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Unsaturated aliphatic aldehyde oxidation plays a significant role in the deep oxidation of fatty acids to produce
volatile chemicals. Exposing the oxidation process of unsaturated aliphatic aldehydes is crucial to completely
comprehend how food flavor forms. In this study, thermal desorption cryo-trapping in conjunction with gas
chromatography-mass spectrometry was used to examine the volatile profile of (E)-4-decenal during heating, and

32 volatile compounds in all were detected and identified. Meanwhile, density functional theory (DFT) calcu-
lations were used, and 43 reactions were obtained in the 24 pathways, which were summarized into the peroxide
reaction mechanism (ROOH), the peroxyl radical reaction mechanism (ROO-) and the alkoxy radical reaction
mechanism (RO-). Moreover, the priority of these three oxidative mechanisms was the RO- mechanism > ROOH
mechanism > ROO- mechanism. Furthermore, the DFT results and experimental results agreed well, and the
oxidative mechanism of (E)-4-decenal was finally illuminated.

Introduction

Lipid oxidation during heating is one of the most important sources
of flavor in food (Calin-Sanchez & Carbonell-Barrachina, 2021; Stier,
2000). Among these volatile compounds, unsaturated ten-carbon
aliphatic aldehyde are important substances, such as decanal, (E)-2-
decenal and (E)-4-decenal, etc (Angela & Andreas, 2010; Porter, Cald-
well, & Mills, 1995; Zaldman, Klsillev, & Sasson, 1988). And (E)-4-
decenal is a main unsaturated ten-carbons flavor compound generated
in the lipid oxidative process with pineapple aroma, which is also an
important part of food flavor formation. It is one of the common volatile
flavor substances in the oxidation of cooking oil, and is often used as a
high-end flavor in the food industry (Peng, Lan, & Lin, 2017). In our
previous experiments, we found that unsaturated ten-carbons aldehydes
can be further oxidized to produce shorter carbon-chain volatiles, which
are the major components of the deep oxidation of fatty acids (Frankel,
1983; Wang, Zhang, & Lin, 2023). But their oxidative mechanisms are
still unclear. Therefore, the in-depth analysis of the thermal oxidation
mechanism of (E)-4-decenal is of great significance for the assembly and

reduction of the real oleic acid oxidation process and food flavor for-
mation reaction. At the same time, a full understanding of thermal
oxidation mechanism of unsaturated aliphatic aldehyde to volatile
substances can provide a theoretical basis for the precise regulation of
flavor substances in the process of food hot processing, so as to realize
the manual intervention and precise regulation of flavor in the food
processing, and finally achieve the purpose of improving and enhancing
the quality of food flavor.

It is found that the double bonds of unsaturated aldehydes could
readily absorb energy during heating, leading to the breaking of the
hydrocarbon bond of a-C and the formation of olefin and hydrogen
radicals (Al-Otaibi, Mahmoud, & Almugqrin, 2021; Balan & Rajakumar,
2018; Santacesaria, Sorrentino, & Rainone, 2000; Sheridan, 1946).
Olefin radical, as one of the important intermediates of oxidation reac-
tion, could combine with oxygen or peroxyl hydroxyl radicals to form
peroxyl oxygen radicals or peroxide. These free radicals may be further
oxidized and degraded during heating to generate volatiles with shorter
carbon chains.

Theoretical chemistry is an effective approach to study chemical
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Table 1
Volatile substances produced during heating of (E)-4-decenal.
No. Compounds RI identification Content(pg/
method mg)
60 °C 90 °C 120 °C 150 °C 180 °C 210 °C
Alkanes
1 (E)-3-nonene 886  RI,MS 0.30 £0.03° 037+ 0.22+0.18"  0.90 + 1.42 + 0.81 + 0.37%°
0.11°" 0.63%° 0.38°
2 2-nonene 902 RI, MS nd nd nd 0.04 + 0.02? nd nd
3 (E)-1,3-nonadiene 924 RI, MS nd nd nd nd 0.16 + 0.10 + 0.04%
0.05%
Aldehydes
4 (E)-4-decenal 1198 RI, MS, STD 330.01 + 274.19 + 199.96 + 199.31 + 167.14 + 223.69 +
174.51% 39.81% 71.25% 22.48% 8.23% 112.372
5 (Z)-4-decenal 1193 RI, MS, STD 0.33 £ 0.29* 0.44 + 0.39° 0.45 + 0.38° 0.48 + 0.32? 0.72 + nd
0.30°
6 (E, E)-2,4-decadienal 1317 RI, MS, STD 0.20 + 0.13% 0.53 £+ 0.41* 0.68 + 0.17% 0.46 + 0.13% nd nd
7 Hexanal 800 RI, MS, STD nd 0.21 £ 0.22 + 0.49 +0.21* 0.54 + 0.39 + 0.15%°
0.11% 0.14% 0.14%
8 (E)-2-heptenal 958 RI, MS, STD nd 0.07 + 0.10 + 0.14 + 0.41 + 0.16 + 0.04*°
0.04% 0.07°> 0.08% 0.17%
9 (E)-2-octenal 1060 RI, MS, STD nd nd 0.21 + 0.08° 0.23 +£0.11? 0.51 + 0.34 + 0.10°
0.14*
Alcohols
10 1-octen-3-ol 980 RI, MS, STD 0.13 + 0.03* 0.18 & 0.08* 0.20 + 0.05% 0.16 + 0.12% 0.46 + 0.12 4+ 0.01*
0.20°
11 (E)-3-nonen-1-ol 1143 RI, MS, STD 0.30 + 0.16% nd nd nd nd nd
12 (E)-2-decenol 1257 RI, MS, STD nd 0.76 &+ 0.41* 0.36 + 0.68 + 0.55% nd nd
0.20°
13 (E)-3-decen-1-ol 1232 RL, MS nd nd 0.32 + 0.10° nd 0.58 + nd
0.10*
14 Dec-4-en-1-ol 1257 RI, MS nd nd nd nd nd 2.44 +1.72°
15 (E)-2-dodecen-1-ol 1478 RL, MS nd nd 0.30 + 0.10° 0.08 + 0.06” nd nd
16 2,4-decadien-1-ol 1264 RI, MS nd nd nd 0.49 + 0.45% nd nd
Ketones
17 3-nonen-2-one 1142 RI, MS, STD nd nd nd 0.25 + 0.12% 0.46 + 0.45 + 0.26*
0.12%
Acids
18 Hexanoic acid 990 RI, MS, STD 0.12 + 0.06*° 0.18 + 0.14* nd nd nd nd
19 (E)-4-decenoic acid 1366 RI, MS, STD 14.98 + 3.80° 29.37 £ 71.54 £ 12.63 + 27.50 £ 8.29 +2.18°
9.38° 3.90° 4.97° 9.77°
20 Valeric acid 903 RI, MS, STD nd nd nd nd 0.08 + nd
0.02°
21 (E)-2-decenoic acid 1392 RI, MS, STD nd nd 0.53 4+ 0.14 nd nd nd
Esters
22 Ethyl palmitate 1974 RL MS 0.02 + 0.01? nd nd nd nd 0.02 + 0.01°
23 Isopropyl palmitate 2023 RI,MS 0.05 + 0.00° 0.35 + 0.23% nd nd nd nd
24 y-decalactone 1470 RI, MS nd nd 1.27 + 0.47° 0.26 + 0.84 + nd
0.13% 0.31%
25 Methyl tuberate 1502 RI, MS, STD nd nd nd 0.11 4+ 0.03* 0.24 + nd
0.10°
26 Ethyl hexanoate 1000  RI, MS, STD nd nd nd nd nd 0.16 £ 0.09%
Others
27 2-pentylfuran 993 RI, MS 0.33 + 0.06% 0.49 + 0.32° nd nd nd nd
28 Pentylbenzene 1157 RI, MS 0.02 + 0.00% 0.13 & 0.06% 0.09 + 0.04* 0.05 + 0.01% 0.08 + 0.20 & 0.15%
0.01%
29 Naphthalene 1182 RI, MS 0.24 £+ 0.07a 0.27 + 0.04* 0.62 + 0.31* 0.18 £ 0.17% 0.51 + 0.32 +0.11*
0.18*
30 1-(1-ethoxyethoxy)-butane 872 RI, MS 0.03 + 0.03 + 0.04 + nd 0.08 + 0.07 £ 0.04*
0.01° 0.027 0.01" 0.02°°
31 1,1-[ethylidenebis(oxy)] 1094 RI, MS 0.47 +0.12° 0.57 + 1.17 + 0.90 + 0.14* 0.95 + nd
bis-butane 0.15" 0.73% 0.17%
32 1,1-diethoxyhexane 1092 RI, MS 0.01 + 0.00° 0.03 + 0.01° nd nd nd 0.08 + 0.03*

Nd = Compound not detected in the sample. MS = Identification by MS spectra, RI = Kovat’s retention indexes, STD = Comparison with a standard compound; The
content was the average of three replicates + standard deviation. “a, b, ¢,” indicated significant difference (P < 0.05).
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reaction mechanisms, which has been widely used in many fields in
recent years (Borges, Colby, & Das, 2021; Hammes-Schiffer, 2017). In
theoretical chemistry, one of the most common methods is density
functional theory (DFT) (Verma and Truhlar, 2020; Hine Nicholas and
Hine, 2016). It can calculate the molecular structure, reaction parame-
ters, transition states and products during chemical reactions. Mean-
while, it can also determine the active sites of functional groups, the
activation energy and reaction rate constant of the reaction, which
provided the data basis for the kinetic study of the thermal oxidation
process by comparing the reaction barrier and the rate constant
(Grambow, Pattanaik, & Green, 2020). Therefore, the application of
density functional theory to the field of flavor chemistry can deeply
elucidate the molecular formation mechanism of food flavor.

In this study the volatile forming mechanism of (E)-4-decenal ther-
mal oxidation was examined by using DFT calculations and experi-
mental data. The volatile compounds generated from the oxidation of
(E)-4-decenal during heating were firstly investigated. Then, DFT cal-
culations were used to deeply explore the mechanism of (E)-4-decenal
thermal oxidation. By comparing and analyzing the potential energy
surface and rate constant of each reaction, the priority of each reaction
path was finally determined. Thus, the oxidation mechanism of (E)—4-
decenal was finally elucidated.

Materials and methods

Chemicals

Standard chemicals: analytical grade ((E)-4-decenal, 2, 4, 6-tri-
methyl-pyridine, and C4-C20 alkanes, etc) were purchased from
Aladdin (Shanghai, China).

Experimental method

Extraction and collection of volatile compounds from (E)-4-decenal
during heating was performed by using a thermal desorption cryo-
trapping system, with a qualified microchamber/thermal extractor
(M—CTE250 Markes International, UK). (E)-4-decenal was diluted to
100 pL/mL, 20 pL of the sample was taken and 10 pL of diluted cyclo-
hexanone (2 pg/mL) was added as a quantitative internal standard. An
Agilent 6890/5975C GC-MS system (Santa Clara, CA, USA) equipped
with an HP-5 ms column (30 m x 0.25 mm i.d., 0.25 pm film thickness;
J&W Scientific) was used for the analysis of volatile compounds des-
orbed from the sample (Chai, Li, & Zhang, 2019; Drabova, Tomaniova,
& Kalachova, 2013; Dymerski, 2017; Jelen, Majcher, & Dziadas, 2012;
Peter, Giorgia, & Mariarosa, 2016). Specific parameters from the ex-
periments are detailed in the Supplementary Material.

Computational methods

In this study, all the reaction mechanism and related structures were
calculated on Gussian16 software package (Becke, 1992, 1993; Elroby,
Banaser, & Aziz, 2022; Fukui, 1981; Shabani, Latina, & Li, 2020; Yang &
Lee., 1986). The Gibbs free energy was calculated by Shermo 2.0.8
program, and the accurate reaction potential energy surface was ob-
tained (Albaugh, Boateng, & Bradshaw, 2016; Mahmoud, Shiroudi, &
Abdel-Rahman, 2020; Ryu, Park, & KiM, 2018; Tian & Chen, 2021). The
TST calculator could be used to calculate reaction rate constants (Tian
Lu, http://sobereva.com/310). The Condensed Fukui Function (CFF) of
molecular structure was calculated using the Multiwfn (Tian & Chen,

2012).
Calculation of molecular orbital
The Chemcraft was used to determine the charge density of each

atom in the molecule. The VMD charting application was used to obtain
the molecular orbital diagram (Humphrey, Dalke, & Schulten, 1996).
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Fig. 1. Temperature of volatile chemicals are produced during the thermal
oxidation of (E)-4-decenal.

Statistical analysis

There were three duplicates of each experiment. The measured data
were expressed as mean + standard deviation. SPSS 18.0 (Chicago, IL,
USA) statistical software was used to analyze the significance among
relevant samples at 0.05 (P < 0.05) level by one-way ANOVA.

Results and discussion

Characterization of volatile substances produced by (E)-4-decenal during
heating

As shown in Table 1, a total of 32 volatile compounds were identified
from (E)-4-decenal oxidation during heating. Meanwhile, Fig. 1 visual-
ises the volatile composition of each temperature point during heating.
As shown in Fig. 1, a total of 16 volatiles were detected at 60°C, ac-
counting one half of the total volatiles throughout the whole heating
process. Most of them have a good flavor, such as 1-octen-3-ol with its
strong mushroom odor and hexanoic acid with the cheese odor (Ama,
Fb, & Db, 2019). It can be inferred that the (E)-4-decenal oxidation could
take place at lower temperatures, and its oxidative products contribute
more to the flavor production.

As the temperature increased, 3 and 5 new volatile compounds were
produced at 90°C and 120°C respectively, including two unsaturated
aldehydes and some alcohols (Fig. 1), such as (E)-2-heptenal, (E)-2-
octenal and (E)-2-decenol. The presence of longer carbon chains prod-
ucts, such as ethyl palmitate and methyl tuberate, could be attributed to
the etherification between oxidative pyrolysis product. At 180°C, the
relative contents of some volatile products increased significantly, such
as (E)-2-heptenal, (E)-2-octenal, 1-octen-3-ol. They are common volatile

substances with good flavor in food. As the temperature continued to
rise to 210°C, the relative content of some volatiles showed a decreasing
trend, and more volatiles with shorter carbon chains were generated. At
the same time, (E)-1,3-nonadiene began to form at this temperature.

Mechanism of (E)-4-decenal theomal oxidation based on DFT calculations

As shown in Fig. 2, 43 reactions were obtained in thermal oxidation
process of (E)-4-decenal by using DFT calculations. These 43 reactions
were summarized into the peroxyl radical (ROO-) mechanism, the
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Fig. 2. Diagram for the whole oxidation of (E)-4-decenal.

peroxyl (ROOH) mechanism and the alkoxy radical (RO-) mechanism.
Fig. 3 displayed the molecular structures of reactants, transition states,
intermediates, and end products that were involved in each reaction.
Besides, Fig. 4 showed each thermal oxidative decomposition pathways
of (E)-4-decenal.

Analysis of peroxyl radical mechanism (ROO-) in (E)-4-decenal thermal
oxidation

As shown in Fig. 4, in the initial stage of oxidation of (E)-4-decenal,
the H atom on the a-C (C3, C6) of the carbon—carbon double bond is so
reactive that the C—H bond can easily absorb energy and break, forming
the corresponding olefinic and hydrogen radicals. Then, electrons could
rearrange on the C3, C4, C5 sites or C4, C5, C6 sites to form a n

conjugated system. This system could continue to oxidized with oxygen
or peroxide (Li and Josef, 1996). Therefore, when oxygen attacks C3 or
C5 site of the © conjugated system (C3-C4-C5), the olefinic peroxide
radical 3-ROO- (Rs, 5%) or 5-ROO- (Ry, 16%) are formed, respectively.
While oxygen attacks C4 or C6 site of the = conjugated system (C4-C5-
C6), the olefinic peroxide radical 4-ROO- (Rs, 50#) or 6-ROO0- (Rg, 58#)
are formed, respectively.

As 3-RO0:, 4-ROO0-, 5-RO0- and 6-ROO- olefinic peroxide radicals
are more active, they could attack the adjacent carbon atom leading to
further cleavage of the carbon chain into smaller molecules (Path 1-8).
It can be seen from the Fig. 4 (Path 1 and Path 2), the O—O- of 3-ROO-
(5%) would attack the C2 or C4 site to form intermediate products 7% or
12#) via transition state TS6” or TS117%. Then, the single bond between
C2-C3 or C3-C4 breaks via the TS8% (R19) or TS13* (Ryp) to form the
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Fig. 3. The composition of the compounds involved in the oxidation of (E)-4-decenal.
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Fig. 3. (continued).

final products (97&10%): 2-octenal and CHOCH,0- (Path 1) or the final The further oxidation of the 4-RO0-, 5-RO0O- and 6-ROO- follows a
products (14#&15#): CH3(CH2)5CHCHO and malondialdehyde (Path 2), similar pathway as above. With the O—O- of the 4-ROO- attacking C3, 2-
respectively. heptenal and CO(CH3),CHO (52#&53#, Path 5) are formed via TS51%, 1f
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Fig. 3. (continued).
C5 is selected, the intermediate product 55% is firstly formed via TSS4#, site to form the intermediate product 18% via TS177* (R13), then hexanal

then final products hexanal and succinaldehyde are formed via R1¢ and and CHOCH,CHCHO- are formed via TS19% (20#&21#, Path 3). And the
Roo (20%7&57%, Path 6). When the 0—O- of the 5-RO0- attacks the C4 O—O- of the 5-RO0- could also attack C6 to form the final products:
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Fig. 3. (continued).

CH3(CH32)3CH20- and 2-alkenyl glutaraldehyde (23#&24#, Path 4). For
6-ROO0-olefinic peroxide radicals, if the C5 site is selected, the inter-
mediate product 60% was firstly formed via TS59% (Ry3), then pentanal
and CHOCH(CH,),CHO are generated via TS61% (62%&63%, Path 7).
While, if the C7 site is selected, CH3(CH2)2CH20-and 2-alkenyl adi-
paldehyde (657 &667, Path 8) are generated.

Analysis of peroxide reaction mechanism (ROOH) in (E)-4-decenal
thermal oxidation

During the heating process, oxygen can react with hydrogen radical
to form peroxy hydroxyl radicals (OOH:, 3%). This radical could
continue to attack the m conjugated system (C3-C4-C5 or C4-C5-C6).
When OOH- attacks C3-C4-C5 system, 3-ROOH or 5-ROOH are formed
via transition states (TS25%or TS32%) respectively. While OOH. attacks
C4-C5-C6 conjugated system, 4-ROOH or 5-ROOH are formed via TS67%
or TS73%. These peroxides (3-ROOH, 4-ROOH, 5-ROOH and 6-ROOH)
are unstable and will further oxidize. As shown in Fig. 4 (Path 9 and
Path 10), the hydroxyl group in the peroxyl group of 3-ROOH will attack

adjacent carbon atoms C2 or C4. In order to determine which carbon is
more active, the molecular orbitals are plotted using Fukui function
calculations. As shown in Fig. 5, the density of the electron cloud is
expressed in terms of chromaticity, with darker colours indicating a
higher density of electron clouds in the region and more active reactions
(Charles and Sebens., 2021; Ryu et al., 2018). It can be seen clearly from
the Fig. 5 that the closer to the aldehyde group, the darker the color
becomes. This is due to the electron absorption effect of the aldehyde
group resulting in a relatively high density of electron clouds on its
neighbour atoms. As a result, when the hydroxyl group approaches the
C2, the hydroxyl group connects to C1 is more active, which leads to the
hydrogen on C3 transfers to C2 and the C2-C3 bond breaks simulta-
neously (Rg4) to form the final product: 3-nonen-2-one and formic acid
via TS27% (28%&29%, path 9). However, if the hydroxyl group is close to
C4, the C3-C4 single bond will be broken directly via the TS30% (Rgs) to
form the final products: 2-hepten-1-ol and malondialdehyde (15%&317
Path 10).

Similarly, the hydroxyl group of the 4-ROOH attached to C3 is
abstracted to form a water molecule, then the C3-C4 bond is broken via
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Fig. 4. Decomposition pathways of (E)-4-decenal thermal oxidation.

Fig. 5. Schematic diagram of the molecular orbital for the breaking of the C—H
bond at C3.

TS69” to form the end products: 2-heptenal, 3-butenone and hydrone
(Path 13). Whereas if C5 is attacked, the adjacent C4-C5 bond will be
broken directly via TS71% to form the final products: (E)-2-hexen-1-ol
and butanedione (57%&72%, Path 14). The 5-ROOH is further cleaved
via transition state TS34¥ to form the final products: hexanal and 3-bute-
nal-4-ol (20¥&35%, Path 11). Oxidative cleavage via TS36” form glu-
taric dialdehyde, 1-butene and hydrone (24*& 37%&38%, Path 12). The
6-ROOH is cleaved via TS75” to form the final products: pentanal and 4-
pentenal-5-ol (62#&65#, Path 15), and cleavage via TS77% gives the
final products: butene, 2-adipaldehyde and hydrone (78%&66%&387,

Path 16).

Analysis of alkoxy radical reaction mechanism (RO-) in (E)-4-decenal
thermal oxidation

As shown in the Fig. 2 and Fig. 4, after the formation of peroxides
(267, 33%, 68%, 74%), the structure can continue to absorb energy to
break the O-OH bond in the peroxide to form 3-RO- (39#, Rs2), 4-RO-
(79#, R34), 5-RO- (44#, Rs3), 6-RO~(84#, Rss), respectively. These alkoxy
radicals would continue to attack the adjacent carbon atom, which
causes oxidative breakage of both sites of the alkoxy radicals. As shown
in the Fig. 4 (Path 17 and Path 18), in the 3-RO- structure, the O- attacks
and breaks C2-C3 bond after going through the TS40% (Rge) to form
hexanal and CHOCH,CH- group (9#&41#, Path 17). Meanwhile, the O-
attacks and breaks the C3-C4 bond directly via the TS42% (R3y) to form
the final product: 2-pentendialdehyde and CHg(CHj3)3CHj- group
(15%&43%, Path 18). Similarly, via the TS80% (R40), C3-C4 bond grad-
ually breaks to form the final products: 2-heptenal and CHOCH,CHj-
group (527&81%, Path 21). While the G4-C5 bond of the 4-RO- breaks
via the the TS82% (R41), the final products: 2-butanedial and
CH3(CH2)3CHCH- group are formed (57#&83#, Path 22). 5-RO- could
further oxidize via the TS45% (Rsg) or TS47%(Rs) to form the products
hexanal and CHOCH,CHCH- group (20%&467; Path 19) or 2-pentendial-
dehyde and CH3(CH3)2CHy- group (247 &48%; Path 20), respectively. 6-
RO- would attack C5 or C7 site to form final products: pentanal and CHO
(CH2)2CHCH. group (62#&86#; Path 23) or 2-hexendialdehyde and
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Fig. 6. Potential energy diagram with (E)-4-decenal oxidation reaction rate constants. (A) Potential energy diagram of (E)-4-decenal oxidation process. The value in
brackets are the potential energy of the reaction at 298K. Each color line represents a chemical pathway. (B) The rate constant of various oxidation processes of (E)-
4-decenal.

CHj(CH,),CH- group (667&88%; Path 24) via the TS85%(R4p) or Analysis of the key reactions and priority of different mechanisms of (E)-4-
TS87%(Ry3), respectively. decenal thermal oxidation

As shown in Fig. 2, compounds 5#, 16#, 26#, 33#, 39#, 44#, 50#,
58#, 68#, 74#, 79#, and 847 are all located at the branching points in the
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(E)-4-decenal oxidation reaction network, which means that these
compounds determine the course of the subsequent oxidation reactions.
Therefore, these compounds are considered as the key intermediates in
the oxidation of the (E)-4-decenal. Meanwhile, the chemical reactions
from the key intermediates are usually considered to be the key re-
actions in the reaction network. As a result, the reactions Ri1-Rjg,
R24-R32, and R3g—R43 are considered to be the key chemical reactions in
their reaction pathways.

Fig. 6(A) shows the energy barrier for the oxidation processes of (E)-
4-decanal. Additionally, Fig. 6(B) shows the reaction rate constants for
various oxidation reactions. The Tab. S1 contains information on each
reaction rate constant at various temperatures. It is well acknowledged
that a chemical reaction’s energy potential barrier represents the bare
minimal amount of energy needed to carry out the reaction. As a result,
chemical reactions with high energy barriers are challenging to carry
out. Reactions are easier to occur when potential barriers are smaller. It
can be seen from Fig. 6(A) that the energy potential barriers for most of
key reactions are higher than others in the reaction pathway of (E)-4-
decenal. This phenomenon further confirms the conclusion that Ry1-R1g,
Ro4-R3z and Rge-Ry3 are the key chemical reactions in their reaction
pathways.

The energy required for reactions of peroxyl radical pathway range
from 210 KJ/mol to 420 KJ/mol, as shown in Fig. 6(A), while the energy
required for reactions of peroxide pathway range from 20 KJ/mol to 85
KJ/mol. It is obvious that the peroxyl radical reaction pathway has a
substantially higher energy barrier than the peroxide reaction pathway.
As a result, under the identical circumstances, the peroxide reaction
route is easier to react. And the peroxide reaction pathway is preferred
over the peroxyl radical reaction pathway. Meanwhile, it can be clearly
seen from Fig. 6(A) that all of the reactions in the alkoxyl radical
pathway require a lower barrier than that of the peroxide reaction
pathway. It means that the alkoxyl radical reaction pathway is preferred
over the peroxide reaction pathway. Furthermore, Fig. 6(B) shows that
the alkoxy radical pathway’s reaction rate constants are significantly
larger than those of the other pathways. Additionally, most processes’
reaction rate constants show a propensity to rise with temperature.
Based on the results above, it can be concluded that in the (E)-4-decenal
thermal oxidation process, the alkoxy radical reaction pathway has
priority over the peroxide reaction pathway, and the peroxide pathway
has priority over the peroxyl radical pathway.

In addition, the calculated reaction priority agrees well with the
experimental results based on the fact that the products with higher
potential energy barrier have higher formation temperatures than the
lower ones in the experiment. For example, the typical products of Path
1 and Path 9 are (E)-2-octenal (9#) and 3-nonene-2-ketone (28#),
respectively. The reaction barrier for the creation of 3-nonene-2-ketone
(28#) is 129.63 KJ/mol (Ry), which is higher in the ROOH reaction
pathway. In the experiment, it is found that this substance’s formation
temperature is likewise higher (150 °C). Similarly, (E)-2-octenal (9#)
has an energy barrier of 325.00 KJ/mol (R;9). It means that it is more
difficult for this reaction to occur than other reactions. The outcomes of
the experiment revealed that this compound could be detected at 120 °C.
It is further demonstrated that the computed findings and the experi-
mental data agree well.

Conclusion

In the deep oxidation of lipids, (E)-4-decenal is a significant
byproduct that can further oxidize to produce volatile flavors with
shorter carbon chains. DFT calculations were used to obtain a total of 43
reactions with 24 reaction pathways in the thermal oxidation of (E)-4-
decenal. These reactions were categorized into three reaction mecha-
nisms: peroxide (ROOH), alkoxy radical (RO-), and peroxyl radical
(ROO-). The outcomes of the DFT calculations and the experiment were
generally in agreement. The priority order of these reaction mechanisms
is RO- mechanism > ROOH mechanism > ROO- mechanism.
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