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Abstract: A stabiliser is added to gun and rocket propel-
lants to react with species responsible for degradation dur-
ing decomposition. Propellant powder manufacturers and
army personnel are confronted with toxicity during powder
degradation and must replace current stabilisers with non-
toxic molecules. According to the STANAG 4582 (North At-
lantic Treaty Organization (NATO) Standardisation Agree-
ment [1]), propellant powders must remain chemically sta-
ble for a minimum of ten years when stored at
temperatures equivalent to an isothermal storage (25°Q).
Single and double base smokeless powders with a-ionone
as a “green” stabiliser are tested and the results show that
the heat flow is stable over time and that the autocatalysis

Keywords: a-ionone - Stabiliser - Propellant - Degradation - NMR

occurs 2 to 3 times later than in powders with conventional
stabilisers. This stabiliser is efficient for all nitrate ester-
based propellants. In the present paper, we identify and
monitor the evolution of the main degradation products
over time by nuclear magnetic resonance (NMR), mass
spectrometry (MS) to unravel the stabilisation mechanism
under accelerated aging conditions. A time-related fluctua-
tion of their respective amounts (increasing then decreas-
ing, then re-increasing, ...) is observed, which indicates that
the daughter products have also a stabilisation effect. The
three major a-ionone daughter products are identified as:
3-ox0-a-ionone, 4-oxo-f-ionone and 4,5-epoxy-a-ionone.

1 Introduction

An energetic material is a material containing a large
amount of stored chemical energy that can be released in
intense exothermic reactions when initiated by a stimulus.
In weapon systems, energetic molecules are present in the
same material as they are composed of an oxidiser and a
fuel, both of which can be located in the same molecules.
Nitrocellulose (NC) is often used in smokeless powder as an
energetic material. The nitrate ester groups (R-ONO,) confer
the energetic character to these molecules. This function
has a weak bond with the heteroatom, the nitro ester
O—NO, bond that can be, for example, easily cleaved and
carried out to homolytic degradation to form alkoxy and ni-
tro radicals (Figure 1). Nitrate ester compounds are chemi-
cally unstable and degrade with time, heat, humidity and
light. In most cases, propellant powders are composed of
the energetic binder NC, which is produced by the nitration
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Figure 1. Homolytic decomposition of nitrate esters [2].
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of cellulose in a mixture of nitric acid (HNO;) and sulfuric
acid (H,S0,). Its polymeric character gives the material flexi-
bility and allows it to retain its original shape [2,3].

The presence of products such as alkoxy radicals (R—0.),
nitrogen oxides (NO,) and residual acids (HNOs) accelerate
powder degradation by attacking the yet undecomposed
nitrate esters from NC in the propellant matrix. A succession
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of secondary reactions like acid-base reactions, hydrogen
abstractions and oxidations occur and produce gases such
as CO, and especially NO and NO, [2,4]. These reactions
have been studied using calorimetric tests which have re-
vealed a loss of energy and an increase in temperature of
the powder, which influences the performance of the pro-
pellant and reduces its lifetime [5-10].

Stabilisers are added to propellants to prevent un-
fortunate events such as deflagration, exothermic reactions
or auto-catalysis. Its purpose is to react with alkoxy and ni-
tro radicals coming from homolyses of NC during its de-
composition. Without a stabiliser, alkoxy and nitro radicals
have a catalytic effect on the degradation rate. Stabilisers
reduce the deterioration of the propellant by reacting with
free radicals (R—O. and/ or NO,) [4,6,11,12]. It avoids self-
ignition and has a higher probability of occurring due to ac-
celerated decomposition. It is mandatory to address these
safety issues because these exothermic reactions have al-
ready caused incidents in the defence industry [4,13].

Conventional stabilisers for nitrocellulose-based propel-
lants belong to two classes: aromatic amines and aromatic
urea derivatives [14]. Three stabilisers are often added to
the propellant to slow down the degradation process: di-
phenylamine (DPA), ethyl centralite (EC) and akardite Il (Ak
).

The natural degradation of stabilisers produces toxic
species during the propellant’s lifetime, for example DPA
and Ak ll, which decompose to form the unstable inter-
mediate N-nitroso-diphenylamine (N-NO-DPA) shown in
Figure 2 [4,6,15,16]. The problems are similar for EC. There
is a rapid presence of N-NO derivatives which are more car-
cinogenic because part of the amine is an alkyl.

In the past few years, new less harmful stabilisers have
been studied such as triphenylamine (TPA) [17, 18], malona-
nilide derivatives [19-23], activated aromatic ether [24] and
zeolites [25]. Most of these molecules are too rapidly con-
sumed in the powders, which challenges their stabilisation
capabilities.

It is therefore necessary to study and develop new gen-
erations of stabilisers that have the main properties of be-
ing slowly consumed and that are even not toxic. This last
criterion is essential in the light of the current REACh regu-

H
|

T .
ol ‘O

B

|
N + C — CO,; + H3C-NH,
1 NOy
l\‘lO
OYN\ NO H
N . N S N
O,N
Figure 2. Carcinogenic N-nitrosamines produced by Ak Il [2].
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lation, which requires that old stabilisers be replaced by
“greener” products [14,26-28]. Dejeaifve et al. demonstrate
that stabiliser such as 2,3,5-trimethylphenol, 1,2,3-trimeth-
oxybenzene, a-ionone, curcumin and a-tocopherol are able
to stabiliser nitrate esters [2,26,29]. These stabilisers are ef-
ficient for all nitrate ester-based propellants, and so mainly
gun propellants, however also rocket propellants contain-
ing nitrocellulose.

Double base powders with a-ionone are tested and it is
shown that the heat flow is stable over time and that auto-
catalysis occurred 1.5-4 times later than powders with DPA,
Ak Il or EC as stabiliser [29,30]. A-ionone belong to the fam-
ily of rose ketones and come from the degradation of f3-
carotene. It is well-known for participating in the scent of
violets and in perfume compositions. It is an environ-
mentally-friendly stabiliser, which does not produce any
mutagenic or carcinogenic daughter products for stabilising
a nitrate ester- based propellant. The degradation system of
this stabiliser in the powder matrix has to be deeply under-
stood to prove the potential of this greener molecule. For
that purpose, the degradation products of the a-ionone
have to be characterised first to explain this mechanism.

2 Experimental Section
2.1 Chemicals

For chromatographic separation, analytical grade (dichloro-
methane, DCM) and high pressure liquid chromatography
(HPLC) grade solvents (methanol, acetonitrile (ACN) and wa-
ter) are bought from Biosolve (Valkenswaard, the Nether-
lands). Single-use syringes (2 mL) with a luer tip are from
VWR. Target2™ PTFE Syringe Filters, 0.45 um, 30 mm, with
Pre-Filter, are purchased from Thermo Fisher Scientific
(North-America). For NMR acquisitions, deuterated chloro-
form (99.96 % + 0.03 % tetramethylsilane (TMS)) is obtained
from Eurisotop (Saint-Aubin, France). The 90% pure techni-
cal-grade standard of a-ionone is purchased from Sigma-Al-
drich (Overijse, Belgium). Eurenco (Engis, Belgium) pro-
duced the single and double base powder (at lab scale)
with a-ionone as stabiliser. The composition of the propel-
lants are as follow for single base (stabiliser ~ 1%, graphite
~0.2%, NC: remainder) and for double base (nitroglycerine
(NG) ~10%, deterrent ~5%, stabiliser ~1%, graphite
~0.2%, NC: remainder [2]).

Most of the commercial powders are double bases but,
in order to reduce matrix effects and manipulation risks, we
used single base powder as model. The ageing was ex-
tended up to 10 days at 90°C to comply with the STANAG
4582 protocol.
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2.2 HPLC Conditions

The separations are performed on an Agilent 1100 series
HPLC system (Agilent Technologies, Palo Alto, USA) equip-
ped with a diode array detector (DAD). Acquisition and data
treatment are carried out with ChemStation. Two columns
are used. The first is a reversed phase ZORBAX SB—C18 col-
umn (Agilent Technologies, Palo Alto, USA), 4.6x150 mm
and 5 pum particle size used for the analytical part. The sec-
ond is a semi-preparative ZORBAX SB—C18 column (Agilent
Technologies, Palo Alto, USA), 9.4%x 150 mm and 5 um par-
ticle size, are employed to collect enough sample for NMR
acquisitions. A ZORBAX SB—C18, 4.6 x5 mm with 1.8 um, ul-
tra high pressure liquid chromatography (UHPLC) guard
column is installed to protect the analytical columns.

A water : ACN gradient mix is used as mobile phase as
follows: 30% of ACN for 9 min, increased by 10% until 90 %
every 10 minutes for a total runtime of 69 minutes. The au-
tosampler and the column are kept at RT. The detection fre-
quency is set at a wavelength of 228 nm. The injection vol-
ume and the flow rate are dependent on the inner
diameter of the column: for the classical ZORBAX SB—C18 it
is 30 pL and 0.6 mL/min, and for the semi-preparative ZOR-
BAX SB—C18 100uL and 2.4 mL/min.

2.3 NMR Conditions

Spectra are acquired using a Bruker Ultrashield Plus
700 MHz equipped with a helium cold probe (cryoprobe)
(Bruker, BioSpin GmbH, Germany).

In order to identify all the protons in each molecule,
proton spectra ('H) are acquired with 64 scans and with a
spectral width of 14097.7 Hz. Chemical shifts are referenced
to TMS.

Heteronuclear single quantum coherence spectra ('H-">C
HSQC) are acquired with eight scans and the data are col-
lected with a spectral width of 11160.7 Hz in the 'H (F2) di-
mension, and 29051.7 Hz in the C (F1) dimension with
time domain (TD) of 256 K for channel F1.

Heteronuclear multiple bond coherence-nuclear spectra
("H-"C HMBCQ) are acquired with 16 scans and the data are
collected with a spectral width of 6756.8 Hz in the 'H (F2)
dimension, and 38736.6 Hz in the "C (F1) dimension with
TD of 256 K for channel F1.

Double quantum filtered correlation spectroscopy spec-
tra ("H-'"H DQF-COSY) are acquired with four scans and the
data are collected with a spectral width between 6756.8 to
9090.9 in both dimensions with TD of 128 K for channel F1.

Total correlation spectroscopy spectra (TOCSY) are ac-
quired with eight scans and the data are collected with a
spectral width between 6756.8 to 10504.2 in both di-
mensions with TD of 256 K for channel F1.

The NMR data are processed using Topspin 3.4.1 soft-
ware (Bruker BioSpin GmbH, Germany).
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2.4 Gas Chromatography - Mass Spectrometry (GC-MS)
Conditions

To identify the daughter products, samples are analysed by
two different mass spectrometers: the first is a gas chroma-
tography with an atmospheric pressure chemical ionization
(APCI) source and a high-resolution mass spectrometry time
of flight coupled to trapped ion mobility (GC-APCI-timsTOF,
Bruker), and the second is a unit mass resolution tandem
mass spectrometry coupled to gas chromatography with
and electron ionisation (El) source (GC-EI-MS", Polaris-Q,
Thermo). Injections are done on both instruments with the
same GC parameters: separation on a RTX-5ms, 30 mXx
0.25 mmx0.25 pm (Restek) GC column, with a T mL/min He
(6.0 purity, Air Liquide) flow and an oven temperature pro-
gram beginning at 40°C for 2 min, ramped at 10°C/min to
170°C hold 1 min, then increased at 5°C/min to 220°C and
finally to 310°C at 10°C/min kept 5 minutes.

Each source has its advantages. The APCI source allows
an efficient ionisation of the substrate as it occurs at atmos-
pheric pressure, and thus has a high collision frequency.
This soft ionisation produces ions of the molecular species
with few fragmentations in comparison with other meth-
ods. The El source is a non-selective ionisation and provides
fragmentation spectra with structural information and the
fingerprint of compounds.

On the timsTOF, ions are produced with an APCI source
set in positive mode with the following parameters: capil-
lary voltage at 4500V, Corona at 8000 nA, nebuliser pres-
sure at 0.24 MPa, dry gas flow at 1.5 L/min and the drying
temperature set at 175°C). The acquisitions are made be-
tween 0.50 and 1.35 V.s/cm” in mobility and between 50 to
1000 m/z in full scan mode.

On the Polaris-Q, ions are produced with an El source in
positive mode set at 70 eV and 250°C. The two most in-
tense ions are then isolated and fragmented with 2V en-
ergy and the full pattern of daughter ions are recorded (35
to 500 m/z).

2.5 Sample Preparation

The powder is aged for up to 10 days at 90°C, in sealed,
fully filled vials, to replicate these storage conditions over
an even longer period in order to generate sufficient degra-
dation species as the single base degrades much slower
than the double base.

For MS, the extraction of a-ionone degradation prod-
ucts is as follows: addition of DCM (30 mL) to sample (1 g)
stored in a dark place for 24 hours. The supernatant phase
is deposited in a clean vial and is evaporated to dryness
(40°C) and under a nitrogen stream. The sample is recon-
stituted with methanol (1 mL) and then is filtered through a
0.45 um PTFE filter syringe before analysis [31].

For NMR, a larger sample intake (5 g) of smokeless pow-
der is required to perform NMR acquisitions.
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3 Results and Discussion
3.1 Optimisation of the Extraction

Three methods are compared for the extraction of a-ion-
one. The first is developed by Wissinger and McCord and
consists of purifying the powder with petroleum ether to
remove naphthalene derivatives that interfere with the deg-
radation products [31]. Subsequently, the analytes are ex-
tracted by several liquid-liquid extractions with DCM. Ideal-
ly, three petroleum ether washes and three DCM
extractions are required.

The second method is published by Reese and consists
of dissolving the propellant in acetone [32]. Once the pow-
der is dissolved, compounds of interest are extracted with
DCM. This method are discarded because there is formation
of films of NC in the evaporation step avoiding the process
to run smoothly and achieve good extraction yields

The third method is developed by Lopez-Lopez and
consists of extracting a-ionone and its daughter products
with methanol [33]. The extraction continues by adding
DCM and then performing a third extraction with methanol
to recover the set of the degradation compounds. This is
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only necessary in the case of double and triple base pow-
ders. As methanol is also a polar solvent, the same daugh-
ter products are recovered at the end of extraction as with
the Wissinger method. However, DCM has a lower boiling
point than methanol and therefore the experiment takes
less time to complete.

In each of these methods, DCM is used to extract a-ion-
one and its daughter products. It appeared to be the most
appropriate solvent. It has a good affinity to extract polar
target compounds. The first method established by Wis-
singer is the most appropriate for this study. With these
tests, we demonstrated that for a single base powder, the
petroleum ether is not necessary because the retention
times of naphthalene derivatives are greater than the deg-
radation products of the a-ionone and the intensities are
negligible.

3.2 Separation of Degradation Products by HPLC
Extracted molecules are separated by HPLC on a C18 col-

umn and detected by UV using the gradient described in
Figure 3 highlights the separation of a-ionone and its
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Figure 3. Evolution of a-ionone (5) and its degradation products (1, 2, 3, 4, 6) during thermal ageing; a) HPLC chromatogram after ex-
tractions on 1 g of single base powder with stabiliser and detected by ultraviolet (UV) at different steps of ageing, relative abundance on y-
axis and minutes on x-axis; b) evolution of a-ionone and their daughter products (in percentage on y-axis) relative to powder ageing (in

years on x-axis); ¢) zoom on Figure 3b.
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daughter products over time. A retention time greater than
three times the dead volume is achieved for the major com-
pounds. An overlap is observed for compounds 3 and 4. We
can see a step resolution of the a-ionone signal, which sta-
bilise at 95% degradation rate after 10 days corresponding
to 30 years (Figure 3a).

Figure 3 shows the decrease of a-ionone and the evolu-
tion of the four daughter products over time during ther-
mal ageing. Analytes 3 and 4 appeared from the first day of
ageing, which is equivalent to just under 3 years of natural
ageing (according to STANAG 4582, concerning heat flow
calorimetry). Compounds 1 and 2 appeared from the third
day, or just before 9 years of natural ageing.

Figure 3b shows that the daughter product signals in-
crease in a stepwise pattern during the ageing process.
These fluctuations are due to a stabilising role of the pro-
pellant powder played by daughter products. We have
therefore observed that their quantity changes over time
because they are produced and consumed simultaneously
over time. During ageing, the stabiliser and its daughter
products are consumed.

3.3 Identification of Degradation Products by NMR and
MS

The four selected predominant compounds detected by
HPLC-UV are collected and identified by NMR and MS.

The combined information from these two techniques
are complementary to identify the functions and their posi-
tions. The aim is to obtain complementary information on
the structure of the molecules; the fragments have pro-
vided additional data to verify identification of daughter
products [34]. The syntheses of degradation products were
also performed to confirm the identified products (see sup-
plementary data).

In each NMR spectrum, traces of NC coming from the
propellant that could not be completely removed during
the extraction steps gave a parasite signal. They are ob-
served in two different regions of the chemical shift (9):
120 ppm<d <147 ppm and 2.01 ppm < <2.08 ppm
(grey discontinuous lines on Figure 4 and Figure 5).

3.3.1 Degradation Product 1

The first compound eluted from the HPLC column at
13.1 min (number 1 on the Figure 3) is collected for analy-
sis.

Initially, it is characterised by GC-APCI-timsTOF to identi-
fy the molecular mass. The singly charged molecular ion
with a ratio of m/z=207.13 (M+H) provided information
on the molecular weight of the identified compound
(Ci3Hq50,). The fragmentation spectrum, with Polaris-Q lon
Trap, has given further insights into the structure of the first
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Figure4.'H NMR spectrum of 3-oxo-a-ionone obtained at
700 MHz, showing ten resolved proton lines that can be assigned
to the different proton sites of the structure.

degradation product with a base peak at m/z=108 (M7,
100 %).

NMR is subsequently used to determine the molecular
structure. The following peaks can be observed in Figure 4,
showing the 'H NMR spectrum (700 MHz, CDCl,, 25°C) § =
6.69 (dd, J=9.6 Hz, J=15.8 Hz, TH), 6.21 (d, J=15.8 Hz, 1H),
6.01 (s, 1H), 2.73 (d, J=9.6 Hz, 1H), 2.39 and 2.18 (dd, J=
16.9 Hz, 2H), 2.31 (s, 3H), 1.92 (s, 3H), 1.11 (s, 3H), 1.03 (s,
3H).

The C NMR spectrum (700 MHz, CDCl;, 25°C) provide
0=198.2, 197.5, 159.1, 143.7, 133.9, 127.0, 55.6, 47.5, 28.0,
27.7,27.5, 23.6 ppm.

The HSQC spectrum stated that the protons with the
following chemical shifts (number 2, 6=2.39 ppm and
2.18 ppm) are found in non-equivalent environments, even
if they belong to the same carbon atom (8=46.34 ppm;
Figure 4). This indicated that it is a CH, function on the cy-
cle. The HMBC spectrum suggested the presence of a sec-
ond carbonyl bond (8 =198.26 ppm) on the ring. The car-
bon of the carbonyl function is coupled with the two non-
equivalent protons (number 2, 6 =2.39 ppm and 2.18 ppm).
The COSY and TOCSY spectra have confirmed the con-
nections between the protons in the molecule and the
neighbouring groups.

With these data, we identified the ketone form of a-ion-
one, which is named 3-oxo-a-ionone (Figure 4).

3.3.2 Degradation Product 2

The second compound getting out of the HPLC column at
17.7 min is collected for analysis. Like the first degradation
product, the same monocharged molecular ion is observed
but the fragmentation spectrum is distinct with a base peak
atm/z=163 (M*, 100 %).

Next, it is characterised by NMR to determine the molec-
ular structure. The following peaks are observed in the 'H
NMR spectrum in Figure 5 (700 MHz, CDCl;, 25°C) 6=7.24
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Figure 5. 'H NMR spectrum of 4-oxo-f-ionone obtained at 700 MHz.
The one-dimensional spectrum shows seven resolved proton lines
that can be ascribed to the different proton sites of the structure.

(d, J=16.5Hz, 1H), 6.19 (d, J=16.5Hz, 1H), 254 (t, J=
6.9 Hz, 2H), 2.35 (s, 3H), 1.89 (t, J=6.9 Hz, 2H), 1.80 (s, 3H),
1.19 (s, 6H).

The *C NMR spectrum (700 MHz, CDCl,, 25°C) provide
0=198.6, 197.4, 157.8, 140.4, 133.5, 1314, 37.3, 34.2, 27.9,
27.3,13.4,13.4 ppm.

The HSQC spectrum assigned all protons and carbons
together and revealed that the double bond is no longer at
the same position on the cycle (Figure 5). It is a molecule
derived from the B-ionone form. The HMBC spectrum in-
dicated the presence of a second carbonyl bond (8=
198.59 ppm) which is on the ring. The carbon of the car-
bonyl function is coupled with the four protons of CH,
groups (red and purple, 6=2.54 ppm and 1.89 ppm) and
with the three protons of CH; groups (blue, 6=1.80 ppm)
carried by the quaternary carbon. The COSY and TOCSY
spectra have confirmed the connections between the pro-
tons in the molecule and the neighbouring groups.

Caroline Damseaux et al.

With this information, we are able to identify the ketone
form of B-ionone, which is named 4-oxo-f-ionone (Fig-
ure 5).

3.3.3 Degradation Product 6

The compounds 3 and 4 on the Figure 3 are analysed and
identified as a mixture of several isomers. Unfortunately,
the lack of separation did not allow us to clearly identify the
structure of individual isomers, only common patterns are
available.

The third degradation product (rt 23.8 min — compound
6 in Figure 3) is present in small quantities in the simple
base powder, it is in the background noise. However, it
found in higher quantities in double base powder than in
single base, therefore it is identified after extraction from
the double base powder. GC-APCI-timsTOF revealed a pro-
tonated single charged molecular ion at m/z=209.15 which
correspond to the molecular formula Cy3H,,0,. But for the
same retention time in GC, several peaks of mobility are ob-
served (1/K,=0.612, 0.910, 0.978 and 1.319 Vs/cm?). Sim-
ilarly, a unit resolution full scan mass spectrum in El+
showed that there is a perfect coelution (in either GC or LC)
with a second compound of lower mass. Deconvolution of
the full scan mass spectra in combination with the in-
formation from the other techniques allowed us to identify
the possible structure of the daughter product as 4-(1,3,3-
trimethyl-7-oxabicyclo[4.1.0]hept-2-yl)-3-buten-2-one.  To
prove the identification, those results are compared to the
analysis of the commercial 4-(1,3,3-trimethyl-7-oxabicyclo
[4.1.0]hept-2-yl)-3-buten-2-one. With the same retention
times in LC and GC, the same molecular ions and the same
fragmentation pattern in El4+ mass spectrometry (Figure 6),
there is enough evidence to conclude that the third daugh-
ter product is 4-(1,3,3-trimethyl-7-oxabicyclo[4.1.0]hept-2-
yl)-3-buten-2-one also named 4,5-epoxy-a-ionone.
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Figure 6. Extracted spectrum (red continuous lines) and uncertain peaks (red discontinuous lines) of compound 6 by comparison with the

standard of 4,5-epoxy-a-ionone (black lines) with Polaris-Q lon Trap.
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3.4 Proposed Degradation Mechanism

The identification of the products allows us to propose a
degradation mechanism for a-ionone in a single base pro-
pellant powder. Formation of these degradation products
occurred in a matrix that is highly oxidising and acidic [35].

The large portion of NC gives access to —ONO, groups
that provide the oxidiser source and the propellant matrix
provides a low pH medium needed for further reaction (Fig-
ure 7).

In a first step, a radical species arising from the decom-
position of the NC (i.e. an alkoxy radical) abstracts the most
labile hydrogen of the a-ionone, leading to the formation
of a radical a-ionone (A) [36]. This intermediate has a high
reactivity and cannot be isolated. Two oxidation pathways
could subsequently take place, from recombination with ei-
ther free oxygens or with a nitro species produced by the
decomposition of the propellant [37]. In the first case, the
peroxy-radical formed can, in turn, abstract a hydrogen
from the NC matrix, affording the compound (C) that could
in an intermolecular reaction yield the epoxide 6 and the
alcohol (D) [38]. This alcohol could in turn be oxidised into
the ketone form (1). Another explanation for the formation
of the ketone could come from the homolytic scission of
the nitrogen-oxygen bond of molecule (F), formed by the
oxidation of the nitrite intermediate [39]. Loss of the NO,
cluster occurs to give a radical oxygen on the cycle. Even-
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tually, this molecule can be either hydrolysed or oxidised to
lead to the formation of the ketone form of a-ionone, 3-
oxo-a-ionone, which is the first degradation product.

A similar mechanism can also transform the (-ionone
(also present in the powder) into its ketone form, 4-oxo-f3-
ionone.

4 Conclusion

A-lonone, used as stabiliser for all nitrate ester-based pro-
pellants, is slowly degraded into daughter products, which
are themselves able to be further degraded. This chain deg-
radation allows a-ionone to act as a stabiliser for over
10 years, as recommended by NATO. With a series of ex-
tractions, separations, NMR and MS analyses, we proved
that the proposed theoretical degradation mechanism is
true by identifying the three major daughter products:
e 3-0xo-o-ionone
¢ 4-oxo-f}-ionone
e 4,5-epoxy-a-ionone

Their formation during the ageing process is due to the
reaction mixture rich in oxygen and nitric acid. These deg-
radation products are also stabilisers; their quantity varies
over time as they are formed and consumed. A future study
has to evaluate the toxicity of each daughter product from
a-ionone in order for them to be accepted as stabilisers.

alpha-ionone/ § beta-ionone
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Figure 7. The proposed reaction mechanism of the a-ionone degradation into their daughter products (1, 2 and 6) [26].
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Symbols and Abbreviations

ACN Acetonitrile

Akl Akardite Il

APCI Atmospheric Pressure Chemical lonisation

COosy Correlation Spectroscopy

DCM Dichloromethane

DPA Diphenylamine

EC Ethyl Centralite

El Electronic Impact

GC Gas Chromatography

GC-APCl  Gas Chromatography — Atmospheric Pressure
Chemical lonisation

HMBC Heteronuclear Multiple Bond Correlation

HPLC High Pressure Liquid Chromatography

HSQC Heteronuclear Single Quantum Coherence

LC Liquid Chromatography

MS Mass Spectrometry

NATO North Atlantic Treaty Organization

NC Nitrocellulose

NG Nitroglycerine

NMR Nuclear Magnetic Resonance

N-NO-DPA N-nitroso-diphenylamine

PTFE Polytetrafluoroethylene

TD Time Domain

timsTOF  Trapped lon Mobility Spectrometry — Time Of
Flight

™S Tetramethylsilane

TOCSY Total Correlation Spectroscopy

TOF Time Of Flight

TPA Triphenylamine

UHPLC Ultra High Pressure Liquid Chromatography

uv Ultraviolet
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