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A theoretical investigation on the mechanistic and
kinetic study of 2,2,3,3,4,4,5,5-
octafluorocyclopentanol with OH radicals and Cl
atoms and its implications in new particle
formation

Suresh Tiwari and Ranga Subramanian *

Fluorinated alcohols are used in various industrial applications, including coatings, paints, adhesives, polymers,

waxes, and polishes, as well as for cleaning electronic components. Consequently, the presence of fluorine

atoms in these compounds contributes to their atmospheric persistence, allowing them to act as potent

greenhouse gases, even at trace concentrations. The potential risks and hazards of novel chemical

substances were assessed before they were introduced into society. Therefore, a key component of

atmospheric chemistry in our study is the oxidation of 2,2,3,3,4,4,5,5-octafluorocyclopentanol (cyc-

(CF2)4CHOH–) by hydroxyl (OH) radicals and chlorine (Cl) atoms, as well as how this molecule participates in

new particle formation (NPF) in the atmosphere, studied through molecular dynamics (MD) simulations. All

reaction energetics and thermodynamic parameters were calculated utilizing the M06-2X/6-311+G(2d,2p)

and MP2/6-311+G(2d,2p) methodologies. The resulting optimized geometries were then employed for

single-point energy calculations at the CCSD(T) level using cc-pVXZ (D and T) basis sets. Complete basis set

(CBS) extrapolation was performed to obtain accurate rate coefficient calculations. Four hydrogen atom

abstraction channels are feasible for the aforementioned title reactions. Possible H-abstraction reaction

pathways were identified for these atmospheric oxidising agents, and the rate coefficients were evaluated

over the 220–420 K temperature range. The atmospheric implications of the cyc-(CF2)4CHOH– compound

were computed based on its rate coefficient values, and its atmospheric fate and implications are discussed.

1. Introduction

Chlorofluorocarbons (CFCs), hydrochlorofluorocarbons (HCFCs),
and hydrofluorocarbons (HFCs) have been widely employed in
various industries over the last several decades.1–3 The Kyoto
Protocol (1997)4 and Montreal Protocol (1987)5,6 prohibit the
use of ozone-depleting substances to restore stratospheric
ozone. These substances have prompted the search for more
sustainable and ecologically friendly replacements, owing to
their significant potential for global warming and ozone deple-
tion. These substitutes should meet industrial and commercial
demands while having minimal effects on ozone depletion and
climate change.7 A family of compounds called fluorinated
alcohols is being explored as potential replacements for CFCs
due to their high chemical reactivity and ability to cause
zero ozone depletion.8,9 Fluorinated alcohols have replaced
CFCs in various applications, including carrier compounds

for lubricants, cleaning of electronic components, and
refrigeration.10 However, because of the presence of the C–F
bond in fluorinated alcohols, these chemicals absorb infrared
radiation inside the atmospheric window (8 to 12 mm), con-
tributing to rising atmospheric temperatures.11 During the
daytime, oxygenated volatile organic compounds (OVOCs)
mainly degrade in the troposphere via OH radicals. The OH
radical is a highly reactive atmospheric oxidant that easily
reacts with various nearby species, including radical scavengers
and organic pollutants, through immediate, non-selective
reactions.12 That is why this radical is known as the ‘‘detergent
of the atmosphere’’ or ‘‘tropospheric vacuum cleaner.’’ In the
past few years, the oxidation process involving chlorine atoms
has gained significant importance in atmospheric reactions,
particularly for its influence on the boundary layer of marine
and coastal regions and the Arctic troposphere during the
spring season.13 Thus, it is crucial to know the kinetic para-
meters of their reactions with OH radicals and Cl atoms to
determine how OVOCs affect the air quality index in contami-
nated areas.14
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OVOCs also lead to the creation of new particles (NPF), which
are a significant factor in the accumulation of secondary organic
aerosols (SOAs) in the atmosphere and affect weather, climate,
air quality, and human health.15 This has been observed in
various locations, including the troposphere, coastal and metro-
politan areas, and boreal forests.16,17 Although NPF is important,
not enough is known about the basic molecular processes
behind it.18 Prior research has shown that the essential sub-
stances, water, and sulfuric acid (SA) drive the early stages of
atmospheric particle creation; nevertheless, their condensation
only allows for an insignificant amount of the development of
atmospheric nanoparticles.19–21 Therefore, a more thorough
understanding of organic-driven nucleation mechanisms is
necessary to elucidate their atmospheric importance.

2,2,3,3,4,4,5,5-Octafluorocyclopentanol, also known as cyc-
(CF2)4CHOH–, is a novel fluorinated cyclic alcohol used as a
CFC substitute in semiconductor cleaning agents.22 To the best
of our knowledge, only one study has reported on the tropo-
spheric gas-phase reaction with OH radicals, and it explored
this reaction using quasi-theoretically obtained rate constants.
Their computed rate coefficient with the OH radical is 6.5 �
10�14 cm3 molecule�1 s�1 at 296 K.23 The GWP for cyc-
(CF2)4CHOH– on a 100-year time horizon was determined by
adjusting the instantaneous radiative efficiency with its atmo-
spheric lifetime, yielding a value of 13. The experimentally
obtained integrated absorption cross-section was 21.1 � 10�17

cm2 molecule�1 cm�1.24 Prior research on the kinetics of the Cl
atom is not accessible. To the best of our knowledge, the

degradation of cyc-(CF2)4CHOH– by OH radicals and Cl atoms
has not yet been thoroughly studied theoretically, especially in
terms of their role in new particle formation (NPF). Therefore,
the reaction pathways, kinetics, intermediate products, and NPF
were also investigated. We employed high-level ab initio and
density functional theory (DFT) approaches for tropospheric
kinetic research using OH radicals and Cl atoms. Multiple
reaction pathways are possible for the cyc-(CF2)4CHOH– com-
pound, hydrogen atom abstracted from the methine (C–H) and
hydroxyl (O–H) positions, as shown in Scheme 1. Furthermore,
we examined the thermodynamic characteristics of fluorine
abstraction in the presence of Cl and OH radicals. The kinetics
of the fluorine abstraction were not examined. Indeed, these
reactions are unfavorable because of their highly positive

DH
�
298:15

� �
and Gibbs free energy DG

�
298:15

� �
values.

Therefore, we investigated the kinetics of hydrogen abstrac-
tion using Cl atoms and OH radicals over the 220–420 K
temperature range. This information will be helpful for simu-
lating atmospheric kinetics and other practical applications.
We have studied NPF through classical mechanics-based mole-
cular dynamics simulations. The atmospheric implication para-
meter for cyc-(CF2)4CHOH– compounds is calculated based on
the computed rate coefficients. Because of the existence of C–F
bonds, atmospheric implication calculations were used to
determine the possible climate forcing effect of the compound.
Additionally, we computed the dielectric strength (DS) value as
a substitute for SF6, which is a crucial greenhouse gas. We also
investigated the dissociative pathway mechanisms of secondary

Scheme 1 A mechanistic depiction of the abstraction of hydrogen atoms by OH radicals and Cl atoms.
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radicals to study their atmospheric fates, parent molecule
toxicity, and degradation products.

2. Computational techniques
2.1 Electronic structure calculation

All stationary points that are part of the hydrogen abstraction in
the reaction channel, reactant (cyc-(CF2)4CHOH–), reactant com-
plexes (RCs), transition states (TSs), product complexes (PCs), and
products were optimized and frequency calculations were per-
formed using the ab initio MP225 and DFT-based M06-2X26–28

methods with the Pople 6-311+G(2d,2p) basis set.26,29–33 In several
investigations, this hybrid density functional (M06-2X) has been
employed to examine kinetic parameters, barrier heights, hydro-
gen bonding interactions, and reaction processes for a range of
atmospherically significant reactions.34,35 Vibrational frequency
calculations verified the transition-state concepts and stable
minima of the potential energy surface (PES). Real frequencies
were used to characterize all local minima, and the existence of
one imaginary frequency confirmed the transition states. To
validate the proposed reaction routes, intrinsic reaction coordi-
nate (IRC)36,37 computations were performed at the M06-2X/6-
311+G(2d,2p) level to verify that each transition state connects the
proposed reactants and products (see Fig. S5). To avoid spin
contamination, all reactive species were assessed before and after
annihilation, as contamination may result in inaccurate barrier
heights. For the titled reactions, spin contamination is not a
concern at the M06-2X/6-311+G(2d,2p) level with OH radicals and
Cl atoms, as verified by the hS2i values tabulated in Table S3. The
GaussView program is used to visualize optimized geometry, IRC
pathways, and normal mode vibrational frequencies.38

As a result, utilizing the M06-2X/6-311+G(2d,2p) optimized
geometries, we performed single-point energy calculations
using the high-level coupled-cluster single-double and pertur-
bative triples (CCSD(T))39 technique with a cc-pVXZ40 (X = D
and T) basis set to refine the potential energy surface and
obtain more accurate energy. In order to further improve the
accuracy of the electronic energies, we extrapolate them to the
complete basis set (CBS) limit using the CCSD(T) with cc-pVXZ
basis sets (where X = 2 and 3) in conjunction with corrected
energies from the MP2 method with cc-pVXZ (X = 2, 3, and 4)
basis sets, as follows, and CBS extrapolation denoted as
CCSD(T)-MP2/CBS, which is shown below:41

ECCSDðTÞ-MP2=CBS ¼ ECCSDðTÞ=TZ þ ECCSDðTÞ=TZ � ECCSDðTÞ=DZ

� �

� 34

44 � 34
þ EMP2=QZ þ EMP2=QZ � EMP2=TZ

� �

� 44

54 � 44
� EMP2=TZ � EMP2=TZ � EMP2=DZ

� �

� 34

44 � 34

(1)

Here, DZ, TZ, and QZ represent the cc-pVDZ, cc-pVTZ, and
cc-pVQZ basis sets, respectively.

Furthermore, the T1 diagnostic values computed at the
CCSD(T)/cc-pVXZ level of theory42,43 (X = D and T) are tabulated
in Table S4. The zero-point energy (ZPE) was scaled by a factor
of (0.971),44 and the spin–orbit coupling (SOC)45 correction was
included in the ECCSD(T)-MP2/CBS energies to obtain more accu-
rate energies for all reactive species. The computed T1 values
ranged from 0.012 to 0.032, which is less than the threshold
value of 0.045 for open-shell species. Consequently, there was
no problem with the multireference character of the CCSD(T)
wavefunction. These T1 values support the CCSD(T) single-
reference method for determining the barrier heights of various
reactions and other kinetic computations.

2.2 Molecular dynamics (MD) simulation

The GROMACS 2024 simulation software with the AMBER general
force field (GAFF), which has been extensively used in atmospheric
molecular simulations, was used to perform classical molecular
dynamics simulations to examine the nucleation process of cyc-
(CF2)4CHOH– clusters.46,47 The ESP charges were obtained at the
M06-2X/6-311+G(2d,2p) level of theory. Restrained electrostatic
potential (RESP) charges were fitted with Antechamber (Amber-
Tools), and the relevant Amber parameters and coordinate files
were generated utilizing Sleap. Then, the AnteChamber Python
Praser interface (ACPYPE) was used to generate GROMACS files.48

Subsequently, cyc-(CF2)4CHOH–, sulfuric acid (SA), nitrogen (N2),
and oxygen (O2) were among the molecules placed at random into
the 200 � 200 � 200 Å3 simulation box. A 1 ns NVT equilibration
was performed at 298 K after energy minimization, and then a
40 ns simulation was run in the NPT ensemble at 298 K and 1 bar.
A velocity-rescaling49 thermostat was used to establish tempera-
ture coupling, and a C-rescaling50 barostat was used to maintain
the pressure control. An integration time step of 1 femtosecond
was applied. The particle-mesh Ewald (PME) approach was
employed for evaluating long-range electrostatics, whereas van
der Waals and electrostatic interactions were approached with a
cutoff distance of 1.4 nm.51 The LINCS method was used to deal
with bond constraints.52

3. Results and discussion
3.1 Electronic structures of stationary points

All the optimized geometries of the stationary points (R = (cyc-
(CF2)4CHOH–), RCs, TSs, PCs, and Ps) involved in each reaction
route of the titled reactions are displayed in Fig. S1. The bond
lengths and angles for these stationary points were obtained at
the M06-2X/6-311+G(2d,2p) and MP2/6-311+G(2d,2p) theoreti-
cal levels. Fig. S1 shows that the optimized geometric para-
meters at both theoretical levels were in good agreement.
Vibrational frequencies were also computed using M06-2X/6-
311+G(2d,2p) and MP2/6-311+G(2d,2p) theoretical levels. The
vibrational frequency values with limited experimental data are
listed in Table S1. The stretching modes of the coupling
breakdown and bond formation correspond to one imaginary
frequency in each transition state, and the imaginary frequen-
cies calculated for TSA1, TSA2, TSB1, and TSB2 at the M06-2X/6-
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311+G(2d,2p) level of theory are 1843.28i, 1015.31i, 1436.84i,
and 897.09i cm�1, respectively. There are four possible hydrogen
abstraction channels for the reaction of cyc-(CF2)4CHOH– with
OH radicals and Cl atoms: hydrogen abstraction from the
hydroxyl (O–H) position and hydrogen abstraction from the
methyne (C–H) group. Analogous to hydrogen abstraction, fluor-
ine atoms can also be abstracted from the cyc-(CF2)4CHOH–
compound using OH radicals and Cl atoms, as shown in the SI

(Scheme S1). The computed reaction enthalpy DH
�
298:15

� �
and

Gibbs free energy DG
�
298:15

� �
values were both highly positive for

fluorine atom abstraction, as shown in Table 1. Hence, these
pathways are both thermodynamically unfavorable and insignif-
icant under atmospheric conditions; therefore, they were not
considered further in the rate coefficient calculations. This led
us to concentrate on the kinetics of hydrogen abstraction, and
our calculations revealed that the hydrogen abstraction reaction
pathways contained four transition states: TSA1, TSA2, TSB1, and
TSB2. We found that the dissociating O–H bonds in TSA1 and
TSB1 were 14.41% and 25.19% longer than the equilibrium O–H
bond distance in cyc-(CF2)4CHOH–, respectively. The dissociat-
ing C–H distance increased by 7.46% and 14.50% relative to the
equilibrium C–H bond distance in cyc-(CF2)4CHOH– (TSA2 and
TSB2), respectively. The H–O (TSA1 and TSA2) and H–Cl (TSB1
and TSB2) bonds were stretched by 18.9%, 30.17%, 9.70%, and
25.19%, respectively, compared with the equilibrium H–O and
H–Cl bond distances in the free H2O and HCl molecules. From
the transition states TSA1, TSA2, TSB1, and TSB2, it is clear that
the elongation of forming bonds is greater than that of dissociat-
ing bonds in the case of TSA1, TSA2, and TSB2 transition states.
However, in the case of the TSB1 transition state, we found that
the broken bond (O–H) elongates significantly more than the
forming bond (H–Cl). Therefore, according to Hammond’s
postulate,53 these transition states, TSA1, TSA2, and TSB2, are
reactant-like, and the reactions proceed via an early transition
state, as expected for exothermic reactions (Table 1). The reac-

tion enthalpies DH
�
298:15

� �
are negative, and in the case of TSB1,

they are product-like, and the reaction proceeds via a late

transition state, as expected. The reaction enthalpies DH
�
298:15

� �
were positive, and the reaction pathways were endothermic.

3.2 Reaction energetics

The potential energy surface (PES) for the reaction of cyc-
(CF2)4CHOH– with OH radicals and Cl atoms was constructed

at the CBS level using CCSD(T)-MP2 extrapolation. For ease of
presentation, the relative energies, including scaled ZPE and
SOC corrections (DE + ZPE + SOC) in kcal mol�1, are related to
the reactants, which are set to zero. All relative energies are
provided in the SI (Table S2). Pre-reactive (RCA1, RCA2, RCB1,
and RCB2) and post-reactive (PCA1, PCA2, PCB1, and PCB2)
complexes were retained via non-covalent interactions (NCI)
among O, H, and Cl atoms in the reaction channels A1, A2, B1,
and B2. Their description utilizing bond lengths, NCI isosur-
faces, and AIM topological analysis (Fig. S1, S2, and S4)
validated the PES shown in Fig. 1.

3.2.1 Hydrogen abstraction via OH radicals. When the OH
radical approaches the hydroxyl hydrogen (O–H) of cyc-
(CF2)4CHOH– in reaction channel A1, firstly, a reactant complex
(RCA1) is formed at the entrance of the reaction channel. This
complex was stabilized by hydrogen bonding (see NCI and AIM
analyses, Fig. S2 and S3) and was located 3.75 kcal mol�1 below
the reactant. The activation barrier height for TSA1 is approxi-
mately 6.08 kcal mol�1 above the reactant. After passing the
barrier height, the product complex (PCA1) was found 11.88 kcal
mol�1 below the reactants on the product side. It was stabilized
by weak van der Waals interactions (see NCI analysis, Fig. S2).
Eventually, the reaction results in the removal of water molecules
and the formation of a radical product, cyc-(CF2)4CHO(�)–. Its
relative energy is lower than that of the reactant, 7.91 kcal mol�1.
Similarly, in the case of the A2 pathway, when hydrogen is
abstracted from the methyne (C–H) position of cyc-(CF2)4CHOH–
by OH radicals, the hydroxyl radicals form RCA2, which is
stabilized by weak van der Waals (vdW) forces (see NCI and
AIM analyses, Fig. S2 and S3). Their relative energies are approxi-
mately 1.47 kcal mol�1; therefore, they are energetically more
stable than the initial reactants. The A2 route (via TSA2) has a
lower activation barrier of 1.62 kcal mol�1, leading it to be more
kinetically favorable than A1. The energy of its transition state is
similar to that of the B2 route; however, B2 is significantly more
advantageous because of its slightly lower barrier height. After
passing the barrier, the system forms PCA2 and becomes more
stable owing to hydrogen bonding (see NCI analysis, Fig. S2).
PCA2 has a higher stability than the reactants by approximately
36.96 kcal mol�1. The route produces the radical product cyc-
(CF2)4C(�)OH and a H2O molecule, which are 27.55 kcal mol�1

below the reactants, indicating the high exergonicity of the
channel. These results validate the thermodynamic and kinetic
favorability of the A2 pathway.

Table 1 Reaction Gibbs free energy DG�298:15
� �

and reaction enthalpy DH�298:15
� �

for all pathways were calculated at the M06-2X/6-311+G(2d,2p) level,
with MP2/6-311+G(2d,2p) values in parentheses, including scaled ZPE and SOC corrections (kcal mol�1)

Reaction system DG
�
298:15 DH

�
298:15

Cyc-(CF2)4CHOH– + OH - cyc-(CF2)4CHO(�)– + H2O �9.76 (�8.42) �7.73 (�6.85)
Cyc-(CF2)4CHOH– + OH - cyc-(CF2)4C(�)OH– + H2O �28.35 (�30.00) �26.64 (�28.56)
Cyc-(CF2)4CHOH– + Cl - cyc-(CF2)4CHO(�)– + HCl 1.20 (6.91) 4.04 (9.22)
Cyc-(CF2)4CHOH– + Cl - cyc-(CF2)4C(�)OH– + HCl �17.40 (�14.67) �14.87 (�12.54)
Cyc-(CF2)4CHOH– + OH - cyc-CF2CF2CF2CF(�)CHOH– + HOF 64.85 (65.71) 68.78 (68.86)
Cyc-(CF2)4CHOH– + Cl - cyc-CF2CF2CF2CF(�)CHOH– + ClF 50.86 (55.42) 55.56 (59.30)
Cyc-(CF2)4CHOH– + OH - cyc-CF2CF2CF(�)CF2CHOH– + HOF 64.23 (64.94) 67.68 (67.81)
Cyc-(CF2)4CHOH– + Cl - cyc-CF2CF2CF(�)CF2CHOH– + ClF 50.23 (54.65) 54.46 (58.26)

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 4

/6
/2

02
6 

4:
50

:5
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp02637g


This journal is © the Owner Societies 2026 Phys. Chem. Chem. Phys., 2026, 28, 871–884 |  875

3.2.2 Hydrogen abstraction via the Cl atom. In the B1
route, the Cl atom abstracts the hydroxyl hydrogen (O–H) of
cyc-(CF2)4CHOH–, which starts with the formation of a weakly
bound reactant complex (RCB1). When compared to the free
reactants, this compound is weakly stabilized (1.02 kcal mol�1).
The highest activation barrier among the paths investigated is
represented by the corresponding transition state (TSB1), which
is located 14.49 kcal mol�1 above the reactants. Once the
barrier is crossed, the system proceeds onto PCB1; however,
this complex is not energetically stable, residing 3.99 kcal
mol�1 above the reactants and is therefore prone to dissocia-
tion. Finally, the end products, cyc-(CF2)4CHO(�)– and HCl,
have a relative value of 7.90 kcal mol�1, and they are themselves
at higher energy than the reactants, making this route energe-
tically unfavourable. In addition, the positive energy differences

in the reaction Gibbs free energy DG
�
298:15

� �
and enthalpy

DH
�
298:15

� �
demonstrate the endothermic and endergonic char-

acteristics of the B1 channel, clearly establishing it as the least
favorable reaction pathway from both kinetic and thermody-
namic perspectives among all reaction pathways. In the B2
reaction route, the Cl atom abstracts a hydrogen atom from the
C–H site of cyc-(CF2)4CHOH–, creating weakly stabilized
RCB2 with a lower relative energy (0.23 kcal mol�1). The
subsequent transition state (TSB2) has a lower energy barrier

of 1.44 kcal mol�1, showing kinetically favorable behavior
compared to the A1, A2 and B1 pathways. After surpassing
the barrier, the system develops into a thermodynamically
stabilized product complex (PCB2), which is 12.73 kcal mol�1

below the reactants. The channel yields radical species cyc-
(CF2)4C(�)OH– and HCl, with final products 11.74 kcal mol�1

lower in energy than the initial reactants, supporting the overall
exergonic and kinetically accessible character of the process. To
further demonstrate which reaction pathway was more favor-
able, we calculated the bond dissociation energies (BDEs) of the
breaking C–H and O–H bonds at the M06-2X/6-311+G(2d,2p)
level of theory. The BDEs of the O–H bond (117.10 kcal mol�1)
are approximately 19.32 kcal mol�1 greater than those of the C–
H bond (97.78 kcal mol�1), indicating that hydrogen abstrac-
tion from the C–H position dominates this reaction. This
conclusion is supported by the rate coefficient data presented
in the next section.

3.3 Kinetics

3.3.1 Methodology. The POLYRATE 2017-C program was
used to study all H-abstraction reaction pathways.54 Variational
transition state theory (VTST) with an interpolated single-point
energy (ISPE) technique was used to calculate the rate coeffi-
cients of all reaction pathways of the title processes. Rate
coefficients are calculated using the canonical variational tran-
sition state theory (CVT) for the 220–420 K temperature range,
considering atmospheric significance.55–57 Two methods are
used for tunneling corrections: zero-curvature tunneling
(ZCT)57–59 and small curvature tunneling (SCT).60,61 CVT rate
coefficients are derived by minimizing along dividing surface
(s) at a given temperature (T). These are represented as follows:

kCVT(T) = min kGT(T,s) (2)

kGT T ; sð Þ ¼ skBT
h

QGTðT ; sÞ
fRðTÞ exp �V

CVT
MEPðsÞ
kBT

� �
(3)

At the dividing surface, the rate coefficient of the generalized
transition state theory is represented by the notation kGT(T,s).
The number of indistinguishable molecular orientations is
represented by the quantity s, which in this instance is
assumed to be unity. Here, h and kB stand for the Planck and
Boltzmann constants, respectively. The partition function of
the generalized transition state at surface s is described by the
expression QGT(T,s), with reference to a local zero of energy
specified at VCVT

MEP(s). fR(T) is the partition function of reactants
per unit volume. The 2P ground state of the OH radical exhibits
spin–orbit splitting separated by approximately 140 cm�1 (0.20
kcal mol�1), lowering the unperturbed 2P state to the 2P3/2

level.45,62 Similarly, in the case of Cl atom, it exhibits two spin–
orbit states, 2p3/2 (degeneracy 4) and 2p1/2 (degeneracy 2),
separated by 882.4 cm�1 (0.8 kcal mol�1).45 In addition, the
electronic partition function of the 2P3/2 and 2P1/2 states of OH
and the 2p3/2 and 2p1/2 states of Cl, along with their respective
energies and degeneracies, are included in the rate coefficient
calculations.

Fig. 1 Potential energy surface (PES) diagram of cyc-(CF2)4CHOH–
degradation pathways at the CCSD(T)-MP2/CBS//M06-2X/6-311+G(2d,2p)
level of theory.
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The hydrogen abstraction reaction, R = cyc-(CF2)4CHOH–
with Cl atoms and OH radicals, proceeded in the following
stepwise sequence:

RþXÐ
k1

k�1
RC �!k2 product

where X = OH and Cl, k1 and k�1 are the forward and reverse
rate coefficients for the corresponding equilibrium between the
reactant complex (RC) and the reactants cyc-(CF2)4CHOH–, OH,
or Cl, and k2 corresponds to the decomposition of the reactant
complex to the final products via a barrier height (TS) for a
particular reaction channel. Therefore, the overall rate coeffi-
cient kGT(T,s) was calculated using the steady-state approxi-
mation, as follows:

kGT T ; sð Þ ¼ k1

k�1 þ k2
k2 (4)

Although the activation energy barrier for the dissociation of
RC (k�1) and its progression to products (k2) are comparable,
analysis reveals that the entropy change associated with the
reverse reaction (k�1) is considerably greater than the product
formation (k2). As a result, k�1 is likely to be significantly
greater than k2. This, coupled with the shallow well-depth
(�0.23 to �3.72 kcal mol�1) of the RC and collisional stabili-
zation under tropospheric conditions, validates the implemen-
tation of the pre-equilibrium model (PEM)63 within the Polyrate
code.64,65 With such a pre-equilibrium model (PEM), kGT(T,s)
can be simplified to

kGT T ; sð Þ ¼ k1

k�1
k2 ¼

A1A2

A�1

� �
e
� E1þE2�E�1ð Þ

RT ¼ Keqk2 (5)

Since E1 is zero, the net activation energy for the overall
reaction is

Ea = (E2 � E�1) = (ETS � ERC) � (ERC � ER) = (ETS � ER)
(6)

Utilizing basic statistical thermodynamic principles, here
Keq is the equilibrium constant for the formation of RC from
reactants. Keq and k2 are defined as follows:66

Keq ¼
QRC

fRðTÞ exp �
ERC � ER � EX

kBT

� �
(7)

k2 ¼ kT
skBT
h

QGTðT ; sÞ
QRC

exp �E
TS � ERC

kBT

� �
(8)

Notably, when eqn (7) and (8) are substituted into eqn (5),
the results are identical to eqn (3), kGT(T,s). Therefore, to
calculate the rate coefficient, the reaction is effectively treated
as an elementary step R - TS - P, and kGT(T,s) from eqn (3) is
used directly.67 The kT is the only exception, as its value is
determined by the activation barrier of the elementary process
within which the hydrogen atom is abstracted.67 Subsequently,
to account for tunneling, the CVTST rate coefficients were
adjusted using kT, calculated via the ZCT and SCT techniques.
The CVT/SCT rate coefficients were fitted within the 220–420 K

range using the modified Arrhenius expression.

k ¼ ATn exp
�Ea

RT

� �
(9)

In eqn (9), T corresponds to temperature, n is the tempera-
ture exponent, R is the universal gas constant, Ea is the
activation barrier, and A is the Arrhenius prefactor.

3.3.2 Rate coefficient calculation. Considering the two
reaction channels for each reaction of cyc-(CF2)4CHOH– with
Cl atoms and OH radicals, the total rate coefficient was
obtained as follows:

kAT = kA1 + kA2 (10)

kBT = kB1 + kB2 (11)

The rate coefficient for hydrogen abstraction from the
hydroxyl hydrogen (O–H) position is kA1 and kB1, whereas the
rate coefficient for hydrogen abstraction from the methine
(C–H) site of the cyc-(CF2)4CHOH– molecule is kA2 and kB2.
The overall rate coefficients for the OH radicals and Cl atoms
are represented by kAT and kBT, respectively.

As discussed in the preceding section, the substantial bond
dissociation energy (BDE) of the hydroxyl O–H site of cyc-
(CF2)4CHOH–, together with the similarly high activation bar-
rier, renders this abstraction pathway kinetically less favorable
than the C–H site. Therefore, hydrogen abstraction from the
C–H site (pathways A2 and B2) is considered to have a sig-
nificant impact on the rate coefficients and lifetime values of
cyc-(CF2)4CHOH–. Here, the ISPE technique was used to deter-
mine temperature-dependent rate coefficients. The frequencies
and geometries of the stationary points for the ISPE technique
were estimated using the M06-2X/6-311+G(2d,2p) method. The
reaction energies and barrier heights were improved utilizing
the CBS extrapolation method, and the rate coefficients were
estimated in the 220–420 K range using variational transition
state theory (VTST). The CVT/SCT rate coefficients for the
reaction of cyc-(CF2)4CHOH with OH radicals and Cl atoms
over 220–420 K are depicted in Fig. 2(a) and (b). In Fig. S5, the
rate coefficients for CVT, CVT/SCT, and CVT/ZCT are plotted for
each reaction pathway.

The CVT/SCT rate coefficients for the overall reaction and
each reaction channel of the cyc-(CF2)4CHOH– + OH reaction
are shown in Fig. 2(a). Fig. 2(a) and Fig. S6 show that reaction
pathway A1 exhibits a positive temperature dependency, which
is a feature of a classical over-the-barrier reaction, in which
thermal activation causes the rate coefficient to increase with
increasing temperature. However, reaction route A2’s lower
barrier height enhances the quantum tunneling contributions,
especially at low temperatures 220 to 275 K. Consequently,
there seems to be a negative temperature dependency in the
rate coefficients derived from the CVT/SCT and CVT/ZCT com-
putations, which shows an inverse temperature dependence in
comparison with the CVT findings. This behavior can be
attributed to the fact that, within this temperature range, the
tunneling contribution diminishes more rapidly with increas-
ing temperature than in the traditional over-the-barrier
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process. Over the range of 275–420 K, the reaction kinetics
gradually shifted toward a positive, Arrhenius-type temperature
dependency, with thermal activation taking over as the pre-
dominant process. Because the A1 reaction route has a signifi-
cantly higher activation energy barrier than the A2 pathway, it is
kinetically less preferred and has a lower calculated rate
coefficient value. The degradation pathways were the H-
abstraction reactions of cyc-(CF2)4CHOH– with the OH radicals,
as demonstrated by the rate coefficient data tabulated in Table
S4. At 296 K, the reaction rate coefficient of cyc-(CF2)4CHOH–
with the OH radical is 6.5 � 10�14 cm3 molecule�1 s�1 based on
the quasi-theoretical methodology studied by Imasu et al.23 The
A1 route, which includes hydrogen abstraction at the O–H site
of cyc-(CF2)4CHOH–, has a rate coefficient of 8.21 � 10�14 cm3

molecule�1 s�1 at CBS levels, calculated at 298 K, which is
roughly on the same order of magnitude as that in earlier
research.23 The total rate coefficient measured at 298 K was
5.68 � 10�13 cm3 molecule�1 s�1, which is approximately ten
times higher than the previously published data.23

Fig. 2(b) shows the CVT/SCT rate coefficients of the cyc-
(CF2)4CHOH– + Cl reaction, for both the overall reaction and
each reaction channel. The results are presented in Table S5.
Fig. 2(b) and Fig. S6 show the rate coefficients of the reaction
channels B1 and B2 (CVT, CVT/SCT, and CVT/ZCT), and the
overall results show a positive temperature dependence. Com-
pared with B2, the B1 reaction pathway has a substantially
greater energy barrier, causing it to proceed more slowly. In
contrast, the B2 route has a lower transition-state energy, which
makes it more kinetically favorable and increases the reaction
rate. The rate coefficient for H-abstraction from the C–H site by
the OH radical is 6.92 times larger than that from the O–H site,
according to computational calculations that quantify this
selectivity at 298 K. Furthermore, the Cl atom exhibited com-
parable reactivity to the OH radical towards the C–H site, with a
slightly higher rate coefficient (kB2/kA2 = 1.11). Utilizing the
CVT/SCT technique, the revised Arrhenius parameters for the
cyc-(CF2)4CHOH– reactivity toward both OH radicals and Cl
atoms are tabulated in Table S7. These parameters provided a
more accurate description of the temperature-dependent
kinetics of each reaction pathway. The three-parameter

equations were derived for the temperature range of 220–
420 K in order to quantitatively characterize the temperature
dependency of the rate coefficients (cm3 molecule�1 s�1):

kAT ¼ 4:41� 10�23 � T3:55 � e
949:12

T (12)

kBT ¼ 6:83� 10�24 � T3:94 � e
835:42

T (13)

The temperature dependence of the rate coefficients can be
adequately explained using these equations.

3.4 Branching ratio

The ratio of the rate coefficient for each reaction channel to the
total rate coefficient is known as the branching ratio. Fig. 3
shows a plot of the branching ratios of cyc-(CF2)4CHOH– to the
OH radicals and Cl atoms. In both reactions, hydrogen abstrac-
tion from the C–H group (A2 and B2) was found to be the most
important pathway. As shown in Fig. 3(a) and (b), hydrogen
abstraction from the C–H group (A2) was the dominant route,
with a branching ratio greater than that of A1 (hydrogen abstrac-
tion from the O–H group). Similarly, in the case of cyc-
(CF2)4CHOH– with a Cl atom, the branching ratio of B2 (hydro-
gen abstracted via the C–H position) is more contributing than
B1 (hydrogen abstracted via the O–H position).68 The branching
ratio for hydrogen abstraction pathways involved in reactions A1
and A2 at 298 K was calculated to be 12.6% and 87.4% respec-
tively. Pathway A1 provides around 11–13% over the temperature
range of 220 to 420 K, according to the branching ratio analysis,
whereas pathway A2 dominates with an 88–89% contribution.
The H-atom abstraction reaction for pathway B1 contributed
minimally to the overall rate coefficients in the examined range,
whereas pathway B2 was a significant contributor to both B1 and
B2 (cyc-(CF2)4CHOH– + Cl). For pathway B2, the branching ratio
is estimated to be approximately 100% at all temperatures. A
carbon-centered radical is created when an H atom is extracted
from the C–H position by an OH radical or Cl atom, whereas an
oxygen-centered radical is created when it is abstracted from the
O–H position. The radicals created from the carbon-centered
radical were more stable than those formed from the oxygen-
centered radical because the carbon-centered radicals were more

Fig. 2 CVT/SCT rate coefficients for the (a) cyc-(CF2)4CHOH– + OH and (b) cyc-(CF2)4CHOH– + Cl reactions, plotted as a function of 1000/T over
220–420 K, calculated at the CCSD(T)-MP2/CBS//M06-2X/6-311+G(2d,2p) level.
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polarizable.14 Table 2 provides a summary of the overall rate
coefficients of the title reactions and reactions of different
comparable cyclic alcohols with OH radicals at 298 K. When
we compared the experimentally determined rate coefficient of
cyc-(C4H8)CHOH– with the calculated value of cyc-(C4F8)CHOH–,
we found that fluorination reduced the rate constant. However,
our calculated data did not fit the theoretically derived data for
cyc-(C4H8)CHOH–.

4. Atmospheric implications
4.1 Atmospheric lifetime

It was expected that the rate coefficients for the reactions
between cyc-(CF2)4CHOH–, NO3 and O3 would be lower than
those with OH radicals and Cl atoms. Thus, cyc-(CF2)4CHOH–
degradation due to interactions with O3 molecules and NO3

radicals contributed negligibly to the overall atmospheric life-
time. The following equation was used to determine the life-
time of cyc-(CF2)4CHOH– with respect to the reaction between
the Cl atoms and OH radicals:

tOH = (kOH � [OH])�1 (14)

tCl = (kCl � [Cl])�1 (15)

Hence, the atmospheric lifetime of cyc-(CF2)4CHOH– was
estimated using OH (tOH) and Cl (tCl). Two types of chlorine
concentration were considered: one at the marine boundary

layers (1.0 � 105 molecules per cm3)73 and the other at the
global average concentration (1.0 � 103 molecules per cm3).74

The atmospheric concentration of OH radicals is approximately
1 � 106 molecules per cm3.75 The overall rate coefficient for the
reaction of cyc-(CF2)4CHOH– with OH radicals, determined at
the CBS level, is kAT = 6.50 � 10�13 cm3 molecule�1 s�1. By
utilizing all these values, the calculated lifetime of cyc-
(CF2)4CHOH– was approximately 17.8 days at a global average
concentration of OH radicals. Similarly, the calculated overall
rate coefficient with Cl atoms was kBT = 6.33 � 10�13 cm3

molecule�1 s�1. This yields a considerably longer lifetime of the
cyc-(CF2)4CHOH– compound, approximately 50.1 years with Cl
atoms at the global average concentration, and 0.50 years with
Cl atoms at marine boundary layers, respectively.

To investigate the impact of atmospheric variables, includ-
ing temperature, altitude, and radical concentration, the spe-
cific lifetimes of cyc-(CF2)4CHOH– are shown in Fig. 4 and
Tables S8, S9. According to the rate coefficient calculated at the
CCSD(T)-MP2/CBS//M06-2X/6-311+G(2d,2p) level of theory, the
t values predicted by various OH concentrations in the tropo-
sphere (9.00� 105 to 1.50 � 107 molecule cm�3)76,77 at different
altitudes in the Earth’s atmosphere (from 0 to 10 km) corre-
spond to temperatures ranging from 298.15 to 223.29 K,
respectively. Fig. 4 and Table S7 show that the OH-controlled
atmospheric lifetimes of cyc-(CF2)4CHOH– vary from 1.14 days
to 20.48 days within 223.29–298.15 K when the altitude is 0–10
km and the OH radical concentration is 9.00 � 105 to 1.50 � 107

Fig. 3 Branching ratios based on CVT/SCT rate coefficients for (a) OH + cyc-(CF2)4CHOH– and (b) Cl + cyc-(CF2)4CHOH– reactions, shown as a
function of 1000/T over 220–420 K.

Table 2 Comparison of OH radical reaction rate coefficients at 298 K for selected cyclic alcohols, including the cyc-(C4F8)CHOH– compound

Species Techniques cm3 molcule�1 s�1 Ref.

Cyc-(C5H10)CHOH– Relative rate (1.90 � 4.8) � 10�11 Bradley et al.69

Cyc-(C4H8)CHOH– Resonance fluorescence (1.07 � 0.7) � 10�11 Wallington et al.70

Theory 3.35 � 10�15 Hatipoğlu et al.71

Cyc-(C3H6)CHOH– Theory 1.88 � 10�16 Hatipoğlu et al.71

Cyc-(C2H4)CHOH– Theory 1.52 � 10�17 Hatipoğlu et al.71

Cyc-(C4F8)CHOH– Quasi-theoreticallya 6.50 � 10�14 Imasu et al.23

Cyc-(C4F8)CHOH– Theory 5.68 � 10�13 This work
(E)-4-Methylcyclohexanol Relative rate (1.87 � 0.14) � 10�11 Colmenar et al.72

a This value was calculated at 296 K.
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molecule cm�3.76,77 The Cl-controlled atmospheric lifetime of
cyc-(CF2)4CHOH– is 18.24 to 2.21 � 104 days (tabulated in Table
S8) within the altitude range of 0–10 km and the Cl atom
concentration is 1.00 � 103 to 1.00 � 106 atom cm�3. At fixed
altitudes, increasing concentrations of OH radicals or Cl atoms
contribute to a gradual decrease in the atmospheric lifetime
(see Tables S8 and S9) of cyc-(CF2)4CHOH–, underscoring the
dominant influence of both oxidants on its atmospheric fate.

To look into this more, the contribution of OH radical and
Cl atom, the OH-controlled lifetime, Cl-controlled lifetime, and
teff of cyc-(CF2)4CHOH– at a minimum OH concentration of
9.00 � 105 molecule cm�3 and a maximum Cl concentration of
1.00 � 106 atom cm�3 were computed as shown in Fig. 5. The
effective lifetime (teff) of cyc-(CF2)4CHOH– in the atmosphere
was evaluated using the following formula:

teff ¼
1

tOH
þ 1

tCl

� ��1
(16)

Fig. 5 shows that the atmospheric lifetime (tOH and tCl) of
cyc-(CF2)4CHOH– varies slightly with the altitude in the tropo-
sphere. The tOH remains relatively constant for approximately
20 days up to B4 km and gradually declines at higher altitudes,

showing accelerated oxidative loss in areas with elevated OH
reactivity. In contrast, tCl increases gradually with altitude,
showing that chlorine-initiated oxidation has a lower impact at
higher elevations. Across all altitudes, the effective lifetime (teff),
based on both the OH and Cl processes, seems identical at
approximately 10 days. The effective lifetime (teff) value indicates
that cyc-(CF2)4CHOH– has reduced atmospheric persistence.
While both oxidants contribute to its elimination, OH-initiated
oxidation predominates under normal tropospheric circum-
stances due to its higher concentration in the atmosphere.

4.2 Atmospheric implication parameters

Furthermore, to determine the effect of this compound on the
troposphere, we calculated different atmospheric implication
parameters such as radiative efficiency (REs), global warming
temperature (GWP), global temperature change potential
(GTP), integrated global temperature change potential (iGTP),
photo ozone creation potential (POCP), and acidification
potential (AP), which are discussed in detail in the SI. We
performed our frequency calculation to determine the absorp-
tion cross-section and radiative efficiency at the B3LYP/6-
31G(d,p) level of theory, which is the most trustworthy
approach for atmospheric implication calculations.31,32,78–80

We computed an absorption cross-section area of 26.9 �
10�17 cm2 molecule�1 cm�1 of cyc-(CF2)4CHOH– in the wave-
number range of 0–2500 cm�1, approximately closer to pre-
viously published data (21.1 � 10�17 cm2 molecule�1 cm�1).24

Using the absorption cross-section, which is given in Fig. 6, we
calculated the instantaneous and lifetime corrected RE values
(a detailed analysis is provided in the SI). Lifetime-corrected
REs are quite small (0.062 W m�2 ppb�1), and instantaneous
REs are 0.36 W m�2 ppb�1. The contribution of cyc-
(CF2)4CHOH– to global warming potential (GWP) may not be
significant because of the short atmospheric effective lifetime

Fig. 4 The atmospheric lifetimes (t) of cyc-(CF2)4CHOH– were deter-
mined at different altitudes (H), based on the computed CVT/SCT rate
coefficients: (a) with OH radicals and (b) with Cl atoms.

Fig. 5 The cyc-(CF2)4CHOH– compound’s OH-controlled lifetime, Cl-
controlled lifetime, and teff were calculated using an OH radical concen-
tration of 9.00 � 105 molecule cm�3 and a Cl concentration of 1.00 � 106

atom cm�3. At the CCSD(T)-MP2/CBS//M06-2X/6-311+G(2d,2p) level, the
rate coefficients were computed.
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(tx) of an OH-controlled process and a Cl-controlled process.
Additional computed values, such as GTP and iGTP, are tabu-
lated in Table S10. We also determined the photo-ozone for-
mation potential (POCP) for cyc-(CF2)4CHOH–, which is approx.
12.7, whereas the POCP of ethane is 12.3. Since ethane and
methane oxidize so slowly, they are typically not a major source
of local air quality issues and are therefore not subject to air
quality legislation.81 The POCP values for cyc-(CF2)4CHOH– are
negligible in comparison with the reference chemical ethene
(C2H4), which has a POCP value of 100. Therefore, we conclude
that commercially important cyc-(CF2)4CHOH– does not play a
major role in tropospheric ozone generation. As a result, cyc-
(CF2)4CHOH– does not present any serious risks to the tropo-
spheric vegetation growth, animal health, or the human popula-
tion. Additionally, the analysis of potential acidification values
showed that cyc-(CF2)4CHOH– has a larger acidifying capability
than SO2 (AP = 1), with an acidification potential (AP) value of
1.40. According to the value, acid rain incidents that are seen in
polluted regions may be disrupted if these compounds are
removed from the air by wet deposition processes.82–84

5. Dielectric strength (DS)

We used the DFT-based theoretical method B3LYP/6-311+G(d,p)
to determine the dielectric strength (DS) of cyc-(CF2)4CHOH–.
According to a previously published study, the B3LYP/6-
311+G(d,p) level of theory is the most efficient DFT method for
determining the dielectric strength (DS).85–88 Several parameters,
such as molecular mass, polarizability, ionization energy, and
electron affinity, influence the dielectric constant of organic
compounds. Polarizability and ionization energy are the primary
variables that affect the dielectric strength. Notwithstanding the
contributions of each of the previously mentioned
components.89 The expression for the DS equation is as follows:

DS = 0.0012 � a1.181 � e1.768 (17)

In this context, DS represents the dielectric strength, and the
term ‘‘ionization energy’’ (e) describes the change in Gibbs free

energy that occurs when an electron is extracted from a
molecule. The polarizability of an organic compound is repre-
sented by a. In addition, the parameterized coefficients in the
equation for the precise prediction of organic molecules intro-
duced in published literature are 0.0012, 1.181, and 1.768.89 A
new variable molecular weight (Mw) is added in the previous
equation to get more accurate dielectric strength (DS), and the
resulting equation is as follows:88

DS = 0.0012 � a � e0.288 � Mw
0.401 (18)

We obtained the DS values of cyc-(CF2)4CHOH– using
eqn (17) and (18). Using eqn (17), we obtained 1.174, and using
eqn (18), we obtained 0.201. Because both have lower dielectric
strengths than SF6, neither can replace the SF6 molecule (DS =
0.7121) according to our estimated data.

6. Atmospheric fate

The most favorable pathway for both Cl atoms and OH radicals
is hydrogen abstraction from the C–H position, according to
our calculated thermodynamic quantities, such as reaction

Gibbs free energy DG
�
298:15

� �
, reaction enthalpy DH

�
298:15

� �
, bond

dissociation energies (BDEs), and reaction kinetics. Further-
more, hydrogen abstraction with OH radicals and Cl atoms
results in the formation of cyc-(CF2)4C(�)OH– radicals, H2O,
and HCl compounds. After the formation of alkyl radical cyc-
(CF2)4C(�)OH–, we examined the alkyl radical degradation

process in more detail. The reaction enthalpy DH
�
298:15

� �
and

Gibbs free energy DG
�
298:15

� �
, including scaled ZPE of the radical

product, are �39.13 kcal mol�1 and �41.35 kcal mol�1, respec-
tively, indicating that the process is exothermic and sponta-
neous, favourable for further investigation of its degradation.
As demonstrated by da Silva et al.90 and Zádor et al.,91 an
alcohol-specific reaction channel is considered for the 1-
hydroxycyclopentyl radical. The addition of O2 to the cyc-
(CF2)4C(�)OH– radical proceeds via a barrierless route, forming
a stabilized peroxy intermediate (IM1). The computed relative
energies of IM1 are lower in comparison with reactants and are
58.91 kcal mol�1 at the CBS levels. Then the reaction goes
through a transition state (TSa), with activation barriers of
34.50 kcal mol�1 relative to IM1, indicating a moderately
hindered process. Finally, the reaction exit through the result-
ing product complex, PCa, lies lower in energy than the
reactants by 49.01 kcal mol�1, confirming the thermodynamic
favorability of the pathway. The system eventually transforms
into a stable product, perfluorinated cyclopentanone, and HO2

radical, with relative energies of 45.03 kcal mol�1 as compared
to the reactants, indicating that the degradation pathway is
generally exothermic (Fig. 7).

7. MD simulation of nucleation

A gas-phase system consisting of one cyc-(CF2)4CHOH– mole-
cule, 9 H2SO4 (SA) molecules, 154 N2 molecules, and 41 O2

molecules was used for molecular dynamics (MD) simulations

Fig. 6 Infrared absorption cross-section spectra of cyc-(CF2)4CHOH– at
the B3LYP/6-31G(d,p) level.
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in order to examine the nucleation potential of the chemical.
The generation of secondary organic aerosols (SOAs) frequently
involves particle nucleation, including SA, NH4

+, and NO3
�.

When it comes to neutral nucleation, SA is recognized to be
more efficient than the ion-induced model.92 Thus, the inter-
actions between SA and cyc-(CF2)4CHOH– were the main focus
of this study. In Fig. 8, the snapshots of the SA-cyc-
(CF2)4CHOH–N2–O2 system at different times are shown. At
t = 0 ns, the system displayed scattered molecules without
clustering. By t = 2.5 ns, the primary molecule was still not
involved, but early SA-only clusters, such as (SA)3 and (SA)2, had
appeared. A larger cluster with up to eight SA molecules was
observed between 5 and 10 ns. The first significant compound,
cyc-(CF2)4CHOH, which included all 9 SA molecules, formed at
t = 15 ns. Incredibly, only a (SA)9 cluster remained at t = 20 ns,
whereas the main molecule was abruptly excluded. However, a
stable cluster consisting of 9 SA molecules and cyc-
(CF2)4CHOH– was developed and remained between 30 and
40 ns. Strong electrostatic and hydrogen bonding interactions
between the cyc-(CF2)4CHOH and SA molecules can result in
the formation of larger and more stable clusters. The nucleat-
ing cluster stability was quantified by calculating the radial
distribution function, g(r), between the cyc-(CF2)4CHOH and
the surrounding sulfuric acid (SA) molecules throughout the

equilibrated trajectory time (37–40 ns). The resultant g(r) plot
(see Fig. S7) shows a strong, intense peak at 0.3–0.8 nm with a
magnitude greater than 2200, indicating that SA is most likely
to occur around the cyc-(CF2)4CHOH compound.93 It should be
mentioned that the NPT simulation duration was limited to
40 ns, following the standard procedures used in corres-
ponding studies.92,94,95 This time frame was adequate to
accomplish convergence and capture the system’s equilibrium
state. However, to investigate the slower nucleation dynamics
and confirm the validity of these results, future research could
prolong the simulation time. According to these findings, cyc-
(CF2)4CHOH– may be relevant in the production of atmospheric
new particles as it may take part in SA-mediated nucleation
under neutral circumstances.

8. Toxicity assessment

The ECOSAR program64 was used to assess the acute and chronic
toxicity of cyc-(CF2)4CHOH– and its degradation products. Three
nutrient levels, fish, Daphnia, and green algae, were used to
evaluate their effects on aquatic and chronic toxicity. For fish
and Daphnia, acute toxicity was measured using the median
lethal concentration (LC50) after 96 and 48 h of exposure,
respectively. For green algae, half the maximum effective concen-
tration (EC50) was reached after 96 h of exposure. Additionally,
the chronic toxicities of the three aquatic organisms were
represented by their chronic toxicity values (ChV). It is consid-
ered harmful when 1 o ChV o 10 mg L�1 (chronic toxicity) and
10 o LC50 or (EC50) o 100 mg L�1 (acute toxicity).

Therefore, the computed acute and chronic toxicities of cyc-
(CF2)4CHOH– of median fatal concentration value are 196 mg
L�1 and 111 mg L�1, and its chronic toxicity value is 19.1 and
10.8 mg L�1 for fish and Daphnia, which is higher than the
range of toxicity standards, indicating that this molecule has no
detrimental effects on fish. However, in the case of green algae,
the maximum effective concentration (EC50) is lower than

Fig. 7 PES diagram of radical product degradation pathways at the
CCSD(T)-MP2/CBS//M06-2X/6-311+G(2d,2p) level of theory.

Fig. 8 A collection of snapshots from the NPT simulation system. SA, N2, O2, and cyc-(CF2)4CHOH– were depicted using the VMD rendering technique.
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(EC50) o 100 mg L�1, 82.1 mg L�1 value is harmful, and in the
case of chronic toxicity (ChV o 10 mg L�1), the value is higher,
around 21.4 mg L�1, which means that there is no harmful
effect on algae. The degradation product fluorinated cyclopen-
tanone values for both acute and chronic toxicity were higher in
this range when 1 o ChV o 10 mg L�1 (chronic toxicity) and
10 o LC50 or (EC50) o 100 mg L�1. Thus, fluorinated cyclo-
pentanones have no effect on aquatic organisms. These find-
ings suggest that, compared to the parent chemicals, cyc-
(CF2)4CHOH–, the transformation products, cyc-(CF2)4C(O)–,
are less harmful to aquatic organisms.

9. Conclusions

Mechanistic and kinetic studies of cyc-(CF2)4CHOH– with OH
radicals and Cl atoms were conducted with the support of DFT
and canonical variational transition state theory. High-level DFT
techniques and CBS extrapolation were used to assess the rate
coefficients and thermochemical parameters of the reaction of
cyc-(CF2)4CHOH– with OH radicals and Cl atoms to ensure
reliable and precise predictions. Two hydrogen abstractions are
possible from cyc-(CF2)4CHOH–: one from the O–H position and
the other from the C–H position. All reaction pathways that
result in the reaction of cyc-(CF2)4CHOH– with OH radicals are

exothermic DH
�
298:15 o 0

� �
and exergonic DG

�
298:15 o 0

� �
. How-

ever, it was found that a Cl atom’s hydrogen abstraction from the
hydroxyl group of cyc-(CF2)4CHOH– was endothermic and ender-
gonic in nature, illustrating that the B1 pathway is both thermo-
dynamically and kinetically unfavorable. The canonical
variational transition state theory (CVT) with small-curvature
tunneling (SCT) using the M06-2X technique was used to obtain
the theoretical rate coefficient for each reaction channel at
temperatures of 220–420 K. In accordance with the branching
ratios, the A2 and B2 reaction routes were dominant for the
reactions of cyc-(CF2)4CHOH– with OH radicals and Cl atoms,
indicating that their rate coefficient values were higher than
those of the other pathways. At temperatures of 223.29 and
298.15 K and 0–10 km altitude, the predicted OH-driven and
Cl-driven lifetime variations of cyc-(CF2)4CHOH– vary from 1.14
days to 20.48 days and from 18.24 to 2.21 � 104 days, respec-
tively. Owing to the lower effective lifetime (tx) of cyc-
(CF2)4CHOH–, its GWP, GTP, and iGTP are insignificant, indicat-
ing a small influence on climate change. Although our calculated
POCP value is not sufficient when compared to alkenes (POCP =
100), there is no adverse effect on the formation of smog in the
atmosphere. However, the acidification potential (AP) we deter-
mined is notable when compared to that of SO2, which raises
environmental concerns. Owing to their lower DS values, our
compounds could not replace SF6 in the dielectric strength
evaluation. Furthermore, classical MD simulations have shown
that the primary component, cyc-(CF2)4CHOH–, is associated
with H2SO4 and participates in the early stages of NPF growth.
Based on these facts, this study can help us better comprehend
cyc-(CF2)4CHOH– and provide a representative model for study-
ing additional halogenated cycloalcohols.
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