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ABSTRACT: Recently, five-membered ring fluorides (c-C5Fs) have been
significantly desirable in green chlorofluorocarbon substitutes due to their
practically flexible application in various fields and environmental
friendliness. Detailed knowledge regarding different substitution effects on
their environmental properties and thermal stability is very limited due to
their high-cost experiments. Here, comprehensive density functional theory
and ab initio molecular dynamics calculations were performed to explore
the relative electrophilic and nucleophilic reactivity and thermostability of c-
C5F chemicals. The electronic properties induced by substitution effects of
c-C5Fs were first explored. The environmental friendliness of c-C5Fs
including 1,1,2,2,3,3-hexafluorocyclopentane (F6A), 1,1,2,2,3,3,4-hepta-
fluorocyclopentane (F7A), cis-1,1,2,2,3,3,4,5-octafluorocyclopentane
(F8A), 3,3,4,4,5,5-hexafluorocyclopentene (F6E), 1,3,3,4,4,5,5-heptafluor-
ocyclopentene (F7E), octafluorocyclopentene (F8E), 1-chloro-3,3,4,4,5,5-
hexafluorocyclopent-1-ene (F6-1), and 1-chloro-2,3,3,4,4,5,5-heptafluorocyclopent-1-ene (F7-1) was validly confirmed. Besides,
their thermal stabilities at 600 K temperature were concluded due to their flexible carbon skeletons, where both in-plane stability and
slight aromaticity of F6E were in peculiar found to contribute substantially. We also would like to stress the future application of F6-
1 due to its significant out-plane stability. This study may pave the way for the development of chlorofluorocarbon substitutes.

1. INTRODUCTION
Currently, freon (chlorofluorocarbons, CFCs) has been
identified as the main culprit of ozone depletion. From this
point of view, to address the global environmental challenges
of the Antarctic ozone hole and global warming, three
generations of CFC substitutes have been developed to
diminish the value of ozone-depleting potential and global
warming potential (GWP) of fluorinated substances.1 The
three generation compounds are normally composed of
hydrochlorofluorocarbons, hydrofluorocarbons (HFCs), hy-
drofluoroethers, and hydrofluoroolefins (HFOs), which have
many significant applications in foaming agents, aerosols,
solvents, refrigerants, and heat transfer fluids. In addition to
aliphatic substitutes, cyclic fluorides have also attracted
growing interests as novel alternatives.

Five-membered ring fluorides (c-C5Fs), including cyclic
HFCs (c-HFCs) and HFOs (c-HFOs), are receiving great
popularity in cleaning, etching, heat transfer fluids, and so on
and becoming the hot spot in the research field of CFC
substitutes. 1,1,2,2,3,3-Hexafluorocyclopentane (F6A),2

1,1,2,2,3,3,4-heptafluorocyclopentane (F7A),3,4 and cis-
1,1,2,2,3,3,4,5-octafluorocyclopentane (cis-F8A, hereinafter
abbreviated as F8A)5 have been revealed as novel and
promising cleaning agents.6 Other important broad classes of
the utilization of F7A are extinguishants,7 cleaning photo-
sensitive fuel,8 and solvents commonly used in the preparation

of polymer membrane fuel cells,9 lithium batteries,10 etc.
3,3,4,4,5,5-Hexafluorocyclopentene (F6E) and 1,3,3,4,4,5,5-
heptafluorocyclopentene (F7E) have been widely used as heat
pump fluids,11−13 etching agents, and important industrial
intermediate materials.14,15 For octafluorocyclopentene (F8E),
its polymer film deposition rate and etch selective ratio of SiO2
were already proved to be better than those of currently
popular c-C4F8.

16−18 More recently, for electronic fluorinated
liquids including immersion coolants, a series of halogenated
(fluorine or chlorine) cyclic olefins have been extensively used
as convenient raw materials to produce cyclic fluorinated
ethers and unsaturated perfluoramines.19,20 Beyond these,
since chlorine-containing HCFOs like HCFO-1233zd(Z) are
well applicable in cleaning,21 we would also like to suggest the
potential application of washing agents, raw materials, and
solvents of 1-chloro-3,3,4,4,5,5-hexafluorocyclopent-1-ene (F6-
1), 1,2-dichloro-3,3,4,4,5,5-hexafluorocyclopent-1-ene (F6-12),
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and 1-chloro-2,3,3,4,4,5,5-heptafluorocyclopent-1-ene (F7-1)
(Scheme 1).

As far, for fluorine chemicals, substantial efforts have been
made to study the synthetic routes of c-C5Fs. To produce F7A,
F7-1 was reacted with hydrogen in the presence of a Pd-based
catalyst (yield >90%), where byproducts including F7E and
F6A were found.22,23 Subsequently, F6E was effectively
prepared by F7A in solvents of DMF or DMAC, and F7E
could be obtained from F8A by similar dehydrofluorination as
well. However, no elimination occurred in F6A possibly due to
its extremely weak acidity as fluorine was introduced.24 F7-1
and F8E were reported to be obtained from the selective
fluorination of F6-12 and 1,4-dichlorohexafluorocyclopentene
(F6-14), the yield of which reached up to 78.8 and 32.5%,
respectively.25 On the other hand, as a facile raw material, F6-
12 could produce F6-1 with zinc in DMF (yield = 76.4%) or
DMAC (yield = 84.3%), while, in contrast, F7-1 was able to
selectively generate F7E (yield up to 5.8%) and F6-1 by
hydrodehalogenation. It was suggested that hydrodehalogena-
tion of such perchlorofluorocycloolefin would rather occur on
the C(sp2) position than localize on the C(sp3) position.26

Over PAF-supported metal catalysts, especially for Pd and Pt,
F6-12 produced F6A with high yield more than 90%. With
similar fate, F8E underwent an hydrodefluorination to produce
cis-F8A.24 For F6-12, in DMF with AlCl3, it could be obtained
from F8E and F7-1 through Cl−F exchange reaction, the yields
of which reached 86.8 and 87.5%, respectively.27

Nevertheless, before an industrial-scale application, the
attractive properties of c-C5Fs give us desire of worthily
persistent exploration of their environmental performances
including the 100-year global warming potential (GWP100). In
this regard, Guo et al.28 reported the rate constant (krate) of
F6A to be 2.94 ± 0.05 × 10−13 s−1(molec/cm3)−1 through a
relative experiment method, GWP100 of which was 107.
Similarly, Zhang et al.29 explored the GWP100 of F7A and
cis-F8A to be 211 and 241, respectively. By adopting a C�C
bond, the krate values of F6E,30 F7E,31 and F8E32 were reported
to be 1.08 ± 0.04, 5.20 ± 0.09, and 1.01 ± 0.16 s−1(molec/

cm3)−1, respectively, the GWP100 values of which were 15, 42,
and 28, respectively. These illustrate the negligible atmospheric
impact of such c-C5Fs, but unfortunately, there is still a lack of
relevant investigations on F6-1, F6-12, and F7-1.

Excluding the environmental performance, another key
factor decisive to substances’ application is the thermal
stability, which is commonly required under severe and strict
working conditions. A temperature higher than 150 °C even
200 °C of the working medium fluids in high-temperature heat
source machine is usually recommended.13 Often the limited
high etch temperatures are, to our knowledge, about 85 °C.33

For F7A, the thermolysis temperature was reported to be 580
°C, which is significantly affected by increasing temperatures.7

From an experimental respective, F6E decomposes after 650
°C, while F7E and F8E remain stable at 700 °C. These facts
made it a significant investigation to study the role of potential
thermostability.34

However, since the above studies are sporadic, deeper
knowledge related to the reactivity, atmospheric chemical
properties, and thermal stability of these substances is still
confusing. Theoretical calculations have become a very reliable
tool to explore the molecular characteristics and reveal the
nature at the electronic level. Thus, here, comprehensive
density functional theoretical calculations and ab initio
molecular dynamics (AIMD) simulations were conducted to
understand the reactivity and thermal stability of the above c-
C5Fs. The current work focused on the effects of substitution
from H, F, and Cl atoms and the C�C bond by employing
analyses including bond character, electrostatic and van der
Waals (vdW) interaction characteristics, and electron delocal-
ization. To our knowledge, this is the first work to
systematically report the substitution effects on atmospheric
chemical properties and thermal stability. Although issues, such
as deviation between the calculated atmosphere lifetime with
experiment data of F7A, still need to be addressed by further
fine experimental and theoretical design, this work proved the
replacement of c-C5F chemicals as a resultful strategy to
support the upgrading of CFC substitutes.

Scheme 1. Investigated Five-Membered Ring Fluorides in This Work

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c02461
ACS Omega 2022, 7, 25476−25490

25477

https://pubs.acs.org/doi/10.1021/acsomega.2c02461?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02461?fig=sch1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c02461?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2. THEORETICAL METHODS

All quantum chemistry calculations presented in this work
were performed by using the Gaussian 16 program (C.01).35

Unless otherwise mentioned, all results were computed by
adopting the ωB97XD exchange−correlation functional36 in
conjunction with the def2-TZVP basis set37 in the gas phase.
Frequency calculations were operated to determine whether

each stationary point was a stable or a transitional structure.
For the atmospheric degrading processes of c-C5Fs initiated by
OH radicals, intrinsic reaction coordinate calculations for
typical transition states were computed to confirm the reaction
pathways and to identify intermediates.38 In order to obtain
relative energies for the species involved in the atmospheric
degradation, the ωB97M-V functional39 in combination with a
very large def2-QZVP basis set37 was employed in single-point

Figure 1. (i) C1−C2 bond lengths calculated at various methods; (ii) bond angles of C1−C2−C3 at various calculation methods; (iii) optimized
geometries at the ωB97XD/def2-TZVP level.
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calculations by using the ORCA program.40 All energy data
were processed with the help of the Shermo program (version
2.3),41 where zero-point energies were considered with ZPE
scale factors (0.985 for the ωB97XD method).42

To investigate the dynamic behavior, AIMD simulations
were performed through the ORCA program using the
r2SCAN-3c method.43 A step size of 0.5 fs was adapted, in
which a CSVR thermostat was employed for a constant
temperature. The beginning atomic velocities were imparted
randomly based on Boltzmann−Maxwell distribution. Aniso-
tropy of the current-induced density (ACID) analysis44 was
achieved through the ACID code based on the output file of
Gaussian 16 and finally generated plots via POV-Ray
rendering.45 Other physical and chemical analyses were all
performed by the Multiwfn 3.8 program.46 The isosurface
maps of various orbitals and real-space functions were
rendered by means of Visual Molecular Dynamics software47

based on the output files from Multiwfn.

3. RESULTS AND DISCUSSION
3.1. Calibration of the Computational Strategy and

Structures. A correct geometry is the premise and guarantee
for accurate computations and exploration of various molecular
characteristics. Consequently, in this work, we started with the
calibration of calculation strategies to identify combinations of
functionals and basis sets that could correctly reflect the
structural properties of c-C5F compounds. Though some
structural parameters have been revealed in previous
work,7,48−50, there are a lack of the experimental observation
and the computational strategy calibration to guarantee for the
accurate exploration of their molecular properties. In this
paper, the very commonly used TPSSh,51 B3LYP,52,53 PBE0,54

M06-2X,55 and ωB97XD functionals56,57 were adopted in
conjunction with the def2-TZVP basis set. We noted that, in all
cases, the optimized geometries were exactly nonplanar at
equilibrium (see in Figure S1) and belonged to the C1 point
group. Figure 1(i),(ii) shows the calibration based on their
bond lengths of C1−C2 and bond angles of C1−C2−C3,
respectively, which were measured at various theoretical levels.
The C1−C2 bond length estimated by TPSSh or PBE0
functionals appeared to be abnormal for alkenes or olefins.
M06-2X functionals were likely to provide inconsistent
prediction for F6-1. Consistent tendency in estimation of
both bond lengths and bond angles was observed within results

of B3LYP and ωB97XD calculations. However, the obtained
bond angles of F6A and F7A at the B3LYP/def2-TZVP level
were notably larger than those of all others. Thus, according to
the moderate and confident characteristic values, we preferred
to suggest ωB97XD/def2-TZVP as a feasible method for
futher computations. The optimized structures at the
ωB97XD/def2-TZVP level can be seen in Figure 1(iii),
which, unless otherwise specified, have been used for all
subsequent analyses.

Figure 2 exhibit the IR plots and 1H NMR results, where the
IR values of F6A, F7A, F8A, F6E, F7E, and F8E were found to
correspond well with the experimentally reported data.28−32

First, from Figure 2(g−i), it was observed that the absorption
vibration peaks of each C−Cl bond were in good symmetry,
the wave numbers of which were all within a range of 850−950
cm−1. By comparing the FT-IR diagram of F6-1(g) and F7-
1(i), C−Cl peaks showed a slight red shift. Regarding C�C,
from F6E(d) to F8E(f), fluorination on C�C obviously
moved corresponding peaks to a higher wavenumber field as
well. Comparably, in contrast with the C�C absorption
vibration peak of F6-1(g), the fluorination and chlorination
respectively offered chemicals of F7-1(i) and F6-12(h) a red
and blue shift. All these indicated that the introduction of F on
C�C contributed to the molecular stability, which was
ascribed to the strong electron-absorbing effect of F. Besides,
the peak intensity of C�C bonds substituted by H, Cl, and F
increased in sequence, indicating the largest dipole distance
and polarity of the bond as fluorination occurred.

To verify the above structural correctness, chemical shifts
(shielding tensors) and spin−spin coupling constants were
further computed using the gauge independent atomic orbital
method at the revTPSS/pcSseg-158,59 level for all 1H NMR.
13C and 19F NMR images were obtained by using B97-260,61

with the same basis set of theory. Excluding that all 19F NMR
images were calibrated by shifts of the related nuclei in CFC-
11, 1H and 13C NMR images were corrected by TMS
(Tetramethylsilane). Chloroform was set to reflect the
solvation effect by using the IEFPCM model. For 1H NMR,
it can be determined that the results obtained via the ωB97XD
functional were quantitively accurate by comparing to previous
work by Zhang et al.23,26,62 Note that actual shielding values
for F6A were 2.501 ppm (H6, H7) and 2.283 ppm (H8, H15)
before degeneracy, respectively. Clearly, the introduction of
the C�C bond gave greater chemical shifts of 1H, and

Figure 2. IR (i) and 1H NMR (ii) spectra of (a) F6A, (b) F7A, (c) F8A, (d) F6E, (e) F7E, (f) F8E, (g) F6-1, (h) F6-12, and (i) F7-1. The 1H
NMR results of F8A and F6-12 were referred to refs 23, 26, respectively, and data of others were referred to ref 62.
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fluorination provided larger chemical shifts for two hydrogen
atoms in mirror symmetry. For hydrogens connected to C�C,
substitution from fluorine effectively diminished the chemical
shift of another hydrogen, where chlorine affected similarly but
slightly. This could be ascribed to the greater electron
induction capacity of F. Further, qualitatively correct NMR
data of 13C and 19F are listed and compared in Table S1,
indicating the reliability of the ωB97XD/def2-TZVP method
in this work.
3.2. Reactivity and Typical Atmosphere Characters.

3.2.1. Molecular Orbital (MO) Analysis. Fluorination effects
will affect the ionization energy and electronic structural
properties.63 As shown in Figure 3, the HOMOs of
hydrofluorocyclopentanes resided mainly around all covalent
bonds, and their LUMOs comparatively spread over both sides
of the cyclic carbon plane. Both two types of MOs were less

localized as the C�C bond was introduced and concentrated
around the carbon−carbon bond and further occupied the
orbitals of X (X = F and Cl) atoms bonding to the C�C
bond. For hydrofluorocyclopentanes including F6A, F7A, and
F8A, the introduction of F effectively induced a decrease of the
HOMO−LUMO gap, which was ascribed to the strong
electron-attracting ability of F, leading to the enlarged negative
phase scale of the LUMO and electron-accepting ability. A
C�C bond intensively decreased the LUMO energies and
transferred the nucleophilic reaction site from uniform
distribution to C�C linked atoms and its adjacent carbon
bond. For hydrofluorocyclopentenes of F6E, F7E, and F8E, the
HOMO−LUMO gap diminished more slightly, indicating the
smaller effect of F with the presence of the C�C bond. In
contrast, since chlorine was manifested as the preferential
electrophilic site, the decreased HOMO−LUMO gaps with

Figure 3. Map of the HOMOs and LUMOs. Red and blue depict the positive and negative phases of HOMOs, respectively, and lime and cyan
represent the positive and negative phases of LUMOs, respectively. The isovalue was set as 0.05 for clarity.

Figure 4. (a−i) Plot of the ESP (i, isovalue = 0.001 a.u.) and ALIE (ii, isovalue = 0.0005 a.u.) analysis. Blue and red correspond to evidently
negative and positive ESP or ALIE. The yellow and cyan spheres represent surface local maxima and minima of ESP or ALIE, respectively (unit in
kcal/mol for ESP and a.u. for ALIE). The ESP analysis was carried out with the wavefunction information at the ωB97M-V level based on
structures obtained at the ωB97XD/def2-TZVP level.
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chlorination from hydrogens in F6E, F6-1, and F6-12 were
mainly ascribed to the increased HOMO energies, suggesting
the stronger ability to release electrons. This indicated that
substitutions on c-C5Fs would effectively induce a decrease of
the HOMO−LUMO gap and proton affinity and an increase
of electron affinity and the molecular reactivity, destabilizing
the structures in the sequence of H < F < Cl. Regarding the
fluorination from Cl atoms in F6-12, F7-1, and F8E, though
their phase maps were similar, substitution of F imparted both
lower LOMO and higher HOMO energies, resulting in greater
HOMO−LUMO gaps (note: HOMO: the highest occupied
molecular orbital; LUMO: the lowest unoccupied molecular
orbital).

Besides, based on the theory that the vertical ionization
potential (VIP) equals the negative value of the HOMO
energy,64,65 we noticed that substitution of F in alkanes
normally implemented the greater ionization energy, while
both F and Cl in olefins observably diminished the VIP.
Therefore, this demonstrated that fluorinated alkanes are more
sophisticated in oxidization, while halogenated alkenes tend to
exhibit reducing properties due to the lower oxidation
potential.

3.2.2. Molecular Electrostatic Potential Analysis. The
atmospheric lifetime of the halogenated compound has been
considered to mainly depend on the reaction rate, which
belongs to an electrophilic reaction. But how does the
substitution of H, Cl, F, and C�C on c-C5Fs distribute the
preferentially potentiophilic sites and affect their reactivity?
ESP will illustrate this vividly and reveal favorable electrostatic
interaction sites.66−68 As shown in Figure 4, the ESP
distribution varied with different substitution atoms around
C1 and C2 atoms. For F6A, F6E, and F6-1, maps of ESP on

the electron density isosurface were well divided into two
regions with positive and negative ESP values. As c-C5Fs were
fluorinated, the minimum negative ESP showed the preferen-
tially potentiophilic sites to attract electrophilic reagents. In
contrast with F6A, fluorination of both F7A and F8A induced
the more positive ESP on hydrogens and allowed the easier
dehydrofluorination to F6E and F7E, consistent with the
experiment phenomenon.24 Both chlorination and C�C
bonds contributed to present more but positive ESP minima.
This is more conveniently observed from the average local
ionization energy (ALIE) analysis.69 Blue colored area
represents the weak electron-binding position that is favorable
to electrophilic reactions. In the system of these fluorinated
alkanes, hydrogens were more likely to be abstracted according
to the minima ALIE values ranging from 0.562 to 0.588 a.u.
The smaller ALIE value implied the greater electrophilic
reactivity. While a C�C bond commonly imparted smaller
ALIE values, which distributed mainly around the double
bond, indicating the preferentially potentiophilic points those
benefited the hydrodehalogenation on the C(sp2) position
instead of the C(sp3) position. This is in good agreement with
the previous experimental findings.26

3.2.3. van der Waals (vdW) Potential Analysis. Owing to
the obviously divided positive and negative ESP regions of
above c-C5Fs, the vdW interaction in system is likely to attach
great importance. Refs 48−50 theoretically reported the
atmospheric degradation of F6E, F7E, and F7A initiated by ·
OH radicals, where the reactions of c-HFOs (including F6E
and F7E) were considered to proceed through indirect
pathways by forming the “precomplexes”, namely, the
intermediates. However, the fundamental mechanism on
such intermediate formation and the leading driving force

Figure 5. IRI analysis (isovalue =0.9 a.u.) of (a) F6A, (b) F7A, (c) F8A, (d) F6E, (e) F7E, (f) F8E, (g) F6-1, (h) F6-12, and (i) F7-1. Color code:
red refers to the steric effect, blue indicates the strong interaction, and green implies area generating weak molecular interactions.
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were not fully discussed. Therefore, the real-space function
analysis of the vdW potential70 was performed to reveal the
vdW interactions between c-C5Fs and the external environ-
ment. According to the similar atomic size of neon (Ne) and
the halogens that ubiquitously coexisted with c-C5Fs, here we
chose Ne as the probe atom. In this work, the required
parameters were obtained from the UFF molecular forcefield.71

Figure S2 exhibits the results that are depicted as an isosurface
map, where the local minima points were drawn into red balls
for convenient inspection. Note that only the negative
isosurface is shown in Figure S2, where dispersion effects
exceeded the exchange repulsion. It can be seen that the
negative vdW potential isosurface was mainly localized around
bonds between C1 and C2. This explained that the strongest
vdW attraction could be felt by an atom in the region near the
center of the C1−C2 bonds, since it could be attracted by all
these c-C5Fs in this area. Although the vdW potential in the
peripheral area away from the C1−C2 bond was also negative,
its magnitude did not exceed 0.5 kcal/mol. This is because the
dispersion attraction attenuates following an inverse sixth
power law of the interaction distance r.72 The vdW potential
maps gave us a reason to believe that these cyclic compounds
were also able to preferentially adsorb small molecules to or
near the C1−C2 bonds owing to obvious dispersion attraction.

Further, possible intermediate complexations of the titled c-
C5F chemicals and ·OH radicals were optimized, and the
interactions between two fragments were visualized using IRI
analysis in the Multiwfn program.73 In short, the IRI is defined
as

= | |
[ ]

r
r

r
IRI( )

( )
( ) a

where ρ(r) is the electron density, and constant a = 1.1. In this
method, all IRI isosurfaces between two fragments (i.e., the ·
OH radical and the c-C5F) in Figure 5 were basically green,
indicating very low electron density in the intermolecular
interaction region. This demonstrated that the main driving
force for molecular binding was dispersion attraction. Apart
from the green pies over C1−C2 bonds, vdW interactions of
hydrogen and fluorine were also detected, and the steric effect
in the center of the ring was noticed. Therefore, we could
safely conclude that in the formation of “precomplexes”, there
is a lack of strong interactions decisive to their great stability.

The thermodynamic properties of the formation of possible
“precomplexes” were also calculated and are later shown in
Table S3, where all processes were found to be exothermic and
their Gibbs free energies were positive in values, indicating
unspontaneous reactions under atmospheric conditions
(298.15 K). In order to sufficiently characterize the interaction
strength and stability of these intermediate complexes, we
carried out a 2000 fs AIMD simulation at 298.15 K
temperature at the r2SCAN-3c level. The trajectory frames
can be visualized in Videos S1−S6. At approximately 250 and
350 fs, all complexes of these c-C5Fs were observed to
transform into corresponding more stabilized geometries,
implying their poor stability and that these structures had
been destroyed. Hence, a “precomplex” could hardly exist in
the atmosphere degrading process.

3.2.4. Atmospheric Properties and the Degradation
Mechanism. As a key indicator of environmental performance
evaluation for fluorine-containing substances, 100-year global
warming potential (GWP100) illustrates the relative contribu-

tions of various greenhouse gases to climate change due to the
absorption of C−F bonds in the atmospheric window region
and their relatively long lifetimes. Normally, GWP can be
obtained by the radiative efficiency (RE) and atmospheric
lifetime:
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where A is RE, τ is the atmospheric lifetime, t is the time
horizon, and AGWPCO2(t) is the absolute GWP for CO2
within time horizon t.

In this work, atmospheric lifetime was calculated by
simulating the reaction rate constant of atmosphere degrading
of the titled c-C5F chemicals with OH radicals (the rate-
determining step of degradation). The rate constants were
calculated based on the transition state theory (TST), which
could be expressed as
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where σ is the degeneracy of the reaction path; kB is Planck’s
constant with a value of 1.381 × 10−23 (J/K); h is 6.626 ×
10−34 (J·s); R is an ideal gas constant of 8.314 (J/mol/K); and
Δn = n − 1, where n is the number of reactants. ΔG0, ≠ refers
to the free energy of activation at the standard state (kJ/mol).
The transmission factor of tunneling effect (κ) was taken into
consideration according to the Skodje−Truhlar method.74

Then, atmospheric lifetime was estimated according to a
diurnally averaged [OH] (1 × 106 molecule cm−3) with the ·
OH rate constant at 298 K.75

The possible reaction pathways of c-C5Fs and ·OH radicals
were first established and shown in Figure 6. It can be seen that
for all hydrogen-containing chemicals, the hydrogen abstrac-
tion was considered as an important process rather than any
withdrawal of F/Cl atoms.49 The introduction of the carbon−
carbon double bond offered the hydroxyl radical the possibility
of addition on the compound, which was recognized as the
more dominant reaction process and was fully considered in
this work, consistent with ESP and ALIE analyses. For all
possible pathways involved herein, the reactivity characters are
also exhibited in Table S2, and thermodynamic parameters are
tabulated in Table S3. From Table S3, all processes including
hydrogen abstraction from c-HFCs and addition in olefins
were computed to be spontaneous and exothermic. Besides, in
this work, the wavefunction stability should be noted according
to the negligible spin contamination with <S2> = 0.75.

Good correlations between the hereto calculated rate
constants and the reported data can be found in Table 1
(more details in Table S2), where results obtained at the
ωB97XD/def2-TZVP level could basically provide the great
estimation. The short atmosphere lifetime was predicated in
the sequence of F6-1 < F7-1 < F7A < F6E < F8E < F7E < F6A
< F8A < F6-12. According to the contribution of krate to GWP,
all these chemicals excluding F6-12 were of valid environ-
mental friendliness. However, the difference between krate
obtained experimentally and theoretically of F7A at 298 K
was noticed, implying the request of further accurate
experiment and better-designed theoretical calculations. This
provided evidence and knowledge on the environmental
friendliness and considerable degrading rate of these five-
membered ring fluorides.
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3.3. Thermal Stability Characters. 3.3.1. Character of
Chemical Bonds. Fluorinated cyclic compounds show peculiar
properties including their electronic structure and stability as
compared to their chain structures.76,77 A correct under-
standing of the chemical bonds’ properties will have an

important guiding role in the practically molecular application
in the future. In this part, we explored the nature of chemical
bonds by means of bond order and natural bond orbital
analyses.

3.3.1.1. Bond Order Analysis. To understand the bonding
characters beneficial to the thermal stability, Laplacian bond
orders (LBOs) of all carbon bonds were computed. In essence,
LBO faithfully explains the actual bonding strength.78 Table 2
clearly demonstrates the single or double bonds in c-C5Fs. It is
noteworthy that fluorination induced a decrease of bonding
polarity and an increase of the bonding strength. However,
chlorination would destabilize the structures and correspond-
ingly gave the C1−C2 bond a larger bonding polarity. Any
substitution seemed to have fewer effects on bonds at the meta-
position. Moreover, we tend to stress the significant role of the
C�C bond in stabilizing configurations, and according to the
larger LBO values of C2−C3 and C5−C1, the carbon−carbon
double bonds were found to contribute not only to the bond
itself but also the bonds containing either of its atoms.

3.3.1.2. Natural Bond Orbital (NBO) Analysis. To explore
different thermal performances of these c-C5F chemicals, the
NBO second-order perturbation analysis79 was carried out and
the stabilization energies (E2) were computed to evaluate the
contribution from the orbital interactions to the stability of
these c-C5F compounds. As shown in Table S4, the E2 values
stemmed from the nF(or Cl) → σ*C−F and nF(or Cl) → π*C1�C2
orbital interactions were large in value. The phase maps of
overlapped orbitals are plotted in Figure 7, which respectively
induced the largest second-order perturbation energy in each
system.

In the NBO analysis, electrons transferred from the lone pair
valance NBO orbitals of F or Cl atoms to the antibond (BD*)
of C−F bonds or π* of the C1�C2 bond significantly
contributed to their conformational stabilization. According to
their unique interaction atoms, three typical orbital interaction
types were recognized.

For F8A, the orbital interaction between F12 and C5 (meta-
carbon)-F13 was found to play the dominant role, where C5−
F was the acceptor NBO, while the orbital interaction of F6A,
F7A, and F6E that significantly contributed to the structural
stabilization belonged to the second type; i.e., the C4 (para-
carbon)-F acted as the acceptor NBO. The largest Ei → j*

(2)

values greatly contribute to structures’ stabilization, which
ranged from 22.13 to 22.81 kcal/mol for F6A, F7A, and F8A
and 21.71 kcal/mol for F6E, respectively.

The nCl → π*C1�C2 orbital interactions substantially
enhanced on going from the introduction of the carbon−
carbon double bond and Cl for other configurations, and two
Cl atoms of F6-12 had the same value of Ei → j*

(2) . As shown in
Figure 7, the orbital interactions with the largest Ei → j*

(2) in F7E,
F8E, F6-1, F6-12, and F7-1 belonged to the third type. For
compounds substituted with F on the C�C bond, they
exhibited much larger Ei → j*

(2) than others. This suggested the
importance of the electrophilicity of C�C and the
nucleophilicity of the X atom (X = F or Cl) for the orbital
interactions.

3.3.2. Thermal Stability Simulation. As explained above,
the c-C5Fs have been utilized in electronic cleaning, etching,
heat pump fluid, etc. In these practical applications, great
performance is inseparable from the thermal stability in the
system, especially when it is directly related to storage capacity
and durability. Consequently, we further conducted the AIMD
computation to reveal the relevant thermal behavior in the

Figure 6. Possible reaction pathways in the degradation of ·OH
radicals with (a) c-HFCs, (b) fluorinated five-membered cyclic
olefins, and (c) chlorine-containing c-C5Fs. TS and P refer to
corresponding transition states and products, respectively.
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realistic environment. Then, 2000 fs simulation at a temper-
ature of 600.00 K was carried out using the r2SCAN-3c
method in the ORCA program and is shown in Figure 8(i).

Since the stability of the carbon ring structure always gained
more interest, we omitted the atomic motion of H, F, and Cl
for clarity. The GIFs documenting the MD trajectory can be
seen in Videos S7−S15. It can be found that at 600 K,
structural deformation of these cyclic fluorides occurred but
was inconspicuous within the limited simulation time,
demonstrating their relative stability. The flexible character-
istics of the five-membered ring carbonic skeleton were further
recommended, where the thermal motion mainly took place in
out-plane with less in-plane deformation.

Moreover, in Figure 8(i), a greater amplitude variation of C1
and C2 atoms in c-HFCs was observed, implying a distortion
tendency to other isomerization structures. The C�C bonds
efficiently enhanced the molecular thermostability, where
fluorination also showed significant roles. However, according
to the nonoverlapped red and blue balls in F6-1, F6-12, and
F7-1, substitution from chlorine was not conducive enough to
more stabilized configurations, which exhibited out-of-plane
deformed structures instead. Therefore, the thermostability of
F8E could be confirmed, followed by F7E and F6E, consistent
with their experimentally observed pyrolysis temperatures.

To precisely gain the information of bonds’ stability, LBO
was computed to understand the bond characteristics along the
trajectory, and the tendency is plotted in Figure 8(ii−iv). Since
the C1−C2 bond was directly affected by substitution effects,
the bond order of all C1−C2 bonds was analyzed. It can be
seen that the LBO of C1−C2 in hydrofluorocyclopentanes
vibrated randomly, and the strength of C1−C2 bonds
exhibited an overall trend of F8A > F7A > F6A though
some LBO overlapped. For olefins, the vibration of LBO varied
with the obviously narrower range. Another notable character-
istic was that LBO changes of F6E and F8E gradually converge
to the original LBO over time, indicating that their in-plane
(stretch deformation) thermal stability should be emphasized
due to their “self-recovery” ability. Both LBOs of F6-12 and
F7-1 were forced into more regular changes and reached the
greatest deformation at 500−750 fs (<1.2) and 1750 fs (<0.9),
respectively (corresponding to light red and blue in Figure
8(i), respectively). Notably, we want to stress the great thermal
performance of F6-1 within simulating timescale, the LBO of
which changed with a maximum deviation (<0.6) at around
1750 fs, illustrating its important in-plane stability. Besides, for
all chlorine-containing molecules, the max LBO deviation

Table 1. Rate and Atmosphere Properties of the Titled c-C5Fs, Where Only the krate Based on the Most Possible Degrading
Pathway Was Tabulated

c-C5Fs

krate (cm3 molecule−1 s−1, ×10−13) atmosphere lifetimed GWP100

ωB97XDa M06-2Xb ref τ/d ref

F6A 0.650 0.256 0.294 ± 0.00528 178.09 10728

F7A 1.863 1.234 0.172 ± 0.00529 62.13 21129

F8A 0.475 0.812 0.143 ± 0.00329 243.46 24129

F6E 1.815 2.737 1.08 ± 0.0430 63.77 1530

F7E 0.923 1.454 0.520 ± 0.00931 125.41 4231

F8E 2.066 (0.978)c 2.657 1.01 ± 0.1632 118.34 2832

F6-1 6.688 5.476 17.31
F6-12 0.110 0.132 1051.23
F7-1 1.989 2.348 58.19

aResults obtained at the ωB97M-V/def2-QZVP//ωB97XD/def2-TZVP level, which means that the geometries were optimized at the ωB97XD/
def2-TZVP level and energies were calculated at the ωB97M-V/def2-QZVP level. bResults obtained at the ωB97M-V/def2-QZVP//M06-2X/def2-
TZVP level. cValues in parentheses were obtained at the ωB97XD/def2-TZVP level. dAtmosphere lifetime was obtained at the ωB97M-V/def2-
QZVP//ωB97XD/def2-TZVP level.

Table 2. LBO of Carbon Bonds in the Studied Five-
Membered Ring Fluorides

c-C5F

bonds

C1−C2 C2−C3 C3−C4 C4−C5 C5−C1

F6A 0.912932 1.081611 1.064938 1.008900 1.020276
F7A 0.988410 1.081313 1.057076 1.007962 1.015297
F8A 1.055047 1.034412 0.942588 1.007380 1.072934
F6E 1.909154 1.173698 1.003788 1.003788 1.173699
F7E 1.947056 1.177160 0.996675 0.993515 1.165666
F8E 1.962669 1.181574 0.988178 0.988366 1.181136
F6-1 1.863361 1.094170 0.992038 1.008904 1.160472
F6-12 1.790019 1.081784 0.996785 0.996787 1.081780
F7-1 1.882216 1.168402 0.998001 0.981951 1.094665

Figure 7. Plots of NBO analysis. Green and blue depict the positive
and negative phases of donor atomic orbitals, respectively, and yellow
and purple represent the positive and negative phases of acceptor
atomic orbitals, respectively. The isovalue was set as 0.05 for clarity.
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decreased in the presence of Cl > F > H, which is consistent
with the ESP analysis.

Further, plots of planarity tendency along the AIMD
simulation trajectory were analyzed through the Multiwfn
program and are shown in Figure 9. As can be seen, the
planarity of these ring fluorides almost fluctuated periodically.
The planarity of F7A and F8A varied every 500 fs per cycle,
while that of F6A changed more irregularly. The planarity of
fluorine-containing olefins except F6-1 varied with a longer
period, both MPP (molecular planarity parameter) and SDP
(span of deviation from plane) of which exhibited a larger
deviation, confirming that the out-plane deformation of these
cyclic olefins was easier. The strong out-plane stability of F6-1
was then concluded according to its smallest MPP and SDP.

In summary, the thermostability of F8E, F7E, F6E, and F6-1
should be significantly stressed, where that of F8E, F6E, and
F6-1 was attributive to their in-plane and out-plane stability,
respectively. This provided theoretical guidance and reliable
basis for future application of these c-C5Fs in a more rigorous
working environment.

3.3.3. Aromaticity Analysis. Aromaticity plays a significant
role in the stability of circular molecules. Notably, the isolated
structures of these c-C5Fs are in fact nonplanar at equilibrium,
but for substitution effect from C�C bonds, they could be
easily restricted to almost the plane, establishing the basic
premise for an aromaticity.

3.3.3.1. Iso-Chemical Shielding Surface (ICSS) and
Nucleus-Independent Chemical Shifts (NICS). The ICSS80 is
a real-space function closely related to the famous NICS,81

which can effectively evaluate the aromaticity of ring
molecules. The NICS studies chemical shielding at specific

points against the external magnetic field, while the ICSS
investigates this in a three-dimensional spatial scale. We first
investigated the negative value of the magnetic shield at 1 Å
above the ring center point (NICS(1)_ZZ) in Figure 10. The
center of a ring was defined according to the mass center of the
carbonic ring. As shown in Figure 10, the only negative value
of total NICS(1)_ZZ in F6E was observed, which was
essentially ascribed to the shield effect against the external
magnetic field generated by the ring-current-induced magnetic
field over the ring.

To evaluate aromaticity more reliably, the ICSS maps shown
in Figure 11(a), where the magnetic shielding area was fairly
large and smooth. The green isosurface represents the area
with a magnetic shield value of 0.025, and the cyan isosurface
represents the area with a deshielding value of 0.025. It can be
seen that molecules were surrounded by the green isosurface,
indicating the magnetic shielding effect of the local circulation
of electrons from sigma bonds. The shielding area is normally
accompanied by the deshielding area; thus, a blue deshielding
isosurface was always noticed in system. However, only F6E
exhibited the continuous ring current as compared to others.
The results of induced ring current illustrated that F6E was
indeed aromatic and could induce a general ring current and
shield the magnetic field in the inner region obviously. To
illustrate this more clearly, the isosurface of the ZZ component
of the ICSS (ICSSZZ) of F6E is presented in Figure 11(b). The
cross-section along the YZ plane of this isosurface was chosen
for clarity. We noticed that there were significant shielding
regions protruding in the direction perpendicular to the ring
plane of C1−C2−C3−C4−C5 and a closed deshielding
circular isosurface surrounded it. Also, 2.50 ppm was identified

Figure 8. (i) 2000 fs trajectory of AIMD simulation of (a) F6A, (b) F7A, (c) F8A, (d) F6E, (e) F7E, (f) F8E, (g) F6-1, (h) F6-12, and (i) F7-1 at
600.00 K. The structures are drawn every 50 fs, and the color represents timestep and varies as red−white−blue. (ii)−(iv) Tendency plots of LBO
of c-C5Fs within 2000 fs, which are depicted every 20 fs time step.
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as the critical point to recognize a continuous isosurface,
implying the slight aromaticity.

3.3.3.2. Anisotropy of Current-Induced Density. Ring
current is, according to a widely accepted concept, a defining
characteristic of aromatic systems.81,82 ACID analysis was

further performed to reveal the strength of isotropy induced by
electrons at the corresponding position to the external
magnetic field. From Figure 11(c), two kinds of ring current
contributed by out-ring and in-ring electrons were observed.
The current induced by out-ring electrons followed the left-
hand rule, confirming the relative aromaticity of F6E, while the
in-ring electrons induced the paratropic ring current, implying
a slight antiaromaticity.

3.3.3.3. Electron Localization Function (ELF).83 Another
real-space function we adopted to reveal the electronic
localization character was the ELF. For F6E, since delocaliza-
tion of π electrons occurred only at the C�C bond, ELF
considering orbitals beyond π (i.e., the ELF-σ) is shown in
Figure 11(d). The bifurcation point of ELF-σ corresponds to
where the entire ELF-σ isosurface starts to split into two as the
isovalue increases. At the bifurcation point, the higher the ELF-
σ value, the easier the σ electron delocalization between the
two ELF domains it connects. As can be seen, the smallest
bifurcation point (0.63) was located around the C�C bond,
indicating moderate sigma delocalization over carbon rings.
The σ electrons making up the C�C bond were thus decisive
to induced ring current in this region. Hence, it can be
concluded that F6E, clamped by electronically innocent
hydrogens rather than F or Cl, was able to show exactly slight

Figure 9. Plot of planarity tendency along the AIMD simulation trajectory (at 600.00 K).

Figure 10. NICS(1)_ZZ plots of the studied c-C5Fs, where top and
bot refer to the NICS(1)_ZZ values obtained at both the top and
bottom sides of the ring plane, respectively.
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aromaticity. Compared with chain hydrocarbon compounds,
this undoubtedly plays an important role in its greater thermal
stability.

4. CONCLUSIONS
As significant potential CFC substitutes, the application of c-
C5Fs has been explored in fields including heat transfer fluids,
detergents, solvents, electrolyte, etching gas, extinguishing
agents, and so on.

In this work, based on reliable computational methods, the
reactivity was first comprehensively investigated. Substitutions
were found to notably diminish the HOMO−LUMO gap and
enhance the molecular reactivity in the sequence of H > F >
Cl, while the C�C bond redistributed both electrophilic and
nucleophilic sites effectively. In combination with the ESP and
ALIE analyses, the preferential electrophilic site of C�C and
hydrogens of c-HFCs were found conductive to their
atmosphere degradation initiated by ·OH radicals. This
guaranteed c-C5Fs as feasible CFC substitutes with great
environmental properties. Further, combined vdW, AIMD, and
thermodynamic studies demonstrated that the formation of
stable intermediates in these atmospheric degrading processes
of c-C5Fs was hardly possible, which was more likely to be a
one-step reaction mechanism instead, correcting the previous
conclusions.

Then, the AIMD simulation (600 K) revealed the strong
thermostability of such c-C5F chemicals due to their flexible
carbon skeletons in compounds, where the out-plane stability
of F6-1 and in-plane stability of F6E and F8E were peculiarly
emphasized. Further, the aromaticity of F6E stemming from π-
electron delocalization over the C�C and strong effect of σ-
electrons was conductive to its stability.

This work thus throws light on application of these c-C5F
chemicals and molecular design of fluorine-containing organics
in the future.
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S.-G.; Carlo, A. Benchmarking Density Functionals on Structural
Parameters of Small−/Medium-Sized Organic Molecules. J. Chem.
Theory Comput. 2016, 12, 459−465.

(58) Jensen, F. Segmented Contracted Basis Sets Optimized for
Nuclear Magnetic Shielding. J. Chem. Theory Comput. 2015, 11, 132−
138.

(59) Oliveira, M. T. D.; Alves, J. M. A.; Braga, A. A. C.; Wilson, D. J.
D.; Barboza, C. A. Do Double-Hybrid Exchange-Correlation Func-
tionals Provide Accurate Chemical Shifts? A Benchmark Assessment
for Proton NMR. J. Chem. Theory Comput. 2021, 17, 6876−6885.

(60) Flaig, D.; Maurer, M.; Hanni, M.; Braunger, K.; Kick, L.;
Thubauvile, M.; Ochsenfeld, C. Benchmarking Hydrogen and Carbon
NMR Chemical Shifts at HF, DFT, and MP2 Levels. J. Chem. Theory
Comput. 2014, 10, 572−578.

(61) Teale, A. M.; Lutnæs, O. B.; Helgaker, T.; Tozer, D. J.; Gauss, J.
Benchmarking density-functional theory calculations of NMR
shielding constants and spin-rotation constants using accurate
coupled-cluster calculations. J. Chem. Phys. 2013, 138, No. 024111.

(62) Zhang, C. P. Investigation on synthesis of 1H, 1H, 2H-
heptafluorocyclopentane; Beijing Institute of Technology: Beijing, 2017.

(63) Tri, N. N.; Hailu, Y. M.; Van Duong, L.; Nguyen, M. T.
Influence of Fluorination on Energetic Parameters of Silole,
Phosphole, Thiophene, Oligomers of Silole and Related Acenes. J.
Fluorine Chem. 2020, 240, No. 109665.
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