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Due to the significant greenhouse effect of SFg, CF3SO,F has emerged as a potential alternative that meets
the requirements for insulation gases in high-voltage electrical equipment. Herein, the atmospheric lifetime
and global warming potential (GWP) of CF3SO,F were evaluated based on its interactions with hydroxide
radicals (-OH) using theoretical calculations. By employing the Monte Carlo method, we constructed
molecular structures of SFg—H,O and CF3zSO,F-H,O as mixed-gas systems to simulate the dissociation
of these insulation gases under atmospheric conditions. The adversative efficiency (RE) of CF3SO,F was
determined to be 0.177 W (m? ppbv)~2, with an atmospheric lifetime of 52.02 years and a GWP of 4320.
The reactive models, developed using density functional theory (DFT) and Car—Parrinello molecular
dynamics (CPMD), not only enable the determination of the dissociation pathway in the atmosphere, but
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1. Introduction

SFe plays an essential role in the power industry due to its
excellent dielectric strength, heat transfer capability, and arc-
quenching ability." Toxic decomposition products can be
formed from SF under electric arc conditions, despite the gas
itself being non-toxic.”> SF¢ is a potent greenhouse gas with a 100
year global warming potential (GWP100) of 23 500, equivalent to
23500 kg CO, per kg of SFe, and an atmospheric lifetime of
approximately 3200 years.® Global emissions of SFs have been
increasing, reaching 9040 tons in 2018, with the power industry
accounting for 80% of this total. Consequently, atmospheric
concentrations of SFe have risen from 0.66 parts per trillion
(ppt) by volume in 1978 to over 11 ppt in 2022.*° Faced with this
rapid accumulation and its permanent climate impact, aggres-
sively implementing mitigation strategies and switching to
sustainable alternatives is an urgent priority. Over the past
decades, great efforts have been devoted to identifying such
replacements, and several potential alternatives were reported,
including CsF,;,0 and C;F,CN.*” However, these gases often
suffer from drawbacks, such as high liquefaction temperatures
and potential toxicity. Furthermore, despite having potentially
superior dielectric strength and lower GWP values than SFg,
their GWP values are still relatively high, limiting their appli-
cability as environmentally friendly insulation media.®®
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also provide detailed insights into the interactions with -OH based on the overall dynamic behaviour.

CF;SO,F has attracted considerable attention as a promising
replacement for SF, due to its excellent insulation performance,
low boiling point of —22 °C, and low GWP value.'** Studies of
field-dependent electron-molecule capture rates suggest that
CF;SO,F possesses a higher dielectric strength than SFs.° Both
theoretical and experimental investigations have confirmed
that the thermal stability of CF;SO,F is comparable to that of
SF¢.** Furthermore, CF;SO,F has been demonstrated to exhibit
a short atmospheric lifetime and a minimal contribution to
smog formation,' along with a higher breakdown voltage (32
kv) than that of SFs (26 kV)."” These properties collectively
suggest that it is more environmentally friendly and suitable for
replacing SF in electrical equipment. Although its boiling point
is higher than that of SFs (—63.8 °C), its strong dielectric
strength and high thermal stability make it applicable in most
geographical regions.” Zhang et al. reported that CF3;SO,F
mainly decomposes via C-S bond cleavage, yielding CF; and
SO,F radicals. These radicals can further react with free F
radicals to form CF, and SO,. Alternatively, decomposition can
proceed through CF; migration and memorization, forming the
more stable intermediate CF3;0SFO, which subsequently
decomposes into CF,0 and SOF,." Wang's team has conducted
an in-depth analysis of CF;SO,F decomposition products.*

The atmospheric behavior and ultimate fate of an insulation
gas are directly determined by its reactivity under atmospheric
conditions. The most reliable method for estimating the life-
time of a trace gas involves chemical transport models (CTMs),
which require accurate rate constants for reactions with -OH as
critical input parameters.” For chemically reactive trace gases,
atmospheric degradation by -OH is often the dominant process
governing their global atmospheric lifetime. Therefore, to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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evaluate the environmental impact of the insulation gas SF and
its alternatives, it is essential to establish a systematic model
that simulates atmospheric dissociation based on structure-
property relationships. Constructing such mixed-gas models is
necessary to fully elucidate the atmospheric interaction mech-
anisms between insulation gases and -OH.

In this work, we first compared the electronic structures and
RE of SFs and CF3;SO,F based on their optimized molecular
geometries. Given that -OH plays a key role as a reactive species
interacting with greenhouse gases in the atmosphere, a co-crystal
structure of CF;SO,F and H,O with a 1:1 molar ratio was con-
structed using the MC method. The complete set of four disso-
ciation pathways of CF;SO,F with -OH in the atmosphere was
revealed through Car-Parrinello molecular dynamics (CPMD)
simulations. Based on the analysis of the reaction pathways,
reaction rates, atmospheric lifetime, and GWP were calculated.
The combined computational framework of density functional
theory (DFT) and CPMD established in this study provides a reli-
able basis for systematically evaluating the atmospheric behavior
of these gases and screening potential alternatives to SF.

2. Computational details

To confirm the computational method, bond lengths of the opti-
mized CF3SO,F under several DFT methods were compared with
CCSD(T). Benchmark calculations show that the bond lengths
values of C-F, C-S, S=0 and S-F at the M062X/def2tzvp**** level of
theory are the closest to those at the CCSD(T)/aug-cc-pVIZ
method. Hence, geometric and electronic structures of SFg,
CF3SO,F and H,0 were investigated at the M062X/def2tzvp level of
theory, using the Gaussian 16 package.” The original and opti-
mized coordinates of the initial structures of SF¢, CF;SO,F and
H,O are presented in Tables S1 and S2, respectively.The Wiberg
bond indices (WBI), atomic charges, electrostatic potentials, and
polarizabilities were obtained in Multiwfn (Table 1).2*

To obtain the reasonable interaction pathways for the
dissociation of SFs and CF;SO,F with hydroxyl radial in atmo-
sphere. We constructed the crystal (SFg, SFs-H,0, CF3SO,F, and
CF;SO,F-H,0) using the Monte Carlo (MC) method in Materials
Studio (MS) software.>* Prior to prediction, the Universal Force
Field (UFF)***¢ in the Forcite module was applied to assign force
field parameters (Fig. S1). Subsequently, the Polymorph
module* was used to predict the periodic crystal structures of
the molecules (Fig. S2). And the optimized coordinates of the
crystal structures of SFe, SFs—H,0, CF3SO,F, and CF;SO,F-H,0
are presented in Table S3.

Table 1 Comparison of the selected bond distances (A) of CF3SO,F
with different theoretical levels

C-F C-S $=0 S-F
B3LYP/def2tzvp 1.33 1.87 1.42 1.57
BP86/def2tzvp 1.33 1.87 1.42 1.57
WB97XD/def2tzvp 1.32 1.86 1.41 1.55
Mo06-2X/def2tzvp 1.32 1.84 1.41 1.55
MP2/aug-cc-pVTZ 1.32 1.85 1.43 1.58
CCSD(T)/aug-cc-pVTZ 1.32 1.85 1.41 1.55
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According to Berskey's theory,*® 88.6% of organic molecular
crystal structures belong to the space groups P,y/c, Pr12121, P1,
P,,, and G, in Table S4. The final structures with the lowest
total energies are chosen among the five different space groups.
And the final coordinates of the lowest-energy structures of SFg,
SFs-H,0, CF3;SO,F, and CF;SO,F-H,0 are presented in Table
S5. Based on these lowest-energy structures, the predicted
crystal structures of SFg, SFs-H,0, CF;SO,F, and CF;SO,F-H,0
were further optimized using the CASTEP module® in MS with
the GGA-PBE functional.? Ultrasoft pseudopotentials were used
to describe the valence states of elements.** Convergence tests
for the plane-wave cutoff energy and k-points were performed.
The cutoff energies for SFs, SFs-H,0, CF3SO,F, and CF;SO,F-
H,0 were set to 300, 400, 500, and 600 eV, respectively. The
Brillouin zones** were sampled using k-point grids of 2 x 1 x 2,
1x1x1,3x1x1,and 1 x 3 x 5, respectively. All the test
results are summarized in Table S6.

Based on the optimized crystal structures, CPMD simula-
tions were performed. We first carried out the convergence of
the wave function and the structural optimization under the
NVT ensemble,* ensuring that the ion temperature, the virtual
kinetic energy of electrons, and the total electronic energy were
all converged (Fig. S3). Subsequently, the four systems were
directly heated to 2500 K and maintained at this temperature
for 5 ps to allow the system to reach equilibrium. Then the
temperature has been continuously increased to 3000 K for
another 21 ps. The final temperature is converged at 3000 K. The
total length of 26 ps (260 000 steps) is enough for obtaining the
interaction pathways.**%*

Finally, the active energies in the typical four dissociation
pathways are obtained based on the CPMD trajectories. koy® is
the rate constant of reaction between the greenhouse gas and
-OH, which has been obtained by eqn (1)

-1 kB_T

* GO
kon/mol em™ s7! = h (C@)fl exp(—A"Rg) A

The reaction energy barrier was computed as the energy
difference between the transition state and reactant energies,
while the Gibbs free energy change (A.Gy”) was calculated
from the energy difference between products and reactants. ¢®
as a standard concentration of 1.0 mol cm™*. The atmospheric
lifetime of CF3SO,F was estimated based on the group contri-
bution method.*”?*® Then the atmosphere lifetime () is obtained
based on eqn (2),

o
T

(2)

kou - con

In eqn (2), « is the experienced constant equaling to 2.1 and cop
is the concentration of -OH in the atmosphere, which is 1 x
10° mol cm3.*°

3. Results and discussion
3.1 The electronic structures of gas phase

The optimized structures along with the corresponding charge
distribution maps are summarized in Fig. 1. SF¢ is the most
common insulation gas (Fig. 1a) used in high-voltage
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equipment. SF¢ adopts equivalent sp>d> hybridization to bond
with six fluorine atoms, resulting in an S-F bond length of 1.59
A. The candidate insulation gas CF;SO,F (Fig. 1b) has a highly
polarized S=0 bond, whose bond dissociation energy (BDE) of
163.91 kcal mol™' exceeds that of the S-F bond in SFg
(110.23 kecal mol ™). The S-C bond in CF;SO,F has the lowest
BDE, making it the weakest bond and the most probable initial
site for bond cleavage during dissociation. As shown in Fig. 1c
and d, the electrostatic potential (ESP) values are labeled. SF, as
a highly symmetrical molecule, exhibits a relatively uniform
electrostatic potential distribution with minimal variation. In
contrast, CF3;SO,F has a larger electrostatic potential gradient. A
uniform electrostatic potential distribution and a low electro-
static potential gradient contribute to improved insulation
performance. Therefore, CF;SO,F may be slightly inferior in
terms of insulation performance due to its significant variation
in electrostatic potential.

As the insulation gas, the most important factor is the
molecular stability in the arc extinction, which is determined by
the electronic structural properties. In this paper, the stability is
evaluated through multiple aspects, including bond dissocia-
tion energy, HOMO-LUMO gap, and vertical ionization
energy.”>** The electronic structure properties of SFs and
CF;SO,F are presented in Table 2. The HOMO-LUMO gap of SFs
is 15.24 eV. Its VIE and EA are 367.76 kcal mol™* and 1.67 eV,
respectively. These values indicate the high stability of SFs in
high-voltage electric fields regarding its ability to accept and
donate electrons. CF;SO,F has a molecular volume of 104.74 A®,
which is larger than that of SF (87.53 A%). A larger molecular
size is an effective factor in improving electron absorption
efficiency. In CF;SO,F, the S=O bond is the most polarized,
with a WBI of 2.51. This bond is more stable than the S-F bond

g £
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Table 2 The molecular volume (V A~3), HOMO-LUMO gap (En-
eV, vertical ionization energy (VIE, kcal mol™?), electronic affinity (EA
eV™Y), dipole moment (DM/D), electrostatic potential (ESP, kcal mol™)
and Wiberg bond index (WBI) of typical bonds of the two gas structures

Gas Vv Ey;, VIE EA DM WBI
SF¢ 87.53 15.24 367.76 1.67 0 S-F: 0.72
CF;SO,F  104.74 13.4  310.64 2.33 1.46 S=0:2.51; S-F: 1.54

S-C: 0.92; C-F: 1.85

in SFs, which has a WBI of 0.72. The VIE and EA of CF;SO,F are
310.64 kcal mol " and 2.33 eV, respectively. Compared with SFq,
CF;SO,F exhibits stronger electron affinity and a larger molec-
ular dipole moment, making it an outstanding insulation gas in
the arc extinction process, despite having a lower VIE.

3.2 The RE of insulation gases

RE is a physical quantity used to measure the extent of the
impact of changes in the concentration of gases in the atmo-
sphere on radiative forcing, and its variations can directly affect
the magnitude of radiative forcing.*® The radiative forcing (RF)
resulting from variations in greenhouse gas concentrations is
a crucial concept in climate science, which indicates the
magnitude and signs of the drivers of climate change.** RE can
be accurately predicted through the formula (3) provided by
Shine and Myhre,**

RE = ZF,-J,-AU (3)

F; represents the spectrally resolved RF per unit cross-section W

m 2 em (em®*—molecule ")™" within a given waveband. This

data is derived from the instantaneous RF values calculated by

BDE(S-F) =102.62kcal/mol
BDE(C-F) =122.54kcal/mol

BDE(C-S) =67.41kcal/mol
BDE(S=0)=102.62kcal/mol

(b)

ESP(kcal/mol)
28.59

19.65

[t 1071

[l 178
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-16.10

28.59

-16.10
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Fig.1 The optimized gas structures of (a) SF¢ and (b) CF3SO,F with the bond dissociation energies (BDE) and charge distribution (blue — red:

electrostatic potential diagrams of SFg (c) and CFzSOF (d).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Pinnock et al.** Using a narrow-band (10 cm ') radiative
transfer model (NBM) in units of W m~> ppb ™", with the values
already accounting for the effects of stratospheric temperature
adjustment (STA). We obtained the Raman and infrared inten-
sities of the target gas through theoretical calculations in Fig. 2,
using potential energy distribution (PED) analysis,* the char-
acteristic vibrational peaks were assigned as follows: for
CF;SO,F, the asymmetric S=O stretching vibration appeared in
the range of 1460-1360 cm™ ', CF; symmetric bending vibration
at 780-760 cm ™', and S-F stretching vibration at 880-850 cm ™ ;
for SFg, the symmetric F-S-F stretching vibration was observed
at 810-790 cm ™, with degenerate bending vibrations at 640-
620 cm . Then we selected the Raman wavenumber corre-
sponding to the infrared intensity value (data shown in Table 3),
and retrieved the corresponding F; value from the data calcu-
lated by Pinnock et al. o, is the high-resolution absorption cross-
section data of the target gas in the band (500-3000 cm '), with
a value of 0.015 cm®—molecule ™" obtained from the HITRAN
database. This value has been calibrated using vscae = 29.4 +
0.9475V.,. where V., is the theoretical value obtained from DFT
calculations and V., represents the final calibrated value used
for GWP estimation. For Av, by combining the instantaneous
radiative forcing (IRF) calculated using the high-resolution line-
by-line model (OLBL IRF) and the STA adjustment factor (RF/
IRF ratio) calculated by the narrow-band model (NBM), we ob-
tained Av equals to 1 cm™*.*’* Compared with the RE of SFg,*
which is 0.57 W (m* ppbv)™*, CF;SO,F has an RE value of
0.177 W (m? ppbv) %, indicating significantly lower RE.

3.3 Optimized structures in simulated atmospheric
environments

A crucial factor for the continuous dissociation of insulation gas
is the interactions between insulation gas and -OH.* Since H,O
is the source of -OH in the atmospheric environment, both SFs
and CF3;SO,F are mixed with H,O to acquire their static
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Table 3 Molar absorption coefficient based on infrared spectrum e,
spectrally resolved radiative forcing f; and o; under the level of MO62X/
def2tzvp

F;[Wm™? cm (cm”® molecule *)™"]

o; (cm molecule™)

1525 0.0341 0.015
1319 0.3335 0.015
1303 0.207 0.015
1189 1.52 0.015
869 3.135 0.015
796 2.74 0.015
630 0.6145 0.015
574 2.13 0.015
500 1.67 0.015

reactions. Based on the predicted structures with the lowest
total energy based on Monte-Carlo methods in polymorph code,
the four structures are further optimized in CASTEP with GGA-
PBE method in Fig. 3.

The optimized structures with the corresponding DOS maps
are shown in Fig. 4. Using the HSE06 hybrid functional, we
calculated the band gaps of the electronic structures for SFs and
SF¢-H,O0. The crystalline SFs adopts P,;.. space group with the
band gap of 7.56 eV, where the crystal parameters are a = 4.59 A,
b=8.69A, ¢c=9.12 A, a = 90.0°, § = 120.9°, vy = 90.0° (Fig. 4a).
As the mixed model of the crystalline SFs-H,O in Fig. 4b, the
band gap is decreased to 4.43 eV compared with SFs. The crystal
parameters are a = b = 4.65 A, ¢ = 23.42 A, o = 113.63°, § =
120.9°, v = 67.5° with the space group of C,.. The density of
states of SFs and SF¢—H,O are compared in Fig. 4c and d. S 3s
and 3p states occupy the lowest energy area in both structures.
In the area of —5 €V to Fermi level, the most active electron
states are contributed from O 2p and H 1 s states. In the
structure of SF¢-H,0, we notice that the occupied energy level of
both S 3s/3p and F 2p states is decreased. However, the energy
level of O 2p and H 1s states are both centered around Fermi
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Infrared spectra (top) and Raman spectra (bottom) of CFzSO,F (a) and SF¢ (b).
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Fig. 3 The two predicted crystal structures. Top left is SFg(a), Top right is SFg—H,O(b), lower left is CF3SO,F (c), lower right is CFzSO,F-H,O (d).

level, indicating that the doped H,O increase the reactivity of
SF¢ caused by the highly active O 2p and H 1s electronic states.

As for CF3;SO,F, corresponding band gaps were obtained
through independent HSEO6 calculations of the electronic struc-
tures; the predicted crystal CF;SO,F adopts P,; space group with
the band gap of 6.56 eV. The crystal parameters are a = 15.39 A,
b=25.92 A, c=18.54 A, & = 90.0°, § = 100.61°, y = 90° (Fig. 5a),
where the most active electron states are composed of C 2p, F 2p
and O 2p states closed to the Fermi level of DOS map in Fig. 5b.
Crystal CF;SO,F-H,0 adopts P; space group with the band gap of
2.47 eV and the crystal parameters of a = 4.59 A, b = 8.69 A, ¢ =

o

g

9.12 A, @ = 90.0°, § = 120.9°, y = 90.0° (Fig. 5¢). Based on the DOS
map in Fig. 5d, with introducing H,O, the high active O 2p and H
1s electronic states occupy the area closed to the Fermi level.
Compared with Fig. 5c, the energy level of F 2p, S 3p, and C 2p
states of CF3;SO,F are decreased to overlap with the occupied
energy area of O 2p and H 1s states, indicating that the doped -OH
groups (molecular water) increase the reactivity of CF;SO,F with
forming CF;SO,F-H,O0 interaction. Moreover, compared with SFe-
H,0, more kinds of active electronic states around Fermi level
indicate the possible high reactivity of CF;SO,F-H,0, which is the
determining factor for the dissociation of insulation gases in air.

——F2s
—F2p

o

Af\M

By
d
(% g g —S3s
@n e
¢ _ A D )
a0
- o, AnM . oA
-15 -10 5 0 5 10 15
(y,&\( Energy(eV)
@ (o
| —H
E 0.0 //\ 1
& % P S1s —
© © e g £o0 Vi }
Yo G Pl anf =
g & s A I
& Z s : ——S3s
2 8 3p|
= Jla A (AN J\
40 /\ :
oA . : } A -
(b) (@) s -10 -5 0 5 10 15
Energy(eV)

Fig. 4 The predicted crystal SFg (a) and SFe—H,O (b), and the corresponding DOS maps for SFg (c) and SFg—H,O (d).
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Fig. 5 The predicted crystal CF3SOF (a) and CF3SO,F-H,0 (b), and the corresponding DOS maps for CF3SO,F (c) and CF3SO,F-H,0 (d).

Based on the optimized solid-state crystal structures, we
analyzed the electron distribution by comparing the charge
density difference shown in Fig. 6, where the green part
represents the electron-rich area and the red part is the
electron-deficient area. The charge density difference plot
reveals electron redistribution between atoms during chem-
ical bond formation. The charge density difference (Ap = p(ap)
- pa) — P(s)) quantifies electron redistribution during chemical
bonding, visualized through isosurface plots that reveal
regions of electron accumulation (Ap > 0) and depletion (Ap <
0).** Without introducing H,O, electrons in SF¢ are primarily
distributed on the surface of F atoms, with charge trans-
ferring from S to F. In CF3;SO,F, the S=O bonds exhibit the
highest polarizability and appear to have the strongest
electron-withdrawing effect, resulting in a polarized structure
with charge transfer from the C-F bond to the S=O bonds.
With the introduction of H,O, charge from F atoms in SFs and
O atom in CF;SO,F transfers to H, forming hydrogen bonds
(F---H-O and O---H-O, respectively). This is consistent with
the results from DOS analysis, which indicates that H,O
enhances the reactivity of insulation gas due to the high active
O 2p and H 1s electronic states, leading to the continuous
dissociation. Furthermore, the stronger interaction between
the insulation gas and water facilitates dissociation in atmo-
spheric environments. To quantify this, we compare the
interaction between water and the insulation gases using the
reaction: SFs/CF;SO,F + H,O — SF¢—H,0/CF;SO,F-H,0. For
SF¢-H,O0, the interaction strength between SF¢ and H,O is
0.22 eV, which is lower than that of CF;SO,F-H,O (0.25 eV),
indicating the competitive structure of S-F---H-OH is easier
to form for CF3;SO,F in the atmosphere.

© 2026 The Author(s). Published by the Royal Society of Chemistry

3.4 Atmospheric behaviours of CF3;SO,F based on CPMD
simulation

To understand the dissociation of CF3;SO,F in atmospheric
environments, we employed CPMD to simulate the dynamic
pathways between CF;SO,F and -OH, the latter being generated
from H,O in the simulation.?* We first determined the decom-
position pathways of pure CF;SO,F in Scheme 1. For compar-
ison, decomposition pathways of pure SF¢ in Scheme S1. To
accelerate the decomposition, we set the temperature to 3000 K
in equilibrium systems to observe the trajectories. This

<

L

Ay Y
i c

&

(a)| (b)
Yt
i

(©)| (d)

Fig. 6 The charge density difference of SFe (a) and SFg—H,O
(b); CF3SO,F (cland CF3SO,F-H,O (d) in the crystal; Green part
represents the electron-rich area; red part is the electron-deficient
area, where the iso value of the surface has been set as 0.001 e per
Bohr®.
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Scheme 1 The summarized decomposition reaction (in the box) with the corresponding pathway of pure CFzSO,F at 3000 K from the initial

decomposition of 6.72 ps.

approach is also motivated by the fact that protective gases in
high-voltage insulation equipment undergo arc discharge,
where central temperatures can reach 5000 to 30000 K.*>%
Using elevated temperatures thus helps elucidate dissociation
mechanisms under these extreme conditions and continuous
atmospheric decomposition pathways. In the case of CF;SO,F,
no cleavage of the S=O0 bonds was observed. Instead, CF;- and
fluorine radicals dissociated sequentially via breaking of the
S-C bonds, consistent with the BDE results in Fig. 1, which
identify the S-C bond as the weakest in CF;SO,F. At ultrahigh
temperatures, the generated active radicals can recombine,
potentially forming products such as SO, or CF,, as outlined in
Scheme 1.

Given that the primary process for the removal of green-
house gases involves their reaction with tropospheric -OH,* the
reaction between CF3;SO,F and -OH were analyzed via four
distinct pathways based on the results of CPMD, denoted as
path (a) to path (d) in Scheme 2. It was reported that the
precision of energy and rate constants can be achieved to one
decimal place.** Therefore, the calculated energies and reaction
rate constants are rounded to one significant figure. The atomic
coordinates of the transition state structure are presented in
Table S7. And the reaction energy barrier was comput ed as the
difference between the transition state and reactant energies,
while the Gibbs free energy change (AG,,) was derived from the
energy difference between products and reactants, which is in
Table 4. These pathways are consistent with previously reported
results from designed reactions.”>*® Path (a) is a nucleophilic
substitution reaction in which -OH, acting as a highly reactive
electrophilic reagent, attacks the central sulfur atom. The
transition state (TS-a) is reached at 10.12 ps, leading to the
formation of HOSO,F and CF;-. This pathway crosses an energy
barrier of 49.5 kcal mol " and releases 25.1 kcal mol " of
energy. In Path (b), -OH attacks the electron-deficient carbon
atom in the CF;SO,F molecule, resulting in cleavage of the S-C
bond via transition state (TS-b) at 15.78 ps. This step produces
CF;OH and -SO,F, with an energy barrier of 106.7 kcal mol™*
and a Gibbs free energy change (AG) of 43.9 kcal mol . In paths
(c) and (d), F- are generated, but the attack sites of the -OH are
different. Although paths (c) and (d) both generate F-, their
mechanisms differ in the site where the - OH attacks. In path (c),

7416 | RSC Adv, 2026, 16, 7410-7420

the reaction proceeds through transition state (TS-c) at 16.53 ps,
yielding CF;SO,0H and F-. The energy barrier is
37.6 kcal mol™!, and the Gibbs free energy of reaction is
13.2 keal mol . Path (d) proceeds through transition state (TS-
d) at 18.67 ps, forming CF,OHSO,F and F-, with an energy
barrier of 69.0 kcal mol " and Gibbs free energy of reaction of
16.3 kecal mol ™', For comparison, the reaction between SFg and
-OH were analyzed in Scheme S2, and the Gibbs free energy
change was showed in Table S8.

In the four pathways, the most possible dissociation pathway
is path (c), triggered by the bond splitting of the weakest SO,-F
bond. The corresponding energy barrier of TS-(c) is the lowest of
the four. In the atmosphere, the lifetime of CF;SO,F is domi-
nated by the rate-determining step in the interaction with -OH,
which should be the dissociation path (c) with the lowest energy
barrier (37.8 kcal mol ') of the four, rather than the other paths.

To further assess the applicability of MO062X/def2tzvp
method, the MP2/def2tzvp theoretical approach was employed
to compute Path (c) of the reaction between CF;SO,F and -OH
(see Table S9). The relative energy of the products and energy
barrier obtained using the MP2/def2tzvp method are
1.6 kecal mol " and 4.9 kcal mol ™ higher than those derived
from the Mo062X/def2tzvp method, respectively. The rate
constant (k.oy) calculated at the MP2/def2tzvp level of theory is
3.9 x 107" mol™* em?® s, whereas the k.oy value obtained at
the M062X/def2tzvp method level is 1.3 x 107** mol " em® s
This discrepancy arises from the intrinsic characteristics of the
respective theoretical methods and falls within the normal
range of computational deviations. Therefore, the results ob-
tained at the M062X/def2tzvp level of theory are reasonable.

In the troposphere, the primary source of -OH is water
vapor,*® with its concentration significantly lower than that of
the latter. Therefore, the reaction between CF;SO,F and H,O
also merits consideration. The reaction leading to the forma-
tion of CF3SO,0H and HF (Scheme S3) exhibits the lowest
energy barrier (57.2 kcal mol ™), which is still higher than that
of Path (c). Consequently, reaction between CF;SO,F and H,0O
proceeds sluggishly, consistent with previous experimental and
theoretical studies.>”** Besides, the reaction rate constant (ko)
for the reaction between CF;SO,F and H,O is 6.5 x 1073 mol ™"

em® s~ ! while k.oy for Path (c) is 1.3 x 107*> mol " em® s7,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Four pathways of the interaction between CFsSO,F and hydroxyl radical at 3000 K.

Table 4 The reaction Gibbs free energies (A,Gm/kcal mol™), energy
barriers (A,Gpm” /kcal mol™), rate constants (k.on/mol™ cm® s73), and
lifetime (t/year) of CFzSO,F at 298 K

Pathways A.Gpy AGn™ k.on T

Path (a) —25.1 49.5 2.9 x 1074 2.28 x 10"°
Path (b) —43.9 106.7 3.6 x 10°%¢ 1.87 x 10°?
Path (c) 13.2 37.8 1.3 x 107" 52.02

Path (d) 16.3 69.0 1.5 x 1078 4.56 x 10**

suggesting that the high concentration of water cannot
compensate for its deficiency in reaction activity. Hence,
CF;SO,F remains low reactivity toward water.

The lifetime of CF;SO,F is 52.02 years, which can be ob-
tained by eqn (2), close to the predicted lifetime of 40 years.* As
a comparison, the lifetime of SF¢ in Table S8. The theoretical
lifetime of SFs is 3296 years, which is reasonable with the

© 2026 The Author(s). Published by the Royal Society of Chemistry

experimental value of ~3400 years reported in 2017.°%* Finally,
we have calculated the GWP value based on RE results (0.177 W
(m? ppbv) ") and lifetime (52.02 years) of CF;SO,F based on eqn
(3), which is the most important parameter to evaluate the
possibility of application of new insulation gas.

The most widely used metric is the GWP with a 100 year time-
horizon (hereafter GWP(100)), which is based on the time-
integrated RF due to a pulse emission of a unit mass of gas,
normalized by the reference gas CO,, and was introduced in the
first assessment report of the Intergovernmental Panel on
Climate Change (IPCC).®* Based on eqn (4),

T T
J RE(1—-e« |dT
0

AGWP 4)

with the T = 100 years and AGWP of 1.77 x 10" ** Wm > kg '.®
We obtained the GWP of CF;SO,F as 4320, which is a reasonable

GWP =
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result to rival the reported value (3678) from IPCC. Combining
eqn (4), a GWP value of 22 845 for SF,, while the IPCC reported
GWP value for SFg is 23 500. Therefore, the simulation provides
a simple and direct method to understand the atmospheric
behaviours of insulation gas based on the reasonable trajecto-
ries based on DFT method and Ab initio molecular dynamics
simulation.

3.5 Conclusion

This study provides an effective approach using DFT and CPMD
simulations to understand the relationship between the struc-
ture and dynamic atmospheric behavior of insulation gases,
evaluating CF;SO,F as a potential alternative to SFe. The highly
polarized C-F, S-F, and S=O bonds in CF3;SO,F effectively
absorb electrons during arc extinction, while its stronger
interaction with -OH results in faster dissociation and a shorter
atmospheric lifetime (50.02 years) compared to that of SF4 (3296
years). Three dissociation pathways—including synergistic and
stepwise mechanisms—were identified, with the rate-
determining step involving a synergistic mechanism and an
energy barrier of 37.6 kcal mol . The GWP of CF;SO,F (4320) is
significantly lower than that of SFs (22 845), indicating that
CF;SO,F is a promising and environmentally friendly alterna-
tive gas for high-voltage equipment. Based on mixed-gas models
and systematic trajectory analysis, this approach offers a robust
framework for evaluating the atmospheric behavior of candi-
date insulation gases and extends its applicability to the selec-
tion of protective gases in power equipment.
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