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Abstract

In this work, compounds from Abies marocana essential oil (AMEO) were studied for their
antioxidant potential using density functional theory (DET) calculations at the M06-2X/6-311+G(d,p) level
of theory. The antioxidant activity was evaluated through three mechanistic pathways: hydrogen atom
transfer (HAT), single electron transfer—proton transfer (SET-PT), and sequential proton loss—electron
transfer (SPLET). The corresponding thermodynamic descriptors, including bond dissociation enthalpy
(BDE), ionization potential (IP), proton dissociation enthalpy (PDE), proton affinity (PA), and electron
transfer enthalpy (ETE), were calculated in the gas phase, while the HAT mechanism was additionally
investigated in water and ethylene glycol to assess solvent effects. Additionally, frontier molecular orbital
(FMO) analysis revealed that a-pinene possesses the smallest HOMO-LUMO energy gap (E,), followed by
limonene, further supporting the higher chemical reactivity and radical scavenging potential of these
compounds. The influence of the studied essential oil as a natural antioxidant additive at varying
concentrations on the thermal degradation (ageing) of flexible polyurethane foams was also assessed.
Compression tests before and after dry heat ageing indicated that AMEO-modified foams showed improved
compression-force retention compared with the reference sample. Higher AMEO concentrations increased
the absolute compression force before and after ageing, while the calculated percentage compression-force
loss was generally lower than that of the reference sample, indicating improved ageing resistance. Fourier
transform infrared spectroscopy (FTIR) analysis suggested that AMEO does not form strong chemical

interactions with the polyurethane matrix, supporting a physical radical scavenging mechanism. These



results suggest that AMEO can serve as a multifunctional additive in polyurethane foams, providing both
antioxidant activity and mechanical property tuning.
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1. Introduction:

Natural compounds that can be obtained from various medicinal and aromatic plants have gained
recognition as alternative treatments and raw materials for various applications 2. These are widely used
in medicine, modern drug research, cosmetics, functional foods, construction, packaging material, and as
environmentally friendly agents in nanotechnology to synthesize metallic nanoparticles with biomedical
and industrial applications !. Medicinal and aromatic plants are important sources of bioactive compounds,
especially essential oils (EOs), which are volatile liquids extracted from different parts of aromatic plants
such as barks, seeds, flowers, peels, roots, leaves, wood, fruits, and whole plants and are named according
to their botanical origin *#. EOs can be extracted using various methods, including hydro-distillation, steam
distillation, hydro-diffusion, and solvent extraction °. These volatile secondary metabolites are composed
mainly of terpenes and phenolics, and they exhibit a wide range of biological activities, including

antibacterial, antifungal, and particularly antioxidant propertics °.

Plant-derived EOs have found applications in various food industries 7. In recent years, they have
gained recognition for their antioxidant properties, which make them effective agents for food preservation
8. However, designing suitable packaging for specific foods can be challenging, as certain compounds from
packaging materials may migrate into the food, posing potential toxicity risks °. When applied in food
systems, EOs can serve antimicrobial, antioxidant, or flavoring functions '°. Among these, their primary
role is to inhibit or eliminate microbial growth and reduce lipid oxidation ''. EOs may be incorporated
directly into food, enclosed within separate containers, or integrated into packaging materials to enhance
food safety and shelf life 2. Although various antioxidants such as trolox and a-tocopherol have been
extensively studied in polymeric systems, their mechanisms of action and suitability in food packaging
formulations remain subjects of ongoing research 34, In this context, natural antioxidants like EOs
represent a promising alternative for incorporation into polymer-based packaging, offering both
functionality and safety, while aligning with the growing demand for sustainable and bio-based materials
15, Among these, Abies marocana, an endemic fir species from the Rif Mountains of northern Morocco '©,
produces an essential oil. In this study, AMEO was found to be rich in monoterpenes, suggesting its

potential as a natural antioxidant stabilizer for polymeric materials.

Polymeric materials, such as foams, can be rigid, flexible, or elastomeric and are produced from a

wide variety of polymers, including !7 polyurethane (PU), polystyrene (PS), polyisocyanurate (PIR),



polyethylene (PE), polypropylene (PP), poly(ethylene-vinyl acetate) (EVA), nitrile rubber (NBR),
poly(vinyl chloride) (PVC), and other polyolefins. Among these, global foam production is dominated by
PU foams (PUFs), followed by PS and PVC foams 819,

Polyurethanes, in particular are a major class of polymers with broad industrial applications 2°. They
are highly versatile and are formed through the reaction of polyols and isocyanates 2!, and their performance
is largely determined by two key parameters: density and rigidity 22. Owing to these properties, PUs are
widely used in the manufacture of plastics, cushions, foams, rubber goods, synthetic leathers, and fibers.
Additional applications include the furniture, construction, and footwear industries, as well as various
medicinal and agricultural fields 23. Flexible polyurethane foams (FPUFs), on the other hand, were selected
in this study as model systems. FPUFs are complex porous materials commonly used in comfort-related
applications, including automotive seating and cushioning, due to their lightweight structure, durability,
and excellent mechanical properties 23, but potentially applicable as food packaging materials especially
protecting fruit and vegetables. For example, a bio-based polyurethane foam derived from soybean polyol
and zein exhibited excellent cushioning and ethylene-absorbing properties, maintaining the appearance of

tomatoes even after repeated drop tests from a height of 1.5 m 4.

Fruits and vegetables are often transported over long distances, which exposes them to mechanical
stresses that can cause bruising or other damage 2°?°. To minimize such damage, packaging materials need
to be soft and cushioning, with specific mechanical properties tailored to absorb shocks ?7. Flexible or
elastomeric polymer foams, such as polyurcthane foams, are ideal candidates for several applications, as
they provide lightweight, durable, and resilient cushioning 283°, In this context, incorporating natural
antioxidants like AMEQ into FPUFs could further enhance their performance and stability, suggesting that

AMEO-modified foams may be a promising solution for protecting fruits and vegetables during transport.

The antioxidant activity of phenolic compounds can proceed through several distinct mechanisms,
among which hydrogen atom transfer (HAT), single electron transfer-proton transfer (SET-PT), and
sequential proton loss-electron transfer (SPLET) are the most widely studied and relevant. In the hydrogen
atom transfer (HAT) mechanism, the bond dissociation enthalpy (BDE) serves as a key descriptor of
antioxidant potential 3!. Lower BDE values correspond to easier hydrogen donation, which enhances radical
scavenging ability 2. In the SET-PT mechanism, the antioxidant first donates an electron to the radical,
forming a radical cation, and then transfers a proton. This mechanism is characterized by two
thermodynamic parameters: the ionization potential (IP), which describes the ease of electron donation, and
the proton dissociation enthalpy (PDE), which reflects the subsequent proton transfer step. Lower IP values
indicate a greater propensity for electron donation and, thus, higher antioxidant activity through this

pathway. In the SPLET mechanism, the antioxidant first loses a proton to form a phenoloxide anion, which



in turn donates an electron to the free radical. This pathway is described by the proton affinity (PA), which
reflects the ease of the initial proton removal, and the electron transfer enthalpy (ETE), characterizing the
subsequent electron donation step. SPLET is considered particularly relevant in polar and protonic
environments 33. In addition to thermodynamic descriptors, frontier molecular orbital (FMO) analysis,
including HOMO and LUMO energies and the HOMO-LUMO energy gap (E,), provides complementary
information on the chemical reactivity and electron donation ability of antioxidant molecules 33,
Computational chemistry approaches provide a powerful tool for predicting these parameters and

comparing antioxidant performance at the molecular level 3.

While several studies have investigated synthetic antioxidants in polymer systems, limited attention
has been given to EOs derived compounds, and no systematic computational evaluation of AMEO

compounds as potential natural antioxidant additives in polyurethane foams has been reported.

Based on this context, the present study investigates seven major constituents of AMEO (—)-
limonene, (+)-limonene, (+)-a-pinene, (—)-a-pinene, (+)-S-pinene, (—)-f-pinene and camphene using a DFT
approach at the M06-2X/6-311+G(d,p) level of theory. The antioxidant potential of these compounds was
evaluated through three complementary mechanistic pathways: HAT, SET-PT, and SPLET, characterized
by the thermodynamic descriptors BDE, IP, PDE, PA, and ETE, respectively. The thermodynamic
parameters were evaluated in both the gas and solvent pliases. In addition, FMO analysis was performed to
further investigate the electronic properties and reactivity of the compounds studied. Enantiomers are
expected to show identical values, as these parameters depend only on the bond type and local electronic
environment, not on overall stereochemistry 37. Furthermore, the potential application of AMEO as
antioxidant additives in polyurethane formulations has been explored. In addition, the possible future use
of the material in food-packaging applications is briefly discussed, although its suitability remains to be

established through migration, toxicity, additive retention, and application-specific performance studies.

2. Materials and methods
2.1. Computational Details
2.1.1.Methods

Calculations were performed using Gaussian 16 program 3 at the M06-2X/6-311+G(d,p) level of
theory in the gas, water, and ethylene glycol phases. The solvent effects of water and ethylene glycol were
described using the solvation model based on density (SMD). The M06-2X functional has been effectively
utilized before to study thermochemistry, kinetics, and non-covalent interactions, particularly in free radical
processes 3°. The M06-2X functional was selected because a dedicated benchmarking study highlighted it
as the most reliable method for BDE calculations, outperforming both B3LYP and M06. Specifically,
B3LYP underestimated BDE values by more than 40 kJ/mol and M06 by more than 20 kJ/mol, while M06-



2X reproduced experimental values with deviations of only 6-7.5 kJ/mol 42, However, since only terpenes
were identified in this essential oil, the bond dissociation enthalpy (BDE), ionization potential (IP), proton
dissociation enthalpy (PDE), proton affinity (PA), and electron transfer enthalpy (ETE) calculations were
restricted to C—H bonds. Structures of AMEO compounds and their corresponding species (radicals, radical
cations, and anions) were optimized. Each unique C-H position was determined, and the corresponding
species were generated through hydrogen atom abstraction, electron removal, or proton dissociation,

depending on the investigated mechanism *!.

2.1.2. Antioxidant Mechanism

The antioxidant mechanisms of AMEO compounds were systematically studied and comparatively
analyzed according to three main pathways: HAT, SET-PT, and SPLET. The calculations were performed
in the gas phase, with the exception of the HAT mechanism, which was also evaluated in ethylene glycol
and water to better account for solvent effects. The main thermodynamic parameters associated with each
mechanism, BDE, (Equation 1), IP, (Equation 2), PDE, (Equation 3), PA, (Equation 4), and ETE,
(Equation 5), were determined and used as descriptors for evaluating and comparing the antioxidant
potential of the studied molecules. This comprehensive approach provides a better understanding of the
predominant reaction pathways and the relative efficacy of AMEO compounds as antioxidants under

different conditions.

HAT mechanism:

BDE = H(A®) + H(He) - H(A) Equation 1
SET-PT mechanism:
IP =H(A*")+ H(e’) - H(A) Equation 2
PDE = H(A*) + H(H") - H(A*") Equation 3
SPLET mechanism:
PA =H(A") + HH") - H(A) Equation 4

ETE = H(A*) + H(e’) - H(A) Equation 5



The enthalpies of the electron (H(e")) and proton (H(H")) in the gas phase are 3.1351 kJ/mol and
6.1398 kJ/mol, respectively 4143,

2.1.3.FMO analysis

Frontier molecular orbital (FMO) analysis was carried out on the optimized geometries at the same
level of theory (M06-2X/6-311+G(d,p)) in the gas phase. The HOMO and LUMO energies were extracted
from the output files, and the HOMO-LUMO energy gap (E,) was calculated as the difference between the
LUMO and HOMO energies.

2.2. Experimental Details
2.2.1.Isolation and Chemical Characterization of AMEQO

Aerial parts of Abies marocana were collected from Jbel Tazaout, Chefchaouen, Morocco, after
obtaining the necessary permissions. We confirm that the collection of Abies marocana complied with all
relevant institutional, national, and international guidelines and legislation and was carried out in
accordance with the regulations set by the Tazaout and Talasemtane Forest authorities. Furthermore, the
study was conducted in accordance with the [IUCN Policy Statement on Research Involving Species at Risk
of Extinction and the Convention on International Trade in Endangered Species of Wild Fauna and Flora
(CITES). The plant specimen was identified and authenticated by Dr. Mohamed Kadiri, a botanist at the
Laboratory of Applied Botany, Abdelmalek Essaadi University, Morocco. A voucher specimen of Abies
marocana was deposited in the herbarium of the Biology Department, Faculty of Sciences, Abdelmalek
Essaadi University, Morocco, under the code LAB-BI0O-2025-067. The essential oil was obtained by steam
distillation and stored at 4—6 °C until further use. GC/MS analysis was performed to identify the major
constituents of the essential oil, with limonene as the predominant compound (38.46%), followed by a-
pinene (21.96%), f-pinene (12.92%), and camphene (11.23%) (Figure 1). Limonene and pinene isomers
are generally recognized as safe and are widely used in foods and household products, showing no evidence
of acute or severe toxicity in humans under normal exposure conditions **. Similarly, available safety

assessments indicate that camphene also exhibits low toxicity under typical exposure scenarios 4.
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Figure 1. Two-dimensional chemical structures of AMEO compounds.



2.2.2.Preparation of Flexible Polyurethane Foam and AMEO as Additives (FPUF/AMEOQ)

FPUF samples were synthesized using a one-pot free foaming method. The polyol (Ongropur D6575,
40 g) was placed in a 1 L paper cup. The isocyanate (Ongronat XP1142, 20 g) was then added, both, from
Wanhua-BorsodChem in Kazincbarcika, Hungary. AMEO was added at different weight percentages (0.00,
0.25, 0.50, 0.75, and 1.00%; Table 1) relative to the total PU formulation. The mixture was mixed for 8 s.
The formulation and foaming processes were monitored using a FOAMAT 285 foam qualification system.
The test duration was 300 s, during which the maximum exothermic temperature reached 25.9 °C. The
foam was allowed to rise freely in the paper cup at room temperature. AMEO was incorporated as an
additive into the FPUF, and the mechanical properties of the resulting samples were evaluated. Cylindrical
specimens with a diameter of 30 mm and an approximate height of 30-33 mm were cut from each foam
sample and used for the mechanical tests. All measurements were carried out in triplicate, both before and
after dry ageing to evaluate the effect of long-term material use. The corresponding raw data from the
triplicate measurements are provided in the Supplementary Information (Tables S1 and S2). The extent of
the change was determined by the evaluation of the compression-force—deflection curves (decrease in
force). If the degree of change was too large (higher than 15%), the material was considered unsuitable for

further use under compressive stress “°.

The reduction in compression force was calculated according to Equation 6:

Fs5006,0 — Fs00%,1 Equation 6
AF 5000 (%) = ——————= x 100 q
F 50%,0
where AFsg, — force measured at 50% compression, Fsg, o — force measured at 50% compression before

dry heat ageing, and Fsg, ; — force measured at 50% compression after dry heat ageing.
Similarly, the decrease in sample height was determined using Equation 7:

ho —hy Equation 7
ho

where Ah — decrease in height of the sample after dry heat ageing, h, — height of the original sample, h; —

Ah =

height of the sample after dry heat ageing.

Table 1. Formulation of flexible polyurethane foam and AMEO as additive (FPUF/AMEO)

Percentage of Polyol Premix Isocyanate
Sample ID AMEO (% wt) Weight of AMEO (g) Ongropur D6575 () ongronz(lé)xp 1142
Reference 0.00 0.00 40 20
AMEOL1 0.25 0.15 40 20

AMEOQO2 0.50 0.30 40 20



AMEO3 0.75 0.45 40 20
AMEO4 1.00 0.60 40 20

2.2.3.Dry heat ageing

A standard ageing test was performed to assess the impact of prolonged use of the foams. For the
test, the ASTM D3574 Test K dry heat ageing procedure was followed. The samples were aged for 24 h at
140 £+ 2°C in a laboratory drying oven (POL-EKO Aquaterra SLW240, Wodzislaw Slaski, Poland).
Following the ageing process, a minimum of two hours of conditioning under the specified parameters (23
+ 2 °C and 50 + 5% relative humidity) was performed, and the mechanical measurements were repeated,

and the resulting changes compared to the pre-ageing were evaluated.
2.2.4.Mechanical Measurements

The mechanical properties of the prepared samples (reference and FPUF/AMEOQO) were evaluated
using Test Method C of ASTM D3574, the standard test method for FPUFs #7. Compression force deflection
(CFD) was determined by compressing the samples over their entire surface to 50% of their original height,

holding the compression for 1 min, and then measuring the force required to maintain the deformation.
2.2.5.FTIR Characterization

The functional groups of the unmodified FPUF and AMEQO-containing FPUF samples were analyzed
by Fourier transform infrared spectroscopy (FTIR) using a Bruker Vertex 70 spectrometer equipped with a
Platinum ATR accessory (A225/Q, Multiple Crystals Diamond S1558DCCE). Spectra were recorded at
room temperature over the wavenumber range of 400-4000 cm™ with a resolution of 4 cm™ and averaged
over 32 scans in absorbance mode. Data acquisition was performed in double-sided, forward—backward

mode using an RT-DLaTGS detector.

3. Experimental Results
3.1. Computational Results
3.1.1.Optimized Geometries

In this work, seven natural compounds from AMEOQO, (+)-a-pinene, (-)-a-pinene, (+)-f-pinene, (—)-
f-pinene, (+)-limonene, (-)-limonene and camphene previously identified as major constituents in our
earlier studies *® were optimized in the gas, water, and ethylene glycol phases using the M06-2X functional
(Figure 2). Because the (+) and (-) enantiomers showed identical C—H bond characteristics, the results are
reported once per compound. Analysis of the C—H bond lengths revealed that the shortest bond was C10-
H in B-pinene (1.084 A), whereas the longest bond was C1-H in limonene (1.101 A) (Table 2). Cartesian



coordinates of the optimized AMEO compounds calculated at the M06-2X/6-311+G(d,p) level of theory

are provided in the Supplementary Information.

. ‘&J\ —j} 1.003
y DI
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Figure 2. Three-dimensional structure of AMEO compounds optimized at the M06-2X/6-311+G(d,p) level
of theory, and the appropriate bond lengths (in A) for the strongest and weakest C—H bond

Table 2. Bond lengths (B.L.) (in A) and bond dissociation enthalpy (BDE), ionization potential (IP),
proton dissociation enthalpy (PDE), proton atfinity (PA), and electron transfer enthalpy (ETE) values in
kJ/mol of AMEO compounds computed using the M06-2X/6-311+G(d,p) level of theory in the gas phase

compounds  B.L. BDE IP PDE IP+PDE PA ETE PA+ETE
Camphene 817.1
C3-H 1.092 442.1 938.4 1755.5 1697.0 58.5 1755.5
C4-H 1.089 403.6 897.5 1714.5 1708.8 5.7 1714.5
C7-H 1.093 428.6 922.5 1739.6 1690.6 49.0 1739.6
C8-H 1.086 455.8 949.6 1766.7 1678.9 87.8 1766.7
C9-H 1.091 418.1 912.0 1729.1 1705.9 23.2 1729.1
o-pinene 777.9
C2-H 1.093 428.7 961.7 1739.7 17125 27.1 1739.7
C3-H 1.096 352.0 885.0 1663.0 1627.0 359 1663.0
C4-H 1.086 460.4 993.4 1771.3 1683.4 88.0 1771.3
C6-H 1.093 434.4 967.4 1745.4 1700.4 45.0 1745.4
C7-H 1.088 420.9 953.9 1731.8 1707.2  31.0 1738.2
C9-H 1.089 412.1 945.1 1723.0 17059 19.0 1724.9
C10-H 1.091 355.5 888.5 1666.4 1607.5 58.9 1666.4
f-pinene 794.3

C2-H 1.093 427.2 943.8 1738.1 1705.5 32.7 1738.1



C3-H 1.093 400.0 916.6 1710.9 17055 5.4 1710.9

C4-H 1.092 3473 863.9 1658.2 1599.3 58.9 1658.2
Co6-H 1.092 432.1 948.7 1743.0 1693.4 49.6 1743.0
C7-H 1.092 423.5 940.1 1734.4 1706.5 27.9 1734.4
C9-H 1.095 413.8 867.1 1661.4 1595.6 54.5 1650.1
CI10-H 1.084 461.3 977.9 1772.2 1688.1 84.1 1772.2
Limonene 804.3
Cl1-H 1.101 353.5 860.1 1664 .4 1602.3 62.2 1664.4
C2-H 1.095 347.1 853.8 1658.1 16219 36.7 1658.6
C3-H 1.087 452.7 959.2 1763.4 1687.4 76.3 1763.7
C5-H 1.098 354.6 861.2 1665.5 1618.3 47.2 1665.5
Co6-H 1.092 407.6 914.3 1718.6 1698.2 204 1718.6
C8-H 1.085 458.6 965.2 1769.5 1688.2 81.3 1769.5
C9-H 1.094 365.8 872.5 1676.7 1607.9 68.9 1676.7
C10-H 1.095 368.4 875.0 1679.3 16279 514 1679.3

3.1.2. Antioxidant Capability and Scavenging Mechanisms

The antioxidant efficacy of AMEO species was evaluated according to different mechanisms to

assess their potential applicability as additives in polymer formulations.

Starting with the hydrogen atom transfer (HAT) mechanism, the most reactive bonds are those with
the lowest BDE values #, as hydrogen atoms can be donated from multiple positions within the antioxidant
molecule. The HAT mechanism occurs through a single-step hydrogen atom transfer process, resulting in

the formation of a radical *°. The calculated BDE values of all AMEO compounds are listed in Table 2.

The bond dissociation enthalpy (BDE) values for all AMEO compounds were calculated in the gas
phase using the M06-2X inethod. To assess the effect of the solvent on antioxidant activity, the most
favorable C—H position (the lowest BDE) identified in the gas phase for each compound was further
evaluated in water and ethylene glycol. The results showed that the same reactive sites remained the most
favorable in both solvents, with only slight variations in BDE values (Table 3).

Table 3. Comparison of the lowest BDE values (in kJ/mol) and most favorable C—H positions of AMEO
compounds in gas phase, water, and ethylene glycol.

Best C-H BDE (ethylene
compounds position BDE (gas) BDE (water) glycol)
Camphene C4-H 403.6 404.3 404.1
a-pinene C3-H 352.0 356.0 353.9
[S-pinene C4-H 3473 353.1 350.9

Limonene C2-H 347.1 352.2 349.8




This consistency suggests that the preferred hydrogen atom donation sites are not significantly
influenced by the solvent environment, thereby confirming the reliability of the gas-phase predictions. The
calculated C—H bond BDEs in the gas phase of AMEO compounds ranged from 347.1 to 461.3 kJ/mol
(Table 2). The weakest bonds were found in limonene isomers. Among all evaluated sites, the C2-H
position in limonene isomers displayed the lowest BDE in the gas phase (347.1 kJ/mol). Comparable values
were obtained in water (352.2 kJ/mol) and ethylene glycol (349.8 kJ/mol) (Table 3), suggesting that this
site remains the most favorable for hydrogen atom donation regardless of the surrounding medium. These
results indicate that limonene contains the most favorable sites for hydrogen atom donation. In contrast, the
strongest bonds were observed in f-pinene isomers. The C10—H position exhibited the highest BDE value,

461.3 kJ/mol, in the gas phase.

Interestingly, additional weak sites were identified (C4—H) in f-pinene isomers, with BDE values of
347.3 klJ/mol in the gas phase. Only minor differences were observed in solution, with values of 353.1
kJ/mol in water and 350.9 kJ/mol in ethylene glycol, all of which are close to the lower limit of the overall
range (347.1 kJ/mol). This suggests that both limonene and f-pinene possess favorable C—H sites for

hydrogen atom donation, highlighting their potential as efficient free radical scavengers.

For a-pinene, analysis of the BDE values showed that the C3—H position is the weakest site, with a
BDE of 352.0 kJ/mol in the gas phase. This suggests that this position is the most favorable for hydrogen

atom donation compared to other C—H bonds within the same molecules. In the case of camphene, the

weakest site was located at C4—H, with a BDE of 403.6 kJ/mol.

In the SET-PT mechanism, the first step is electron transfer from the antioxidant (A) to the radical,
forming a radical cation (A<"), which then deprotonates to give a neutral radical (A¢). To evaluate the
antioxidant activity of the C—H site, the ionization potential (IP) and proton dissociation enthalpy (PDE)

were calculated 20-32,

IPs and PDE values for AMEO compounds were computed in the gas phase (Table 2). The results
indicate that the IP of a-pinene (777.9 kJ/mol) is the lowest, while camphene has the highest (817.1 kJ/mol).
The PDE values of the C—H bonds vary significantly, ranging from 853.8 kJ/mol (C2—H in limonene) to
993.4 kJ/mol (C4—H in a-pinene) in the gas phase, indicating notable differences in the ease of proton loss
depending on the molecular position. Notably, the same C—H positions identified as most reactive in the
PDE analysis were also observed in the BDE results, indicating a consistent reactivity pattern across

different antioxidant mechanisms. Consequently, the C2—-H bond in limonene exhibits higher antioxidant



activity than the other C—H bonds, based on their IP + PDE values. The results obtained for the different

C—H positions are consistent with the HAT results.

In the SPLET mechanism, the first step is proton loss from the antioxidant (A), forming an anionic
species (A-), which then donates an electron to the radical to give a neutral radical (A") 2°. To evaluate the
antioxidant activity of the C—H site, the proton affinity (PA) and electron transfer enthalpy (ETE) were
calculated. Lower PA and ETE values indicate a greater antioxidant ability of the studied molecule. The
calculated PA and ETE for all the possible sites of C—H bonds of the AMEO compounds were collected
and compared in the gas phase (Table 2). The PA values ranged from 1595.6 kJ/mol (f-pinene, C9—H) to
1712.5 kJ/mol (a-pinene, C2—H), and the ETE values ranged from 5.4 kJ/mol (#-pinene, C3—H) to 88.0
kJ/mol (a-pinene, C4—H). The most efficient SPLET site, based on the lowest PA+ETE sum, was fS-pinene,
C9-H (1650.1 kJ/mol). However, the PA+ETE value for limonene in C2—-H was 1658.6 kJ/mol, which is
very close, indicating that limonene is also highly favorable via SPLET. This aligns with limonene showing

the most favorable antioxidant characteristics for the SET-PT and HAT mechanisms (Table 2).

Overall, based on the results, among the seven AMEO compounds, the C2—H bonds in limonene
represent the most favorable antioxidant sites based on all three mechanisms (HAT, SET-PT, and SPLET).
Several other C—H sites also show potential as effective free radical-scavengers. These theoretical results
are in good agreement with our experimental data ifrom a previous study on the antioxidant activity of
AMEO, which showed weak radical scavenging activity in the DPPH assay but notable reducing power in

the ferric reducing antioxidant power (FRAP) assay 3.

3.1.3. Frontier Molecular Orbital (FMO) Analysis

Frontier molecular orbital (FMO) analysis was employed to investigate the reactivity and electronic
properties of the system. The energies of the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) are important quantum chemical descriptors that play a major role
in the chemical reactivity of antioxidants 3°. The visual representations of the HOMO and LUMO electron
density distributions, together with the energy gap (E,) of the major compounds of AMEO are represented

in Figure 3.
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Figure 3. HOMO and LUMO orbital representations and energy gaps (E,) of representative AMEO
constituents calculated at the M06-2X/6-311+G(d,p) level of theory in the gas phase.

Among the studied compounds, a-pinene exhibited the highest HOMO energy (-7.57 e¢V), followed by
limonene (-7.80 eV), S-pinene (-7.91 ¢V), and camphene (-8.03 eV), suggesting that a-pinene and limonene

have the greatest intrinsic eleciron-donating tendencies.

The energy gap (E,) is a nicasure of molecular chemical reactivity (a smaller energy gap indicates higher
reactivity **). a-pinene exhibited the smallest E, (7.89 e¢V) among all compounds, followed by limonene
(8.10 V), S-pinene (8.23 eV), and camphene (8.37 eV). The relatively small gap of a-pinene and limonene
is consistent with their higher overall chemical reactivity and supports their superior radical-scavenging

ability as identified by the BDE and SPLET calculations.

3.2. Experimental Results
3.2.1.Characterization of AMEO

The essential oil extracted from the aerial part of Abies marocana via steam distillation had a yield
0f 0.24%. GC/MS analysis of AMEO identified its major components, summarized in Table 4. Quantitative
analysis revealed that limonene was the predominant compound (38.46%), followed by a-pinene (21.96%),

S-pinene (12.92%), and camphene (11.23%) 5.



Table 4. Major chemical components (relative area percentage) of AMEO by determined by GC/MS.

N° Compounds MF MW (g/mol) RI RT (min) Area (%)
1  oa-Pinene CioHis 136 929 8.83 21.16
2 Camphene CioHis 136 952 9.14 11.23
3 f-Pinene CioHis 136 987 9.95 12.92
4  Limonene CioHys 136 1004 11.73 38.46

MEF: Molecular Formula; MW: Molecular Weight; RI: Retention Index; RT: Retention time

3.2.2.Mechanical Tests

The addition of antioxidant additives to flexible polyurethane foam can significantly influence its
mechanical properties, particularly the compression force (F). The BDE of antioxidants plays a key role in
determining the stability of polyurethane materials. Compound with higher oxidative stability can help
maintain the mechanical properties of polyurethane foams over longer periods by reducing degradation.
Therefore, selecting antioxidants with suitable BDE values is essential to minimize oxidative damage and

preserve the foam’s mechanical integrity, particularly its resistance to compression 2°.

Compression force deflection (CFD) tests were carried out in accordance with ASTM D3574 Test C
on FPUF samples prepared with AMEO as an additive at concentrations of 0.00 (Ref), 0.25, 0.50, 0.75, and
1.00 wt%. The samples were further subjected to dry heat ageing following ASTM D3574 Test K. The final
force values (Fsoo0; Fsou1) Were recorded at 50% compression of the original sample height after one

minute. Following ageing, the changes in compression force and sample height were determined (Table 5).

It is evident from the results that the AFs0,,% after ageing is considerably higher in all samples than
the 15% limit set by the standard, indicating that mechanical deterioration occurs upon long-term ageing
regardless of the formulation. The reference sample showed a compression-force loss of 25.46%, while the
AMEO-modified samples exhibited values 0f 22.70% (0.25 wt%), 23.65% (0.50 wt%), 24.71% (0.75 wt%),
and 21.88% (1.0 wt%).

Although the calculated AF,,, values did not show a strictly monotonic dependence on AMEO
concentration, this parameter is derived from the force values measured before and after ageing. As shown
in Figure S1 (Supplementary Information), the individual compression force values before (F,., o) and after
(F..1) dry heat ageing exhibited a generally consistent trend with increasing AMEO content. The apparent
variation in AF,, therefore results from the normalization of the force loss by the initial compression force
value, where small changes in either parameter can affect the calculated percentage. Although none of the

formulations fully meet the ASTM threshold, the AMEO-modified samples consistently exhibited lower



compression-force loss than the unmodified reference. Compared with the reference, the reductions ranged
from 0.75 to 3.58 percentage points, corresponding to approximately 2.95-14.06% relative improvement
in compression-force retention. This suggests that AMEO may contribute to improved retention of the
mechanical properties of polyurethane foam during thermal ageing, slowing the deterioration process even
if it does not completely prevent it. However, the detailed interactions with oxygen-centered radicals such
as peroxy (ROO") and alkoxy (RO") radicals, which are central to polyurethane degradation mechanisms,
were not specifically investigated in the present study. Among the formulations tested, the 1.0 wt% AMEO
formulation showed the lowest compression-force loss, indicating improved retention of compression force
after ageing under the conditions investigated. These findings indicate that AMEO has potential as a bio-
based additive for enhancing the ageing performance of polyurethane foam. However, additional oxidation-
sensitive analyses are required to confirm the proposed stabilization mechanism. Furthermore, although
polyurethane foams containing AMEO may have potential for future food-packaging applications, their
suitability cannot be established based on the present study. Further investigations, including migration,
toxicity, additive retention, and application-specific performance tests, are required before such

applications can be considered.

Table 5. Compression test results (ASTM D3574 Test C) before and after dry-heat ageing for FPUF
samples prepared with AMEO as an additive at concentrations of 0.00 (Ref), 0.25, 0.50, 0.75, and 1.00
wt%.

Sample ID  Fsgooo(N) £SD  Fspoo1 (N)2SD  AFs00, (%) £SD  hy(mm)£SD  hy (mm)=SD  Ah (%) £ SD

Reference 5.46 +£0.81 4.07 £0.62 25.46 +1.36 29.53+0.64 29.84 +0.63 -1.05+0.11
AMEO1 5.55+0.76 4.29 £0.60 22.70 £ 1.76 30.33+0.63 30.5+0.68 -0.56 £ 0.15
AMEO2 575+ 1.13 439+0.77 23.65 +2.02 29.58 £0.30 29.52 +0.33 0.20+0.08
AMEO3 6.11+0.48 4.60 +0.39 24.70 £ 0.69 29.75+0.40 29.32 +£0.39 1.45+0.12
AMEO4 6.26+1.28 4.89+0.84 21.88+1.28 29.78 +0.96 29.52 +£0.96 0.87 £0.04

Values are presented as mean + SD (n = 3).

Compression force—deflection curves for the reference (Ref) and AMEO-modified FPUF samples
before and after dry heat ageing, measured up to 50% of the original sample height (Figure 5). The curves
also include the one-minute hold at the compressed height, during which a decrease in force is observed
due to relaxation of the elastic foam. The AMEO-modified samples retain slightly higher compression
forces than the aged reference, indicating a modest stabilizing effect of the additive across the

concentrations tested (0.15, 0.30, 0.45, and 0.60 g).
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Figure 4. ASTM D3574 Test C (Compression Force Deflection) measured at 50% sample height before
and after dry-heat ageing (ASTM D3574 Test K) for FPUF samples prepared with AMEO as an additive at
concentrations of 0.00 (Ref), 0.25, 0.50, 0.75 and 1.00 wt %. The curves shown are representative
measurements.

3.2.3.FTIR Analysis

To further investigate the nature of the interaction between the studied essential oil and the FPUF, FTIR
analysis was performed on the reference FPUF and FPUF/AMEO samples with different AMEO loadings
(AMEOI1-AMEO4) (Figure S2, Supplementary Information). The FTIR spectra exhibited the same
characteristic polyurethane bands before and after the incorporation of AMEO, including N-H group
stretching vibration observed at 3300 cm™!. The asymmetric and symmetric stretching vibrations of C—H
groups (—CH,— and —CH3) appeared at 2967 and 2875 cm™!, respectively. The band observed in the range
of 1680-1740 cm™! corresponds to the stretching vibration of carbonyl (C=0) group present in the structure
of urethane bonds. The N-H bending vibration was found at 1596 cm™!, while the characteristic peak
connected with stretching vibration of C—N bond appears at 1526 cm™'. The ether bond (C—O-C) stretching
vibration was observed at 1140 cm™'. In addition, the peaks at wavenumbers ranging from 1360-1477 cm™
I"are characteristic of the bending vibrations of methyl and methylene groups originating from the polyol
chains 3!, No new absorption bands or significant shifts in peak positions were observed after AMEO
incorporation. This result is consistent with the chemical nature of the major AMEO constituents, including
limonene, a-pinene, S-pinene, and camphene, which together represent 83.77% of the total compounds and

are mainly hydrocarbons lacking functional groups capable of reacting with isocyanate groups (-NCO).



The absence of new covalent bonds confirms that the studied oil acts as a physical antioxidant additive

within the polyurethane network rather than through chemical integration into the polymer backbone.

4. Conclusion

In conclusion, compounds identified in Abies marocana essential oil were assessed through DFT
calculations to evaluate their antioxidant potential via three mechanistic pathways: HAT, SET-PT, and
SPLET, characterized by the thermodynamic descriptors BDE, IP, PDE, PA, and ETE, in both gas and
solvent phases. Limonene was found to be the predominant compound (38.46%), followed by a-pinene
(21.96%), p-pinene (12.92%), and camphene (11.23%). Among all studied constituents, limonene isomers
exhibited the most favorable thermodynamic parameters across all three mechanisms, confirming their
higher radical-scavenging ability. FMO analysis further supported these findings, with a-pinene exhibiting
the smallest HOMO-LUMO energy gap, followed by limonene, supporting their higher chemical reactivity
and radical-scavenging potential among the studied AMEO constituents. Based on its abundance and
calculated thermodynamic descriptors, limonene may contribute to the observed response, although its
individual effect was not experimentally isolated. AMEO was incorporated into flexible polyurethane foam
at different concentrations. Compression tests before and afier dry heat ageing revealed that AMEO-
modified foams showed slightly better compression-force retention than the reference sample. The absolute
compression force values increased with AMEQ loading, while the calculated percentage force loss was
generally lower for AMEO-modified samples, indicating improved ageing resistance. FTIR
characterization of the FPUF and FPUF/AMEO samples revealed similar spectra profiles with no new
peaks, confirming that AMEO components did not react with the isocyanate groups during foam synthesis.
This is consistent with the puicly hydrocarbon nature of the major terpene constituents. The stabilization
mechanism is therefore physical in nature, consistent with the antioxidant mechanisms identified by DFT
calculations. These results suggest that AMEO can act as a multifunctional additive, providing both
antioxidant activity and mechanical tuning in polyurethane foams. Future studies, including migration
testing, toxicological evaluation, and real-world application testing will be necessary to further assess the

potential of AMEO-modified polyurethane foams for specific end-use applications.
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