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Fig. 1. Initial molecular model of salt-crosslinked polyethylene.
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Fig. 2. Optimized molecular model of salt-crosslinked polyethylene.
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Table 1. Geometry of the ground states of molecules at

different electric field intensities.

F R(30,32) R(31,33) D(30,6,8,32) D(31,6,8,33)

Jan.  /um jnm /) /)
0.000 1.224 1.178 69.310 71.393
0.002 1.181 1.060 58.462 61.084
0.004 1.142 0.959 48.322 50.764
0.006 1.116 0.888 40.748 43.548
0.008 1.094 0.813 32.529 35.749
0.010 1.073 0.766 25.653 29.542
0.012 1.058 0.735 20.277 24.654
0.014 1.044 0.711 15.125 19.822
0.016 1.035 0.695 11.565 16.857
0.018 1.027 0.683 8.856 14.771
0.020 1.019 0.673 6.465 13.034
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Fig. 3. Change of distance R at the end of polyethy-

lene chain with electric field intensities.
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®2 AFEHIGEET TS KRR SIE R BIAEANLZ (1 hartree = 4.3597x10718 J)

Table 2. Total energy, kinetic energy, potential energy, dipole moment and polarizability of the ground states

of molecules at different electric field intensities.

F/a.u. E/hartree Ey /hartree E, /hartree 1/Debye a/a.u.
0.000 —3179.272 3168.195 —6347.467 0.133 328.014
0.002 —3179.273 3168.190 —6347.463 1.953 328.301
0.004 —3179.275 3168.181 —6347.457 4.105 328.640
0.006 —3179.280 3168.169 —6347.449 6.269 329.093
0.008 —3179.285 3168.154 —6347.439 8.499 329.726
0.010 —3179.293 3168.134 —6347.427 10.729 330.512
0.012 —3179.302 3168.112 —6347.414 12.963 331.465
0.014 —3179.313 3168.084 —6347.398 15.220 332.658
0.016 —3179.326 3168.053 —6347.379 17.476 334.094
0.018 —3179.341 3168.018 —6347.359 19.752 335.880
0.020 —3179.357 3167.978 —6347.336 22.067 338.487
80 R MR 2 TR, BEE SN R, R R B REE
—. 30, 6, 8, ¢ —L 2 NN PN YEY
or —e— D(31, 6, 8, 33) E MZhfe By B AR, (B4R RIARE B, B HTHE R,
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Fig. 4. Change of dihedral angle D of polyethylene

chain with external electric field intensities.
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Fig. 5. Variation of total energy with electric field intensities. Panels (a), (b), and (c) are changes of total energy,

kinetic energy, and potential energy, respectively, with electric field strength.
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Fig. 6. Variation of dipole moment with electric field
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Fig. 7. Variation of the polarizability with electric field

intensities.
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Fig. 8. Variation of frontier orbital energy levels with

electric field intensities.
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Table 3. Changes of frontier orbital energy levels of molecules at different electric field intensities.

F/a.u.

0.000 0.002 0.004 0.006 0.008

0.010 0.012 0.014 0.016 0.018 0.020

Ey/au. —0.346 —0.342 —0.330 —0.314 —-0.296 —0.276 —0.254 —0.232 —0.209 —0.186 —0.163

Ep,/au. 0.021 0.021 0.020 0.018 0.016
Eg/au. 0.367  0.362 0.350  0.333  0.312

0.014  0.002 —0.024 —-0.051 —0.078 —0.105
0.289 0.256 0.208  0.159  0.109  0.058
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Fig. 10. Frontier orbital with external electric field. Panels (a), (b) and (c¢) are HOMOs with electric field
intensities of 0, 0.010, and 0.020 a.u.; panels (d), (e) and (f) are LUMOs with electric field intensities of 0,
0.010, and 0.020 a.u.
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Table 4. Main components of molecular frontier orbits under different electric field intensities.

F=0a.u. F =0.010 a.u. F =0.020 a.u.
HOMO/% LUMO/% HOMO/% LUMO/% HOMO/% LUMO/%
6C 4.34 1Zn 48.08 13C 2.16 1Zn 46.78 25C 7.70 22C 2.91
8C 4.35 20 7.15 17C 4.98 20 4.22 29C 14.71 26C 6.23
10C 4.45 30 7.15 21C 7.52 30 4.21 33C 30.45 30C 25.74
11C 4.16 4C 2.85 25C 18.60 4C 3.71 75H 9.58 68H 3.17
12C 4.46 5C 2.85 29C 18.07 5C 3.68 85H 15.76 69H 3.59
13C 4.17 70 7.46 33C 21.28 70 9.39 86H 11.86 76H 13.13
14C 4.34 90 7.46 85H 2.50 90 9.38 8TH 3.03 TTH 11.42
15C 4.15 — — 86H 14.26 45H 3.24 — — 78H 28.85
16C 4.35 — — — — 49H 3.22 — — — —
17C 4.16 — — — — — — — — — —
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Table 5. Variation of the Mayer bond order of C—C bond and C—H bond with electric field intensities.

F/a.u.

0.000  0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016 0.018 0.020
26C-30C 1.010  1.009 1.009 1.008 1.007  1.006  1.004 1.003 1.000  0.998  0.995
27C-31C 1.010 1.010 1.010 1.010 1.009 1.008 1.007  1.006 1.005 1.003 1.002
28C-32C 1.010  1.009 1.009 1.008 1.007  1.006 1.004  1.003 1.000 0.998  0.995
29C-33C 1.010 1.010 1.010 1.010 1.009 1.008  1.007  1.006 1.005 1.003 1.002
30C-78H  0.953 0.955 0.957 0.959 0.960 0.961 0.962 0963 0.963 0.963 0.963
31C-80H  0.953  0.951 0949 0946 0.943 0940 0936 0.932 0928 0.924 0.920
32C-84H  0.953 0.955 0.957 0.959  0.960  0.961 0.962 0963 0.963 0.963 0.963
33C-86H  0.953 0951 0.949 0946 0.943 0.940 0.936 0932 0928 0.924 0.920
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Fig. 11. MBO value under external electric field: (a) Variation of the MBO value of the C—C bond at the chain end
with the electric field intensities; (b) variation of the MBO value of the C—H bond at the chain end with the electric

field intensities.
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Fig. 12. Infrared spectra of XLPE molecules at different electric field intensities.
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Abstract

Cross-linked polyethylene is the main power cable insulation material and is widely used in high voltage cables. In
order to study the effect of external electric field on the molecular structure of salt cross-linked polyethylene, in this paper
we use the basis set of def2-TZVP for Zn atom, uses the basis set of 6-31(d) for C, H, O atoms, and uses the Minnesota
density functional (M06-2X) to optimize the molecular structure of salt cross-linked polyethylene, then we obtain the
stable structure of its ground state. On this basis, the molecular structure, total energy, kinetic energy, potential energy,
dipole moment and polarizability changes of salt cross-linked polyethylene under the action of different external electric
fields (from 0 to 0.020 a.u.) are studied by the same method. The influence of external electric field on energy level,
energy gap, orbital distribution and composition of frontier orbit are studied. And the effect of external electric field
on bond level, breaking bond and infrared spectrum of atoms are also discussed. The research results show that as
the external electric field intensity increases, the cross-linked polyethylene molecule is gradually transformed from the
spatial network structure into a linear structure, and the total energy and kinetic energy of the molecule are reduced, but
its potential energy, dipole moment and polarizability are gradually increased. The highest occupied molecular orbital
energy level increases with the increase of external electric field intensity. The lowest unoccupied molecular orbital
energy level starts to decrease continuously from the electric field intensity of 0.011 a.u. (1 a.u. = 5.142 x 10" V/m),
the energy gap decreases continuously, and the critical breakdown field intensity is 11.16 GV/m. With the external
electric field increasing dramatically, the highest occupied molecular orbital is obviously converged at chain end in the
direction of inverse electric field. Its orbital composition is more than 60%, contributed by the C atom of methyl group
in the polyethylene terminal. The molecular polyethylene chain end of the inverse electric field direction exhibits an
electrophilic reactivity, and C atoms are more likely to lose electrons. The Mayer bond order value of the C—C bond

decreases gradually, which leads the C—C bonds to break more easily, and thus forming the methyl carbon negative
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ions. The lowest unoccupied molecular orbital moves along the electric field direction and is converged at the other
end of polyethylene chain, nearly 80% of its orbital composition is contributed by the methyl of polyethylene chain end.
The molecule shows a nucleophilic reactivity at the polyethylene end along the electric field direction, methyl is easier
to obtain the electrons. The Mayer bond order value of the C—H bond decreases gradually, and it brings about the
C—H bond more likely to break into H positive ions. The infrared absorption peaks of polyethylene chains are mainly
concentrated in the high frequency region. With the increase of electric field intensity, the red shift occurs and the
bond energy of polyethylene chain decreases. The infrared absorption peak of the cross-linked salt bridge is mainly
concentrated in the low frequency area. Although there are both red shift and blue shift, the effect of red shift is more
obvious, and the energy of the whole salt bridge decreases. From the variation of molecular potential energy, energy gap
and Mayer bond order value, it is found that the stability of salt cross-linked polyethylene molecular system decreases

with the increase of external electric field intensity.

Keywords: cross-linked polyethylene, external electric field, density functional theory, reactivity
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