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A B S T R A C T   

Perfluoroalkyl substances (PFASs) including Perfluoroalkyl acids (PFAAs), known for their chemical and thermal 
stability, are widely used in many industrial applications. However, their toxicity and bioaccumulative potential 
raise environmental and health concerns. PFAAs like Perfluoroalkyl carboxylic acids (PFCAs), detected in at
mospheric aerosols, pose risks due to their long-range dispersion. Employing DFT we investigate the interactions 
of Perfluoropropionic acid (PFPA), a persistent organic pollutant, with atmospheric molecules like Sulfuric acid 
(SA) and monoethanolamine (MEA). Performing a systematic quantum-chemical analysis on structural and 
thermochemical properties of various ternary PFPA-SA-MEA clusters, we observe that PFPA forms stable 
hydrogen-bonded molecular clusters with SA and MEA which may facilitate its propagation in the atmosphere. 
The presence of both SA and MEA is essential to enhance the interaction capacity of PFPA in ambient condition as 
indicated by the calculated binding energies. A significant increase in scattering intensities of solar radiation is 
observed when PFPA forms clusters.   

1. Introduction 

Theoretical quantum chemistry has evolved into a crucial tool for 
exploring diverse contemporary molecular phenomena such as the 
intricate hydrogen-bonding networks of biomolecules within living or
ganisms, complex non-conventional intermolecular interactions in me
dicinal chemistry, the formation of molecules in the cold interstellar 
medium, nucleation of aerosol molecules and dispersion of pollutants in 
the Earth’s atmosphere, and many others [1–15]. In the present work we 
apply quantum-chemical models to analyze the nature of intermolecular 
interaction of an anthropogenic pollutant called perfluoropropionic acid 
(PFPA, CF3CF2COOH), which is a member of the family of Per- and 
polyfluorinated alkyl substances (PFASs). This is relevant with respect to 
its long-range transport in the atmosphere. 

The PFASs constitute a diverse group of synthetic organofluorine 
compounds, all sharing a common feature: a perfluorinated carbon 
chain of varying lengths. Over the past few decades, PFASs have been 
extensively employed in the production of a wide array of consumer 
goods, including food packaging materials, cosmetics, paints, cleaning 
products, firefighting foams, non-stick cookware, smartphone screens, 
and stain-resistant textiles [16–30]. Moreover, they play a crucial role in 

large-scale industrial processes, such as the manufacturing of computer 
chips, semiconductors, jet engines, automobiles, batteries, medical de
vices, and refrigeration systems [16–22,31,32]. The exceptional hy
drophobic and oleophobic properties of the perfluorinated carbon chain, 
combined with the remarkable chemical and thermal stability arising 
from the robust C-F bond, render PFASs highly suitable for these 
multifaceted applications. However, these compounds are also a cause 
for concern and classified as persistent organic pollutants (POPs) 
[33–36] due to their ability to resist degradation, high toxicity, and 
strong bioaccumulation potential [30,37–44]. Many commonly used 
PFASs can degrade under oxidative conditions to highly persistent per
fluoroalkyl acids (PFAAs) that include perfluoroalkyl carboxylic acids 
(PFCAs) and perfluoroalkyl sulfonic acids (PFSAs). Studies have shown 
that PFAAs can be adsorbed onto atmospheric aerosols and transported 
over long distances, leading to their widespread distribution in the 
environment [45–51]. In addition, the properties of PFAAs, such as their 
high boiling points and low vapor pressures, make them more likely to 
be present in aerosols compared to other chemicals. The presence of 
PFAAs in atmospheric aerosols has raised concerns about their potential 
impact on the environment and human health including liver toxicity, 
developmental and reproductive effects, immune system dysfunction 

* Corresponding author. 
E-mail address: puspito@ufam.edu.br (P. Chaudhuri).  

Contents lists available at ScienceDirect 

Computational and Theoretical Chemistry 

journal homepage: www.elsevier.com/locate/comptc 

https://doi.org/10.1016/j.comptc.2024.114485 
Received 19 November 2023; Received in revised form 15 January 2024; Accepted 18 January 2024   

mailto:puspito@ufam.edu.br
www.sciencedirect.com/science/journal/2210271X
https://www.elsevier.com/locate/comptc
https://doi.org/10.1016/j.comptc.2024.114485
https://doi.org/10.1016/j.comptc.2024.114485
https://doi.org/10.1016/j.comptc.2024.114485
http://crossmark.crossref.org/dialog/?doi=10.1016/j.comptc.2024.114485&domain=pdf


Computational and Theoretical Chemistry 1233 (2024) 114485

2

[40–44,52–66]. When aerosols containing PFAAs are inhaled, they can 
deposit in the lungs and potentially cause respiratory irritation and other 
health effects. PFAAs are also found in human blood and breast milk, 
indicating that people are exposed to these chemicals through various 
sources [61,67–73]. Additionally, the deposition of PFCAs in natural 
ecosystems can lead to contamination of soil and water, which can have 
harmful effects on wildlife [56,63,74–79]. Evaluating the intricate bal
ance between the risks and benefits associated with PFASs and PFAAs is 
a challenge that demands extensive collaboration among scientists, risk 
assessors, and regulators. Numerous PFAS-related regulatory initiatives 
are underway worldwide, focusing on risk assessment, socio-economic 
analysis, and the quest for PFAS alternatives [80–84]. However, the 
process of restricting the use of PFAS in industrial settings and reducing 
their pervasive and enduring presence in various environments must be 
a time-intensive process. During this period, further research is imper
ative to gain a deeper understanding of the physicochemical properties 
of these compounds, their atmospheric presence resulting from both 
direct and indirect emissions, their environmental transport process, and 
the associated adverse effects. 

Regarding the long-range atmospheric transport of PFAAs and their 
detection in air, precipitation and aerosol samples in different parts of 
the world including remote inland environments and sea-spray aerosols 
[45–51], it is relevant to investigate the intermolecular interactions 
between PFAA and atmospheric molecules at ambient conditions. 
Considering this into account, we have performed a detailed quantum- 
chemical investigation on the behavior of the ternary clusters formed 
in the atmosphere between perfluoropropionic acid (PFPA, 
CF3CF2COOH), Sulfuric acid (SA, H2SO4) and monoethanolamine (MEA, 
NH2CH2CH2OH). PFPA is the simplest member of the perfluoroalkyl 
carboxylic acid (PFCA, CnF2n+1COOH with n = 2,3,4 ….) family with a 
perfluorated C–C bond attached to a carboxyl (COOH) group. In a 
previous work [85], we observed that PFPA potentially forms strong 
hydrogen-bonded binary clusters with naturally occurring organic 
molecules whose strength increases at lower temperatures above the 
ground-level. H2SO4 is considered to be the most significant among the 
so-called atmospheric nucleation precursors that serve as the initial 
building blocks for the formation of secondary aerosols [86–90]. These 
precursors are critical in the process of atmospheric nucleation, where 
clusters of molecules come together to create tiny particles, which can 
grow and eventually influence air quality, climate, and cloud formation. 
MEA, on the other hand, is a primary amine and an organic compound 
that is commonly used in the chemical industry, where it serves as an 
important absorbent for the removal of carbon dioxide (CO2) from in
dustrial gases [91–93]. It is also used in the production of certain sur
factants, cosmetics, and pharmaceuticals. While MEA is not as 
extensively studied as other nucleation precursors like H2SO4, recent 
research has shown that amines, including MEA, can enhance nucleation 
rates and participate in the growth of molecular clusters in the atmo
sphere, ultimately leading to the creation of aerosol particles [94–97]. 
Since the acid-base interactions are found to provide stability to the 
nucleation process, it may also play relevant role in the formation of 
PFPA-driven molecular clusters which gets transported to long distances 
through air. In this article, we consider different possible ternary cluster 
compositions of PFPA, H2SO4 and MEA, namely (PFPA)(SA)2, (PFPA) 
(MEA)2 and (PFPA)(SA)(MEA) and analyze the structure and thermo
chemical properties of each cluster composition using density functional 
theory (DFT) in order to get insight into the nature of intermolecular 
interactions of PFPA with atmospheric molecules. 

2. Computational method 

The objective of the present work is to gain insight into the inter
molecular interaction pattern and thermodynamical stability of the 
hydrogen-bonded ternary clusters formed between PFPA, SA and MEA. 
Since all these molecules can simultaneously donate and accept proton, 
it is understandable that there should exist several stable conformations 

of the clusters. So, we conducted a comprehensive search for confor
mations taking into consideration the potential for proton donation and 
proton acceptance that may occur during the interactions of these three 
molecules. Several plausible conformations of ternary clusters formed 
between PFPA and two SA molecules (PFPA)(SA)2, between PFPA and 
two MEA molecules, (PFPA)(MEA)2 and between PFPA and one mole
cules of MEA and H2SO4 each (PFPA)(SA)(MEA) were prepared by using 
Gaussview program [98]. Consequently, geometry optimizations and 
harmonic frequency calculations were performed for all these clusters 
using the Gaussian 16 program package [99]. Considering only those 
having all positive frequencies and structural distinctness, we finally 
obtained five conformers of (PFPA)(SA)2 clusters, six conformers of 
(PFPA)(MEA)2 and eight of (PFPA)(SA)(MEA) clusters. Geometry opti
mizations were performed in two steps – first, with a small basis 6- 
31++G(d,p) in conjunction with M06-2X [100] and ωB97XD [101,102] 
functionals and then, with a large 6-311++G(3df, 3pd) basis consid
ering the 6-31++G(d,p) optimized geometries as starting geometry. 
Thus, the two quantum-chemical models used for final calculations are 
Model 1: M06-2X/6-311++G(3df, 3pd) and Model 2: ωB97XD/6- 
311++G(3df, 3pd). The basis set 6-311++G(3df, 3pd) was chosen as it 
with M06-2X functional showed excellent performance for estimating 
cluster formation through binary/ternary nucleation of sulfuric acid and 
water/ammonia both in neutral and ionized forms [103]. The partial 
charges were calculated at the same models using natural bond orbital 
(NBO) method [104–106], as implanted in Gaussian 16. 

The binding electronic energies (ΔE) and the binding Gibbs free 
energies (ΔG) are calculated by subtracting the sum of the constituent 
monomer energies from the respective cluster energy: 

ΔX = Xn(n) −
∑n

i=1
Xi  

where X = E (electronic energy) or G (Gibbs free energy), Xn(n) and 
Xirepresent the energy of the cluster with n monomers and the energy of 
the ith isolated monomer, respectively. Corrections for zero-point energy 
(ZPE) have been considered for both parameters. Since each molecular 
cluster may possess several energetically stable conformers, the effect of 
multiple conformers on the cluster binding free energy is calculated as 
[87,107]. 

ΔGMC = RTln

[
∑n

k=1
exp

(
− ΔGk

RT

)]

.

where R = 8.314J/(mol • K) is the universal gas constant and T is the 
ambient temperature. 

3. Results and discussions 

3.1. Cluster structure analysis 

The optimized geometries of the energetically stable conformers of 
(PFPA)(SA)2, (PFPA)(MEA)2 and (PFPA)(SA)(MEA) ternary clusters, 
considered in the present work, are shown in Fig. 1, Fig. 2 and Fig. 3, 
respectively. The equilibrium structure and relevant molecular proper
ties of isolated PFPA had been discussed in our previous paper [85]. As 
we can see, the cluster geometries are stabilized by the action of 
different combinations of non-covalent interactions. These interactions 
include intra-molecular hydrogen bonding (HB), inter-molecular 
hydrogen bonding between neutral monomers (referred to as neutral 
HB), and proton-transfer (PT) mediated ionic bonding (referred to as 
ionic HB). All the three participating monomers – PFPA, SA and MEA – 
act simultaneously as proton-donor and proton-acceptor forming closed- 
shaped cyclic molecular clusters in most cases. The structural configu
rations of the clusters optimized by the two employed models are almost 
same, with slight variations of the HB parameters among themselves, as 
reported in the figures. The clusters have been arranged in ascending 
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order of electronic energy, with the lowest-energy conformer of each 
cluster species designated as Conf. I. The neutral and ionic HBs present 
in the clusters are depicted by dashed grey lines and labeled with capital 
letters A, B, C, and so on. A green double-sided curved arrow is 

employed to indicate the proton transfer site within a given cluster, as 
identified by analyses of structural parameters and NBO partial atomic 
charges. In accordance with the definition outlined in the literature 
[108], we have considered an occurrence of proton transfer within the 

Fig. 1. Optimized structures of the ternary clusters of PFPA with SA considered in the present work. The grey dashed lines labelled by capital letters (A, B, C, etc.) 
represent the inter-molecular hydrogen bonds. The numbers represent the hydrogen bond lengths as obtained by Model 1 (Model 2). 

Fig. 2. Optimized structures of the ternary clusters of PFPA with MEA considered in the present work. The grey dashed lines labelled by capital letters (A, B, C, etc.) 
represent the inter-molecular hydrogen bonds. The numbers represent the hydrogen bond lengths as obtained by Model 1 (Model 2). The green double-sided curved 
arrow represents the proton transfer site. 
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cluster when the partial charges of the participating monomers reach a 
magnitude of at least 0.5e. This implies that for proton transfer to occur, 
there must be a significant difference in partial charge between the 
donor and acceptor groups involved in the transfer. 

(PFPA)(SA)2 clusters: Five conformers of this cluster are identified, 
all stabilized by the formation of several intermolecular HB between the 
neutral monomers, as depicted in Fig. 1. The number of HBs formed in 
each cluster conformer varies from 3 (in Conf. IV) to 5 (Conf. II) and the 
hydrogen bond lengths (rHB) range from 1.50 (1.53) Å to 2.34 (2.76) Å 
according to Model 1 (Model 2). The most energetically stable 
conformer (Conf. I) has four strong O − H⋯O type HBs as PFPA donates 
proton to one SA moiety and accepts proton from the other SA moiety, 
forming two HBs via its COOH group and the two SA moieties form two 
other HBs among themselves. Similar behavior of PFPA is also observed 
in Conf. IV. However, a weaker interaction between the two SA moieties 
makes Conf. IV energetically less stable with a relative energy of +12.5 
kcal/mol with respect to Conf. I. The average HB length (rHB), average 
O–O distance across the HB (ROO) and the average bond angle (θHB) in 
Conf. I, as determined by Model I, are 1.66 Å, 2.64 Å and 171◦, 
respectively. These values closely adhere to the criteria for a hydrogen 
bond of moderate strength, as defined in the literature [1]. In Conf. II, 
the corresponding parameters are as follows: rHB = 1.77 Å, ROO = 2.73 Å 
and θO− H⋯O = 165◦. These values also fall into the category of moderate 
HBs. However, when compared to Conf. I, both rHB and ROO in Conf. II 
are longer, while θO− H⋯O is smaller. These differences likely account for 
Conf. II being 2.3 kcal/mol less stable than Conf. I despite having a 
higher number of HBs. In none of these conformers the fluorine (F) 
atoms of PFPA takes part in hydrogen bonding interactions. Among the 
five conformers, only in Conf. III and V we observe direct participation 
of fluorine forming O–H⋯F type HBs, where the C–F bonds acts as 
proton acceptor. However, the O–H⋯F bond lengths are fairly high 
compared to the average O–H⋯O bond length (1.67 Å) and as a 
consequence, O–H⋯F bond strength should be weaker. Thus, despite 
being the most electronegative atom, hydrogen bonds with fluorine 
atom do not contribute significantly to the stability of the clusters. This 
is consistent with the literature showing that organic fluorine is weak 
hydrogen-bond acceptor [109,110]. The Conf. V of (PFPA)(SA)2, which 

is the least energetically stable conformer among those considered, is the 
only one that possesses two O–H⋯F hydrogen bonds (HBs). This is 
facilitated by the placement of two SA moieties at opposite ends of PFPA, 
thus minimizing steric hindrances to the fluorine atoms. This is the only 
conformer that does not have a cyclic structure. 

No proton transfer was observed in any of the (PFPA)(SA)2 con
formers by structural and charge analyses which is expected as proton 
transfer occurs mainly in acid-base interaction. The NBO partial charges 
of the monomers are also well below the magnitude of 0.5e, as can be 
seen from Table 1. 

(PFPA)(MEA)2 clusters: The nature of intermolecular interactions 
in the ternary clusters formed between PFPA and two MEA molecules, 
(PFPA)(MEA)2 are slightly different from those of (PFPA)(SA)2. Among 
the six conformations of (PFPA)(MEA)2 considered in this work, two 
(Conf. I and III) indicate occurrence of proton transfer between PFPA 
and one of the MEA moieties, forming (PFP A− )(MEA+)(MEA) clusters 
and N − H+⋯O− type ionic HB, which is well supported by NBO partial 
charge calculations. In both of these conformers, the large distance be
tween the oxygen and hydrogen atoms of the COOH of PFPA (labelled by 
the letter A in respective figures) clearly shows that a complete charge 
separation of the OH bond has occurred while cluster formation. Thus in 
these two cases we have interactions between PFP A− or CF3CF2COO−

and MEA+ or OHCH2CH2NH+
3 . The proton-transfer sites are indicated by 

Fig. 3. Optimized structures of the ternary clusters of PFPA with SA and MEA considered in the present work. The grey dashed lines labelled by capital letters (A, B, 
C, etc.) represent the inter-molecular hydrogen bonds. The numbers represent the hydrogen bond lengths as obtained by Model 1 (Model 2). The green double-sided 
curved arrow represents the proton transfer site. 

Table 1 
Calculated values of NBO partial charges associated with different conformers of 
(PFPA)(SA)2 ternary clusters as obtained by Model 1: M06-2X/6-311++G(3df, 
3pd) and Model 2: ωB97XD/6-311++G(3df, 3pd).  

Systems Model PFPA SA-1 SA-2 

(PFPA)(SA)2 

Conf. I 
1 − 0.008e − 0.016e 0.024e 
2 − 0.001e 0.008e 0.005e 

(PFPA)(SA)2 

Conf. II 
1 0.005e − 0.013e 0.008e 
2 0.007e 0.007e − 0.014e 

(PFPA)(SA)2 

Conf. III 
1 0.012e − 0.012e 0 
2 0.0155e − 0.0063e − 0.0092e 

(PFPA)(SA)2 

Conf. IV 
1 0.024e − 0.041e 0.018e 
2 0.018e 0.008e − 0.026e 

(PFPA)(SA)2 

Conf. V 
1 0.016e − 0.007e − 0.009e 
2 0.012e − 0.008e − 0.004e  
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a green double-headed curved arrow. As can be seen from Table 2, the 
partial charges on PFPA and MEA-1 are − 0.81e (− 0.82e) and 0.78e 
(0.78e), respectively at Model 1 (Model 2) in the most stable confor
mation (Conf. I) of (PFPA)(MEA)2 which are significantly higher than 
0.5e. In case of Conf. III, the partial charges on the same moieties are 
even slightly higher. 

From the structural point of view, Conf. I – the most stable conformer 
of (PFPA)(MEA)2 – is stabilized by the formation of four intermolecular 
noncovalent bonds – one proton-transfer mediated N − H+⋯O− ionic 
bond as discussed above, two O − H⋯O type neutral HBs where the 
MEAs are the proton-donor and one N − H⋯N type HB formed between 
two MEA moieties. On the other hand, Conf. III has higher numbers of 
non-covalent interactions including one proton-transfer mediated 
N − H+⋯O− ionic HB between PFPA and MEA-1 like Conf. I and one 
strong intra-molecular HB of ca. 1.9 Å in MEA-2. However, the oxygen of 
PFPA that loses proton to NH2 of MEA-1, simultaneously accepts proton 
from the OH group of same MEA-1, which may effectively diminish the 
strength of the ionic bonding to certain extent and may explain the 
reason behind Conf. III having higher electronic energy compared to 
Conf. I. The Conf. III is the only one among all the (PFPA)(MEA)2, 
clusters considered where an intra-molecular HB is observed. In all other 
conformers of (PFPA)(MEA)2, four neutral HBs are also detected. Among 
these bonds where OH of PFPA acts as proton-donor, forming 
O − H⋯O/N type hydrogen bond, there is a considerable OH bond 
stretching, ranging from 0.063 to 0.075 Å. 

Considering further the two N − H+⋯O− ionic HBs present in Conf. I 
and Conf. III, we observe that the interatomic distance between the ni
trogen and oxygen is same in both conformers which is ca. 2.6 Å, but the 
distance between H+ and O− is 1.5 Å in Conf. I while it is 1.6 Å in Conf. 
III, at both models. On the other hand, comparing the structural pa
rameters of the neutral HBs in Conf. I and Conf. III, we observe that the 
average bond length of the neutral HBs (rHB) is longer, and the average 
bond angle (θHB) is smaller in Conf. II. For example, while in Conf. I, 
rHB = 1.75 Å and θHB ≈ 170◦, in Conf. II, rHB = 1.91 Å and θHB ≈ 153◦, 
representing weaker hydrogen bonding interaction. The Conf. I has two 
O–H⋯O and one N–H⋯N type HBs, Conf. III has two N–H⋯O and one 
O–H⋯O type hydrogen bonds. Thus, individually the ionic HB in Conf. 
III might be stronger than Conf. I, but the combined strength of the 
neutral HBs in Conf. I may be higher that of Conf III. This might be 
another reason for the higher electronic energy of Conf. III compared to 
Conf. I. 

The relative energies of conf. II, III and IV with respect to Conf. I are 
practically the same that lie within 4.4–4.6 kcal/mol, although their 
structural characteristics are significantly different. In both Conf. II and 
IV, the PFPA moiety, via its OH group, donates proton to OH of MEA-1 
(labelled by the letter A in the figure) which in turn acts as proton donor 
to NH2 of MEA-2 (labelled by B) and thus forming a sequence of one 
O − H⋯O and one O − H⋯N type HB. The main difference between these 

conformers lies in the different relative positions of MEA-1 with respect 
to MEA-2, that allows MEA-2 to form a N − H⋯O HB with PFPA in Conf. 
IV, and a O − H⋯O HB with PFPA in Conf. II, with PFPA being the proton 
acceptor in both cases. These interactions are identified by the letter C in 
the figure. Moreover, a fourth HB is formed in both conformers (labelled 
by D) as in Conf. II the MEA-1 moiety forms a N − H⋯O HB donating 
proton to the OH of MEA-2 via its NH2 group, while in Conf. IV, it uses 
the same NH2 group to accept proton from OH of MEA-2 and forms a 
O − H⋯N HB. The O − H⋯N bond length is slightly shorter than the 
N − H⋯O bond. Conf. VI is the only geometry of (PFPA)(MEA)2 that 
possesses N − H⋯F type HB, which again falls into the category of weak 
HB with rHB(H⋯F) = 2.41 (2.67) Å and RNF = 3.13 (3.40) Å at Model 1 
(Model 2) and should not contribute effectively to the energetic stability. 

(PFPA)(SA)(MEA) clusters: Eight different conformations of 1:1:1 
ternary clusters formed by PFPA, SA and MEA are considered. The two 
lowest energy conformations (Conf. I and II), demonstrate proton 
transfer between acid and base moieties. In Conf. I, one of the O–H 
groups of SA loses proton to NH2 of MEA, forming a (PFPA)(SA–)(MEA+) 
cluster, while in Conf. II, the proton transfer occurs between the COOH 
group of PFPA and NH2 of MEA forming a (PFPA–)(SA)(MEA+) cluster. 
The N − H+⋯O− ionic HB lengths and bond angles are 1.63 (1.60) Å and 
163◦ (174◦) in Conf. I and 1.60 (1.65) Å and 160◦ (174◦) in Conf. II at 
Model 1 (Model2). NBO analysis shows that the electronic charge frac
tions on SA and MEA in Conf. I are − 0.800e and +0.870e, respectively, 
while the same for PFPA and MEA in Conf. II are − 0.795e and +0.880e, 
as par Model 1, corroborating with observation that strong proton 
transfer effect is present in these conformers. Calculations with Model 2 
show similar results, as can be seen from Table 3. 

Apart from the ionic HBs, both Conf. I and Conf. II feature three 
neutral HBs, of which one is of the O − H⋯N type and other two are of 
the O − H⋯O type. In fact, all conformers exhibit two or more O − H⋯O 
type neutral HBs and in all cases, except the Conf. VI, one of them is 
notably a very strong HB featuring a super-stretched O–H bond (ROH >

1.0 Å), while the other bonds are moderate or weak in strength. The 
average value of the O–H bond stretch (ΔROH) of these strong O − H⋯O 
HBs (labelled always by the letter C in Fig. 3) is ca. 0.077 Å, with Conf. 
III having the highest stretch (ΔROH = 0.14 Å). The average O – O 
distance (ROO) across the HB and the average bond angle (∠O − H⋯O) 
are 2.45 Å and 174◦, respectively which align closely with the criteria 
for a strong hydrogen bond as defined in the literature [86]. To give 
specific examples, we may state that ROO = 2.49 (2.42) Å and 
∠O − H⋯O = 174◦ (178◦), in Conf. I (Conf. III). The Conf. VI is the only 
conformer where all of its three neutral O − H⋯O type HBs are of 
moderate strength, as par literature [97], with average ROO = 2.68 Å and 
average ∠O − H⋯O = 165◦. Conf. VIII, the (PFPA)(SA)(MEA) cluster 

Table 2 
Calculated values of NBO partial charges associated with different conformers 
(PFPA)(MEA)2 ternary clusters as obtained by Model 1: M06-2X/6-311++G 
(3df, 3pd) and Model 2: ωB97XD/6-311++G(3df, 3pd).  

Systems Model PFPA MEA-1 MEA-2 

(PFPA)(MEA)2 Conf. I 1 − 0.814e 0.778e 0.035e 
2 − 0.817e 0.777e 0.040e 

(PFPA)(MEA)2 Conf. II 1 − 0.084e 0.006e 0.078e 
2 − 0.068e 0.051e 0.017e 

(PFPA)(MEA)2 Conf. III 1 − 0.8714e 0.8315e 0.0399e 
2 − 0.864e 0.823e 0.041e 

(PFPA)(MEA)2 Conf. IV 1 − 0,091e 0.027e 0.064e 
2 − 0.076e 0.026e 0.050e 

(PFPA)(MEA)2 Conf. V 1 − 0.111e 0.061e 0.050e 
2 − 0.109e 0.062e 0.047e 

(PFPA)(MEA)2 Conf. VI 1 − 0.093e 0.053e 0.040e 
2 − 0.081e 0.041e 0.040e  

Table 3 
Calculated values of NBO partial charges associated with different conformers 
(PFPA)(MA)(MEA) ternary clusters as obtained by Model 1: M06-2X/6- 
311++G(3df, 3pd) and Model 2: ωB97XD/6-311++G(3df, 3pd).  

Systems Model PFPA S.A. M.E.A 

(PFPA)(SA)(MEA) Conf. I 1 − 0.065e − 0.800e 0.870e 
2 − 0.044e − 0.819e 0.863e 

(PFPA)(SA)(MEA) Conf. II 1 − 0.795e − 0.085e 0.880e 
2 − 0.802e − 0.058e 0.860e 

(PFPA)(SA)(MEA) Conf. III 1 − 0.006e − 0.123e 0.129e 
2 − 0.005e − 0.093e 0.099e 

(PFPA)(SA)(MEA) Conf. IV 1 − 0.0192e − 0.0933e 0.1125e 
2 − 0.009e − 0.078e 0.087e 

(PFPA)(SA)(MEA) Conf. V 1 − 0.038e − 0.060e 0.098e 
2 − 0.020e − 0.060e 0.080e 

(PFPA)(SA)(MEA) Conf. VI 1 − 0.024e − 0.057e 0.081e 
2 − 0.018e − 0.068e 0.086e 

(PFPA)(SA)(MEA) Conf. VII 1 − 0.045e − 0.055e 0.100e 
2 − 0.038e − 0.048e 0.086e 

(PFPA)(SA)(MEA) Conf. VIII 1 − 0.010e − 0.113e 0.123e 
2 − 0.020e − 0.090e 0.110e  
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with highest energy with a large energy difference of 12.4 kcal/mol from 
global minimum, also contains three neutral O − H⋯O type HBs in the 
equilibrium structure. Among these HBs, the one labeled as C represents 
strong interaction with ROO = 2.49 Å and ∠O − H⋯O = 178◦. On the 
other hand, the other two bonds (labeled as A and B) are typical example 
of weak hydrogen bonding with ROO = 2.49 (2.42) Å and ∠O − H⋯O =

178◦ (178◦) for bond A (bond B). These weaker interactions may 
contribute to the relatively lower energetic stability of this cluster. 
Furthermore, Conf. VII is the only cluster that features a weak 
C − F⋯H − O HB, formed between PFPA and SA, with ROF = 2.99 Å and 
∠O − H⋯F = 140◦ and no OH stretch. Additionally, Conf. V, VI and VII 
possess one N − H⋯O = S type neutral HB formed between MEA and SA 
with N − H of MEA being the proton donor, but all these bonds are weak 
with RON = 3.00 Å (in all three cluster) and ∠N − H⋯O = 121◦ (Conf. V), 
127◦ (Conf. VI) and 134◦ (Conf. VII). All numerical values mentioned in 
this section were obtained by using Model 1: M06-2X/6-311++G 
(3df,3pd). The Model 2: ωB97XD/6-311++G(3df,3pd) provides very 
similar results. The partial NBO charges on PFPA, SA and MEA moieties 
of Conf. III to Conf. VIII are all quite smaller than 0.5e supporting the 
conclusion that no proton transfer has occurred in these clusters. 

3.2. Thermodynamic stability and equilibrium constant analysis 

In Table 4, we present the calculated binding electronic energy (ΔE) 
and the binding Gibbs free energy of formation (ΔG), both corrected for 
the zero-point energy. Additionally, we include the values of 

equilibrium constant (Keq) corresponding to each cluster, all calculates 
at 298.15 K using both levels of calculations. The Keq values were 
calculated by using the formula: Keq = e− ΔG/RT where R = 8.314J/(mol •
K) is the universal gas constant and T = 298.15 K is the ambient 
temperature. 

As we can observe, all the clusters exhibit negative and expressively 
high value of ΔE in both models, and most of them also demonstrate 
negative ΔG that would represent greater stability of the cluster 
compared to the corresponding monomers at ambient temperature. In 
fact, among the five (PFPA)(SA)2 and six (PFPA)(MEA)2 conformers 
considered here, only the highest energy conformer in each case shows 
thermodynamic instability. All the eight (PFPA)(MEA)(SA) conformers 
show negative ΔG at ambient temperature at both models. The calcu
lated values of ΔE show certain model dependencies, with ΔE (Model 2) 
being slightly lower than ΔE (Model 1) in most cases where the differ
ences between the two models vary between 0.5 and 7.5 %. Maximum 
difference is observed in Conf. II of (PFPA)(MEA)2 where ΔE (Model 2) is 
higher than ΔE (Model 1) by ca. 11 %, which is an exception as in all 
other clusters the variations are restricted within 7.7 %. The calculated 
values of ΔG also show similar model dependencies, although Model 2 
shows lower values in higher number of cases. Among the three cluster 
compositions, (PFPA)(MEA)(SA) has the highest thermodynamical sta
bility with the lowest value of ΔG which is –14.3 (–18.2) kcal/mol ob
tained Model 1 (Model 2). 

The differences between the ΔG values of the local minima and that 
of the global minimum of each cluster composition is quite appreciable. 
Consequently, Conf. I of each cluster composition is the major contrib
utor when the effect of multiple conformers on the cluster binding free 
energy is calculated, or in other words, ΔGMC = ΔG(Conf. I) in all three 
cluster compositions – (PFPA)(SA)2, (PFPA)(MEA)2 and (PFPA)(MEA) 
(SA). The equilibrium constant of a chemical system is a measure of the 
proportion of products and reactants present at a given equilibrium 
state. In the context of the formation of atmospheric particle cluster, the 
magnitude of the equilibrium constant is directly related to the extent of 
Gibb’s free energy change. A lower variation of the free energy corre
sponds to a higher equilibrium constant, indicating a greater concen
tration of clusters formed in the atmosphere. Therefore, a high 
equilibrium constant signifies that cluster formation is favored over 
dissociation. In each cluster composition considered here – (PFPA)(SA)2, 
(PFPA)(MEA)2 and (PFPA)(MEA)(SA) – the free energy variations of the 
local minima are significantly greater than that of the global minimum 
(Conf. I). As a result, Conf. I consistently exhibits a much higher equi
librium constant value, indicating that this specific configuration is 
more energetically favored over others. Furthermore, upon comparing 
the global minimum of each composition, the following order is 
observed: Keq[(PFPA)(MEA)(SA)] ≈ 1010 > Keq[(PFPA)(SA)2] ≈ 109 >

Keq[(PFPA)(MEA)2] ≈ 106 as determined by Model 1. This implies that, 
under ambient conditions, the relative population of Conf. I of (PFPA) 
(MEA)(SA) cluster will be approximately 10,000 times greater than that 
of Conf. I of (PFPA)(MEA)2, and approximately 10 times more than that 
of Conf. I of (PFPA)(SA)2, confirming that interaction with an acid-base 
combination is important for PFPA’s effective participation in cluster 
formation. 

It is well-known that in the troposphere, the lowest layer of Earth’s 
atmosphere, temperature generally decreases with an increase in alti
tude. Considering this fact, we have performed thermochemical calcu
lations for each ternary cluster at three different temperatures − 298 K, 
244 K and 217 K. The variations of ΔG with temperature for the clusters, 
as obtained by Model 1, are demonstrated in Fig. 4. All clusters, 
including Conf. VI of (PFPA)(SA)2 that has positive ΔG at 298 K, show 
large increase in thermodynamical stability as temperature decreases. 

3.3. Interaction with solar radiation 

In the field of aerosol science, the elastic and inelastic scattering of 

Table 4 
Calculated values of binding electronic energies (ΔE), binding free energy (ΔG), 
in kcal/mol, and the equilibrium constants (Keq) at 298.15 K, for different 
ternary clusters formed by PFPA with SA and MEA as obtained by - Model 1: 
M06-2X/6-311++G(3df, 3pd) and Model 2: ωB97XD/6-311++G(3df, 3pd).  

Systems Model ΔE ΔG Keq 

(PFPA)(MEA)2 Conf. I 1  − 31.14  − 8.99 4.0 × 106 

2  − 33.44  − 10.67 6.8 × 107 

(PFPA)(MEA)2 Conf. II 1  − 26.85  − 3.99 8.5 × 102 

2  − 23.92  − 1.64 1.6 × 101 

(PFPA)(MEA)2 Conf. III 1  − 25.86  − 2.26 4.5 
2  − 27.72  − 4.31 1.5 × 103 

(PFPA)(MEA)2 Conf. IV 1  − 26.81  − 4.84 3.6 × 103 

2  − 27.21  − 5.00 4.6 × 103 

(PFPA)(MEA)2 Conf. V 1  − 25.45  − 2.84 1.2 × 102 

2  − 25.51  − 2.23 4.3 × 101 

(PFPA)(MEA)2 Conf. VI 1  − 23.73  − 0.08 1.1 
2  − 22.96  0.89 2.2 × 10− 1 

(PFPA)(SA)2 Conf. I 1  − 35.76  − 12.16 8.4 × 108 

2  − 35.35  − 9.98 2.1 × 107 

(PFPA)(SA)2 Conf. II 1  − 32.71  − 8.23 1.1 × 106 

2  − 33.05  − 7.19 1.9 × 105 

(PFPA)(SA)2 Conf. III 1  − 28.70  − 5.67 1.4 × 104 

2  − 29.23  − 5.19 6.4 × 103 

(PFPA)(SA)2 Conf. IV 1  − 23.21  − 0.18 1.4 
2  − 24.02  − 0.42 2.0 

(PFPA)(SA)2 (Conf. V) 1  − 17.85  4.12 9.5 × 10− 4 

2  − 18.89  3.40 3.2 × 10− 3 

(PFPA)(MEA)(SA) Conf. I 1  − 37.82  − 14.28 3.1 × 1010 

2  − 40.73  − 18.22 2.4 × 1013 

(PFPA)(MEA)(SA) Conf. II 1  − 33.52  − 10.38 4.1 × 107 

2  − 35.63  − 12.53 1.5 × 109 

(PFPA)(MEA)(SA) Conf. III 1  − 33.74  − 9.64 1.2 × 107 

2  − 32.15  − 7.50 3.2 × 105 

(PFPA)(MEA)(SA) Conf. IV 1  − 32.47  − 8.78 2.8 × 106 

2  − 32.05  − 8.00 7.4 × 105 

(PFPA)(MEA)(SA) Conf. V 1  − 29.29  − 5.76 1.7 × 104 

2  − 29.58  − 5.43 9.7 × 103 

(PFPA)(MEA)(SA) Conf. VI 1  − 28.12  − 5.33 8.1 × 103 

2  − 29.05  − 5.73 1.6 × 104 

(PFPA)(MEA)(SA) Conf. VII 1  − 28.58  − 4.92 4.1 × 103 

2  − 28.73  − 5.26 7.2 × 103 

(PFPA)(MEA)(SA) Conf. VIII 1  − 26.39  − 2.06 3.2 × 101 

2  − 25.36  − 1.75 1.9 × 101  
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solar radiation by atmospheric particles plays a significant role in un
derstanding various phenomena related to visibility and radiative forc
ing in the atmosphere. Rayleigh scattering or elastic scattering of light, 
in particular, is the predominant optical event for small atmospheric 
molecular clusters, and it is responsible for several atmospheric pro
cesses. The intensity of Rayleigh scattering, also known as Rayleigh 
activity, is influenced by the dipole polarizability and the anisotropy of 
the polarizability of the molecular systems. Isotropic dipole polariz
ability represents the ability of a molecule to respond to an electric field 
and is related to the magnitude of the induced dipole moment in 
response to the electric field. Anisotropy of the polarizability refers to 
the directional dependence of the polarizability. These properties 
determine how strongly the incident radiation interacts with the mole
cules and the subsequent scattering intensity. In Table 5 we report the 
dipole moments (μ), isotropic dipole polarizability (α) and anisotropy of 
the polarizability (Δα) of all the clusters along with the corresponding 
the Rayleigh Activity (R) and degree of depolarization (σ) for natural 
light calculated by using the formulas [111–114]. 

Rn = 45(α)2
+ 13(Δα)2  

and 

σn =
6(Δα)2

45(α)2
+ 7(Δα)2,

with the subscript n representing natural light. 
As can be seen from Table 5, the dipole moments calculated by the 

two models are quite similar in most cases, with Conf. I of (PFPA)(MEA)2 
having the highest dipole moment (μ ≈ 9 Debye) among all cluster 
compositions. The dipole moments, however, vary appreciably among 
the conformers of each cluster composition. For example, among the 
(PFPA)(MEA)(SA) conformers, Conf. VI has the highest dipole moment 
at both models (μ ≈ 7 Debye) while Conf. IV possesses the lowest dipole 
moment with μ ≈ 3 Debye. In case of (PFPA)(MEA)2, while Conf. I has 
the highest dipole moment with μ ≈ 7 Debye, Conf. VI has the lowest 
dipole moment with μ ≈ 4 Debye. The isotropic polarizabilities (α), on 
the other hand, do not show such variations and within each cluster 
composition, the individual values of αof the conformers lie very close to 
the respective average value (〈α〉) as evidenced by the respective Rela
tive Standard Deviations (RSD). The RSD (α) for (PFPA)(SA)2, (PFPA) 
(MEA)2 and (PFPA)(MEA)(SA), as obtained by Model 1, are just 0.53 %, 
0.95 % and 0.65 %, respectively. Considering the values of 〈α〉 as ob
tained by Model 1, we can arrange the cluster compositions in order of 
increasing polarizability as follows: (PFPA)(SA)2 [〈α〉= 116.1 a. u.] <
(PFPA)(MEA)(SA) [〈α〉= 121.7 a. u.] < (PFPA)(MEA)2 [〈α 〉= 129.3 a. 
u.]. 

Performing the same analysis with anisotropy of the polarizability 
(Δα), we observe a different order of increasing anisotropy: (PFPA) 

(MEA)2 [〈Δα〉 = 26.2 a. u.] < (PFPA)(MEA)(SA) [〈Δα〉 = 28.3 a. u.] <
(PFPA)(SA)2 [〈Δα〉 = 30.9 a. u.], where 〈Δα〉 is the average of the Δα 
values of the cluster conformers. Thus, among the three cluster com
positions considered here, although (PFPA)(MEA)2 exhibits the highest 
polarizability and consequently the largest molecular volume, it is the 
least anisotropic among them. The (PFPA)(MEA)(SA) composition falls 
in between (PFPA)(MEA)2 and (PFPA)(SA)2 in terms of both polariz
ability and anisotropy. The RSD(Δα) for (PFPA)(SA)2, (PFPA)(MEA)2, 

Fig. 4. Temperature dependence of the binding free energy ΔG (kcal/mol) of the ternary cluster conformers of PFPA with SA and MEA obtained by Model 1.  

Table 5 
Calculated values of dipole moment (μ) in Debye (D), mean dipole polarizabilty 
(α), polarizability anisotropy (Δα), degree of depolarization (σn) and Rayleigh 
activity for natural light (Rn) in a.u. of different stable PFPA ternary clusters as 
obtained by Model 1: M06-2X/6-311++G(3df, 3pd) and Model 2: ωB97XD/6- 
311++G(3df, 3pd).  

Systems Model μ α Δα σn Rn 

(PFPA)(MEA)2 Conf. I 1  8.63  129.6  26.45  0.0055 764,741 
2  9.09  131.9  25.27  0.0049 790,910 

(PFPA)(MEA)2 Conf. II 1  5.12  130.1  25.99  0.0053 769,861 
2  5.16  131.9  28.30  0.0061 792,780 

(PFPA)(MEA)2 Conf. III 1  6.29  127.2  22.97  0.0043 735,437 
2  6.71  130.0  22.97  0.0041 767,521 

(PFPA)(MEA)2 Conf. IV 1  4.67  129.9  31.79  0.0079 772,978 
2  4.27  132.5  31.28  0.0074 803,176 

(PFPA)(MEA)2 Conf. V 1  5.53  128.9  26.32  0.0055 756,092 
2  5.88  131.4  26.58  0.0054 786,454 

(PFPA)(MEA)2 Conf. VI 1  4.39  127.6  22.03  0.0040 739,011 
2  4.38  130.3  21.40  0.0036 769,371 

(PFPA)(SA)2 Conf. I 1  5.67  115.9  32.08  0.0101 617,671 
2  5.97  119.1  32.85  0.0100 651,821 

(PFPA)(SA)2 Conf. II 1  3.88  115.3  30.89  0.0095 610,103 
2  3.94  118.0  30.72  0.0089 639,029 

(PFPA)(SA)2 Conf. III 1  3.39  116.1  28.04  0.0077 616,996 
2  3.46  118.9  28.15  0.0074 646,504 

(PFPA)(SA)2 Conf. IV 1  2.98  116.0  27.79  0.0076 615,417 
2  2.86  118.8  27.48  0.0071 645,295 

(PFPA)(SA)2 Conf. V 1  5.13  117.0  37.68  0.0136 634,762 
2  5.34  19.6  36.87  0.0125 660,805 

(PFPA)(MEA)(SA) 
Conf. I 

1  7.11  121.9  27.94  0.0069 678,459 
2  5.54  125.9  32.70  0.0089 726,734 

(PFPA)(MEA)(SA) 
Conf. II 

1  6.48  122.2  28.59  0.0072 682,868 
2  6.99  125.6  30.49  0.0078 722,398 

(PFPA)(MEA)(SA) 
Conf. III 

1  3.49  121.1  25.51  0.0059 668,731 
2  3.56  123.9  24.39  0.0051 698,209 

(PFPA)(MEA)(SA) 
Conf. IV 

1  2.96  121.5  24.07  0.0052 672,177 
2  2.66  124.5  24.41  0.0051 705,414 

(PFPA)(MEA)(SA) 
Conf. V 

1  3.72  121.9  34.05  0.0103 683,152 
2  4.27  125.1  32.06  0.0087 717,196 

(PFPA)(MEA)(SA) 
Conf. VI 

1  7.33  122.1  30.84  0.0084 684,201 
2  7.53  124.7  31.00  0.0082 712,037 

(PFPA)(MEA)(SA) 
Conf. VII 

1  4.69  121.1  30.04  0.0081 671,840 
2  4.65  124.0  29.77  0.0076 702,942 

(PFPA)(MEA)(SA) 
Conf. VIII 

1  4.14  119.8  23.70  0.0052 653,257 
2  4.21  123.2  25.60  0.0057 691,747  
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and (PFPA)(MEA)(SA) obtained from Model 1 are 12.8 %, 13.1 %, and 
12.6 % respectively, indicating that the anisotropy values of the con
formers within each cluster composition exhibit considerable variation 
around the mean compared to the isotropic polarizability. Model 2 
provides similar trends in the results. When considering the individual 
Δα values of the conformers within each cluster composition, we 
observe that among the (PFPA)(MEA)2 conformers, Conf. IV exhibits the 
highest anisotropy. Similarly, among the (PFPA)(SA)2 and (PFPA)(MEA) 
(SA) conformers, Conf. V in both cluster compositions demonstrate the 
highest level of anisotropy. 

Both Rayleigh activity and degree of depolarization depend on mean 
isotropic polarizability (α)and anisotropy (Δα) of the system. However, 
α being the major contributor in Rayleigh activity, the large variations of 
Δα around the mean value in each cluster composition do not affect the 
Rn values. On the other hand, the variations of σn follow the same 
pattern of that of Δα – higher the anisotropy, higher is the degree of 
depolarization. Thus, the Rayleigh activities of the individual con
formers in all the cluster compositions remain close to the respective 
average value of Rayleigh activities (〈Rn〉) As par Model 1, RSD (Rn) for 
(PFPA)(SA)2, (PFPA)(MEA)2 and (PFPA)(MEA)(SA) are 2.1 %, 2.6 % and 
1.5 %, respectively. In order of increasing 〈Rn〉 at ambient condition the 
cluster compositions can be arranged as follows: (PFPA)(SA)2 < (PFPA) 
(MEA)(SA) < (PFPA)(MEA)2. Thus, (PFPA)(MEA)2 shows highest Ray
leigh scattering intensity which is ca. 23 % (22 %) higher than that of 
(PFPA)(SA)2 and 13 % (11 %) higher than that of (PFPA)(MEA)(SA) 
according to Model 1 (Model 2). In case of isolated PFPA, the values 
Rnare calculated as 98,766 and 104,908 a. u. at Model 1 [M06-2X/6- 
311++G(3df, 3pd)] and Model 2 [ωB97-XD/6-311++G(3df, 3pd)], 
respectively. Comparing the values of Rn(PFPA) with those of the 
clusters, we observe that (PFPA)(MEA)2 suffers maximum variation 

upon cluster formation, with 〈Rn〉[(PFPA)(MEA)2 ]
Rn(PFPA)

≈ 8, followed by (PFPA) 

(MEA)(SA) with 〈Rn〉[(PFPA)(MEA)(SA) ]

Rn(PFPA)
≈ 7, and (PFPA)(SA)2 with 

〈Rn〉[(PFPA)(SA)2 ]
Rn(PFPA)

≈ 6. The increase of Rayleigh activity in (PFPA)(SA)2 

cluster with respect to isolated PFPA is less than other organic acids 
including sulfuric acid itself forming cluster with sulfuric acid dimer, 
(SA)2

. For example, in a previous study34 with M062X/aug-cc-pVTZ, it 
was found that when H2SO4 trimer or (SA)3 is formed, 〈Rn〉 increases by 
ca. 9 times compared to Rn(SA) and in (MSA)(SA)2, 〈Rn〉 increases by ca. 
7 times compared to Rn(MSA) where MSA stands for Methanesulfonic 
Acid. As far as the degree of depolarization for natural light (σn) is 
concerned, it is highest in (MSA)(SA)2 followed by (PFPA)(MEA)(SA) 
and (PFPA)(MEA)2, following the same trend of anisotropy. The average 
degree of depolarization, 〈σn〉 of the three cluster compositions are 
0.0095 (0.0089) a. u., 0.0071 (0.0077) a. u. and 0.0054 (0.0052) a. u. 
for (MSA)(SA)2, (PFPA)(MEA)(SA) and (PFPA)(MEA)2, respectively at 
Model1 (Model 2). 

4. Conclusion 

Studying the formation of hydrogen-bonded molecular clusters in the 
Earth’s atmosphere hold significant implications for comprehending 
atmospheric chemistry and addressing air pollution. This study focuses 
on exploring the structure and thermochemical properties of some 
ternary clusters formed by Perfluoropropionic acid (PFPA) with sulfuric 
acid (SA) and monoethanolamine (MEA). PFPA belongs to the group of 
persistent organic pollutants (POPs) that have a long environmental 
lifespan and are known to have adverse effects on human health. Three 
different cluster compositions, namely (PFPA)(SA)2, (PFPA)(MEA)2 and 
(PFPA)(MEA)(SA) and several energetically stable conformers of each 
composition are investigated by two Density Functional-based models: 
M062X/6-311++G(3df,3pd) and ωB97XD/6-311++G(3df,3pd), at 
ambient temperature. The optimized geometries of cluster conformers 
are stabilized by different combinations of non-covalent interactions, 
including intra- and intermolecular hydrogen bonding and proton 

transfer. All three participating monomers simultaneously act as proton 
donors and acceptors, forming closed cyclic molecular clusters in most 
cases. The most energetically stable conformer of (PFPA)(MEA)2 as well 
as that of (PFPA)(MEA)(SA) clusters exhibit proton transfer between 
PFPA and MEA, leading to ionic hydrogen-bond interactions. The 
hydrogen bond strengths in (PFPA)(MEA)2 clusters are weaker 
compared to other two compositions, resulting in lowest thermody
namic stability with multiple-conformer binding free energy, ΔGMC =

− 9.0 kcal/mol at the M062X/6-311++G(3df,3pd) level of calculation. 
In contrast, the ΔGMCvalues of (PFPA)(SA)2 and (PFPA)(MEA)(SA) are 
− 12.2 kcal/mol and − 14.3 kcal/mol, respectively, at the same level of 
calculation. With ωB97XD/6-311++G(3df,3pd) the values are − 10,7 
kcal/mol, − 10,0 kcal/mol and − 18,2kcal/mol, for (PFPA)(MEA)2, 
(PFPA)(SA)2 and (PFPA)(MEA)(SA), respectively. Thus, the presence of 
acid-base combination (SA and MEA) is found to be essential for PFPA to 
form more thermodynamically stable clusters in the atmosphere. Addi
tionally, the most stable conformer (Conf. I) of each cluster composition 
exhibits predominant relative populations, with high equilibrium con
stants. These global conformers are energetically favored and represent 
the majority of the cluster populations. With lowering of temperature, 
thermodynamic stability increases for all clusters. Furthermore, the 
interaction of the clusters with solar radiation, specifically Rayleigh 
scattering, is studied. Rayleigh activity depends on the isotropic dipole 
polarizability and anisotropy of polarizability of the molecular systems, 
with the former being the dominant contributor. Comparing the Ray
leigh activity values of the clusters with that of the PFPA monomer, it is 
observed that cluster formation causes significant increase in the Ray
leigh intensity, with the largest variation observed in the (PFPA)(MEA)2 
cluster. The results obtained provide insights into the behavior of the 
pollutant molecule PFPA regarding its interactions with important at
mospheric molecules under standard atmospheric conditions. 
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chemical modeling of atmospheric molecular clusters involving inorganic acids 
and methanesulfonic acid, Chem. Phys. Rev. 4 (2023) 031311, https://doi.org/ 
10.1063/5.0152517. 

[97] Y. Liu, H.-B. Xie, F. Ma, J. Chen, J. Elm, Amine-enhanced methanesulfonic acid- 
driven nucleation: predictive model and cluster formation mechanism, Environ. 
Sci. Technol. 56 (2022) 7751–7760, https://doi.org/10.1021/acs.est.2c01639. 

[98] R.D. Dennington, T.A. Keith, J.M. Millam. GaussView 5.0. 9; Gaussian Inc., 
Wallingford, CT, USA, 2008. 

F.S. Medeiros et al.                                                                                                                                                                                                                             

https://doi.org/10.1039/D2EM00002D
https://doi.org/10.1021/es901864s
https://doi.org/10.1021/acs.est.2c00254
https://doi.org/10.1021/acs.est.2c00254
https://doi.org/10.1007/s00244-020-00765-4
https://doi.org/10.1016/j.envint.2018.06.009
https://doi.org/10.1021/acs.estlett.1c00481
https://doi.org/10.1021/acs.estlett.1c00481
https://doi.org/10.1016/j.chemosphere.2019.125637
https://doi.org/10.1016/j.scitotenv.2021.152159
https://doi.org/10.1039/c9em00163h
https://doi.org/10.1289/ehp10092
https://doi.org/10.1289/ehp10092
https://doi.org/10.1073/pnas.2105018118
https://doi.org/10.1002/etc.4935
https://doi.org/10.1016/j.watres.2020.116010
https://doi.org/10.1002/etc.2663
https://doi.org/10.1080/10934520903139811
https://doi.org/10.1080/10934520903139811
https://doi.org/10.1016/j.watres.2021.117676
https://doi.org/10.1016/j.apr.2021.101255
https://doi.org/10.3390/ijerph20010821
https://doi.org/10.3390/ijerph20010821
https://doi.org/10.1016/j.envres.2022.115042
https://doi.org/10.1016/j.envres.2022.115042
https://doi.org/10.1016/j.envres.2016.04.017
https://doi.org/10.1016/j.envres.2016.04.017
https://doi.org/10.1021/es060031f
https://doi.org/10.1016/j.envint.2020.106123
https://doi.org/10.1016/j.envint.2020.106123
https://doi.org/10.1021/es101951t
https://doi.org/10.1021/acs.est.0c06978
https://doi.org/10.1016/j.scitotenv.2017.10.210
https://doi.org/10.1016/j.scitotenv.2022.153561
https://doi.org/10.1016/j.scitotenv.2020.140017
https://doi.org/10.1016/j.jenvman.2019.109896
https://doi.org/10.1016/j.jwpe.2020.101393
https://doi.org/10.1007/s11356-022-21788-5
https://doi.org/10.1007/s11356-022-21788-5
http://refhub.elsevier.com/S2210-271X(24)00024-0/h0400
http://refhub.elsevier.com/S2210-271X(24)00024-0/h0400
http://refhub.elsevier.com/S2210-271X(24)00024-0/h0400
https://doi.org/10.3390/ijerph182010900
https://doi.org/10.3390/ijerph182010900
https://doi.org/10.1186/s12302-018-0134-4
https://doi.org/10.1186/s12302-018-0134-4
https://www.epa.gov/sites/production/files/2020-01/documents/pfas_action_plan_feb2020.pdf
https://www.epa.gov/sites/production/files/2020-01/documents/pfas_action_plan_feb2020.pdf
https://doi.org/10.1021/acs.jpca.2c05068
https://doi.org/10.5194/acp-21-14275-2021
https://doi.org/10.5194/acp-21-14275-2021
https://doi.org/10.1016/j.jaerosci.2020.105621
https://doi.org/10.1016/j.jaerosci.2020.105621
https://doi.org/10.1029/2018JD029356
https://doi.org/10.1029/2018JD029356
https://doi.org/10.1021/jp2119026
https://doi.org/10.1126/science.1180315
https://doi.org/10.1126/science.1180315
https://doi.org/10.1016/j.desal. 2015.08.004
https://doi.org/10.1016/j.desal. 2015.08.004
https://doi.org/10.1021/ie901671f
https://doi.org/10.1016/j.apenergy.2015.07.010
https://doi.org/10.1016/j.apenergy.2015.07.010
https://doi.org/10.1021/acs.est.7b02294
https://doi.org/10.1021/acs.est.9b05306
https://doi.org/10.1021/acs.est.9b05306
https://doi.org/10.1063/5.0152517
https://doi.org/10.1063/5.0152517
https://doi.org/10.1021/acs.est.2c01639


Computational and Theoretical Chemistry 1233 (2024) 114485

11

[99] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R. 
Cheeseman, G. Scalmani, V. Barone, G.A. Petersson, H. Nakatsuji et al. Gaussian 
16, Rev. C.01, Gaussian, Inc.: Wallingford, CT, USA, 2016. 

[100] Y. Zhao, D.G. Truhlar, The M06 suite of density functionals for main group 
thermochemistry, thermochemical kinetics, noncovalent interactions, excited 
states, and transition elements: two new functionals and systematic testing of four 
M06-class functionals and 12 other functionals, Theor. Chem. Acc. 120 (2008) 
215–241, https://doi.org/10.1007/s00214-007-0310-x. 

[101] J. Chai, M. Head-Gordon, Long-range corrected hybrid density functionals with 
damped atom-atom dispersion corrections, Phys. Chem. Chem. Phys. 10 (2008) 
6615–6620, https://doi.org/10.1039/B810189B. 

[102] J. Chai, M. Head-Gordon, Systematic optimization of long-range corrected hybrid 
density functionals, J. Chem. Phys. 128 (2008) 084106, https://doi.org/10.1063/ 
1.2834918. 

[103] J. Elm, M. Bilde, K.V. Mikkelsen, Assessment of density functional theory in 
predicting structures and free energies of reaction of atmospheric prenucleation 
clusters, Chem. Theory Comput. 8 (2012) 2071–2077, https://doi.org/10.1021/ 
ct300192p. 

[104] E.D. Glendening, A.E. Reed, J.E. Carpenter, F. Weinhold, NBO Version 3.1. 
[105] J.P. Foster, F. Weinhold, Natural hybrid orbitals, J. Am. Chem. Soc. 102 (1980) 

7211–7218, https://doi.org/10.1021/ja00544a007. 
[106] A.E. Reed, F. Weinhold, Natural bond orbital analysis of Near-Hartree-Fock water 

dimer, J. Chem. Phys. 78 (1983) 4066–4073, https://doi.org/10.1063/1.445134. 
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