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The degradation of perfluorocarboxylic acids (PFCAs), persistent organic pollutants, remains a significant
environmental challenge. Photolysis represents a key pathway for their degradation, yet the molecular
mechanisms driving defluorination and decarboxylation remain unclear. This study investigates the first
step of direct PFCA photolysis by analyzing excitation properties using density functional theory (DFT),
aiming to elucidate the relationship between electronic structure changes and degradation pathways.
To better demonstrate and analyze the impact of internal factors on the first step of PFCAs photolysis,
quantum chemical calculations were conducted to quantify and compare the molecule’s properties in the
ground state and the excited state, aiming to explore the changes in the molecule’s behavior. Key param-
eters, including o C-F bond elongation (0.31%-1.62%), « C-C bond contraction (—6.23% to —9.10%), and
excitation energy reduction (5.76-5.47 eV), revealed chain-length-dependent trends. The lower bond dis-
sociation energy of o C-C (90-93 kcal/mol) compared to o C-F (116-124 kcal/mol) rationalized the dom-
inance of decarboxylation over defluorination. Charge transfer spectroscopy further indicated localized
n— * excitation at carboxyl groups, promoting decarboxylation. A quantitative structure-activity rela-
tionship (QSAR) model linking hole-electron indices to degradation rates (R2=0.91) was developed and
validated via leave-one-out cross-validation (RMSE =0.338). These findings not only advance the mecha-
nistic understanding of PFCA photolysis but also provide a predictive tool for optimizing UV-based water
treatment systems targeting persistent fluorinated pollutants.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Perfluorocarboxylic acids (CyFo,,1COOH, PFCAs), as the com-
mon persistent organic pollutants among perfluorinated com-
pounds [1], are synthetic and widely used in daily life and in-
dustrial fields as surfactants additives, waterproofing, oil repellent
intermediates, etc. [2], due to its chemical stability, strong sur-
face activity, and their hydrophobic and oleophobic properties. The
widespread use of related products has led to the detection of PF-
CAs in a number of environmental matrices, including the aquatic
environment, soil, human blood, and wildlife [3-8]. For the envi-
ronmental persistence, bioaccumulation, and toxicity of PFCAs [9-
11], the pollution problems of PFCAs have attracted the attention
of various countries, which have implemented various policies and
terms to either standardize or limit the production of PFCAs. The
perfluorooctanoic acid (PFOA) Stewardship program was initiated
by the United States Environmental Protection Agency with the
aim of reducing PFOA emissions [12]. In 2009, PFCAs were in-
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cluded in the Stockholm Convention’s list of persistent organic pol-
lutants (POPs) [13]. The C4;-Cy4 PFCAs were designated as vPvB
substances in 2012, leading to their inclusion in the Candidate List
of Substances of Very High Concern under the European chemi-
cals regulation known as REACH [14]. Subsequently, in 2021, the
European Union revised the provisions set forth in Regulation (EU)
2021/1297 [15], which stipulate the requisite restrictions for Cq—Cy4
PFCAs, including salt forms and any combinations thereof. There-
fore, how to deal with the existing PFCAs in the environment has
become a hot topic.

At present, the main methods for removing PFCAs are: (1) Phys-
ical removal: adsorption [16], coagulation [17] and membrane sep-
aration [18], (2) biodegradation [19], (3) thermochemical degra-
dation: thermolysis [20] and sonolysis [21], (4) electrochemical
degradation [22], and (5) photochemical degradation: direct pho-
tolysis, photochemical oxidation, photochemical reduction [23-
28], etc. Direct photolysis methods have been extensively studied,
which have the advantages of simple operation, high efficiency,
and low secondary pollution, while the disadvantages are low re-
action rate and low degradation rate [29]. In various studies, it has
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been proved that the main photolysis path of PFCAs is decarboxy-
lation and defluorination [24,30], and the shorter chains of PFCAs
are mainly photodegradation products [31], as shown in Eqs. 1 and
2 [23,31].

CnF20:1C00™ + hv — CoFanyq COO™ (excited)
— CyFonii® + COO™ (M

CnF20:1C00™ + hv — CyFany1COO™ (excited)
— CpF2,CO0™* + F- (2)

Apparently, the investigation of excitation in photolysis experi-
ments touches the essence of the photolysis reaction and could
provide theoretical support for the mechanism behind the reac-
tion. Furthermore, it is also a reliable theoretical support for the
photodegradation of PFCAs, exploring the possible photolysis in the
natural environment and understanding the substantial changes
that occur in its photodegradation from its role as a pollutant [32-
34]. Therefore, in this study, the transformation of PFCAs (C;-Cq4)
from the ground state (Sy) to the excited state was mainly inves-
tigated, (1) the fundamental properties of the excitation of PFCAs
were investigated through computational chemistry; (2) the states
and mechanisms of the excitation of the molecules were subjected
to in-depth analysis; (3) photolysis reaction pathways such as
defluorination and decarboxylation were explored and discussed;
(4) quantitative structure-activity relationship (QSAR) models were
constructed to illustrate the effect of the process of excitation on
decomposition. The findings of this paper contribute to a more
comprehensive figuring out of the decomposition and enrichment
processes of PFCAs in natural environments. Furthermore, facilitat-
ing the integration of laboratory and field studies.

The data of direct photolysis of PFCAs were collected from the
related studies of Xin et al. and Qu et al. [35,36], mainly the degra-
dation rate of the molecules as well as the defluorination rate, and
the detailed information can be found in the Table S1 (Support-
ing information). The theoretical calculations were performed us-
ing the Gaussian 16 C.01 program [37], and the details are pre-
sented in Text S1 (Supporting information). Based on the calcu-
lated results, Multiwfn 3.8(dev) [38] was used to further carry out
the hole-electron analysis [39] of the excitation, and the proper-
ties of the obtained indices are analyzed. After this, the property
indices were mainly analyzed by IBM SPSS Statistics 24 software
[40], for regression analysis and dimensionality reduction analysis
to find out the correlation and construct the QSAR model.

PFCAs with C,-Cy4 chain distribution were selected, which were
focused on their ground state and excited state. In Fang et al’s
study [41], molecules were observed to reach the lowest singlet
excited state under UV light, and have a decisive influence on the
subsequent reactions such as direct decomposition, and intersys-
tem crossing related to the triplet excited state. In order to in-
vestigate the characteristics and commonalities of the molecular
changes in the first step of the direct photolysis reaction of the
chain PFCA, the singlet excited state was chosen as the main ob-
ject of the study. The primary objective in ground state is to opti-
mize the structure and calculate the single point energy. Then, for
the excited state, excited state calculations were conducted, with
a particular focus on the detailed information pertaining to the
three excited states which are in the lowest energy (the lowest en-
ergy singlet state excited state, Sq, S;, S3). Computational results
of ground state energies (Fig. 1a and Table S2 in Supporting infor-
mation) reveal that the total ground state energy of the molecules
decreases significantly as the carbon chain length increases. This
trend aligns with the phenomenon of increasing molecular size.
In general, the excitation energy of the Sy — S; decreases with in-
creasing chain length, but the change levels off within the C;p-Cyy
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chain length range and a slight rebound in excitation energy occurs
for C;3-Cq4. The reduction in excitation energy implies a lower en-
ergy threshold for photon absorption, indicating that longer-chain
PFCAs are theoretically more readily excited by lower-energy pho-
tons. This may partially account for the observation that longer-
chain PFCAs exhibit faster photolysis rates or initiate photolysis
at longer wavelengths under certain conditions compared to their
shorter-chain counterparts.

The molecular bond lengths obtained by structural optimiza-
tion were shown in Fig. 1b, Figs. 1c1 and c2 and Table S3 (Sup-
porting information). In the case of perfluorohexanoic acid (Cg,
PFHxA), when the transition from the ground state to the first
excited state, the « C-F bond (the C-F near to the carboxyl) in-
creases significantly by 1.44 %. However, the bond lengths of other
C-F bonds in the molecule vary very little (<1%). Simultaneously,
o C-C bond (the C-C near to the carboxyl) length was lower, as
in PFHxA where the growth of other C-C bonds are mostly within
1%, while o C-C growth rate reaches —6.64 %. The C-0 bond of the
carboxyl group also shows significant elongation, about 4%—6% on
average. This trend was extended to PFCAs with C,_Cy4 chain dis-
tribution (Figs. 1d-f and Table S4 in Supporting information), and
it was found that as the molecule moves from the ground state
to the excited state, the bond lengths of o« C-F and C-0 increase,
while the bond lengths of o C-C decrease. These results indicated,
in terms of bond length, that &« C-F bonds might be more readily
dissociated than other C-F bonds, and that the contraction o C-
C and the elongation of C-O might predict decarboxylation here.
To further substantiate such speculation, the bond dissociation en-
ergy (BDE) of the ground state molecules was calculated to deter-
mine its bond breaking difficulty (Fig. 2a). As illustrated in Table
S5 (Supporting information), the BDE of o C-F was observed to
range between 124 and 116 kcal/mol, which was higher than that
of a C-C, which was between 90 and 93 kcal/mol. This result in-
dicates that breaking the o C-C bond, which corresponds to the
initiation step of decarboxylation, requires less energy than break-
ing the o C-F bond when the molecule is not excited. This is con-
sistent with the experimental observation that decarboxylation is
usually the predominant photolysis pathway [31]. Combined with
the previously observed structural alterations in the excited state,
it is proposed that although the C-F bond is stronger in the ground
state, photoexcitation likely weakens both the C-F bond (particu-
larly at the o position) and the C-O bond, while simultaneously
altering the molecular conformation. These changes collectively fa-
cilitate the decarboxylation reaction kinetically and concurrently
create the possibility for defluorination.

Theoretically calculated charge-transfer spectrum (CTS) pro-
vides a basis for understanding the light absorption characteristics
of PFCAs (Fig. 2b), and the calculation method of CTS is shown in
Text S2 (Supporting information). As persistent pollutant, PFCA un-
dergoes little direct photolysis at wavelengths longer than 220 nm
[29]. The research findings [42,43] indicated that the degradation
rate of PFCA was dependent on the wavelength of the reacting
light, and the photolysis of short-chain PFCA may necessitate a
greater input of reaction energy. This is consistent with the cal-
culation that the C4_Cq4 PFCAs are all predicted to have absorption
peaks (Sg — Sq) around 220 nm, while the main absorption bands
of TFA (C,) and PFPrA (C3) are located at shorter wavelengths. As
the chain molecules become longer, the highest peak across to the
right and the molar absorption coefficient rises, making the photol-
ysis reaction faster and easier to carry out which is shown in Fig.
S1 (Supporting information). This well explains why TFA and PF-
PrA are often demonstrated as end products in many PFCAs pho-
tolysis experiments, as they require higher energy photons to be
efficiently excited. As the carbon chain grows from C, to Cy4, the
calculated S; excitation energy generally decreases, and the cor-
responding maximum absorption wavelength is redshifted (Table
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Fig. 2. (a) Bond dissociation energies (BDE) in ground and excited states of C,_Cy4 PFCAs. (b) Charge-transfer spectrum of PFCAs. (c) The distribution of Cg hole-electrons,
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excited state relative to the density of the ground state. (d) Grouping of Cg, and the heat map of (e1) atom contribution and (e2) group contribution in Cg.

S6 in Supporting information). This means that long-chain PFCAs
not only have a lower energy threshold to absorb photons, but
also have a stronger absorption ability to the light of the corre-
sponding wavelength, which makes the long-chain molecules can
achieve faster photolysis under a suitable light source.

Used by Multiwfn software, the excited states of C;-Cyy
molecules were further analyzed which is the hole-electron analy-
sis. Taking Cg as another example, the changes in electron density
before and after the Sy — S transition were demonstrated through
four different methods (Fig. 2¢), and the specific contributions of
individual atoms and fragments to holes and electrons were ana-
lyzed to elucidate the detailed photodegradation behavior of PFCA
(Figs. 2d and el and e2). The results of the contribution of each
non-hydrogen atom to the hole and electron of Cg demonstrate

that the contribution of the oxygen atom on the carboxyl group
to the hole is the highest, at 50.62 % and 36.72 %, respectively. The
largest contributions to the electron are the carboxyl carbon atoms,
the carbon atoms of the «-CF, group (about 11.6%) and the fluo-
rine atoms (about 4.7 %). This indicates that on n— m* excitation,
electrons transition mainly from the nonbonded orbital of the oxy-
gen atom to the ;r* consisting mainly of the carboxylic carbon and
«-C, and there is a tendency for the electron cloud density to dif-
fuse toward the «-CF, group. The charge redistribution caused by
this excitation (oxygen atoms lose electrons and carbon atoms gain
electrons) allows the chemical bonds of the entire carboxyl func-
tional group (especially C-C and C-0) to be activated, which is
highly consistent with the experimental phenomenon that decar-
boxylation reactions occur preferentially. At the same time, the «-F
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atom also acquires a small amount of electron density, which may
have an effect on its chemical bond stability, but the promotion
of the decarboxylation path is more significant in comparison. This
provides a solid theoretical basis for the decarboxylation of PFCAs
in photolysis.

The hole-electron analysis parameters used to characterize the
excited state are listed in Table S7 (Supporting information). The S;
index is used to describe the overlap degree of hole and electron
spatial distribution, and the smaller the value, the lower the over-
lap degree. The D index refers to the distance between holes and
electron centroids, which can reflect the degree of charge separa-
tion. The H index can express the overall average breadth of dis-
tribution of electrons and holes. The t index is the degree of sep-
aration in the direction of the line connecting the center of mass
of the hole and electron, and positive values indicate charge trans-
fer. E.oy is the Coulomb attraction energy between holes and elec-
trons. Hole delocalization index (HDI) and electron delocalization
index (EDI) describe the degree of hole and electron delocalization,
and a higher value indicates a wider range of delocalization. More
detailed information on the above parameters is presented in Text
S3 (Supporting information). The analysis was carried out using Cg
as an example, which has far less D index than the length of o C-
C bond (1.54A), the small S; index, and the t index close to zero.
It can be concluded that Cg at Sqg— S; transition is the n— 7* lo-
cal excitation on the carboxyl group. The hole electron distribution
diagram and various indices of C,-Cy4 were generally consistent
with those of Cg (Fig. 3a).

It was also observed that in C,-Cy4 PFCA, the EDI, E.,,, and
S; indices reached minima at Ci,, while the HDI, ¢, H, and D in-
dices attained maxima. According to the definitions of these in-
dices, the C;; molecule exhibits broader average spatial distribu-
tion of holes and electrons, greater separation between holes and
electrons, smaller hole-electron overlap, lower hole delocalization,
and higher electron delocalization. This suggests that as the car-
bon chain lengthens, molecular excitation transitions from com-
pact localized excitation to charge-transfer excitation characterized
by higher electron delocalization. To validate this hypothesis, the
Inter-Fragment Charge Transfer (IFCT) method was employed. The

transfer of electrons during excitation was analyzed by the IFCT
method (Text S3 in Supporting information) and PFCA was divided
into three fragments. The fragment 1 is the fluoroalkyl part ex-
cept «-CF,, fragment 2 is «-CF,; and fragment 3 is the carboxyl
part. Additionally, TFA has only the fluoroalkyl fragment 1 and the
carboxyl fragment 2. As illustrated in Table S8 (Supporting infor-
mation), the electron transfers between fragments are relatively
low, with the majority occurring from the carboxyl group to «-CF,
(0.19-0.65), which gradually increases with the length of the car-
bon chain. Conversely, the major electron redistribution occurs in
the carboxylate fragments (0.81-0.20), with a gradual decrease in
this transfer with increasing carbon chain length. In consequence,
it was determined that the Sy — S; transition of C,-C;3 PFCA is
a local n— m* excitation that occurs on carboxyl groups, which
means that when the excitation process occurs, electron transfer
occurs mainly in the carboxyl part of the molecule. Meanwhile,
there happened charge transfer of Cy4, transferring electrons from
the carboxyl group to «-CF,. This undoubtedly reveals that with
the increase of carbon chain length, the electron transfer between
excited state fragments increases, the affected molecular region in-
creases, and it is easier to change the molecular structure during
the excitation process.

Analysis software such as SPSS [40] was used to explore the
potential relationships between theoretical calculations and exper-
imental degradation data, and a generalized QSAR model was con-
structed. Theoretical data were processed (Table S9 in Support-
ing information), where indices such as D, S, H, ¢, E,, HDI, EDI
obtained from hole-electron analysis were standardized. Principal
Component Analysis (PCA) was performed to reduce dimensional-
ity, consolidating these indices into a single principal component
(named "hole-electron index") that comprehensively describes the
electronic excitation characteristics. As shown in Table S7, the hole-
electron index does not monotonically increase with carbon chain
length but peaks at C;,. This is consistent with the aforementioned
particularity of the excited state parameters of Cy,, hinting at the
complexity of the excitation mode varying with chain length. In
order to understand the significance of the hole electron index,
Pearson correlation analysis was performed to investigate the cor-
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relation between the hole electron index and other key theoretical
parameters. The results showed that the hole-electron index was
negatively correlated with the excitation energy of S; (r=-0.927,
P <0.01) and the ground state BDE of o C-C bond (r=-0.576,
P <0.05). The change rate of o C-F bond (r=0.660, P <0.05) was
positively correlated with GOS (r=0.992, P <0.01) of Sy — S tran-
sition in the excited state. The change rate of C-O bond in excited
state (r=-0.582, P<0.05) was also negatively correlated. These
strong correlations reveal the meaning of the hole-electron index.
A higher hole-electron index means that the molecule is more eas-
ily excited, has more light absorption capacity, and has more struc-
tural distortions that lead to the activation of chemical bonds after
excitation. Therefore, this index can be regarded as a comprehen-
sive theoretical index that can effectively reflect the photochemical
reaction potential of a molecule. The increase of the index indi-
cates that the molecule is more likely to initiate the bond breaking
step in the photolysis process.

Experimental data from Xin et al. and Qu et al. were stan-
dardized using photon flux (¢) to account, due to differences in
the comparability of experimental data caused by different experi-
mental conditions (Text S4 in Supporting information) [35,36]. Re-
gression models between the hole-electron index and standardized
data (Figs. 3b-d) showed high significance (P <0.01). The model
analysis revealed differential associations between excited state
properties and different degradation pathways. The hole-electron
index showed a significant positive correlation with the normal-
ized photolysis rate constant (kgq), indicating that the higher the
composite index, the faster the photolysis rate of the molecule as
a whole, which was consistent with the previous analysis. How-
ever, the hole-electron index showed a significant negative correla-
tion with the standardized Decayr 4, indicating that the electronic
properties that facilitate faster and more efficient molecular exci-
tation to start the initial degradation (mainly decarboxylation) are
relatively detrimental to the subsequent defluorination process. A
plausible explanation for this may be that when the hole-electron
index is high, the initial photochemical conversion of the molecule
is very fast, especially the rate of decarboxylation to form perflu-
oroalkyl radicals. Resulting in the disappearance of the molecule
or its key intermediates by other, faster and more dominant path-
ways before they undergo effective C-F bond breaking [36]. Thus,
the negative correlation suggests that the key steps determining
defluorination efficiency may not be simply proportional to the sit-
uation of the initial excitation, and there may even be some degree
of inhibition or pathway competition. This is another evidence that
defluorination is usually not the dominant or most efficient degra-
dation pathway in the direct photolysis of PFCAs.

The QSAR model was validated via leave-one-out cross-
validation (LOOCV), yielding low RMSE (0.338) and MAE (0.276)
(Fig. 3e) [44]. These validation indicators prove that the QSAR
model not only has high goodness of fit, but also has reliable pre-
diction accuracy. The model can better predict the photolysis rate
of PFCAs, which provides an effective tool for evaluating and pre-
dicting the photochemical rate of such pollutants by computational
chemistry methods, and illustrates the central role of the proposed
hole-electron index in the photolysis process of PFCAs.

The integration of quantum chemical calculations and exper-
imental validation elucidates that decarboxylation dominates the
photolysis pathways of PFCAs in their excited state, with de-
fluorination exhibiting limited efficiency. The constructed QSAR
model, validated by LOOCV, demonstrates a strong correla-
tion between molecular excitation properties (e.g., hole-electron
index) and photodegradation rates, enabling predictive capa-
bilities for PFCA degradation [45]. These findings advance
mechanistic understanding at the electronic level and pro-
vide a framework for optimizing photolysis-based remediation
strategies.
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Future studies should extend this approach to complex envi-
ronmental matrices (e.g., natural waters with dissolved organic
matter) and diverse PFCA derivatives (e.g., branched or polyfluo-
rinated analogs). Additionally, coupling QSAR predictions with ad-
vanced oxidation processes could enhance degradation efficiency.
This work bridges theoretical and applied environmental science,
offering a robust foundation for designing targeted interventions
against persistent fluorinated pollutants.
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