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Composite Chemical Bond Theory for Dielectric
Strength of the Gases Insulation
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Abstract The search for the novel insulating gases to replace SF( is very challenging. Computational virtual
screening is one of the viable protocols to identify the promising candidates with excellent dielectric performance. It
is urgent to develop an accurate and rapid theoretical method for calculating dielectric strengths due to the massive
computational resources. In this paper, a new calculation method of gas dielectric strengths based on the chemical
bonds theory was established. Using the classical valence-bond structures of the molecules, the dielectric strength
was obtained straightforwardly by summation of the individual characteristic dielectric strengths of the chemical
bonds, as optimized with respect to the experimental training dataset. In comparison with 63 gases, the correlation
coefficient and root-mean-square deviation of the theoretical model is 0.97 and 0.16, respectively. Moreover, the
intrinsic relationship between chemical bond and dielectric strength was revealed. A few potentially valuable
insulating gases are designed rationally for practical use.
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A CO,, N AEZE M ARTT AR B P [R) 500, et 3 A2 vy Hs R A48 75 SR i PR VR & AR 4 S A
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TEAER) SF AR+, St TR R RAE S SR . ST BB, X S AR A A 4 250
JEAR . AR B 1 M 2 A VERE 22 55 (R, JC i e o e B AR A T oK . Rl , RARSEPOR I TR
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Table 1 Experimental dielectric strengths for 63 insulating gases with respect to SF, and the

errors of the theoretical data calculated by the chemical bond composite models for

3 goal functions

No. Formula Er.w_ RMSD MAD MRD No. Formula Er.w_ RMSD MAD MRD
1 SF, 1.00 -0.03 0 0 33 CF;S0,F 1.43 -0.05 -0.02 -0.12
2 SF,CF, 1.53 0.03 0.05 0.05 34 CF,CN 1.50 0.01 0.01 0.01
3 CF, 0.43 -0.10  -0.02 -0.02 35 C,F,CN 1.98 -0.10 -0.13 -0.12
4 CCl, 2.36 -0.11 -0.04 -0.73 36 C,F.CN 2.50 -0.26 -0.30 -0.30
5 CF,C1 0.60 0.21 0.28 0.12 37 i-G,F.CN 2.20 0.04 0 0
6 CF,1 1.21 0.16 0.05 0.31 38 CF,0CF(CF,)CN 1.94 0.30 0.33 0.34
7 CFCl, 1.84 -0.07 0 -0.51 39 CF,0CF, 0.84 -0.14 -0.02 0
8 CF,Cl, 1.06 0.23 0.30 -0.04 40 CF,0C,F 1.24 -0.17 -0.08 -0.06
9 CF,CIBr 1.32 -0.02 0 -0.17 41 (C,Fy),0 1.51 -0.08 0 0.02
10 CF,Br 0.76 0.06 0.08 0.09 42 c-C, k0 1.38 0.08 0.07 0.08
11 G,k 0.80 -0.10 -0.05 -0.05 43 CF,SCF, 1.50 0.01 0 0
12 C,Fy 0.98 0.09 0.12 0.12 44 G,F,CFO 1.59 -0.07 0 0
13 C,Fy 1.32 0.11 0.12 0.12 45 i-C,F,C(0)CF, 2.10 0.15 0.18 0.18
14 CFy, 1.75 0.05 0.04 0.04 46 i-C,F,C(0)C,F 2.70 -0.08 -0.07 -0.08
15 CeF\y 2.26 -0.10 -0.13 -0.13 47 CF,NO, 1.34 0 0 0
16 CF,CF,Cl 1.15 0.03 0.08  -0.09 48 SF,=N 1.37 0 0 0
17 CF,CICF,CI 1.71 -0.05 0 -0.34 49 CF;,N=SF, 241 0 0 0
18 CF,CICFCL, 2.37 -0.24 -0.18 -0.70 50 CH,CI 0.32 0.08 0.17 0
19 CF,CCl, 2.47 -0.34 -0.28 -0.80 51 CH,Br 0.45 -0.04 0 0

20 c-C kg 1.28 0.18 0.10 0.10 52 CH,1 1.12 -0.16 -0.26 0

21 c-CF\, 2.35 -0.16 -0.28 -0.29 53 CH,CI, 0.64 0.37 0.46 0.12

22 c-CGF,, 2.24 0.32 0.18 0.17 54 CHCI, 1.77 -0.14 -0.06 -0.57

23 c-CFg 1.60 -0.13 -024 -0.24 55 CHF, 0.27 -0.07 0.01 0.01

24 c-Csly 2.10 -0.26  -0.40 -0.39 56 CHF,CI 0.44 0.23 0.31 0.14

25 c-Cgl'y 2.05 0.15 0 0 57 CHFCL, 0.92 0.23 0.31 -0.03

26 CF,=CFcl 0.69 0.50 0.52 0.36 58 CH,F, 0.27 -0.21 -0.13 -0.12

27 CF,=CFCF, 1.01 0.06 0.07 0.07 59 CH,FCI 0.39 0.14 0.23 0.06

28 CF,CF=CFCF, 1.66 -0.22 -024 -0.23 60 CHF=CHCF, 0.85 -0.05 -0.04 -0.03

29  CF,=CF—CF=CF, 1.40 0.05 0 0.02 61 CH,CH,CI1 0.40 0.09 0.18 0

30 CF,C=CCF, 2.19 0 0 0 62 CH,CF, 0.41 -0.13 -0.05 -0.05

31 SOF, 1.42 0 0 0 63 CH,=CHCF, 0.80 -0.14 -0.12 -0.11

32 SO,F, 0.73 0.05 0.10 0
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K B, ME, ., 735 4G 8 i H R S S NIRRT H . MROE RARR
FHERAEIE | ARZAE)™ LA RBRE | Mt 2% AL L Kol 42 R AR i S5 e A Tk (OHES, DI 2
/M A SUETS E (8 F 1stOpt B2 80 1 G e 2 J

2 ZFERE5TR

I 63 Fh AN - (R 25 A L FR B 19 R ik 44 (32 2). (EASFE e, BRIk c=C,
N=0, S=N FIS=N 4> BB EAE T C,F,, CFNO,, CF,N=SF, 1 NSF, s FH1, {Hi% S5 Hf0 & Hp
KA AL (AN C—F, S—F A C—N%), Bk, V5EH TR R B . 55, 2183 S 1
ZEIRAEE S, B S—O BT T A X 4, BIPUELA; 9 S,=0 FI7SELAL Y S,=0. i, XFF SF,0 Fl
SF,0,73 ¥, BARIE N S=0 Wi, Hh, S,=0 1S, =0 K (Wiberg ##4% ) /3514 0. 1415 nm (1. 54) Fll
0. 1401 nm(1. 44) , SR ARG AEH B 25 .

Table 2 Characteristic dielectric strengths of the chemical bonds optimized by 3 goal functions

Bond Een Bond Eep
RMSD MAD MRD RMSD MAD MRD

C—H -0.0547 -0.0293 -0.0294 C—N 0.8994 0.8478 0.8445
C—F 0.0836 0.1015 0.1026 C=N 1.0630 1.0632 1.0659
c—cCl 0.5613 0.5795 0.4081 N=0 0.0949 0.0939 0.0939
C—Br 0.5715 0.5372 0.5375 S—F 0.1610 0.1665 0.1667
C—1 1.1223 0.9517 1.2091 S—C 0.5048 0.4456 0.4423
c—C 0.1983 0.1422 0.1387 S,=0 1.0981 1.0869 1.0867
C=C 0.3742 0.3245 0.3308 Se=0 0.2304 0.2491 0.1983
C=C 1.2920 1.2969 1.2972 S=N 0.9379 0.9248 0.9245
Cc—0 0.1001 0.1055 0.1116 S=N 0.8871 0.8704 0.8700
C=0 0.6230 0.6969 0.6972

L RMSD > H A5 B B AR 1 19 i A 25 B 1 45 A 266 2558 B 9] T8 2, 63 Bl A0 iAo 2 3 8 133411
55 S IOAE  EL A UL T 1, TS SE B A A 22 8 3% 1. A AR R BG4 5 R B(R) F RMSD
43908 0. 970 F1 0. 16. MK 1A UL, RS 73 M o3 09 4 Sk oif FE Y FE 1R 250 FEL N, BRI 45 2R 5
SCICE AR WA . HorP, IR 22 K IN 2 T CF,=CFCl, E S2HAE N 0. 69, [HHI Ak 25 b 2H 4 #5570
A 1. 19, BRI SCIE I 275 . BRICLIAL, fhaf 2] A B R I R 6% 53 25 & BRI 1T 53 45
Q7S N M (CF,=CFCF,) i 52 55 15 PR 26 Zx oin I AUAH 22 0. 06. SR, 77 S&7E B A&, CF,=CFCl 5
CF,=CFCF; i Z5 AR5 AL, 15 CF, [R) s i i 73K AT, (H R e s i (IR T e &, AR
FFE TS S RUR T PR A e 2 0, 80 CF,=CFCl 4114 7 8 B I S B0 50 iF .

T CLRMR T, A A AR R 25 R S S0 00 (i i 22 K . An it CHLCL, i 48 2558 5
1.01, HLSEGAE 0. 37, (HZXF LA e 4 Fh A R 9 19 46 2% 3% % [ CH,C1(0. 32) , CH,CL,(0. 64) ,
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(X=F, Br, I, CN)HX 2 2% 5% BE 1) 5Tk AN [A] Eoe

CIEYa e iecs e e E | 50y AN M 7l Fig.1 Theoretical dielectric strength using the chemical
DT R4k ik 2 (8 B EAEAE BHAE T, bond model by RMSD optimization in comparison
B 57 1 FE B o 5 — o Bl 22 (8] 0 2R Rk with the experimental data for 63 gases

@[ 5] iﬁ'lﬁ“i E]/‘JIEIL: , %ﬁ?‘éﬁ*@ %H{ti"%}%é’éﬂ BE The grey area represents the value of RMSD.

il BA 0 S0 IR B8 1 AN JE DL S P T AR LR MR R AL B AR L AR SO — L (RPZRk ) A
TG 19 Rk 2pat, #57% ReAb A A ELAE T, O B ) 2 /5 2 171 280, KEE B R
63 A LI N R B AR AT AT . (A — MR, —ZOE USRI O 2 8 T HE R 6 A i 25 R fh
Jo Canis . AR FEEEESE ), B 5 M a1 22 IR AS B 2 0,

R T RN A R A R, 50 S,=0/S,=0 I N S—O0 . S=N/S=N5IHH
S—NfE, R 17T NBEBE BB AL A B EE 4 2008, 4555 T2 S1UWA S 5 8). $—0
FS—N SRR 2050 4300 R 0. 32 F10. 83, 53R 2 Hh 19 NS EBR Y 25 A2 80K . R, %80
SRR R 56 R BRAR M 0. 958, RMSD TR M 0. 19. SB— 5T, M 1 2% Fe Ak #3038 X Ak 2 B e o ik
A B, 51 CFE REH AN, — RS E UK S A o A i, (AR 3RAR 20 S50 P s
A, 50 F3R S2OWASCFHFE B . PSR A 5 2505 RMSD 230514 0. 972 5 0. 157, — 2%
BN, B STRRE{U N 0. 0898, 55 19 SHURRIA L, Wil 25 S IF0eA7 B gk . AR Ll i, Rl oS i
A & 25 5 B AR 25 858/, 40 C,F,CN 5 1-C,F,CN [ E M 22 24 12%, 1 CF,CICFCL, 5 CF,CCL ) E, 25 AN
4% , FEPAAL2EIRBE N2 F R TR JEE 5 I 55

BRULZ A, 2% 2t Ab 2R B ) R AIE 46 25 06 A T LA 7R AR A % 5 B B 4 25 K A AR AR . 315
B, C—HERMREL s o0 Tl , R I (b 0 e om0 o B . SR 7R fifE C—H
OGR4 2, IEIN— C—H A S B 20 B AR 0. 0547, L rTHEWT, CH, 482550 3 1 44
ik, SCI0 R EE CH IR AR B8 a2 B ), HAqa Z0m i B 5 s SR iR 21, C—H i f a4
N S AMERHEA DG, BT CIEFMH Ry A v, C—HE ML i AU 0.9 eV, 2EM
SRR RS, FEOLR A T RE RS, INIMAaZk R H 2. XF C—X(X=F, Cl, Br, D, FHiE4i%%
SR B TN C—I>>C—Br=C—CI>>C—F. %F CU/BrocE N KSR A 2R R ZIAER, JFAEA
HSFAEACAAR . L, 250 FH5 A C—F ek C—T 830K A B TR S gkom i . Wik A CF B ik
Vet 7454 , B4 CF LRI 48 Z5m B 0. 25, HAY, |2 HM CFN, CF,0 flCF,,0 %5
PRI 4 255 5 AT SR 3 SF I 2~3 4%, Horp, SE5 1) C—F BN S B A 2 M RE Y IR R 2 —

[, AL~ A At R R SR o JE R . R 20T I, X C, NI O 4Laifk
SEEE, R OURE . R ZRSR AR N, Hoh, C=CEEM SR e, A F 1.2920, KT
C—C BRI C=C XU . HIt, Sheke . mIRM L, BT ge R —2Kmh e ge g RN . Hak,
C=0 XV C=N —Hf 4 2 B e, 439120 0. 6230 F11. 0630. PR LRk FE AR IL L5 W #R H4%
R BLZRE ST, WCFN, CF 0 FCF 0 &SR, (HIE, FRAF4 500 5 1 2F i) 2 F B AR L
Ak . C=C AU A4 %50 15 290 C—C HUEER) 25, (3 C=0 BUR A 46 2550 5 200 C—O FREEE R 6 %
C=C = HH C—C AR 6. 5%, SR1T C=N =48 II{ R C—N B 1. 245,
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BN . Hp, MAD SRR 22 K041 CF,=CFCl, 5 RMSD BRI — 2, i MRD B 75
CCLAFIRMZER AR . 763 IR R R, i1k MRD 152 (OB R 22, B AR TR 10% (1)
TOMPREEE , {0 MRD IS5 B H, M REOR S, RS A IO R . R 2 k2
SRR 48 5 P B, b BRI U B A RIS B A S, 22 548 R A A 45 ¢ —H,
C—Cl, C—1 } S;=0 %, H, DI C—H 8 b 8% . itk MAD A MRD T 15 C—H S 5% — 3%
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Fig. 2 Theoretical dielectric strength using the chemical Fig.3 Theoretical dielectric strength using the chemical

bond model by MAD optimization in comparison bond model by MRD optimization in comparison
with the experimental data for 63 gases with the experimental data for 63 gases
The grey area represents the value of MAD. The grey area represents the value of MRD.
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R BEHEHR O Y 1234 Fhor TS5 B, AT, MELLE 32 B b A A R 1 i e 25 SR 45 . 4
Xif Rabie S0 i HH (380 SRS T, fb2F B S RLREAS 45 Hh BN — BUN 4 R B, an st C,F, 1Y
E=0.71, 51158 E=0. 50 FAMPF . SR, Xt FRE G HUREN T, LFdl A B A mm g5 R 5
Rabie Z5 " AT BAE W A7 76 % 22 55 Wb # 4 4 A 4R 1 (CF,) ,C=CHCF, /iy E=1. 67, kT
Rabie 25445 A E=2. 9. {HASH5 H A0, Rabie 2510 1) 46 2 5 AR R T 25 H A4 P55 52 01 A AF G
PR, RN 5> T (R=0. 58~0. 84) , wLAlk T A SOk 2 A4 Y 1) R=0. 970.
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B T FHF DRI & P 858 e v i 2 7 R 1) SF R AR, S T S e f s % AR SR 1 e 4
SR R T ESAME . R TR 2 TR M Ak RS R KRR A S B 28, TT DA RS
A A SR R A5 (B 4) . X TF A58 R R B (CFL),SO A CFNSO 5543+, i 26 2% 5%
JE 3T AT IK SF 19 2. 61 1 3. 194% . #4 SF 1) S—F #4238 S—C HEHUL, i3 S(CF,) (7 T 10 26 2558
4. 53. ¥ CF, ) C—F 8 0 C=N =4, i3 C(CN), s F I A S s 3T 8 SF I 552 25 45
1E C—F i Hif A C=C =4, B CF, /0 T4 50 8 nl =ik 6. 30. (R, fh2= 5l d] G A5 RRLY
B 2 ARGy T AL R T R AL T AT RE . SR, X EEsm A 2 SR I TR AL IR S A g, R &
TRASEE 2 A, Tovk R RIS (2930 °C) F AN TR, HEEIR ARk a5 M 4 A4 (4 CO, FIN,
SV . (ISR, T DU SN B (CF,.C=CF) /> FRY4a 568 5y 1. 82. 1% SURCE A 5 i
FEA B, BT ESIE NESREZH, HhAKE-50 °C, GWPLU R 3, HARE . AR
B, JE—FPAEE BA W10 SE A, BT R — 2 0 L Y

N
CF, o |(|:|
F5C /,,,,,'éum\ca g | N=8=0  F(—C=C—F
Coon
FC” | NCF, 7\ Ny CF,
o cf, CF C c
3 N \\\N F=3.19 F=1382
E~4.53 E=261 E~5.05

Fig. 4 Rationally designed gaseous molecules with high dielectric strengths by means of the

chemical bond models

3 &

BTy U B A A R A 2 BB M ROC R AR — R | R RO S AR G B2 ) 4B B s
% HEA SR TR RO R REATINAIRIAR LE , (22 SR A (O3 R A
FARE, M HACREAME—E, AN E A AMEATE T B T A, RV PR AR5 A R 4 250
.5 63 PRI UM A S i SR (B AR L, A A B AR R A OC R BT 1 0. 970, IARJE 19X )5
HRARZE | P35 40X 25 LA S-S5 A i 22 43 3118 0. 16, 0. 12 F110% , T A2 = 3 5 i 8 SF AR T
R EAE SRR, TUALTs 2 B2 SR IE 4 2% JE SR AR SR T RS R 200 450 L 0 1
BBl | BB, A B TS HEAT T ) B R R R 4 2 AU UA
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