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Abstract SFg has been widely used in electric industries due to its good insulation
characteristics and arc extinguishing performance, but research on its substitutes
has become a hot topic in recent years to reduce serious greenhouse effect caused
by SFg. Perfluoroisobutyronitrile (C4F;N) and its mixtures are promising to replace
SFg due to their excellent insulation performance and relative low greenhouse effect.
This article studied basic decomposition paths of C4F;N/N;, gas mixtures using
density functional theory (DFT), and calculated the main decomposition reaction
rate constants with transition state theory (TST). The results can lay a theoretical
basis for C4F7N gas insulated electrical equipment insulation evaluation.

Keywords Insulating gas + Decomposition mechanism - Density functional
theory * SF¢ replacement

1 Introduction

SFg is recognized as a greenhouse gas that has a great harm to the atmospheric envi-
ronment. Its greenhouse warming potential (GWP) is 23,900 times than that of CO,,
and its survival life in the atmosphere is 3400 years [1]. In the “Kyoto Protocol”
signed in 1997, SF¢ was listed as one of the six restricted-use greenhouse gases,
and the use of SF¢ was required to be restricted. Looking for alternative gas for
SFg to tackle with environmental issues, has become a hot topic in recent decades
[2]. Among the existing SF¢ replacements, perfluoroisobutyronitrile (C4F;N) and
its mixtures have excellent insulation ability and arc extinguishing ability, and its
global warming potential is relatively lower than SFg [3—6]. At present, most of
the researches on C4F;N gas are from the perspective of insulation performance.
Literature [7, 8] studied the power frequency breakdown voltage characteristics of
C4F;N/CO; and C4F;N/N; mixed gas by building an insulation characteristic experi-
mental platform, and the results show that the C4F;N mixed gas has the potential to be
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applied to gas insulation equipment. GE company do arc extinguishing test by used
C4F7N/CO; and SFg on 420 kV disconnector. Comparing the test results we can see
The arcing time is slightly shorter than that of SFg, which indicates that gas mixture’s
arc extinguishing performance is close to SF¢ [9]. Kieffel et al. observed there are
many kinds of species in the decomposition products of C4F;N such as CF;CN [10].
Zhang Xiaoxing team studied the decomposition characteristics of C4F;N/CO, gas
mixture theoretically, then found that the main decomposition species are CF3, F, CF,
CNF and CN [11]. Literature [ 12—14] show C4F;N gas mixture is suitable for various
types of High-voltage (HV) and Medium-voltage (MV) gas insulated equipment.

In this paper,the main decomposition pathways and formed species of C4F;N/N,
mixture were investigated, and we used high level quantum chemistry calculations
with density functional theory (DFT). There are five main pathways in the decompo-
sition, two derefent reaction types are shown in this paper to explore the feasibility
of C4F;N/N, mixture’s application in insulation equipment.

2 Calculation Method

B3LYP functional form in the density functional theory [15] combined with the 6-
311G (d, p) basis set [16-20] is used in this paper to study decomposition reactions of
C4F7N/N, mixtures, and calculate the optimized geometric configuration and energy
of the product. Based on above calculations, the rate constants of the reactions are
calculated with transition state theory according to Formula (1).

kT Q7 (T

where T is temperature; is Boltzmann’s constant; h is the Planck’s constant; and are
the transition state structure and the internal partition functions of the reactants; is
the potential energy difference between the transition state and the reactant.

3 Results and Discussion

The reactions involved in this paper include the combine of C4F;N molecules with
N atoms and the decomposition reaction of C4F;N, molecules. The decomposition
reaction channels mainly study the breaking reactions of C—C bonds, C—F bonds, and
C-N bonds. First, we optimize the geometric configuration of C4F;N and N atoms
to combine them. Optimized structure of some molecules, such as C4F7N;, as shown
in Fig. 1.

Table 1 lists the main decomposition reactions of C4F;N, molecules. The decom-
position pathways of C4F7N, molecules include three barrierless reactions: B, D,
and E, and two reactions A and C with transition states.
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Fig. 1 Molecular geometry of C4F7N;

Table 1 Main decomposition reactions of C4F7NO molecules

Decomposition pathway AE
(kcal mol™!)
C4FN T8 C4F Ny (Geometry | A C4F7E; —> C3F7 +CN, 85.341
optimization) B C4F7N; —> C4FgNs + F 42.043
c C4F7N; —> C3F4N, + CFs 6.275
D C4F7N; —s C3F9N + CN 39.533
E C4FN; —> C3FgN + CF;N | 57.731

3.1 Optimization of Geometric Configuration of Reaction
Particles

This article shows reaction E without a transition state and reaction A with transition
state TS1. Figures 2 and 3 show the optimized molecular structures and key geometric
parameters in the reactions E and A, respectively.
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Fig. 2 The geometry of the particles involved in reaction E
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Fig. 3 The geometry of the particles involved in reaction A
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3.2 Particle Energy and Frequency Calculation

At the B3LYP/6-311G(d,p) level, the stable point energies of the decomposition
reaction channels of the C—C, C-N and C-F of the C4F;N, molecular center carbon
bonds were calculated, including reactants, transition states, intermediate products
and the zero-point vibration energy (ZPE) and total energy of the product (including
electronic energy and zero-point energy) E total show in Table 2.

The vibration frequencies of the particles involved in the reactions E and A
calculated at the same calculation level are listed in Table 3.
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Table 2 Energy information
of reactants, transition states
and products

Particle | ZPE/(Kcal/Mol) | E;y1/(Hartree/Particle)
E |GEN 18.80470 —568.483449

CF3;N 9.58045 —392.295517
A | TSI 26.97601 —960.759584

CiF; 22.70776 —813.342736

CN, 5.37642 —147.457949

Table 3 Vibration frequencies of reactants, transition states and products calculated

R | Particle

Vibration frequencies/cm™!

E | C4F7N>

30.8478, 60.6705, 72.1769, 115.0043, 140.8293, 167.965, 244.0457, 244.0965,
294.7629, 314.3399, 336.0174, 372.8911, 394.0623, 499.6059, 504.7738,
533.4358, 552.3559, 574.3575, 619.4027, 713.2646, 728.7748, 766.2051,
987.4776, 1004.777, 1082.6901, 1160.8261, 1176.3056, 1204.0847, 1237.3946,
1252.2296, 1254.9442, 1301.426, 1766.1114

C3FN

24.3335, 143.4126, 153.4262, 245.8152, 379.805, 397.9495, 445.3487, 466.896,
567.7119, 581.4768, 647.9747, 761.7524, 1082.1913, 1150.5321, 1211.3964,
1352.4843, 1363.6814, 2177.8884

CF3N

281.0459, 322.6832, 537.1063, 564.9434, 596.7825, 884.6621, 969.2313,
1166.6748, 1378.4914

A | C4F7N,

30.8478, 60.6705, 72.1769, 115.0043, 140.8293, 167.965, 244.0457, 244.0965,
294.7629, 314.3399, 336.0174, 372.8911, 394.0623, 499.6059, 504.7738,
533.4358, 552.3559, 574.3575, 619.4027, 713.2646, 728.7748, 766.2051,
987.4776, 1004.777, 1082.6901, 1160.8261, 1176.3056, 1204.0847, 1237.3946,
1252.2296, 1254.9442, 1301.426, 1766.1114

TS1

—16.1303, 13.25, 18.5004, 22.0541, 28.0063, 35.8521, 43.2973, 48.9005, 68.152,
149.5413, 265.3851, 298.481, 321.0278, 344.3736, 433.3824, 462.355, 539.7261,
540.143, 583.1827, 606.1381, 611.5635, 697.5165, 699.5499, 764.5668,
989.3096, 1112.2135, 1147.1655, 1163.6724, 1190.8684, 1227.3115, 1361.7166,
1431.4409, 1651.3464

C3Fy

25.9352, 32.4459, 119.1742, 157.6536, 257.7729, 294.2606, 319.8556, 345.3579,
451.3748, 480.186, 535.3934, 543.0533, 606.7509, 632.4284, 697.508, 766.7246,
985.1657, 1118.4127, 1142.8962, 1173.2562, 1199.4602, 1231.7563, 1354.9063,
1412.5805

CN,

1008.835, 1136.8796, 1615.1434

3.3 Decomposition of C4F7N/N, Mixtures

Figure 4 shows the energy changes of all reaction pathways. Pathway A corresponds
to the break of the C—C bond between the core carbon atom and the adjacent carbon
atom in the C4F;N; molecule. This process forms the CN, and F;C(F)CF;. The
energy difference between the reaction product and the reactant is 85.341 kcal -
mol~!, and in reaction A, there is a transition state TS1, and the reactant C4F;N,
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Fig. 4 The energy changes of all reaction pathways

needs to cross the energy barrier of 108.559 kcal - mol~! to occur. Pathway B corre-
sponds to the breaking process of C-F bond between carbon atom and F atom, and
F>,NC(FC=F)CF; molecule and F atom are formed. The reaction process needs to
absorb 42.043 kcal - mol~! energy. For pathway C also corresponds to the process
of breaking the C—C bond between the central carbon atom of C4F;N; and the adja-
cent carbon atom. This process has the transition state TS2, and the energy potential
barrier is 15.688 kcal - mol~!. After crossing the barrier, the products F;CNC(F)CN
and CF3; were obtained, and the energy difference between the product and the reac-
tant C4F7N is only 6.275 kcal - mol~!. Similarly, reaction D is a process in which
the C—C bond between the central carbon atom and the adjacent carbon atom CN
in C4F7N, is broken. This process absorbs 39.533 kcal - mol~! energy to generate
F3;CC(F)NCF; and CN. Pathway E shows the C-N bond breaking process between the
central carbon atom of C4F7N; and the adjacent nitrogen atom, absorbing 57.731 kcal
-mol~! energy and generating F3CC(F)CN and F3CN. Among the five reaction path-
ways, pathway A needs to absorb the energy of 85.341 kcal - mol~!, which is the
most difficult to occur, while pathway C only needs to absorb the energy of 6.275 kcal
- mol~!, which is the most prone process.

4 Conclusion

In this paper, the DFT-B3LYP/6-311G (d, p) method is used to calculate the decompo-
sition reactions and main decomposition components of the C4F;N, molecule.There
are five decomposition pathways shown in this paper such as A-E, and the main
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decomposition species are CxFxNx, CxNx. Microscopic data such as the molecular
structure, key geometric parameters, zero-point vibration energy and frequency are
important to compute the composition of C4F;N plasma when C4F;N used in power
equipment as an insulator. Therefore these parameters are the basis in any attempt
to test the dielectric properties of C4F;N used in power equipments for insulating.
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