
lable at ScienceDirect

Polymer Degradation and Stability 176 (2020) 109147
Contents lists avai
Polymer Degradation and Stability

journal homepage: www.elsevier .com/locate /polydegstab
Examining the early stages of thermal oxidative degradation in epoxy-
amine resins

Suzanne Morsch a, *, Yanwen Liu a, S.B. Lyon a, S.R. Gibbon b, Benjamin Gabriele c,
Mikhail Malanin d, Klaus-Jochen Eichhorn d

a Corrosion and Protection Centre, Department of Materials, The University of Manchester, The Mill, Sackville St, Manchester, M13 9PL, UK
b AkzoNobel, Stoneygate Lane, Felling, Gateshead, NE10 0JY, Tyne and Wear, UK
c Chemical Engineering and Analytical Science (CEAS), The University of Manchester, The Mill, Sackville St, Manchester, M13 9PL, UK
d Abteilung Analytik, Institut Makromolekulare Chemie, Leibniz-Institut für Polymerforschung Dresden e.V, Hohe Str. 6, 01069, Dresden, Germany
a r t i c l e i n f o

Article history:
Received 26 January 2020
Received in revised form
12 March 2020
Accepted 12 March 2020
Available online 18 March 2020

Keywords:
Epoxy-amine
Oxidation
Vibrational spectroscopy
* Corresponding author.
E-mail address: Suzanne.morsch@manchester.ac.u

https://doi.org/10.1016/j.polymdegradstab.2020.10914
0141-3910/© 2020 The Authors. Published by Elsevie
a b s t r a c t

Epoxy-amine resins continue to find widespread use as the binders in protective and decorative organic
coatings, as the matrix in composite materials, and as adhesives. In service, exposure to the environment
ultimately results in oxidative deterioration of these materials, limiting the performance lifetime.
Defining this auto-oxidation process is therefore a key challenge in developing more durable high-
performance materials. In this study, we investigate oxidative degradation of a model resin based on
diglycidyl ether of bisphenol-A (DGEBA) and an aliphatic amine hardener, triethylenetetraamine (TETA).
Using infrared spectroscopy, we find that prior to the expected detection of formate groups (corre-
sponding to the well-known radical oxidation mechanism of DGEBA), a band at 1658 cm�1 forms,
associated with amine cross-linker oxidation. Infrared microspectroscopy, in-situ heated ATR-infrared,
Raman spectroscopy and AFM-IR techniques are thus employed to investigate the early stages of resin
oxidation and demonstrate strong parallels between the initial stages of cured resin degradation and the
auto-oxidation of TETA cross-linker molecules.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Epoxy-amine resins continue to find widespread use as the
binders in protective and decorative organic coatings, as the matrix
in high performance composite materials, and as adhesives. During
service, exposure to the environment ultimately results in deteri-
oration of the polymer network (particularly in the case of exterior
coatings and construction materials), and this is known to limit
performance lifetime [1].

For thermoset polymers, it is well-known that aging can be
subcategorised into physical processes affecting the network to-
pology, and changes to the chemical structure. The former occurs
via slow molecular relaxation in the glassy state (below the Tg),
which results in a reversible reduction in the free volume, and
enthalpy recovery [2]. This ubiquitous type of aging is dependent
on the thermal history of the sample, and is associated with some
problematic phenomena including embrittlement and densifica-
tion. The second type of aging, involving chemical damage, is more
k (S. Morsch).
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closely associated with network deterioration and failure, but less
understood. Irreversible chemical changes are known to occur as a
result of polymer oxidation, and are often accompanied by
lowering of the Tg [3], a loss of adhesion [4,5], yellowing [6] and
cracking [7]. Despite this, the auto-oxidation mechanisms of com-
mon resins have not been defined, even in the case of the simplest
and most widely studied class of thermosets, solventless cold-cure
epoxy amine resins. In this study, we examine the early stages of
oxidative degradation of a model epoxy-amine resin based on
diglycidyl ether of bisphenol-A (DGEBA) and an aliphatic amine
hardener, triethylenetetramine (TETA), since this system falls
within the most widely studied group of epoxies and amine
hardeners (i.e., those based on ethylene diamine (EDA) building
block; including EDA, diethylenetriamine (DETA) and TETA).

In recent decades, numerous studies have used infrared spec-
troscopy to identify the oxidation products of epoxy resins. For
epoxies based on the diglycidyl ether of bis-phenol-A (DGEBA) unit,
several characteristic spectral changes have consistently been
identified after photo- or thermal aging, both in the absence of
cross-linkers (phenoxy resins), and in networks formed using an-
hydride or amine hardeners. As a result, a broad consensus has
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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been reached on the dominant auto-oxidation mechanism
involving the DGEBA repeat unit [8e14]; Initiation involves
hydrogen abstraction from the a-CH2 adjacent to the phenyl ether
group, followed reaction with molecular oxygen for the formation
of peroxy macroradicals. Conversion to alkoxy radicals, and sub-
sequent b-scission reactions then yield formate end groups, which
constitute the main oxidation products from this part of the resin
[12]. This process is consistently characterised by attenuated ab-
sorption at 1039 cm�1 (phenyl ether region) and the growth of a
band at 1739 cm�1 (corresponding to formate groups) [11e14]. A
second, more minor pathway to formate generation has also been
identified via CH2 hydrogen abstraction from isopropylidene sites
[12].

Despite these advances in understanding, attempts to fully
characterise oxidation in cross-linked epoxy networks remain
hampered by the broad, ill-defined infrared bands emergent after
oxidation, and the accepted contribution of complex alkoxy radical
chemistry, which yields an abundance of possible mechanisms. For
example, the appearance of a band around 1660 cm�1-1670 cm�1 is
specifically characteristic of an amine-related aging mechanism,
since it is known to be dependent on amine content [8], and has not
been observed for photo-oxidised phenoxy resins [9,12] or epoxy-
anhydride resins [11,14,15]. The band appears for aged epoxies
cross-linked with aliphatic or aromatic amine hardeners [16e18]
after thermal aging [19,20], hygrothermal cycling [5,21], UV expo-
sure [22,23] and outdoor weathering [7,24,25]. However, in cases
where a functional group has been assigned to this band, there is no
consensus; it has variously been attributed to alkenes [20],
diphenyl ketones [26], amide groups [17,27,28], imine/oxime for-
mation [20], quinones [7], or simply carbonyl functionalities [5,21].

In this study, we examine the origin of oxidation products
associated with the amine cross-linker. The emergence of infrared
bands is initially tracked using ATR-FTIR, and we find that during
oxidation under mild conditions, the growth of absorption at
1658 cm�1, associated with amine cross-linker oxidation, precedes
that at 1738 cm�1, which is characteristic of DGEBA oxidation. The
early stages of resin oxidation are thus examined in detail, in order
to isolate the mechanism of amine oxidation. Due to the small
spectral changes visible after short oxidation times, this is achieved
using a range of advanced vibrational spectroscopy tools; ex-situ
ATR-infrared microspectroscopy, in-situ temperature-controlled
ATR-infrared spectroscopy, Raman spectroscopy and nanoscale
cross-sectional AFM-IR. Oxidation of the molecular amine hardener
is also fully characterised, and we find significant parallels between
the aliphatic amine oxidation products and those found in the
resins during the early stages of thermal aging.

2. Experimental

2.1. Sample preparation

The epoxy-amine resins used consisted of stoichiometric (1:3 M
ratio TETA:DGEBA) mixtures of diglycidyl ether of bisphenol-A
(DGEBA) epoxy and triethylenetetraamine (TETA) hardener (Aral-
dite 3138 and Arudur 3140 respectively, Huntsman), Scheme 1. The
components were thoroughly mixed for 90 s at 1500 rpm (Speed-
Mixer DAC150). The mixture was poured into polypropylene
moulds and cured at room temperature for 48 h before removal
from themoulds. Finally post-cure heatingwas performed at 120 �C
for 1 h. In order to remove any ‘skin’ layer on formed at the
polymer-air interface, all specimens were abraded on both sides
with 600 and 1200 grit silicon carbide paper, and rinsed in deion-
ised water before storage in a desiccator.

Resin aging was performed by exposure to four different envi-
ronmental conditions: ambient laboratory conditions (30e40% RH,
22 �C), immersion in deionised water (pH 6) at room temperature
(22 �C), exposure to 70 �C at 80% RH in a humidity cabinet (Mem-
mert Climate Chamber), and under dry conditions at 70 �C (over
silica desiccant, measured humidity of 14% RH, in a drying oven).

2.2. Fourier Transform Infrared (FTIR) spectroscopy

ATR (attenuated total reflection)-FTIR (Fourier Transform
Infrared) spectroscopy of epoxy amine samples after aging at 70 �C
under 14% RH for periods of up to 118 days were obtained using a
FTIR-spectrometer (Nicolet 5700 spectrometer, Thermo Electron
Corp.) equipped with room-temperature DTGS (deuterated trigly-
cine sulfate) detector operating at 4 cm�1 resolution across the
4000e500 cm�1 range. 64 co-averages were added to every
spectrum.

Detailed ATR-FTIR spectra of epoxy amine resins after the early
stage of aging (28 days) were measured using an FTIR-microscope
(Hyperion 2000, Bruker) equipped with both 20x-ATR-Objective
(numerical aperture 0.6, Ge-ATR-crystal, measurement spot is
about 25 mm, penetration depth < 500 nm at 1000 cm�1) and liquid
nitrogen cooled mercury-cadmium-telluride (MCT) detector
(InfraRed Associates Inc.). The FTIR-microscope was coupled with
FTIR-spectrometer Vertex 70 (Bruker). Spectral resolution and
spectral range were 4 cm�1 and 4000-600 cm�1 respectively. 100
scans were co-added to every spectrum. Each sample had 10
measurement spots and if necessary an average spectrum of these
10 measurements has been calculated.

In-situ temperature dependent FTIR-spectroscopy of the TETA
hardener was performed on a Vertex 80v (Bruker) using a heated
Golden Gate Diamond ATR unit (SPECAC), equipped with a liquid
nitrogen cooled mercury-cadmium-telluride (MCT) detector.
Spectra were gathered over 4000e600 cm�1 range with a spectral
resolution of 4 cm�1, 100 scans were co-added to each spectrum.
Measurements were carried out in the temperature range from
room temperature (RT) to 120 �C (at RT, 40, 80, 120 �C) at 40e45%
RH. Every temperature point was stabilised for 15 min, and at
120 �C the sample was held for 60 min, whilst acquiring ATR-
spectra of the sample every 5 min. To exclude temperature influ-
ence on band intensity, the spectra were referenced to blank ATR-
crystal heated up to the same temperature points.

In both cases, spectral processing involved atmospheric and
baseline correction as well as a normalization and spectral sub-
traction. ATR-spectra of epoxy-amine resins have been normalised
relative to the band of the aromatic ring stretching vibration at
1504 cm�1 [29,30]. Temperature controlled ATR-spectra of TETA
were normalised using the scissor vibration band of methylene
group at 1455 cm�1. Characteristic infrared bands are assigned
using references 29 and 30.

2.3. Raman spectroscopy

Raman spectroscopy was performed at room temperature using
a LabRam 300 confocal Raman microscope (Horiba) equipped with
a HeNe laser (incidence radiation wavelength of 632.82 nm). Cali-
bration was performed with a Silicon (Si) calibration sample prior
to the measurements, which were carried out using a 100 x
objective, 600 grating, a 2 s acquisition times over the 600 cm�1 e

900 cm�1 range, and 2 accumulations per spectrum. The residence
time distribution (RTD) was 1 s.

2.4. AFM-IR

Nanoscale infrared analysis (AFM-IR) was performed on an
Anasys NanoIR3s system (Bruker) operating with top-down illu-
mination. To assess the internal nanostructure, polymer sections of



Scheme 1. The structure of resin constituents (diglycidyl ether of bisphenol-A and triethylenetetraamine) and the reaction (a) between the epoxy and primary amine groups to
form a secondary amine junction and (b) the complete reaction of all amine moieties to form a cross-linked network.

Scheme 2. The AFM-IR experimental set-up with top-down illumination.
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200 nm nominal thickness were prepared using an ultramicrotome
(Leica EM UC6) with a diamond knife. Sections were collected on
transmission electron microscopy (TEM) grids, then floated onto a
droplet of deionised water placed on a ZnSe substrate. Upon
evaporation of the droplet, TEM grids were removed, specimen
sections remained on the ZnSe surface, and these were dried for
>16 h in a desiccator prior to examination.

During AFM-IR analysis, the microtomed sections were illumi-
nated by a pulsed tunable QCL laser, Scheme 2. Sub-diffraction limit
resolution is achieved by monitoring the deflection of an AFM
probe in contact with the surface. This results from rapid transient
thermal expansion of the material in contact with the probe tip in
response to infrared absorbance [31]. The recorded AFM-IR signal is
the amplitude of induced AFM probe oscillation, obtained after fast
Fourier transform. Stepping the incident radiation through the
infrared fingerprint region and recording the amplitude in this way
has previously been shown to generate spectra closely matched to
those measured using conventional macroscopic FTIR [32]. For
imaging, simultaneous contact-mode topographical measurement
and infrared mapping can be performed by holding the incident
laser at a givenwavelength during scanning [33e36]. In the present
study, AFM-IR images were collected in resonance enhanced con-
tact mode at a scan rate of 0.5 Hz using a gold-coated silicon nitride
probe (0.07e0.4 N/m spring constant, 13 ± 4 kHz resonant
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frequency, Bruker). Spectra were collected using 261 points over a
range of 1280 cm�1 e 1800 cm�1 at a sample rate of 12.5 MHz. In
both cases, the pulse ratewas matched to the resonant frequency of
the cantilever, and was maintained at a repetition rate of approxi-
mately 180 KHz via a PLL feedback loop. For mapping, the ampli-
tude of infrared induced oscillation was recorded at a given
wavelength using 600 points per 100 scan lines. Sets of spectra and
images were collected in three different regions to ensure
reproducibility.

3. Results and discussion

3.1. Ex-situ ATR-FTIR

Cured DGEBA-TETA resins were examined periodically using
ATR-FTIR with a single bounce diamond internal reflection element
(IRE) over the course of 118 days (>2800 h) exposure to 70 �C under
dry conditions (14% RH), Fig. 1. These mild conditions were selected
to be relevant for external corrosion protective coatings or con-
structionmaterials. Previous reports have demonstrated that epoxy
resins aged for thousands of hours under mild accelerated condi-
tions (UV illumination, 60 �C) produce chemical changes compa-
rable to those induced by prolonged storage under ambient
conditions (1 year) [37]. Moreover, it has also been reported that
the use of high temperatures (>110 �C) to further accelerate
oxidation can change the oxidation chemistry via the preferential
activation of mechanisms such as Copeland elimination and
dehydration reactions [20,38].

Examination of the epoxy-amine infrared fingerprint regions
reveals the expected emergence of bands at 1658 cm�1 and
1738 cm�1, corresponding to oxidation products. Integration and
normalization of these bands however indicates that the two
products are not generated in a concerted fashion. This is in keeping
with a recent study by Meiser et al. examining the low angled
microtome cross-sections of similarly thermally aged DGEBA-DETA
Fig. 1. (a) ATR-FTIR spectra of stoichiometric DGEBA-TETA epoxy-amine resins after 48 h am
RH) conditions for 8, 23, 38, 52, 69, 84, 97 and 188 days; and the integrated absorption band
mean of 5 individual measurements, normalised to the area of the aromatic 1504 cm�1 ba
resins [20]. In that study, detailed profile analysis revealed that the
absorption bands at 1660 cm�1 and 1725 cm�1 also did not develop
in a synchronous manner after 300 days aging at 60 �C. Further-
more, in the present study an induction period of 38 days is
observed before formate species areweakly detected, a comparable
timescale to the 400 h (17 days) induction period reported else-
where for this band during thermal oxidation of DGEBA-DETA
resins aged at 100 �C [17]. In contrast, no induction period is
observed for the appearance of the 1658 cm�1 band, indicative of a
distinct initiation mechanism. The 1738 cm�1 band can be assigned
to formate end groups produced by the well-known hydrogen-
abstraction radical initiation mechanism of DGEBA auto-oxidation
[12]. This mechanism is accompanied by the consumption of the
phenyl ether and isopropylidene groups (signified by a loss of ab-
sorption at 1040 cm�1 and 1183 cm�1). The absence of any
detectable consumption of these bands in the present case there-
fore provides supporting evidence of a separate initiation mecha-
nism generating the absorption band at 1658 cm�1.

In order to selectively examine the mechanism of early stage
oxidation (in the absence of DGEBA oxidation pathway) cured
resins were therefore exposed to three different mild oxidative
environments for just 28 days (i.e., prior to the detection of formate
groups): 70 �C under humid (80% RH) or dry (14% RH) conditions,
and immersion in deionised water at 22 �C. Control samples were
stored under ambient laboratory conditions (22 �C and 30e40%
RH). Since spectral changes are minor at such early stages, the aged
resins were examined using a more sensitive approach: 10 spectra
were acquired using an ATR-FTIR microscope equipped with
automated sampling and a germanium internal reflection element
(sampling depth < 500 nm). As a result, the epoxy-amine spectra
were found to be highly reproducible, allowing minor changes in
absorption to be detected, Fig. 2. As expected, after aging for 28
days, visible spectral changes were limited to the emergence of a
broad absorbance band around 1658 cm�1. Integration revealed
that the growth of this band was accelerated by heat, and by the
bient cure and 1 h 120 �C post cure heating followed by aging at 70 �C under dry (14%
areas at (b) 1658 cm�1 and (c) 1738 cm�1 as a function of aging time. Band areas are the
nd in each case. Error bars correspond to one standard deviation.



Fig. 2. ATR-FTIR spectra of stoichiometric DGEBA-TETA epoxy-amine resins after 48 h ambient cure and 1 h 120 �C post cure heating followed by (a) 4 weeks of storage at 22 �C and
~40% RH (ambient conditions); (b) aging for 4 weeks at 70 �C under dry (14% RH) conditions; (c) aging for 4 weeks at 70 �C under humid (80% RH) conditions and (d) 4 weeks
immersion in deionised water at 22 �C. Spectra have been normalised relative to the aromatic ring stretching vibration band at 1504 cm�1.
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presence of water (i.e., in a humid environment, when compared to
dry conditions at 70 �C, and during immersion at 22 �C, when
compared to the control samples stored under ambient humidity at
22 �C), Table 1.

More importantly, due to the reproducibility of the spectra,
more detailed analysis of chemical changes was also possible by the
examination of difference spectra. These were generated by sub-
tracting the averaged spectrum obtained for the control sample
from those gathered after accelerated aging of the resins, Fig. 3. In
addition to the absorbance band seen in the original spectra at
1658 cm�1, the emergence of a second infrared band centred
around 1592 cm�1 was identified. Negative bands were also evident
across the rest of the fingerprint region, generally appearing in
comparable proportions to (positive) absorbance bands in the
original spectra. As such, these can mostly be ascribed to subtrac-
tion artefacts, or to network swelling. It is however notable that
disproportionately intense negative bands associated with the
consumption of CH2 groups appeared after aging under high tem-
perature conditions (found at 1455 cm�1 and 1301 cm�1, corre-
sponding to disappearance of the CH2 scissor vibration and CH2

deformation respectively) [29,30]. Since the aforementioned inte-
gration of the 1658 cm�1 band indicated that oxidation was more
advanced after aging at 70 �C, this indicates that CH2 consumption
is associated with the oxidation process. This supports the idea that
the incorporated TETA molecule is attacked, since this is where the
majority of CH2 groups reside within the resins, Scheme 1.
Table 1
Area of the infrared absorbance band around 1660 cm�1 for stoichiometric DGEBA-
TETA epoxy-amine resins after 48 h ambient cure and 1 h 120 �C post cure heating
followed by 4 weeks aging under various conditions. Measurements correspond to
the mean value obtained for 10 spectra normalised to the 1504 cm�1 band (see
Fig. 1), errors correspond to one standard deviation.

Aging Conditions Area of 1660 cm�1 IR absorbance band

22 �C, ~40% RH N/A
22 �C, water 0.81 ± 0.39
70 �C, 14% RH 0.80 ± 0.13
70 �C, 80% RH 0.95 ± 0.09
3.2. In-situ ATR-FTIR

Since the incorporated TETA molecule was identified as a likely
site of attack, auto-oxidation of the TETAmoleculewas examined in
detail using in-situ temperature-controlled ATR-FTIR, Fig. 4. Unlike
the fully cross-linked resins, the simplicity of this molecule allowed
the identification of all infrared bands, predominately using refer-
ences 29 and 30. During this experiment, spectra were acquired
every 5 min as the temperature was gradually increased to induce
an oxidation reaction.

Fig. 4a shows the effect of warming the amine from refrigeration
temperature (4 �C) to 40 �C and then to 80 �C. It can be seen that the
amine rapidly adsorbs water at 40 �C, as expected due to its hy-
groscopic nature. Water uptake was identified by the increased
intensity and broadening of the band at 3279 cm�1 (corresponding
to the water OH-group stretching vibration), as well as the
appearance of a shoulder at 1657 cm�1 (OH deformation vibration)
[29,30]. Additionally, water uptake induced some changes in the
spectrum below 1000 cm�1. This is a result of overlap between the
hydrogen-bonded bending and stretching vibrations of liquid water
and the CeNeH wagging of primary (at 899 cm�1 and 812 cm�1)
and secondary (at 767 cm�1) amines [39]. Confirmation that these
changes correspond to water sorption was provided upon further
heating to 80 �C, since this initiates dehydration, and hence results
in all of the aforementioned bands becoming simultaneously
attenuated.

At the same time as the growth of water bands, the growth of a
band appearing at 1301 cm�1 occurs. This corresponds to a
stretching vibration of NeC in carbamate -N-COO- ion, which is
known to be formed by reaction of water and CO2 with primary or
secondary amines [40,41]. The formation of this band is, however,
reversible upon further heating after water loss (see the spectrum
of TETA after 0 min at 120 �C, Fig. 4b). Moreover, at no point during
the in-situ experiment were the characteristic carbamate bands
observed (asymmetric and symmetric COO� vibrations, typically
found in the regions of 1600 cm�1 - 1500 cm�1 and 1450 cm�1 -
1350 cm�1) [40,41], nor was any characteristic blush observed on



Fig. 3. Infrared difference spectra obtained by subtracting the average ATR-FTIR spectrum of epoxy amine specimens stored under laboratory conditions for 4 weeks (22 �C, 40% RH)
from the average spectra obtained for: (a) epoxy-amine resins aged at 22 �C for 4 weeks by immersion in deionised water; (b) epoxy-amine resins subjected to 70 �C and 14% RH for
four weeks and (c) epoxy-amine resins subjected to 70 �C and 80% RH for four weeks.
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the surface of cold cured resin specimens, indicating that carba-
mation is not a significant side reaction consuming the molecular
amine during the ambient cure of resins.

After dehydration and carbamate decomposition, heating to
120 �C produced a spectrum comparable to that of the fresh TETA
sample, Fig. 4b. When the amine was held at 120 �C however, the
spectrum was observed to progressively change over the course of
60 min monitoring, indicating that an oxidation reaction occurred.
The most remarkable changes were found in the region of amine
group vibrations; after 20 min a new band was detected at
1668 cm�1 (corresponding to stretching vibration of C]N oscilla-
tion pair in imine), and further heating led to the unambiguous
growth of this band as well as one at 1596 cm�1 (C]N stretching
vibration in azadiene and/or bending vibration of NeH in C]NeH
group) [29,30].

The growth of bands at 1668 cm�1 and 1596 cm�1 coincides
with the development of a new band at 3109 cm�1 (stretching vi-
bration of associated C]NeH groups in the imine), alongside a
broadening and red shift of the amine NeH stretching vibration
bands, from 3290 cm�1 to 3217 cm�1 [29,30]. This confirms the
presence of new and strongly hydrogen bonded functionalities,
since the disruption of amine hydrogen bonding expected at high
temperatures would result in a blue band shift [42]. Furthermore,
there are significant attenuations of numerous bands in the
1200 cm�1 - 600 cm�1 region, including the symmetric stretching
vibrations of CeNeC in secondary amines (at 1124 cm�1), and the
CeNeH wagging vibrations of both primary (at 899 cm�1 and
812 cm�1) and secondary (at 767 cm�1) amines [29,30]. It is,
however, notable that the band at 812 cm�1 remains in the spec-
trum even after 60 min exposure to 120 �C, indicating that primary
amines are consumed less dramatically than secondary amines.
Taken in combination with band changes in the NeH stretching
range, one can deduce that a structural transformation of the
amines in TETA to imine/azadiene groups takes place, whilst some
amount of primary amine is preserved. This is also accompanied by
a change of band ratio 2929 cm�1/2807 cm�1 (asymmetric and
symmetric stretching vibration bands of CH2 group respectively),
and a reinforcement of the band of CH2 twisting vibration in imines
at 1294 cm�1 [29,30].

Finally, the appearance of weak bands at both 2208 cm�1

(stretching vibration of C^N group in unsaturated nitriles) and
2142 cm�1 (stretching vibration of isonitrile group) can also be



Fig. 4. In-situ ATR-FTIR spectra of triethylenetetramine cross-linker (a) at 4 �C (after
removal from refrigerator) and after warming to 40 �C and holding for 15 min, then
80 �C and holding for 15 min, and (b) after further warming to 120 �C and holding for
15 min, 20 min, 25 min, 30 min, 55 min and 60 min.
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discerned after 60 min heating at 120 �C. These groupsmay form as
a consequence of a side reaction involving the oxidation of primary
amines [43,44]. This reaction is however considered irrelevant to
the oxidation of resins, since neither primary nor secondary amine
groups are, of course, present in the fully reacted epoxy amine
resin, having been converted into tertiary amine groups. This is also
the case for carbamation reactions.

Nonetheless, the preferential attack of secondary amines does
provide an important clue about the auto-oxidation mechanism of
TETA incorporated into resins. This is because preferential reaction
of secondary amines is characteristic of a radical oxidation mech-
anism. Facile oxidation of amines via electron abstraction has
previously been reported to occur in the presence of one-electron
oxidants [45e47], and more importantly, the same mechanism is
considered to underpin the auto-oxidation of amines [48,49]. In
both cases, the reactivity of amines follows the order of
tertiary > secondary > primary since the first rate-limiting step
results in the formation of a radical aminium cation, and this in-
termediate is stabilised by inductive effects.
Furthermore, the literature concerning one-electron oxidation
of amines also supports the proposed formation of imines [45e49],
and this is in keepingwith the known chemistry of aminium radical
cations, which has been studied in recent years due its potential
utility in green chemical syntheses [50]. The spontaneous thermal
oxidation of molecular amines used as carbon-dioxide scrubbers
has also been shown to proceed via comparable mechanisms
involving the formation of transient imine species [51]. Based on
this body of literature and the infrared band assignments above, a
dominant oxidation mechanism of TETA is proposed in Scheme 3.
Note that this is proposed to be the preferential, rather than the
sole, mechanism of oxidation. In-situ FTIR also indicated that
numerous less prevalent oxidation reactions occurred, including
the transformation of primary amine moieties to imine and nitrile
groups (not shown).

According to the proposed mechanism, electron abstraction
from a secondary amine initially results in the formation of an
aminium radical cation. The identity of the initial one electron
oxidant is not clear, but molecular oxygen, or radicals derived from
the UV-chromophoric aromatic groups in DGEBA, known to initiate
photo-aging of closely related phenoxy resins, could be responsible
(since in the present case, aging was not performed in the dark)
[8,9]. Once formed however, it is known that aminium radical
cations rapidly rearrange to form the a-aminoalkyl radicals,
Scheme 3a. These can then be converted to radical iminium ions
directly via further one-electron oxidation [50], or, since the ami-
noalkyl radical is vulnerable to attack by molecular oxygen, form
peroxide species [51]. Unsaturated imine groups are then readily
generated by the elimination of hydrogen peroxide. Similar attack
of the second secondary amine moiety in TETA can then be envis-
aged to result in either the formation of another imine, or the for-
mation of azadiene groups, Scheme 3b. The C]C bond produced in
the azadiene product would be stabilised by conjugation with the
adjacent imine, and is therefore anticipated to be a preferred
product. Moreover, this second reaction route explains the
concerted growth of bands at 1667 cm�1 and 1592 cm�1, which can
be attributed to in-phase and out-of-phase C]NeC]C stretches. A
markedly similar set of bands have been reported at 1587 cm�1 e

1560 cm�1 and 1664 cm�1e1657 cm�1 in 2-azabutadiene [52], and
comparisons can be made to butadienes, glyoximes and azines,
where C]CeC]C and N]CeC]N in-phase and out-of-phase
stretches also produce strong two infrared absorbance bands
[29,53]. The similarity in the absorbance band intensities indicates
that the bonds are coupled, with the di-imine being a minor
product. Furthermore, whilst aliphatic imine groups are susceptible
to hydrolysis under ambient conditions, it is noteworthy that after
cooling overnight (>16 h at 22 C), the spectrum of TETA oxidation
products remained unchanged. This observation, alongside a
notable yellowing during oxidation, supports the formation of
azadiene products stabilised by conjugation.

Note that a very similar set of two bands appear in the difference
spectra produced for aged resins (Fig. 3), alongside evidence of CH2
group consumption. It is therefore proposed that the azadiene
functional group is also produced during resin aging, via attack of
the incorporated TETA molecules. In light of this, the oxidation of
cured resins under mild conditions is unsurprising, since, despite
steric restrictions, tertiary amines are even more vulnerable to one
electron oxidation. This is because the tertiary aminium radical
cations formed during the rate limiting initiation step are even
more stable than the secondary species formed during the oxida-
tion of TETA (due to superior inductive effects). Moreover, the
formation of this transient radical ion will be stabilised by the
presence of polar solvents, and the conformational transition to a
planar configuration may be aided by water plasticization,
providing an explanation for the acceleration of oxidative



Scheme 3. The auto-oxidation mechanism of TETA.
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degradation in the presence of water. Whilst imine functional
groups are generally considered unstable towards hydrolysis and
further oxidation, conjugation in the form of azadiene groups may
increase stability. It is notable that conjugated nitrogen compounds
have repeatedly been proposed as an explanation for the enhanced
discolouration of epoxy-amine resins aged by thermal means
rather than UV oxidation, and that this has also been accompanied
by an increased infrared absorbance around 1660-1670 cm�1

relative to that at 1739 cm�1 [8,13,17]. Nonetheless, it can be
envisioned that ultimately, the products of imine hydrolysis may
contribute to the observed broad oxidation bands around
1658 cm�1 (primary amine NeH bend) and 1738 cm�1 (aldehyde
C]O, or carboxylic acid C]O stretch after further oxidation) in
resins.

Importantly, this proposed mechanism differs substantially
from the most commonly cited explanation for the oxidation band
at 1660-1670 cm�1. Previously, investigators have proposed that
since the concentration of species absorbing at 1660-1670 cm�1 is
known to depend on the concentration of a-amino methylene
content and the electron density on the nitrogen, this band forms as
a consequence of hydrogen abstraction from the a-CH2 group, fol-
lowed by its oxidation to an amide [13,17,20,27]. Here, in order to
ensure this was not the case, further evidence for the incorporation
of imine and azadiene groups, rather than amides, into oxidised
resins was sought using Raman spectroscopy.

3.3. Raman spectroscopy

Comparison of Raman spectra obtained for the control sample
and for specimens exposed to accelerated aging conditions
revealed very clear differences, Fig. 5. The most notable is the
appearance of two strong peaks at 1310 cm�1 and 1360 cm�1, which
dominate the Raman spectra of all three aged samples. All Raman
bands were assigned using reference 29, and these corresponded to
CH rocking vibrations on unsaturated C]C or C]N bonds.

In addition, strong bands associated with C]N and C]C
stretches can be observed at 1682 cm�1, 1638 cm�1, 1610 cm�1 and
1568 cm�1. In analogy with asymmetrically substituted butadienes,
these can be considered to correspond to symmetric and asymmetric
vibrations of the conjugated C]N and C]C groups [29]. The sym-
metric vibrations in particular would absorbmore strongly in Raman
spectroscopy than in infrared, and thus the distribution of bands is
different. The presence of four bands can be attributed to the likely
co-existence of several conformational isomers in the cured aged
resin, and the fact that a greater number of possible amine oxidation
sites will be present (four tertiary amines for every incorporated
TETA molecule, Scheme 1). Finally, in keeping with the FTIR results
and the proposed mechanism of attack, the CH2 scissors band at
1460 cm�1 is completely consumed upon oxidation.

The appearance of strong C]N bands (comparable in intensity
to the C]C band) are particularly important, since these effectively
rule out the common assignment of amide formation as an alter-
native explanation for the infrared absorbance at 1658 cm�1 (since
polar amide groups generate weak Raman bands). A broad band in
the carbonyl regions does however appear around 1732 cm�1. Since
no increase in absorbance was seen in this region using two
different FTIR approaches after 28 days aging, this is more likely to
be a combination band than correspond to newly formed carbonyl
functional groups.

3.4. AFM-IR

FTIR has previously been used to establish that the oxidative
degradation of epoxy-amine resins initiates at the exposed



Fig. 5. Raman spectra of stoichiometric DGEBA-TETA epoxy-amine resins after 48 h
ambient cure and 1 h 120 �C post cure heating followed by (a) 4 weeks of storage at
22 �C and ~40% RH (ambient conditions); (b) aging for 4 weeks at 70 �C under dry (14%
RH) conditions; (c) aging for 4 weeks at 70 �C under humid (80% RH) conditions and
(d) 4 weeks immersion in deionised water at 22 �C.

S. Morsch et al. / Polymer Degradation and Stability 176 (2020) 109147 9
polymer-air interface and progresses gradually into the bulk. The
location of degradation products at the surface of specimens has
historically been demonstrated in a number of ways; by physically
removing the outer layer and comparing infrared spectra of the
interior [27], by using variable angle ATR-FTIR [37], and by infrared
microspectroscopy of cross-sections [20]. The formation of a
discrete oxidised layer is commonly considered to be a conse-
quence of diffusion-limited oxidation (DLO) mechanisms, whereby
Fig. 6. AFM-IR spectra obtained at the outer edge of a 200 nm thick cross-section of an e
locations indicated by markers on the 10 mm � 3 mm contact mode height image shown
corresponds to 500 nm.
the penetration of oxygen into the network dictates reaction ki-
netics [54]. This is problematic for accelerated aging studies carried
out at elevated temperatures, since the extent of chemical and
physical gradients towards the polymer-air interface, and lack of
degradation in the bulk, can lead to erroneous lifetime prediction
models [55]. Whilst the present study is focused on the chemistry
of auto-oxidation rather than kinetics or lifetime prediction,
consideration of DLO is important, since there is also some evi-
dence that for epoxy amines, photolysis in the absence of oxygen
yields different reaction products from those produced by photo-
oxidative degradation [10,13]. Hence, in this study it is possible
that any contribution of thermolysis in oxygen depleted regions
may similarly differ and skew the interpretation of FTIR spectra.
Note that since the FTIR results presented above rely on ATR sam-
pling, the sampling depth is limited to several microns in the case of
a diamond IRE (Fig. 1) and <500 nm in the case of the more sen-
sitive Germanium IRE (Fig. 2). According to the literature, for epoxy-
amine films of 10 mme20 mm thickness diffusion limited oxidation
(DLO) kinetics are not considered relevant, and oxidation proceeds
homogeneously [54,55]. On the other hand, cross-sectional micro-
FTIR investigations have also clearly shown that chemical gradients
are established at that length scale [55].

In order to investigatewhether chemical gradients at the surface
of oxidised resins correspond to different local mechanisms (evi-
denced by e.g., a variation in the oxidation product ratios or posi-
tion of absorption bands), we adopted the newly developed AFM-IR
technique. For AFM-IR analysis, thin films (100 mm) of resin were
prepared in contact with a 40 nm sputtered iron layer supported on
cellulose acetate. These were aged for 4 weeks at 70 �C and 14% RH,
and then used to prepare ultrathin sections (200 nm thickness) for
cross-sectional AFM-IR analysis. We previously demonstrated that
this approach is sufficiently sensitive to map the native nano-
structural heterogeneity in epoxy-phenolic resins [56e58] and to
rule out the spontaneous formation of microscale chemical gradi-
ents in DGEBA-TETA epoxy-amine coatings applied to iron sub-
strates [59].

The acquisition of local AFM-IR spectra was achieved by holding
the AFM probe in contact with the cross-section surface, and
stepping the pulsed infrared laser incident through the fingerprint
region wavelengths. The recorded signal corresponded to the
amplitude of the probe vibration induced by the thermal expansion
of the specimen in response to the pulsed radiation. This process
poxy-amine resin aged for 4 weeks at 70 �C at 14% RH. Spectra were obtained at the
, and are scaled to the aromatic 1504 cm�1 band. The z scale bar of the AFM image



Fig. 7. 10 mm � 3 mm resonance enhanced contact mode AFM-IR images of the outer
region of a 200 nm thick cross-section of an epoxy-amine resin aged for 4 weeks at
70 �C at 14% RH. The outer edge of the cross-section (corresponding to the polymer-air
interface) is located on the left, and is indicated by a dashed white line in the height
image. Z scale bar corresponds to 500 nm for the height image, and 0.15 V for the
infrared maps.
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was repeated at locations with 1 mm spacing across the outer 10 mm
of the cross-section, Fig. 6.

Towards the outer surface of specimens (marked by a dashed
white line in Fig. 6), two broad oxidation bands, with maxima at
1596 cm�1 and 1664 cm�1, were found to dominate the local AFM-
IR spectra. The position of these broad bands corresponds well with
those found for the difference FTIR spectrum, Fig. 3b. Unlike in the
FTIR spectra however, where the spectral differences were slight,
AFM-IR of the oxidised interphase allows us to unambiguously
identify that both bands are present in resin spectra. Whilst some
spontaneous oxidation of the resin sections cannot be ruled out, the
contribution of these oxidation bands, relative to the aromatic peak
at 1504 cm�1, falls off dramatically for AFM-IR spectra obtained
further towards the interior of the resin. Thus, in keeping with
previous reports, it can be concluded that the oxidation products
responsible for the changes in ATR-FTIR spectra after accelerated
aging (with a sampling depth of <500 nm due to the Ge IRE used)
are heavily concentrated towards the surface of resins. This
conclusion was further supported by AFM-IR infrared maps, Fig. 7.
The presence of both bands associated with azadiene formation
throughout the sampled region also definitively rules out the
alternative explanation of oxidation of a surface layer of unreacted
amine. Furthermore, in keeping with FTIR results, no evidence of
carbonyl formation was found during the early stages of oxidation.

4. Conclusions

A combination of FTIR microspectroscopy, in-situ heat-
controlled FTIR spectroscopy, Raman spectroscopy and the recently
developed AFM-IR technique were applied to investigate the auto
oxidation of epoxy-amine resins under mild conditions (70 �C),
producing chemical changes representative of those induced by
prolonged natural weathering. As expected, epoxy-amine resin
oxidation is characterised by the growth of two infrared absorption
bands: the first, appearing at 1658 cm�1, is associated with amine
cross-linker oxidation, the second, at 1738 cm�1, is detected only
after 38 days induction period, and is symptomatic of the well-
known oxidation mechanism of the DGEBA part of the resin. In
order to identify the mechanism of amine oxidation, chemical
changes accompanying the early stages of oxidation were isolated
after just 28 days aging, and analysed using a range of advanced
vibrational spectroscopy tools. Furthermore, auto-oxidation of the
molecular amine cross-linker was also fully characterised. Signifi-
cant parallels were found to exist between the aliphatic amine
oxidation products and those found in the resins during the early
stages of thermal aging, and as a result, we propose that oxidation
of amine groups initiates in the same manner: via the formation of
aminium radical cations by one electron oxidation of the incorpo-
rated amine groups. Furthermore, we find evidence that the well-
known amine oxidation band appearing at 1658 cm�1 corre-
sponds to the formation of azadiene groups stabilised by
conjugation.
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