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Perfluorooctanoic acid (PFOA), recognized as a persistent organic pollutant, poses a serious threat to the
environment and human health. Currently, mechanochemical degradation is considered a highly
promising technology for the degradation of PFOA. This study systematically employs density functional
theory (DFT) and the COGEF (COnstrained GEometry to simulate Forces) model to deeply investigate the
impact of external forces on the degradation properties of PFOA molecules. Through quantum chemical
calculations, we analyzed in detail the changes in the electronic structure, chemical reactivity, and
decarboxylation reaction process of PFOA molecules under the influence of external forces. The results
show that the application of external forces significantly alters the electronic density distribution of PFOA
molecules, thereby enhancing their reactive activity, especially in terms of nucleophilicity and radical
reactivity at the carboxylate end. Moreover, the application of external mechanical force reduces the

Gibbs free energy change of the decarboxylation reaction, thereby making the reaction energetically
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Accepted 9th June 2025 favorable. This study not only theoretically elucidates the mechanism of mechanochemical degradation

of PFOA, but also provides a basis for optimizing its mechanochemical degradation technology. In

DOI: 10.1039/d5mr00048c addition, this study also provides a systematic theoretical perspective for exploring the mechanisms of
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1 Introduction

Perfluorooctanoic acid (PFOA), an artificially synthesized per-
fluorinated compound, has been extensively utilized in the
production of various consumer goods, including non-stick
cookware, waterproof apparel, and fire-fighting foams, owing
to its exceptional chemical stability and unique surface-active
properties.’® However, PFOA poses a severe threat to human
health, with evidence indicating its potential to disrupt the
endocrine system, impair reproductive development, damage
the immune system, and its classification as a carcinogenic
substance.”™ The high stability of PFOA in the environment
hinders its natural decomposition, allowing it to persist in
aquatic systems, soils, and sediments. Its long-range transport
and bioaccumulation through the food chain have led to the
detection of PFOA in biota in the Southern Hemisphere,
demonstrating its globally distributed characteristics.”**™*®
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Consequently, the production and use of PFOA have been
restricted worldwide, with PFOA and its related compounds
being listed as controlled substances in the Persistent Organic
Pollutants (POPs) regulation by the European Chemicals Agency
(ECHA).

As understanding of the environmental and health risks
associated with PFOA deepens, research into its degradation is
rapidly advancing. Investigators are exploring a variety of
methods to effectively degrade this persistent pollutant.****>*
Given the high resistance of PFOA molecules to conventional
organic oxidation methods, it is necessary to enhance the
energy input of the degradation process through physical
means, generating highly reactive free radicals to achieve
defluorination and carbon chain mineralization of PFOA.**¢
The degradation process of PFOA typically involves the removal
of CF, units from the carboxylic acid end (or sulfonic acid end),
forming short-chain perfluorocarboxylic acids, and continuing
to remove CF, units until ultimately converting to CO,, H', and
F*.19,27—32

In the field of environmental chemistry, mechanochemical
degradation has emerged as an innovative technology that
activates chemical reactions through mechanical force, facili-
tating the degradation of pollutants.***” Significant progress
has been made in this area in recent years, particularly in the
degradation of persistent organic pollutants (POPs). Research
on mechanochemical degradation dates back to 1994 when
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Rowlands® used mechanochemical methods to degrade
organic pollutants such as polychlorinated biphenyls (PCBs)
with satisfactory results. Since then, mechanochemical degra-
dation has been widely applied to the degradation of chlori-
nated and brominated organic pollutants, including PCBs,
dioxins, chlorobenzenes, pentachlorophenol, tetrabromobi-
sphenol A, and decabromodiphenyl ether.****3%> Recently, the
mechanochemical degradation of POPs through ball milling
processes has garnered widespread interest among researchers
due to its mild reaction conditions, low solvent demand, and
green efficiency.”® Researchers have successfully degraded
PFOA in soil and sediments using mechanochemical methods,
achieving nearly 100% degradation efficiency.*****-%> Mecha-
nochemical degradation shows great potential in the treatment
of solid PFOA, with advantages including: (1) mild reaction
conditions that can be carried out at room temperature and
pressure; (2) high degradation efficiency suitable for treating
high-concentration and high-dose pollutants; (3) broad appli-
cability for the degradation of pure PFOA, PFOA in soil, and
PFOA fixed by adsorbents; (4) the reaction is conducted in
a closed mill pot, ensuring a safe and controllable process. In
the mechanochemical degradation of PFOA and other per-
fluorinated pollutants, strong bases such as KOH serve as effi-
cient defluorinating agents, initially attacking the carboxylic or
sulfonic groups in the fluorinated molecules, followed by
detachment and mineralization processes, resulting in the
formation of sulfates or carbonates. Fluoride ions combine with
potassium ions, their positions replaced by hydroxide ions, and
the carbon chain loses dihydroxylated carbon atoms under the
induction of hydroxide ions, producing potassium formate and
water. This peeling process of carbon atoms repeats until the
carbon chain is completely destroyed.>*>*3>6364

The introduction of quantum chemistry theory into the field
of mechanochemistry enables the interpretation of the effects
of external forces on the structural characteristics and energy
states of systems from the microscale perspective of atoms and
molecules. Quantum chemical models can quantitatively
calculate the modification of reaction potential energy surfaces
under external forces, thereby providing critical data support
for researchers to analyze the regulatory mechanisms of
external forces on reaction pathways based on transition state
theory. In recent years, with the deepening cross-application of
quantum chemistry methods in mechanochemistry, an inde-
pendent disciplinary branch—quantum mechanochemistry—
has gradually emerged.

The constrained geometries simulate external force (COGEF)
model is currently widely adopted in this field to theoretically
simulate the action of external forces.”® The core idea of this
model embodies a bidirectional interaction mechanism: the
application of external mechanical forces induces characteristic
changes in molecular geometries; if the deformed molecular
geometry is pre-acquired, the magnitude and direction of the
equivalent external force can be back-calculated through the
nuclear gradient of energy at this geometric structure. In recent
years, the COGEF model has demonstrated broad applicability
in mechanochemical calculations, with typical application
scenarios including kinetic studies of force-responsive

© 2025 The Author(s). Published by the Royal Society of Chemistry
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functional group reactions and energy barrier analysis of
mechanochemically induced bond cleavage processes. By
transforming macroscopic mechanical forces into quantitative
changes in microscopic configurational parameters, this model
provides an important research tool for establishing cross-scale
mechanics-chemistry coupling theories.***®

Although mechanochemical degradation has been proven to
be a green and efficient method for pollutant degradation at the
experimental level, there is a scarcity of literature that explains
the impact of external forces on the degradation properties of
pollutant molecules from a microscopic and theoretical
perspective, as well as an in-depth exploration of the specific
role and function of mechanical force in the degradation
process of pollutants. Therefore, this study focuses on the
degradation process of PFOA in a solvent-free ball milling
system. We utilize quantum chemical computational methods
to deeply analyze the impact of external forces on the properties
of PFOA molecules, thereby exploring how mechanical force
alters the degradation process of PFOA. The purpose of this
paper is not only to elucidate the degradation mechanism of
PFOA molecules but also to establish a methodological tool
using quantum chemical calculations to explain the mecha-
nistic principles of mechanochemical degradation. This will aid
researchers in deeply understanding the reaction mechanisms
of mechanochemical degradation processes at the atomic and
molecular levels, which is of significant importance for the
future application and optimization of mechanochemical
degradation processes.

2 Theoretical computation and
methods
2.1 The COGEF model

The COGEF (COnstrained GEometry to simulate Forces) model is
a quantum chemical computation method designed to simulate
the effects of mechanical forces on molecules.®>” This model is
predicated on the concept that the application of external forces
to a molecule induces changes in its geometric configuration.
Conversely, if the deformed molecular geometry is known, the
magnitude of the external force can be calculated using the
nuclear gradient of the energy within that geometric structure.
Under the COGEF model, a set of fixed values is used to constrain
the distance between two terminal atoms. After specifying the
terminal atom distance R,, the energy-relaxed structure of the
system is obtained using self-consistent field methods (con-
strained geometric optimization), from which the external force
required to maintain the terminal atom distance R, is calculated.

The COGEF model can be implemented in most mainstream
quantum chemical programs. It is not only capable of evalu-
ating the strength of chemical bonds but also of obtaining the
precise configuration of a molecule under force through
geometric optimization. Subsequently, the electronic structure
and chemical properties of the molecule in this state can be
analyzed through potential energy surface and wave function
analysis. The COGEF method has been validated as a powerful
tool for predicting mechanochemical reactivity, and its
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application in the field of mechanochemistry is continuously
advancing, providing a reliable theoretical tool and computa-
tional method for environmental pollution control, materials
science, and chemical synthesis.

2.2 Conceptual density functional theory

Conceptual Density Functional Theory (CDFT), developed by R.
G. Parr™ and others, is a theoretical framework that plays
a significant role in the field of quantum chemistry and wave
function analysis. The core idea of CDFT is to predict changes in
molecular reactivity upon gain or loss of electrons through vari-
ations in electron density.”> CDFT is primarily used to predict and
explain the reactivity and reactive sites of chemical substances,
which is of great importance for studying chemical reactions.”
Based on the concept of electron density, CDFT introduces global
and local reactivity descriptors to analyze the chemical reactivity
of molecules. These descriptors include the Fukui function, dual
descriptor, and relative nucleophilic/electrophilic indices, among
others. In this study, we utilized CDFT to calculate global CDFT
descriptors for PFOA molecules under force, such as chemical
potential, hardness, Mulliken electronegativity, electrophilic
index, and nucleophilic index. Additionally, we focused on the
condensed Fukui functions of the main reactive atoms in the
PFOA molecule to assess the impact of external forces on its
molecular degradation properties.

2.3 Theoretical functional and basis set selection

The theoretical approach of quantum chemical calculations in
this study primarily employs the wB97XD functional,” with the
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Def2TZVP”® basis set. The wB97XD functional was designed to
account for non-covalent interactions, particularly weak interac-
tions such as hydrogen bonding and van der Waals forces, thus
demonstrating superior performance in handling interactions
between carbon atoms in organic compounds. In this study,
strong non-bonding interactions are present in the PFOA mole-
cule, making the use of the wB97XD functional a suitable choice.
The Def2TZVP basis set is an improved version of Dunning’s cc-
pVTZ basis set series, suitable for systems requiring high-
precision calculations of electron correlation energies. Addi-
tionally, Def2TZVP incorporates extra polarization functions
based on the original cc-pVTZ basis set, which better describe the
electronic polarization effects of molecules. In this study, the F
atom in the PFOA molecule exhibits a strong electronic polari-
zation effect; therefore, the Def2TZVP basis set can accurately
calculate the structure and chemical properties of PFOA.

2.4 Computational software and workflow

In this study, molecular modeling and visualization were
carried out using GaussView software.”” Quantum chemical
calculations were performed using the Gaussian16 software,””
and wave function analysis relied on the Multiwfn software.”®”®
All CDFT descriptor calculations were also completed using
Multiwfn. The computational workflow for this study is out-
lined as follows (as shown in Fig. 1):

2.4.1 PFOA molecular construction. Preliminary molecular
construction was first conducted in GaussView, followed by
structural optimization to obtain the precise geometric struc-
ture of the PFOA molecule.

Modeling and Structural
Optimization

>
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PFOA Molecular

Gaussian|
g <o Structure
e
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GOGEF Model Calculations

Constiainad Ganssian Structural Gaussian Single-Point
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Y
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Fig.1 Computational workflow of this study.
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2.4.2 Simulation of mechanical force using the COGEF
model. The COGEF model in quantum chemistry was employed
to simulate the impact of mechanical forces on the PFOA
molecule. The specific operation involved gradually increasing
the distance between terminal atoms of the PFOA molecule to
induce changes in molecular conformation, and Gaussian
software was used to perform geometric optimization calcula-
tions under constrained conditions. During the molecular
deformation process, sampling was conducted at intervals of
0.1 A increase in the distance between the atoms under force,
with a total of 20 sampling frames set (including the initial
state). For each sampling frame, Gaussian was used to perform
high-precision single-point energy calculations to obtain the
electronic wave function of that conformation. External forces
were computed using Gaussian during COGEF-constrained
optimizations. Calculation results of the force were visualized
and exported via GaussView 6.0 for further analysis.

2.4.3 CDFT calculations and analysis. The electronic wave
function data obtained from step 2 were analyzed using Mul-
tiwfn software. Hirshfeld atomic charges, condensed Fukui
functions, and global descriptors were calculated as molecular
property indicators, and the information was statistically and
visually analyzed using the Python language and Matplotlib
library. This analysis allowed for an in-depth examination of the

F2i

F1

Fig. 2 Molecular structure of PFOA: (a) F = 0 nN (in its original state
without external force); (b) F = 0.025 nN.
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chemical properties (such as electrophilicity and nucleophi-
licity reactivity) and potential reaction sites of the molecule.

3 Computational results and analysis
3.1 Molecular structure of PFOA

The constructed molecular structure of PFOA is depicted in
Fig. 2a. Please refer to the atomic numbering in the figure, as
these numbers will be frequently cited in subsequent research
and analysis. It can be observed that the carbon atoms in the
PFOA molecule are almost entirely encapsulated by fluorine
atoms, and due to the electrostatic repulsion between the
fluorine atoms, the entire PFOA molecule exhibits an elongated,
chain-like structure. The PFOA molecule is replete with
extremely stable C-F bonds, which confer upon PFOA its high
stability in the environment, making it difficult to decompose.

Table 1 summarizes some key geometric parameters of the
PFOA molecule, providing a foundation for further analysis. In
the PFOA molecule, the C-C bonds are comparatively weaker
(with longer bond lengths and lower bond orders). However, the
C atoms are surrounded by F atoms, which makes it difficult for
external degradation reagents to attack the C-C bonds. There-
fore, the degradation of the PFOA molecule needs to be based
on the disruption of the C-F bonds. By comparing the bond
length and bond order data in the PFOA molecule, it can be
observed that there is significant variability among the C-F
bonds. The C-F bonds located far from the carboxylate end
(such as the C1-F20 bond) are shorter and have a higher bond
order, indicating that these C-F bonds are more stable.

3.2 Comparison of molecular properties under different
force conditions

During the degradation of PFOA, the high chemical inertness of
fluorine atoms typically results in degradation initiating at the
carboxylate end. Consequently, in this study, we focused on the
scenario where the oxygen atoms (09 and O11) at the carbox-
ylate end are subjected to external forces. It is important to note
that the external forces must be applied in pairs (with equal
magnitude and opposite direction) to a specific pair of atoms
within the PFOA molecule; otherwise, they would merely induce
overall translation of the molecule without affecting its config-
uration. In the COGEF model, the direction of the force must be
aligned with the line connecting the pair of atoms, with a force
magnitude of 0.025 nN, as illustrated in Fig. 2b. The computa-
tional results are presented in Table 2. Compared to its original
state, the application of external force leads to an increase in the
molecular energy. This is readily understood, as the external

Table1 Bond lengths and bond orders of major chemical bonds in PFOA

Bond length

Bond order

Maximum value

Minimum value

Maximum value Minimum value

c-0 1.34109(C8-09) 1.20112(C8-011)
c-C 1.55677(C4-C5) 1.54735(C7-C8)
C-F 1.35724(C6-F25) 1.33661(C1-F19)

© 2025 The Author(s). Published by the Royal Society of Chemistry

1.90735(C8-011)
0.88452(C1-C2)
1.03979(C1-F20)

1.09110(C8-09)
0.86069(C2-C3)
0.95179(C5-F14)
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Table 2 Impact of force application sites and directions on basic
molecular quantization parameters

External forces Total energy

(nN) (hartree) HOMO (eV) LUMO (eV) Gap (eV)
F=0 —1953.4347 —8.4996 —1.1904 7.3091
F=0.025 —1953.4301 —8.4212 —1.1447 7.2765

force perturbs the potential energy surface of the PFOA mole-
cule, displacing it from its lowest energy position. Additionally,
the imposed force performs work on the molecule, which is
a factor contributing to the energy increase. Both the energy
levels of the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) increase, but
the LUMO energy change is more significant, resulting in
a reduction of the HOMO-LUMO gap under the influence of
external force. This finding indicates that applying external
force to the oxygen atoms can enhance the molecule's reactive
activity.

Subsequently, we calculated and analyzed the changes in the
Conceptual Density Functional Theory (CDFT) parameters of
the molecule under the influence of external force, with the
results detailed in Table 3. External force can alter the overall
chemical properties of the PFOA molecule to some extent, as
evidenced by key indicators such as chemical potential, hard-
ness, Mulliken electronegativity, electrophilic index, and
nucleophilic index. When an external force is applied, the
distance between oxygen atoms increases, and the electron
density at the carboxylate end decreases, making the molecule
more inclined to gain electrons. Consequently, the electrophilic
index and Mulliken electronegativity increase, while the mole-
cule's ability to lose electrons becomes more difficult, leading to
a decrease in the nucleophilic index. These changes reveal how
external forces can influence the chemical properties of
a molecule by altering its electronic distribution.

Under two distinct force conditions, we calculated the three-
dimensional real-space dual descriptor functions of the mole-
cule, with the results depicted in Fig. 3. The blue and green
areas in the figure respectively denote the nucleophilic and
electrophilic sites of the PFOA molecule. It can be observed that
both nucleophilic and electrophilic sites are primarily concen-
trated near the carboxyl group of the PFOA molecule. In both
force states, the distribution of the dual descriptor functions
does not exhibit significant macroscopic differences, indicating
that the applied external forces do not markedly alter the spatial
position of the reactive groups. This observation is of significant
importance for understanding how external forces impact the
chemical reactivity of molecules, as it reveals that the positions

View Article Online
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Fig. 3 Influence of external forces on the three-dimensional real-
space dual descriptor functions: (a) F = 0 nN; (b) F = 0.025 nN.

of the reactive sites on the PFOA molecule remain relatively
stable even under the influence of external forces.

3.3 Analysis of the impact of external force intensity on
molecular chemical properties

3.3.1 Influence of external force intensity on basic molec-
ular quantization parameters. When an external force was
applied to the O-O terminus, we further explored the trend of
changes in the chemical properties of the PFOA molecule with
varying intensities of external force. Refer to Fig. 4 for the
computational results. In Fig. 4a, as the external force increases,
the energy state of the molecule gradually increases, presenting
a smooth, concave upward curve of molecular energy. Fig. 4b
shows that the HOMO energy generally trends downward, with
two distinct inflection points that may indicate significant
changes in the internal electronic structure of the molecule.
Fig. 4c demonstrates a monotonic decreasing trend in the
LUMO energy. Furthermore, the HOMO-LUMO gap in Fig. 4d
also exhibits a monotonic decreasing trend.

Synthesizing these observations, we can conclude that
increasing external force progressively elevates the energy of the
molecular system, implying that the molecular properties
become more dynamic. Concurrently, the augmentation of
external force favors a reduction in the HOMO-LUMO gap
value, making the molecule's reactivity more readily activated.
These findings are of significant importance for understanding

Table 3 Comparison of molecular CDFT indicators under different force states

External forces (nN) Softness (eV ')

Electronegativity (eV)

Electrophilic index (eV) Nucleophilic index (eV)

F=0
F = 0.025

0.0870
0.0874

4.6376
4.6616

696 | RSC Mechanochem., 2025, 2, 692-705

0.9351
0.9501

0.6219
0.6078
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Fig. 4 Trends of basic molecular quantization parameters with varying strengths of external forces: (a) molecular energy; (b) HOMO energy; (c)
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how external forces influence the electronic structure and
chemical reactivity of molecules, providing valuable insights for
further exploration of the mechanochemical degradation

(d) HOMO-LUMO gap.

3.3.2 Impact of external force intensity on molecular global

descriptors. We further examined the trend of global molecular
descriptors changing with the intensity of external force, with
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molecule increases significantly as the external force intensifies,
indicating that the PFOA molecule becomes more susceptible to
external influences with increasing force. This suggests that the
distribution of the internal electron cloud may become more
polarizable, thereby enhancing its responsiveness to external
stimuli. Fig. 5b shows that the Mulliken electronegativity of the
molecule exhibits an overall upward trend with increasing
external force. This indicates that external forces may lead to
a redistribution of the electron cloud within the molecule,
enhancing its overall electron-attracting capability. Such
changes could be due to an increase in electron density around
certain atoms within the molecule under external force, thus
elevating its electronegativity. Fig. 5c indicates that the elec-
trophilic index of the molecule monotonically increases with
the magnitude of the external force. This suggests that the
increase in external force enriches the electron density at
certain sites within the molecule, enhancing their attraction to
electron-deficient reagents (i.e., electrophilic reagents). This
trend may be related to the fact that lone pairs or w electron
clouds on certain atoms within the molecule become more
readily involved in chemical reactions under force. However,
Fig. 5d shows that the nucleophilic index of the molecule
generally exhibits a downward trend. This suggests that as the
external force increases, the number of sites within the PFOA
molecule capable of providing electron pairs decreases. This
may be due to changes in the molecular structure caused by the
external force, leading to a reduction in electron density around
atoms or groups that were originally able to provide electron
pairs, thereby decreasing the molecule's nucleophilicity.
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In summary, the application of external forces has a signifi-
cant impact on the electronic properties and reactive activity of
PFOA molecules. The increase in softness, electronegativity,
and electrophilic index indicates that external forces make the
molecule more dynamic and more likely to engage in chemical
reactions. Conversely, the decrease in nucleophilic index may
imply that the molecule's ability to donate electrons is inhibited
in certain directions. These changes provide crucial clues for
understanding how mechanical forces affect the chemical
behavior of PFOA molecules.

3.3.3 Impact of external force intensity on molecular
condensed Fukui functions. The reactive atoms of the per-
fluorooctanoic acid (PFOA) molecule are primarily concentrated
in its carboxylic acid group, specifically the C8 (carbon atom),
H10 (hydrogen atom), 09 (hydroxyl oxygen), and O11 (carbonyl
oxygen). To gain an in-depth understanding of the degradation
characteristics of these reactive atoms under the influence of
external mechanical forces, we conducted targeted calculations
to obtain the condensed Fukui functions (f') for these atoms.
The value of f* represents the atom's ability to undergo nucle-
ophilic reactions, and Fig. 6 indicates that C8 and O11 are the
most significant nucleophilic reaction sites within the PFOA
molecule.

As shown in Fig. 6, with the increase in external force, the
condensed Fukui functions f* of the atoms on the carboxylic
group exhibit a clear upward trend, approximately linear in
relation to the external force. This phenomenon suggests that
the ability of these atoms to gain electrons is significantly
enhanced with the application of an external force. The increase
in the condensed Fukui function f* implies an increased
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Fig. 6 Trends of the condensed Fukui functions f* for different atoms on the carboxylate group with external forces: (a) C8_f*; (b) O9_f*; (c)

H10_f*; (d) O11_f".
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attraction to nucleophilic reagents, meaning they are more
susceptible to nucleophilic attack. This trend reflects the subtle
changes in the molecular structure under the influence of
external forces, which may lead to a redistribution of electron
density around these reactive atoms. Such changes in electron
density provide more opportunities for reaction with nucleo-
philic reagents, thereby reducing the activation energy of the
reaction. Consequently, under the influence of external forces,
the introduction of a reducing agent can effectively promote the
degradation process of PFOA. The addition of a reducing agent
supplies extra electrons that can be captured by the atoms on
the carboxylic group, thus triggering the degradation reaction of
the PFOA molecule.

The Fukui function f° represents the ability of an atom to
engage in radical reactions, reflecting changes in electron
distribution within a molecule in the absence of a net gain or
loss of electrons. By calculating the condensed Fukui function f°
for the atoms on the carboxylic group of the PFOA molecule, we
can assess their reactivity in radical reactions. The f° values in
Fig. 7 indicate that C8 and O11 are the most significant sites for
radical reactions within the PFOA molecule. With the increase
of external force, the condensed Fukui function f° values for the
atoms on the carboxylic group generally exhibit an upward
trend, demonstrating that the reactivity of these atoms in
radical reactions, which do not involve significant electron
transfer, is enhanced under the influence of external force.

The f~ value represents the susceptibility of an atom to
electrophilic attack. Based on the calculated f~ values, we can
identify the carbonyl oxygen atom O11 as the most significant
electrophilic reaction site within the PFOA molecule. This is

© 2025 The Author(s). Published by the Royal Society of Chemistry

evidenced in Fig. 8, where the condensed Fukui functions f~ for
atoms C8 (carbon atom), 09 (hydroxyl oxygen atom), and O11 all
exhibit a decreasing trend with the increase in external force.
This trend indicates that the reactivity of these atoms as elec-
trophilic reaction sites is actually diminishing with increasing
external force.

However, the condensed Fukui function f~ for the H10 atom
displays a unique stepwise increasing trend, which may imply
that the electrophilic reactivity of the 10H atom is enhanced
under specific external forces. Nonetheless, considering that
011 is the most critical electrophilic reaction site in the mole-
cule, we can conclude that, overall, the electrophilic reactivity at
the carboxylate end of the PFOA molecule decreases with
increasing external force. This suggests that the difficulty of
oxidizing and degrading the PFOA molecule under external
force increases, possibly due to the distortion of the molecular
structure caused by the external force, which increases the
activation energy required for the reaction and thus inhibits the
occurrence of oxidative degradation reactions.

In this section, we conducted a detailed analysis of the Fukui
functions (f', f°, ) for key reactive atoms in the PFOA molecule
to explore the impact of external forces on its chemical reac-
tivity. For the PFOA molecule, external forces have a significant
influence on its chemical reactivity. As the external force
increases, the nucleophilic and radical reactivity of key atoms in
the PFOA molecule increases, while the electrophilic reactivity
declines. This indicates that by modulating external forces, we
can alter the electronic structure and chemical reactivity of the
PFOA molecule, thereby affecting its degradation process.
These findings provide an important theoretical foundation for

RSC Mechanochem., 2025, 2, 692-705 | 699
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understanding the degradation mechanism of PFOA under the
influence of external forces and offer potential avenues for the
development of new PFOA treatment technologies.

3.4 Impact of external force on the PFOA decarboxylation
reaction

The degradation process of PFOA (perfluorooctanoic acid)
typically initiates at the carboxylic acid end of the molecule, as
the carbon atom at this end is connected to the carboxylic acid
group, which exhibits higher reactivity compared to the other
perfluoroalkyl parts of the molecule. During the degradation
process, the PFOA molecule first undergoes decarboxylation at
the carboxylic acid end. Therefore, the focus of this section is to
investigate the impact of external forces on the decarboxylation
reaction of the PFOA molecule.

In carboxylic acid molecules, the carbon atom in the carboxyl
group is sp® hybridized, with its three sp> hybrid orbitals
forming three ¢ bonds with the hydrocarbon group and two
oxygen atoms, all of which lie in the same plane. The remaining
p electron of the carbon atom forms a 7 bond with a p electron
of the oxygen atom in the carbonyl group. The hydroxyl oxygen
in the carboxyl group carries a pair of lone electrons, which can
form a p-m conjugated system with the = bond in the carbonyl
group. We conducted a comparative analysis of the conjugation
effect on the carboxyl group in its initial state and under the
influence of external forces. In the initial state, the bond lengths
of C8-09 and C8-011 in the PFOA molecule are 1.34581 A and
1.19268 A, respectively, with a difference of 12.8%. Under the
influence of an external force of 0.025 nN, the bond lengths of
C8-09 and C8-O11 become 1.41444 A and 1.21603 A,

700 | RSC Mechanochem., 2025, 2, 692-705

respectively, with a difference of 16.3%. This change indicates
that the conjugation effect on the carboxyl group is weakened,
and the stability of the carboxyl group decreases under the
action of external forces, which is favorable for promoting the
decarboxylation reaction.

We further calculated the changes in bond order of the C7-
C8 bond, which breaks during the decarboxylation reaction, as
the external force increases. The results are shown in Fig. 9. We
observed that as the external force increases, the bond order of
the C7-C8 bond tends to decrease. This indicates that the
external force weakens the C7-C8 bond, making it more
susceptible to cleavage. Consequently, the applied force facili-
tates the decarboxylation reaction of PFOA by lowering the
strength of bonds, thus favoring the reaction to proceed.

0.868

0.867

0.866

0.865

0.864

Bond order

0.863

0.862

0.00
External force (nN)

Fig.9 Trends of the bond order of the C7-C8 bond (the bond broken
in the decarboxylation reaction) with external forces.
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Fig. 10 Changes in electron spin density during the decarboxylation
reaction, isosurface = 0.02 a.u.: (a) PFOA in the initial state; (b)
decarboxylation product at F = 0 nN; (c) decarboxylation product at F
= 0.025 nN.

Through quantum chemical simulations, we conducted an
in-depth study of the decarboxylation process of PFOA. The
analysis of the computational results revealed that during the
decarboxylation reaction, the carboxylate group detaches from
the PFOA molecule, forming two radicals with unpaired elec-
trons—C7F15" and COOH'. The spin density distribution of the
radical products is depicted in Fig. 10. In Fig. 10a, it can be
observed that the original PFOA molecule contains no unpaired
electrons, with the spin density being zero at all locations.
Fig. 10b and c display the spin density of the products under
conditions without external force and with the application of
0.025 nN external force, respectively. In both scenarios, the
products consist of two radicals. This indicates that the external
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Fig. 11 Gibbs free energy changes (AG) for the decarboxylation of
PFOA at different temperatures.
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force does not alter the types of products resulting from the
decarboxylation reaction.

The Gibbs free energy change (AG) profile for the decarbox-
ylation of PFOA is shown in Fig. 11. Under standard conditions,
the decarboxylation of PFOA is a classically non-spontaneous
reaction (AG > 0). However, our calculations reveal a striking
reduction in AG upon applied mechanical force. When
considering temperature effects on AG, the force-exerted system
exhibits a significantly accelerated decline in AG. At 1000 K, the
AG value reaches —0.001856 hartree (approximately
—4.89 kJ mol "), indicating a transition to a thermodynamically
spontaneous process. This finding is particularly significant in
the context of ball milling, where localized high-temperature
“hotspots” are generated during mechanical activation. The
combination of mechanical force and elevated temperature
creates synergistic conditions that drive AG below zero, sug-
gesting that mechanochemical activation can render PFOA
decarboxylation an energetically favorable process.

4 Discussion

This study employs quantum chemical computational methods
to explore the impact of external forces on the degradation
properties of PFOA molecules. The computational results indi-
cate that the application of external forces can significantly alter
the electronic structure and chemical reactivity of PFOA mole-
cules, thereby affecting their degradation process. The
following is a discussion on the effects of external forces on the
degradation properties of PFOA:

4.1 Impact of external forces on the molecular structure and
electronic properties

We observed that the application of external forces leads to
changes in the electron density distribution of key atoms within
the PFOA molecule. Particularly at the carboxylate end, external
forces cause variations in the distance between oxygen atoms,
which in turn affect the electron density of the carboxylate
group. These changes not only influence the molecule's elec-
tronegativity and electrophilic/nucleophilic indices but also
alter the molecule's softness, suggesting that external forces
make PFOA molecules more susceptible to external influences
and enhance their responsiveness to external stimuli.

4.2 Promotion of the decarboxylation reaction by external
forces

By simulating the decarboxylation process of PFOA, we observed
that the application of external mechanical force reduces the
Gibbs free energy change of the decarboxylation reaction,
thereby making the reaction energetically favorable. This
finding is consistent with the phenomenon observed in exper-
iments where external forces promote reactions in mechano-
chemical degradation processes. External forces destabilize the
carboxylate group by weakening the conjugation effect, thus
facilitating the decarboxylation reaction.

RSC Mechanochem., 2025, 2, 692-705 | 701
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4.3 Theoretical calculations and real mechanochemical
reactions

In mechanochemical reactions, it is true that the state of
molecular forces may be complex. Therefore, we selected some
representative cases, and within limited observations, it can be
seen that external forces have a trend of enhancing the activity
and degradability of PFOA. Under normal circumstances, the
mechanochemical degradation process of pollutants such as
PFOA requires the participation of co-grinding agents, which
can further provide oxidants, reductants, highly active free
radicals, and other favorable reaction conditions. In the
discussion of this study, we did not provide a mechanochemical
degradation reaction process involving other reactants, but
through the analysis and discussion of the decarboxylation
reaction of PFOA itself under external forces, we can still
conclude that external forces have a favorable promotional
effect on the degradation process.

Although this study provides a theoretical analysis of the
impact of external forces on the degradation properties of
PFOA, the actual degradation effect remains the most discussed
content in this field, and experimental verification is still
necessary. Future research can explore the impact of different
types and intensities of external forces on the degradation
efficiency of PFOA and optimize mechanochemical degradation
conditions in conjunction with experimental data. Additionally,
studying the synergistic effects of external forces with other
reaction conditions (such as temperature and type of additives)
will also provide a more comprehensive understanding of PFOA
degradation.

5 Conclusion

This study systematically investigates the impact of external
forces on the degradation properties of PFOA molecules using
quantum chemical computational methods. The main conclu-
sions are as follows:

(1) The application of external forces significantly alters the
electronic structure of PFOA molecules, leading to changes in
their chemical reactivity. The impact of external forces on
molecular reactivity can be specifically represented by global
molecular descriptors and CDFT indices. For PFOA molecules,
when an external force is applied, it is specifically manifested as
an increase in nucleophilicity and radical reactivity at the
carboxylate end, while electrophilic reactivity decreases.

(2) External forces reduce the stability of the carboxylate
group by weakening the conjugation effect on it. The applica-
tion of external mechanical force reduces the Gibbs free energy
change of the decarboxylation reaction, thereby making the
reaction energetically favorable. The findings of this study
provide an understanding of the mechanochemical degradation
mechanism from the perspective of PFOA molecules
themselves.

In summary, this study not only provides an in-depth
understanding of the impact of external forces on the proper-
ties of PFOA molecules at the atomic and molecular levels but
also offers a mechanistic explanation method for the widely
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applied mechanochemical degradation technology. This lays an
important theoretical foundation for further application and
optimization of mechanochemical degradation.
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