along with the molecular ion (m/z
79), a +1 Da shift was also seen for the ion of m/z 52
(C4H4

+•), m/z 26 (C2H2
+•), and m/z 39 (C3H3

+). Com-
bining all of this information meant the C-13 atom could
be at the C-1 and/or C-2 position. However, the
branching ratio (i.e., probability) for m/z 52 (loss of
H13CN) and 53 (loss of HCN) of nearly one for the
dominating fragmentation reaction confirmed the C-1
position, which agrees with the original location of the
C-13 atom in the material (Scheme 1e). Further confir-
mation was seen with of a branching ratio near one for
the minor fragments (m/z 39:40 and 26:27).

Degradation Products Containing N-15 Isotopic
Labels

Two nitrogen-containing degradation products (ammonia
{3} and pyridine {14}) were identified as both unlabeled and
N-15 labeled species. A change in signal intensity for
ammonia {3} relative to the background noise and other
degradation species was especially prevalent after one day of
aging (Figure 1a). Although it was suspected that N-15
labeled ammonia {3} formed under thermal-oxidative con-
ditions from the end groups of 1,6-hexanediamine and nylon
6.6 [22], a change in the relative ratio of m/z 17 (NH3

+•) to
m/z 18 (15NH3

+•) over the same GC time interval (10.6 to
13.1 min) for aged unlabeled vs. N-15 labeled nylon 6.6
aided in confirming this claim. The GC time interval was
fairly large (2.5 total min) and led to peak coelution
representing species such as carbon dioxide {4}. However,
the intensities of m/z 17 and 18 ions reached equilibrium
with little fluctuation (±1 %) in their relative ratio over this
chromatogram region. At the first two aging time points (1
and 34 total d), the contribution from m/z 17 was about 60 %
compared with that of m/z 18 (Table 2), which agreed well

J. N. Smith et al: Nylon 6.6 Degradation Products by Cryo-GC/MS 1587



with our prediction of a 1:1 ratio since the sample was
51.4 %N-15 enriched, and there was only one predicted
source for nitrogen atoms aside from possible sample
contamination. At 63 total d of aging, however, the signal
of m/z 17 decreased drastically relative to that of m/z 18
(100:75 vs. 20:100, respectively; Table 2). The skewed ratio
is likely due to competing contributions from two ions at m/z
17 (NH3

+•& 15NH2
+) and 18 (H2O

+• & 15NH3
+•) in the

headspace above aged N-15 labeled nylon 6.6; note that
our instrument did not have sufficient resolution to
separate these ions. Exhaustion of the ammonia {3}
source in early aging times would make the relative
contribution of water {18} larger than that of NH3

+• and
15NH3

+•, which explains this discrepancy that was not
seen with pyridine {14}.

Pyridine {14}, a cyclic compound containing one
nitrogen atom and five carbon atoms, was identified as
a degradation product in both the 1,6-hexanediamine
monomer and nylon 6.6 data. Pyridine {14} may have
formed from chain scission of the 1,6-hexanediamine

portion of the nylon 6.6 backbone with about a 50:50
probability for taking on one N-15 label since the sample
was 51.4 % enriched. This expected 1:1 relative ratio of
unlabeled to labeled compound was confirmed for all
samples aged up to 243 total days (Table 2). Thus, it is
likely that pyridine {14} does not contain nitrogen
contributions from a contaminant or excess solvent but
rather is a degradation product from the 1,6-hexanedi-
amine portion of the nylon 6.6 backbone.

Degradation Products Containing Oxygen Atoms

Aging unlabeled nylon 6.6 samples in an O-18 enriched
atmosphere allowed us to conclude which oxygen-
containing degradation products—carbon dioxide {2},
acetone {6}, methyl acetate {7}, 2-butanone {9}, tetrahy-
drofuran {10}, tetrahydropyran {13}, and water {18}—
were formed via O-16 oxygen sources from within the
molecule (i.e., unlabeled M+•), O-18 from the gaseous
aging environment (i.e., isotopically labeled M+•), and/or

Figure 3. The (a) NIST mass spectrum [24] for cyclopentanone {17} along with the mass spectrum from (b) unlabeled nylon 6.6
and (c) C-13 labeled adipic acid after being aged for 243 and 41 total days, respectively, at 138 °C were compared to determine
the location of the C-13 label. Noting the structural symmetry, the (d) ion fragmentation pathway for cyclopentanone {17} tracks
the location for the C-13 atom [a red “I”]. The “red boxes” and “red text” indicate a +1 Da shift was seen in the mass spectrum
comparison
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a combination of the two for cases in which both O-16
and O-18 atoms were present in the chemical structure
(Tables 1 and 2).

Nylon 6.6 is a condensation polymer that can form
via a dehydration reaction (equation 1) where one
molecule of water is lost for every one adipic acid and
1,6-hexanediamine monomer that combine to create one
nylon 6.6 repeat unit. Water, along with carbon dioxide
and ammonia, is known to evolve from condensation of
the chain-ends during degradation [22]. The identification
of both unlabeled and O-18 labeled water {18} was
verified by comparing the mass spectra from the argon
blanks run between samples to that of the unlabeled
nylon 6.6 aged under either regular atmosphere or an O-
18 enriched environment. In both cases, the mass
spectral peak at m/z 18 (H2O

+•) was larger in the aged
samples than it was in the argon blanks. Similarly, the
peak at m/z 20 (H2

18O+•) was only present in the data
for unlabeled nylon 6.6 aged under O-18 enriched
oxygen. However, we were unable to determine the

relative ratios of unlabeled to labeled water {18} using
the mass spectral peak intensities due to the large
quantities and multiple locations throughout the gas
chromatogram (injection artifact, background, and final
minutes of the run). Though the existence of O-18
labeled water was apparent, its somewhat surprising
presence can only be completely understood by investi-
gating the mechanism by which it formed [26].

ð1Þ

Figure 4. The (a) NIST mass spectrum [24] for 2-pentanone {12} along with the mass spectrum from (b) unlabeled and (c) C-
13 labeled nylon 6.6 after being aged for 243 total days at 138 °C were compared to determine the location of the C-13 label.
The (d) ion fragmentation pathway for 2-pentanone {12} tracks the location for the C-13 atom [a red “I” and/or a blue “II”]. The
“red boxes” and “red text” indicate a +1 Da shift was seen in the mass spectrum comparison
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Interestingly, five compounds containing O-18 isotopic
labels—acetone {6}, methyl acetate {7}, 2-butanone {9},
tetrahydrofuran {10}, and tetrahydropyran {13}—have more
isotopically labeled oxygen atoms relative to unlabeled present
at earlier rather than later aging times (Table 2); the exception
was carbon dioxide {3} where the relative isotopic ratios
remained somewhat unchanged with respect to aging time.
Perhaps, more O-18 labeled hydroxy radicals were available in
early aging times while O-16 remained “trapped” within the
polymeric structure until being released and able to participate
in ongoing free radical chemistry [34]. In addition, five of the
O-18 enriched compounds were degradation products from the
adipic acid portion of the nylon 6.6 structure. The origin of
tetrahydrofuran {10} could not be pinpointed to either the
adipic acid or 1,6-hexanediamine portion of the backbone
because a C-13 label was not present in headspace above C-13
labeled nylon 6.6 samples aged under atmospheric conditions,
and four unlabeled methylene groups exist on either side of a
single labeled polymer unit (Scheme 1e). Tetrahydropyran
{13}was predicted to have formed from the 1,6-hexanediamine

portion of the nylon 6.6 backbone as indicated by the presence
of a C-13 label in the aged C-13 labeled nylon 6.6 samples.

Three oxygen-containing compounds from the ketone
family—2-pentanone {12}, 2-hexanone {16}, and cyclo-
pentanone {17}—were identified as degradation products
but none contained O-18 isotopically labeled oxygen atoms.
Both 2-pentanone {12} and 2-hexanone {16} were identified
as products formed from the 1,6-hexanediamine portion of
the nylon 6.6 structure as indicated in the monomer data (2-
pentanone) and the addition of a C-13 label upon aging C-13
labeled nylon 6.6 (2-pentanone {12} and 2-hexanone {16}).
Cyclopentanone {17} was detected in the adipic acid
monomer data. The signal for cyclopentanone {17} relative
to the background noise (not necessarily its concentration)
intensified with increasing aging time (Figure 1), which
largely supports the identification of this species as a
thermal-oxidative degradation product for nylon 6.6 and
not an impurity from polymer synthesis/processing [19, 20].
Moreover, our data support previous work that identified
cyclopentanone {17} and its derivatives as nylon 6.6

Figure 5. The (a) NIST mass spectrum [24] for pyridine {14} along with the mass spectrum from (b) unlabeled and (c) C-13
labeled nylon 6.6 after being aged for 243 total days at 138 °C were compared to determine the location of the C-13 label.
Noting the structural symmetry, the (d) ion fragmentation pathway for pyridine {14} tracks the possible location for the C-13
atom [a red “I” or “(I)” and/or a blue “II” or “(II)”]. The “red boxes” and “red text” indicate a +1 Da shift was seen in the mass
spectrum comparison

1590 J. N. Smith et al: Nylon 6.6 Degradation Products by Cryo-GC/MS



degradation products where cyclopentanone {17} was
postulated to have formed by intramolecular reactions at
the adipic acid end groups [17, 19] and from within the
nylon chain [35]. In addition to varying experimental
methodology (cryo-GC/MS vs. SPME-GC/MS) [19], our
GC transfer line was held at a much lower temperature
(100 °C vs. 275 °C) [19], which may explain why we did
not see the cyclopentanone derivatives.

Conclusions
Cryo-GC/MS and selective isotopic labeling was used to
identify low concentrations of 18 low-molecular weight
volatile compounds that collected in the headspace over
aged samples (up to 243 total days at 138 °C) of nylon 6.6
and its monomers (adipic acid and 1,6-hexanediamine). A
comparison of mass spectra and ion fragmentation pathways
for both unlabeled and isotopically labeled samples (C-13
and N-15) aided in determining the exact location of the
isotopically labeled atom(s) in each applicable nylon 6.6
thermal-oxidative degradation species. The polymer was
also aged under an O-18 enriched environment to better
understand the origin of oxygen in degradation products.
Relative ratios for unlabeled to isotopically labeled degra-
dation products were used to make additional observations
regarding compound formation.

Knowing the location for isotopically labeled atoms in
nylon 6.6 thermal-oxidative degradation products, as iden-
tified in this manuscript, will enable us to map individual
compounds onto the nylon 6.6 structure and determine the
mechanisms used to form each specific compound [25, 26].
Furthermore, an understanding of the complex degradation
mechanisms of nylon 6.6 can be used to create chemical
sensors that detect and monitor a specific chemical(s) that
outgases as the polymer ages and, thus, a change occurs in
the physical properties (e.g., a loss in tensile strength or
material integrity).
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