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Abstract

A search is conducted for possible gases with high electrical strength which could replace the widely
used SF¢ which has high global warming potential (GWP). The possible electrical strength of a
molecule is assessed on the basis of low-energy electron collisions with low-energy resonances or
weakly bound states taken as a possible indicator of high electrical strength. At the same time the
energy of the highest occupied molecular orbital (HOMO) is used to assess the molecules’ GWP. A
total of 62 small flourocarbon molecules are considered allowing the influence of different molecular
structures (double bonded, triple bonded and cyclic) and the inclusion of different elements
(hydrogen, nitrogen and oxygen) on the electrical strength to be assessed. Eight molecules show low-
energy resonance and a further four have negative R-matrix poles implying that they support an
anionic state. Our calculations suggest that molecules with double bonded structures, especially
involving C = N, should have the best electrical strength, followed by cyclic and then triple bonded
structures. Calculation on the C;F¢_,,H,, (n = 0, 6) series suggest that introducing H atoms in selected
positions can decrease GWP while retaining the electrical strength of pure fluorocarbon gases like
CsFe.

1. Introduction

SF¢ is thought to be the gas with the highest global warming potential (GWP), 23 500 on a scale which puts CO,
as 1[1], and the atmospheric abundances of SFs doubled during 1995-2015 [2]. As a gas with high electrical
strength, SF4 is widely used in many electrical applications as a gaseous insulator. The desire to replace SF¢ with
an alternative gas with lower GWP has attracted widespread attention in recent years [3—11].

Insulation performance is an important indicator of whether an SFq alternative gases could be used in power
systems. For a molecule to be a suitable replacement for SFq it has to have the following three properties (a) it
must show high electrical strength, (b) should have alow GWP and (¢) it should be a gas a room temperature or
temperatures envisaged for its use. Other considerations include the stability and toxicity of the gas, its
flammability and its potential effect of stratospheric ozone. Research on the insulation performance of SF
alternative gases has started from a number of perspectives. For example, Devins [12] studied the electrical
strength of halogen gases using breakdown experiments; Chachereau et al [13] investigated the insulation
properties of pure C4F,;N and its mixtures using the pulsed Townsend method; Zhong et al [14] assessed four
carbon-fluoride insulating gases by calculating the reduced critical electric field strength; Rabie et al [15]
developed an electrical strength prediction function based on the regression analysis of the gas’s electric strength
and certain molecular properties; while Sun et al[16] constructed an electrical strength prediction model
employing machine learning methods; while Hou et al [17] proposed a simple group-additivity method to
predict the electrical strength of insulating gases. Progress in identifying replacement gases for SF¢ has been
reviewed by Tian et al [18]. Despite these various efforts there is still no perfect gas to replace the use of SFg as a
gaseous electrical insulator.

A gas breakdown or pulsed Townsend experiment can provide credible results, but such experiments
require pure gases, equipment and long experimental periods, which are expensive. This makes experiment
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more suitable for verifying theoretical results than conducting long searches. The reduced critical electric field
strength can be calculated by solving Boltzmann’s equation with a complete set of electron-molecule collision
cross sections [19-21]. However, for molecules with incomplete collision cross-section sets (i.e. most
molecules), the reduced critical electric field strength is hard to compute in this way. Regression analysis and
machine learning methods rely on training samples. For structures which are not included in the samples, the
reliability of the prediction results needs to be verified. Recently, we [22] analyzed the underlying physical
reasons why gases such as SFq have good insulating properties by studying their electron collision behaviour.
This analysis was extended to the species CH,F,Cl, where x + y + z = 4; it was shown that there was an excellent
correlation between species having a low-energy quasibound state (resonance) or a weakly bound anion state
and possessing high electrical strength. Species which are known not to show high electrical strength did not
have this property. This correlation can be expected as the ability of a molecule to attach electrons is thought to
be the key to them showing high electrical strength [23]. In this context low-lying means that the resonance must
be low enough to accessible by thermal electrons. It is this correlation between low-energy collision properties
and electrical strength that we exploit here.

In this work we assess 62 fluorine and carbon containing molecules to consider whether they may have high
electrical strength and (relatively) low GWP. This list of molecules is restricted to one with three or less carbons
to ensure that they have suitably low boiling points. While we were able to find boiling points for most species we
consider in the literature, GWPs for these species are generally unknown. We therefore follow the standard
practice [24, 25] of using the position of the highest occupied molecular orbital (HOMO) as an indicator of the
GWP. As well as assessing these molecules we also try to assess the influence of molecular structure and
composition on the gas’s electrical strength. This information should help the search for or design of new
alternative gases. Our method is based on electron collision properties which should directly reflect the ability of
the gas to absorb electrons. Here we use the R-matrix method [26] to perform ab initio scattering calculations
which do not rely on experimental data. This means that molecules can easily be tested even if they are not
(readily) available for experimental study. Our aim is to provide a reduced list of molecules which should show
good electrical strength and can be studied further.

In selecting gases for study, we first considered carbon halogen compounds, because these types of gases have
long been considered as possible insulating gases [9]. At the same time, popular SF alternative gases, such as
CF;l [4], c-C,Fg [27], HFO1234 (C5F,H,) [28], R134 (C,F,H,) [29], C4F,N [5]and CsF,40 [30], belong to
this class of gas or are modified halocarbons. Therefore, a systematic search examining the relationship between
the molecular structure and electrical strength of this type of gas is valuable. Since chlorine and bromine are
ozone destructive, and iodine is relatively heavy, fluorine-containing gases are the main focus of this work. The
influence of different structures such as double bonded, triple bonded and cyclic structures, as well as the
influence of including elements such as hydrogen, nitrogen and oxygen on the insulation properties of
fluorocarbon gases are considered. The influence of different composition and structures are tested first
following our electron collision procedure [22]; this allows us to identify gases with potential good insulation
characteristics. We then take C;F¢ as an example to study the influence of the number and position of hydrogen
atoms on the insulation properties; we note that HFO1234 is part of this series. The introduction of H atoms
tends to reduce atmospheric lifetimes of fluorocarbon gases, thereby reducing GWP.

Section 2 describes the electron calculation method we use. In section 3.1, we give the chosen molecules and
calculation results. In section 3.2, we analyze the influence of introducing hydrogen atoms on the electrical
strength and HOMO energy of C;Fg. Finally, in section 4 we give our conclusions for high electrical strength
molecules and structures.

2. Method

The physical mechanism for electron trapping is believed to be a key reason for gases like SF¢ having good
insulation performance [23, 31]. Christophorou [32] called these electronegative gases because they have large
electron attachment cross sections at low energy but these attachment cross sections are hard to obtain from
either measurements or calculations. However, it is well known that resonances are a prerequisite for electron
attachment or dissociative attachment [33]. Indeed resonance parameters can be used as a basis to estimate
dissociative attachment rates [34]. Based on this, we studied the relationship between low-energy resonances
and gas insulation properties [22] and found that for high electrical strength molecules like SF¢ there will be a
strong low-energy (< < 1 eV) resonance or a (weakly) bound anionic state which manifests itself as a negative
R-matrix pole in the scattering calculation [35]. These low-energy resonances provide a signal for the formation
of compound anionic states in the form of a (weakly) bound state. This suggest that gas insulation properties can
be predicted on the basis of the presence (or not) of a low-energy resonance [22].
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Table 1. Fluorocarbon compounds considered.

Chemical formula SMILES [41]

CEN FC#N.

CF,0 FC(F)=0.

CE;N FC(F) = NE.

CF, FC(F)(F)E.

CF,0O FC(O(F))(F)F.

CFN FC(N(E)(F))(F)E.

C,F, FC#CE.

C,F, FC(F) = C(F)F.

CyFs FC(C(F)(F)F)(F)F.

C,F,0 FC#COF, FC(F)=C=0.

C,EN FC#CN(P)F, FC(C#N)(F)F, FC(F)=C=NF,

Cl(= C(N1F)F)E, C1(=NCI(F)F)E.

C,F,0 C(=O)(C(F)(F)F)F, C1(C(O1)(F)F)(F)F, FC(F) = C(F)OF.

C,EN FC(F) = NC(F)(F)F, FC(F) = C(F)N(F)F, FC(F)(F)C(= NF)F,
C1(N(C1(F)F)F)(F)F.

CyFs CCEEB)(E)VE)F.

C,F0 FC(F)(F)OC(F)(F)E, C(C(F)(F)F)(OF)(F)F.

C,F/N FCR)YFNECEF)F, (CEFF)NEF)(EBF.

CsF, C(=C(F)F)=C(F)F, C(#CF)C(F)(F)F.

CsFe C(= C(F)F)(C(F)(F)F)E, C1(C(CL(F)F)(F)F)(F)F.

CsFg CCEYF)F)(CE)F)F)(F)E.

The electron collision resonance information used in this work is calculated using the R-matrix method [26]
at the static exchange plus polarisation (SEP) level which was recommended by our previous study [22]. All
collision calculations use QEC (Quantemol electron collisions) [36], which is an expert system which can be
used to solve electron collision problems and provides collision cross sections and resonance parameters. Target
wave functions used by QEC are produced by Molpro [37] and in the static exchange plus polarisation (SEP)
model are based on the Hartree—Fock method. The electron collision calculation uses R-matrix theory as
implemented in the UKRmol+ code [38]. QEC obtains resonance positions and widths using code RESON [39]
to automatically detect and fit them to a Breit-Wigner form.

All the calculations in this work use an R-matrix sphere of radius 10 ay, a partial wave expansion up to £ = 4
(g-wave) and a cc-pVDZ basis set as recommended by our previous study [22]. Our SEP calculations retained all
virtual orbitals up to a maximum of 40 to provide the polarisation potential, see our previous study for further
details.

3. Calculations

In this section, small molecules containing double, triple bonds and cyclic structures composed of carbon,
nitrogen, oxygen and fluorine are selected, see table 1 and their low-energy collision behaviour studied. In the
second part of this section, the influence of hydrogen atoms on the insulating properties of fluorocarbon gases is
studied. According to the experimental results of Devins [12], fluorocarbon gases have higher electrical strength
than hydrocarbon gases. However, including hydrogen can reduce the use of fluorine, which generally leads to a
higher-lying HOMO, thereby reducing the atmospheric life time of the gas [24] and consequently reducing the
GWP [40]. C5Fg, which supports alow-energy resonance, is chosen to study the influence on the molecular
insulation properties of different numbers and positions of H atoms in the C5F¢_,H,, (n = 0, 6) series.

3.1. Influence of molecular structure on electrical strength

In this section we study the relationship between molecular structure and electrical strength and identify some
potential high electrical strength structures. Structural considerations include molecules with double bonds,
triple bonds and cyclic structures. Since N and O atoms can also be included in these structures, the role of these
atoms are also considered. To reduce the number of calculations, P and S atoms are not considered in this work,
and the number of C atoms in given molecule is capped at three which both controls the total number of atoms
and helps to ensure that the species considered are gases at room temperature. Table 1 lists the initial molecules
we consider; the molecules are arranged in ascending order of the number of carbons and total number of
atoms. Relevant structures can be found from the Simplified Molecular Input Line Entry Specification (SMILES)
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Table 2. Molecules with a Low-energy Resonance: data only shown for the lowest resonance detected. Resonance
parameters are in eV, electrical strengths (E,), where known, are given relative to SF.

1D Formula SMILES [41] Resonance position (width) E, BP (K)

1 CF:;N FC(F)=NF 1.1(0.7) — —

2 C,F;N FC(C#N)(F)F 1.2(0.12) 1.58° 209"

3 c-C,FsN Cl(=NC1(F)F)F 0.7(0.03) — 222.75 4 35"
4 C,FsN FC(F) = NC(F)(F)F 0.3(0.02) — 217.55 + 35°
5 C,FsN FC(F) = C(F)N(F)F 0.8(0.03) — —

6 C,FsN FC(F)(F)C(=N/F)/F 0.1(0.02) — 269.35 + 35"
7 C5F, C(=C(F)F) =C(F)F 0.6(0.04) — 237.05 + 35°
8 CsFq C(=C(E)E)(C(E)F)F)E 0.7(0.16) 0.97° 243.8"

2 Devins [12].
® Chemspider[42].
¢ Brand[43].

Table 3. Molecules with Negative R-matrix Pole.

Pole
energy
ID Formula SMILES [41] (eV) BP(K)
1 C,EN FC(F)=C=NF —3.8926 259.85 & 35°
2 C,F;N Cl(= C(N1F)F)F —2.7314 230.85 + 35°
3 C,F,0) FC(F) = C(F)OF —0.9657 —
4 c-CoFsN CI(N(CL(F)F)F) ~0.2463 —

(F)F

* Chemspider[42].

[41] given in table 1, in which = means double bound, # means triple bound, C1 means cyclic and H atoms are
not specified.

To test the influence of double bonds, CF,0O, CF;N, C,F,,C,F,O(FC(F) = C = O), C,F;N(FC(F) = C = NF),
C,F,O(C(= O)(C(F)(F)F)F and FC(F) = C(F)OF), C,FsN (FC(F) = NC(F)(F)F and FC(F) = C(F)N(F)F),
C53F4(C(= C(F)F) = C(F)F) and C;F¢ (C(= C(F)F)(C(F)(F)F)F) are considered. CFN, C,F,, C,F,O(FC#COF),
C,F3N (FC#CN(F)F and FC(C#N)(F)F) and C5F(C(#CF)C(F)(F)F) are used to study triple bonds. For cyclic
structures, C,F3N(C1(= C(N1F)F)F and C1(= NC1(F)F)F), C,F,O(C1(C(O1)(F)F)(F)F),
C,FsN(C1(N(CL(F)F)F)(F)F) and C5F¢ (C1(C(C1(F)F)(F)F)(F)F) are considered.

Our electron collision calculations and analysis of eigenphase sums found that 8 of the molecules shown in
table 1 have low-energy resonance; these are listed in table 2. A further 4 molecules appear to support bound
anion states; these are in table 3. The corresponding molecular structures are shown in figures 1 and 2,
respectively.

Table 2 shows the details of low-energy resonance position and width, relative electrical strength (E,) and
boiling point (BP) of our 8 candidate molecules. The experimental E, of C,F;N (table 2 ID 2) and C;F (table 2 ID
8) are close to that of SF¢ which is in line with our predictions on the basis of our resonance parameters.

Table 3 gives the details of the four molecules with negative R-matrix poles. Theoretically these 4 molecules
could have higher electrical strengths but modelling suggest that for this to be so the anion state must be very
weakly bound [23]. As we found no experimental electrical strengths for these 4 molecules, only the R-matrix
pole positions and boiling points are listed. However, our predicted anion binding energies may be too large for
the anion states to play an important role in electron capture.

We find that 7 of the 8 molecules in Tables 2 and 3 of the 4 molecules in table 3 have double bond structures,
and, in particular, C = N appears 7 times whiles no molecules with C = O appear in the list. This suggests that
molecule with a C = N bond have more favourable electrical strengths, C = C containing molecules also show
some enhancement. For perfluoro-olefins, only CsF (table 2 ID 8) shows a low-energy resonance. As c-C,Fg[27]
is also know to have a high E,, we suggest that to obtain high electrical strength, the carbon chain length of
perfluoro-olefins needs to be three or more.

Among the triply-bonded molecules considered, only C,F;N (table 2 ID 2) exhibits a low-energy resonance,
which is consistent with its high E, property. Other triple bond molecules do not show low-energy resonance or
negative pole. We suggest that in terms of electrical strength, C#N is better than C#C, and a double bonded
structure is better than a triple bonded structure. For molecules with cyclic structure, only C,F;N (table 2 ID 3
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Figure 1. Molecular structures of molecules with low energy resonance in Table 2.
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Figure 2. Molecular structures of molecules with negative R-matrix pole in table 3.

Table 4. C5F4O Series.

1D SMILES Lowest resonance(eV) R-matrix pole(eV)
1 C(=C(F)F)(OC(F)(F)F)F 2(0.02) 0.56

2 C(= C(F)F)(C(F)(F)F)OF 0(0) —0.51

3 C(=C(F)F)(C(F)(F)OF)F 0(0) —0.58

4 C(=C(\OF)/F)(\C(F)(F)F)/F 0(0) —1.45

and table 3 ID 2) and C,F5N (table 3 ID 4) show good insulation potential. However, C,F;N (table 2ID 3) hasa
C = Ndouble bond. By comparing C;F(C1(C(C1(F)F)(F)F)(F)F) and C;F4(C(= C(F)F)(C(F)(F)F)F), it would
appear that a double bonded structure is more important than a cyclic structure.

Our calculations suggest that molecules with two double bonds, like C;F, (table 2 ID 7) and C,F3N (table 3
ID 1) have good insulation potential. From calculations on CE,O, CFsN, C,F¢O and C,F;N molecules, we
believe that introducing N or O atoms without special structures does not improve the electrical strength of
fluorocarbon molecules. Conversely, all the molecules we consider which contain a C = N appear in either
table 2 or table 3; we therefore suggest that N has a greater improving effect on E, than other subsitutions we
tested. In particular, with the exception of C,F,O (table 3 ID 4) which appears to be an interesting special case,
including O does not seem to give an improved E,.

As shown in table 3 ID 3, the C,F,O™ appears to have abound state. By comparing with its isomers, and
other oxygen-containing molecules, we wanted to test whether the simultaneous appearance of C = Cand -OF
might result in good electron attachment properties. To test this supposition, we selected the four C3F;O
isomers listed in table 4 and shown in figure 3. It was found that only one of these molecules, ID 1 in table 4
which hasa C = Cbond but not -OF, does not show either alow-energy resonance or a negative R-matrix pole.
The other three molecules all have C = C double bonds and an -OF group, and all appear to support abound
anion state. The insulating properties of molecules like C,F,O, or possibly C,F, _,H, O, deserve further
experimental study.
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Figure 3. Molecular structures of C;FsO isomers listed in table 4.

Table 5. Properties of the C5F4_,H,, series. Parameters are given for the lowest resonance in the form
resonance symmetry position(width) in eV.

ID SMILES Resonance parameters BP(K)* HOMO(Hartree)
C5F¢

1 C(= C(F)F)(C(F)(F)F)F A,0.7(0.2) 209 —0.42
C;HF;

2 C(= C(F)F)C(F)(F)F A,0.5(0.04) 252 —0.43
3 C(=C(/C(FFF\P\F(Z) A,0.6(0.03) 255 —0.42
4 C(=C(\C(F)(F)F)/F)\F(E) A;0.5(0.05) 262-264 -0.42
5 C(C(=C(F)F)E)(F)F A;1.2(0.2) 274-275 —0.41
C;H,F,

6 C = C(C(F)(F)F)F A,0.5(0.1) 245 —0.41
7 C(=C(F)F)C(F)F A;1.2(0.2) 313-315 —0.41
8 C(C(=C(F)FF)F A,2.0(0.1) 281 +8 —0.39
9 C(= C/F)\C(F)(F)Fh A,0.55(0.02) 257 —0.42
10 C(=C\P)\C(F)(F)F A;0.52(0.07) 294 —0.42
11 F\C = C(\F)C(F)F A;1.1(0.2) 289+0 —0.40
12 F\C = C(/F)C(F)F A;1.2(0.2) 289+0 —0.41
C;H;F;

13 C=CC(F)(F)F A,0.7(0.07) 255-257 —0.41
14 C(=C/PF)\C(F)F A;1.2(0.2) 277 + 8 —0.40
15 CC(=C(F)F)F A,2.4(0.1) 264 + 8 —0.37
16 C = C(C(F)HF A 1.1(0.3) 263 £ 8 —0.40
17 C(=C\F)\C(F)F A;1.2(0.2) 277 £ 8 —0.40
18 C(/C(=C\F)/F)FE) A,1.9(0.3) 304 +8 —0.38
19 C(C=C(F)F)F A,2.0(0.1) 266 + 8 —0.38
20 C(/C(=C/F)/F)F(Z) A,2.1(0.4) 304 £ 8 —0.38
C;H,F,

21 CC=C(F)F A 1.0(0.4) 241 +8 —0.37
22 C = C(F)CF A,1.9(0.5) — —0.37
23 C=CC((F)F A, 1.1(0.2) — —0.40
C;HsF

24 C=CCF A>1.9(0.4) 263 —0.37
25 CC(=C)F A,2.2(0.6) 249 —0.36
CsHs

26 C=CC A,2.2(0.5) 226 —0.35

* Boiling point data from Chemspider [42]; YHFO1234.

3.2. Influence of hydrogen on E, and the HOMO energy

Replacing F atoms with H atoms in fluorocarbon gases usually will weaken their insulating performance [12].
However, the partially hydrogenated HFO1234 (C;F,H,) shows good insulation properties [28], which aroused
our interest. In this section, the CsF4_,H,, series is tested by replacing the F atoms with H atoms in C;F (table 2
ID 8) to study the influence on electrical strength and HOMO binding energy. C;F4 (table 2 ID 8) has a low
energy resonance at 0.7 eV, which meets the criterion of potential good insulation performance. Reducing the F
atom content is conducive to environmental protection as it leads to higher-lying HOMOs which implies
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Figure 4. Molecular structures of the C;Fs_,,H,, (n = 0, 6) molecules listed in table 5 part 1: ID 2-13.
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Figure 5. Molecular structures of the C;F¢_,,H,, (n = 0, 6) molecules listed in table 5 part 2: ID 14-25.
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table 5 ID 20
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table 5 ID 17

F
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table 5 ID 21

F

PN

table 5 ID 25

shorter atmospheric lifetimes and lower GWPs. Our aim is to reduce the F content of while maintaining

insulation properties.

Table 5 lists all C;F¢_,,H,, molecules tested in this section, which includes a number of isomers. Also given is
resonance information, boiling points and HOMO binding energies as well as the point group symmetry of the
lowest resonance (A; or A,). Molecules from table 5 ID 2-13 are depicted in figure 4 and ID 14-25 are depicted in

figure 5.

When we replace one F atom with a H atom in C;Fg, as shown as CsHF5 ID 2-5 in table 5, the first three
molecules listed, table 5 ID 2-4, still exhibit a low-energy resonance. However, for isomer ID 5 the resonance
position increases to 1.2 eV, which suggests that the insulation performance will be weakened. Comparing the
structures of the four molecules shows that the H atoms in molecule table 5 ID 2-4 are located on the C = C,
while the H atom of molecule table 5 ID 5 is in the form -CF,H.
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Table 5 ID 6-12 shows tests of C3H,F,. For table 5 ID 6, 9 and 10, their H atoms are on the C = C, and each of
them has low-energy resonance around 0.5 eV. For table 5ID 7, 11, and 12, one H is on the C = C and the other
is in -CF,H; their resonances lie higher, at 1.1-1.2 eV, which is worse than C;F. For table 5 ID 8, both the
hydrogen atoms are in -CFH, and resonance is at 2 eV, which can no longer be considered a low-energy
resonance. Consistent with the situation for CsHFs, when the hydrogen atoms appear on the C = C, the
insulation performance appears to be maintained. It is worth noting that table 5 ID 9is HFO1234 and ithas a
low-energy resonance at 0.55 eV which is in line with its observed good experimental insulation
performance [28].

Then we test CsH;F3, table 5 ID 13-20. Only table 5 ID 13 has a low-energy resonance similar to C;F¢, and its
three hydrogen atoms are alllocated on C = C.

Finally, from C;H,F, to C3Hg, none of the molecule have a low-energy resonance similar to or lower than
C;Fg. For these species it is not possible to associate all the H atoms with a doubly-bonded carbon.

From the perspective of HOMOs, table 5 shows that increasing the number of hydrogen atoms in
fluorocarbon gas can reduce the binding energy of the HOMO by small amounts. This is consistent with the
expected result. It is found that molecules with low-energy resonance, such as table 5 ID 6, 9 and 10, have higher
HOMO binding energies than other isomers that do not have alow-energy resonance. The results in table 5
suggest that the low-energy resonance and the HOMO energies are anti-correlated. We note that low-lying
(shape) resonances are usually associated with the presence of alow-energy LUMO (lowest unoccupied
molecular orbital); our observed anti-correlation would be explained if the HOMO-LUMO gap is
approximately conserved in these systems. The relationship between insulation properties and atmospheric
lifetime or GWP may be difficult and probably needs further study.

4, Conclusion

In this paper we report a search for possible gases which might replace the use of SF4 as an gaseous insulator. Our
methodology is based on trying to use an understanding of the basic physics of electron collision process that
leads to good insulator properties. Our calculations are necessarily approximate and our aim is to provide a
shortlist of gases which could benefit from further (experimental) investigation. We consider the influence of
molecular composition and structure on the insulation performance of a gas by performing electron collision
calculations of a series of fluorocarbon gases. For the electrical strength of fluorocarbon molecules with double
bonded, triple bonded and cyclic structures, the following conclusions may be drawn:

1. In general, double bonded compounds show more promise as insulators than than cyclic structure and
triply bonded molecules. Compounds with a C = N double bond shows the most promise, with C = C being
also useful buta C = O bonded compounds do does not show any significant improvement effect for the
molecules we considered.

2. Gases such as C;F, and C,F;N that contain two double bonds are predicted to have good electrical
strengths.

3. For the small molecules tested which contain triple bonds, only the ones with a C#N triple bond show an
improvement in potential electrical strength while those with a C#C triple bond show no significant
improvement.

4. Molecules with both C = C and -OF, such as C,F,0, have negative R-matrix poles our calculations, which
may indicate good insulator properties although in most cases our calculations suggest that these bound anionic
states are likely to be too strongly bound to be useful in this regard.

5. A comparison of C,F, and C;F, suggests that for pure a fluorocarbon gases to give insulation performance
comparable to SF4 requires a the carbon chain with at least 3 carbons.

6. Based on the molecules considered in this work, adding N leads to a larger improvement than adding O.

Generally, the introduction of H atoms into fluorocarbon gases weakens the electrical strength; but
HFO1234 (C5F4H,) has good insulation properties. Conversely, the addition of H atoms reduce the GWP of a
gas as well as reducing the release of F into the environment. We therefore, take C;F¢ and analyse the influence of
replacing F atoms with H atoms on both the molecular insulation and HOMO properties. We find:

1. When 3 or less H atoms are introduced whether the predicted insulating properties match those of C;Fg
depends on the structure of the isomer.

2. When the H atoms are located on a C involved in a C = C double bond, the low-energy resonance is
maintained, when H replaces F in -CF; functional group, the low-energy resonance disappears. We note that in
HFO1234 both hydrogens are located on the C = Cbond.

3. Generally as the number of H atoms in the molecule increases, the HOMO binding energy decreases,
which implies alower GWP.
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4. Our work suggests that molecules which have alow-energy resonance have lower HOMOs than their
isomers which do not show this resonance. This suggests that properties implying good electrical strength are
anti-correlated with the requirements for alow GWP.

Based on the above calculations, we find 12 molecules which we predict should have good insulating
potential and are therefore worthy of further study. Among them, structures like C = N, two double bond
structures and C = C combined with OF show stable low-energy resonance or negative R-matrix poles, which
deserve further study. Through the calculation of C;F4 - CsHg, a greenhouse improvement strategy for
fluorocarbon gas is proposed: for gas molecules with double bonds, hydrogen atoms can be introduced at the
double bonds to improve the greenhouse performance.
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