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Fig. 1. Molecular formula of PI.
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Table 1.  Partial bond length and bond angle of polyimide fragments.

N R(13, 14) /nm R(9, 10)/nm R(7,9)/nm A(13, 14, 15)/(°) A(9,7,8)/(°) A(4,5,6)/(°)
N=1 1.391 1.422 1.422 121.041 126.108 114.756
N=2 1.389 1.423 1.422 121.099 126.045 114.894
N=3 1.389 1.421 1.422 121.115 126.011 114.883
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Fig. 2. Molecular optimization model: (a) PI molecular single chain; (b) Pi-OH molecular single chain.
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Table 2. Molecular geometry under different external

electric fields.

PI PL-OH

Fla.u. R(50,  A(63,70,  R(46,  A(59, 66,

55)/um 71)/(°)  51)/nm  67)/(°)

0 1411 121.099 1420  121.162
0.001 1411 121330 1420 121145
0.002 1423 121472 1421 121117
0.003 1424 121501 1426 120.049
0.004 1425 121534 1426 119.595
0.005 1426 121580 1427 118.302
0.006 1428 121.669 1428  117.915
0.007 1430 121707 1428  116.818
0.008 1433 121.761 1429 116.387
0.009 1436 121792 1430  116.008
0.010 1440 121917 1432 115.833
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Fig. 3. Changes of molecular dipole moments.
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Table 3. Changes of molecular frontier orbital energy

levels under different external electric fields.

PI PI-OH
Ey/eV Ep/eV Eg/eV  Ey/eV Ep/eV Eg/eV

F/au

0 -7.661 -2.739 4.922 7487 -3.018 4.469
0.001 -7.666 -2.765 4.901 -7.451 -3.070 4.381
0.002 -7.674 -2.791 4.883 -7.405 -3.102 4.303
0.003 -7.655 -2.810 4.845 -7.326 -3.146 4.180
0.004 -7.638 -2.817 4.821 -7.285 -3.252 4.033
0.005 -7.602 -2.836 4.766 -7.039 -3.433 3.606
0.006 -7.564 -2.855 4.709 -6.902 -3.546 3.356
0.007 -7.535 -2.871 4.664 -6.645 -3.788 2.857
0.008 -7.502 -2.891 4.611 -6.438 -3.938 2.500
0.009 -7.495 -2914 4.581 -6.259 -4.067 2.192
0.010 -7.499 -2.939 4.560 -6.116 -4.202 1.914
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Fig. 4. Orbital cloud diagram and energy level distribution diagram.
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Fig. 5. Molecular density of states under different electric fields: (a) Pi molecule; (b) PI-OH molecule.
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Fabif, ixX 5 b SCREHRNIE = A th B BT A o7

4 BT EERAEIHRE R

Table 4.  Changes of space charge trap depth under electric field.
Bev F/a.u.

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.010
Ega(a) 2.834 2.765 2.679 2.594 2.498 2.388 2.264 2.126 1.974 1.806 1.622
PI Ega(b) 2.721 2.639 2.204 2.116 1.899 1.701 1.509 1.279 1.006 0.718 0.408
Eivap 0.113 0.126 0.475 0.479 0.599 0.687 0.755 0.847 0.968 1.089 1.214
Ega(a) 2.965 2.864 2.776 2.643 2.488 2.330 2.127 1.932 1.687 1.170 0.898
PI-OH Ega(b) 2.639 2.503 2.258 2.008 1.798 1.571 1.329 1.063 0.781 0.482 0.164
Eivap 0.326 0.361 0.518 0.635 0.691 0.758 0.799 0.869 0.906 0.688 0.734

67.43

233.70 107.37

ESP/(kJ-mol~1)

234.41
197.99
161.57
125.16
88.74
52.32
15.91
—20.51

—56.93
—93.34
—129.76

ESP/(kJ-mol—1)
255.34
210.97
166.60
122.23
77.86
33.49
—10.88
—55.25
—99.62
—143.99
—188.36

—9.04 _16.12

—134.66

B 6 TEREHHEPE  (a) PI4T; (b) PI-OH 2 T

Fig. 6. Molecular surface electrostatic potential: (a) PI molecule; (b) PI-OH molecule.
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FAFEE . Sl R, SIARPESERI R PTI-OH £
B4 i L A B - 188.36—255.34 kJ /mol, &
PI ¥4 F A AT R-129.73 —234.41 kJ /mol
OIARTT. BRIGZ AN, AR A L A b B e e
ORAELR, b R Al SRS SR B AR AR, 7l LA
T 5 SRIBEALL i 5~ PR P BB B s A v, HL T
FEABE S 325 T Fa B S AT I o A R S,
{ELRE A B BF e e, AR A8 F 3 R 1) I v i
B, 3 R iR 7 1T A T TR AR

3.6 PIHTHASHELE

i b SCRERNAE AT 40, PI A1 PI-OH A5
FESNR IR T BRI/, LT 2 B &, TR
R PRI, 29 10 7108 s. b, BAS5
Gy T LT A IOR I 4 U R - T AR L T T TR
VERTF1. IR TD-DFT//M06-2X /6-311g(d)
FEIFE T P15 PI-OH 4y T AN T 8 4
BRSO RE, T 5 FTd).

% 5, PI-OH Hu85 4> 711 8 M & &M%
KA ZART PLEEE ST, R UIPE L A5

#5

J& I PLAYF i, L7 I 30k 9T T L M RE B 4/
HAFERN R, PRSI N,, 0, 5 H,0
B —I R BB 9K 6.1, 7.9 FI 7.6 eV, FFLI—H.
25 S-SR T U e 4 % 72 6 R AE VI T TR, SRR
Jie 537 R I HL - AR /N — 843 e A S 9
%, BEARH A M BE.

PR G- STEREZ [T, (HH Multivfn
A2 - B, 24 AR (E T 0.06 1Y
PI B FRIERRIE R, QiiEl 7 fis, B g xf
W78 7o, SREXT R T4 . RS S(0)—S(1)
&R SHNE 6 g, Hohig X -l FEE
FEWILFEE R SrA84L, 25 7C-HF BUL [ EE A
DHEEL, 25 - T AT B R AR B A LA Y
DURR{H 1.

ghaaR 6 ML T A, ARz, S(0)—S(1)
Py T 1 25 JCH B F9UiE £ % MO 197
(HOMO) 1 MO 198 (LUMO) ¥ &, D $5%¥u# K,
SrARBU /N, FATT LI E PL oy & i 3228
SRR CJRFAY n B & 2B A C,
O J&F 11 n B SR 5 83k (CT), £ o'l
TR RN, B FAZIA

PI fil PI-OH 44> T HIRT 8 M & RE

Table 5. Top 8 excitation energies of PI and PI-OH single molecules.
E./eV
N=1 N=2 N=3 N=4 N=5 N=26 N=17 N=38
PI 3.369 3.476 3.770 3.813 3.821 3.912 3.913 3.990
PI-OH 3.091 3.325 3.381 3.727 3.730 3.897 3.942 3.951

B 7  PLHESFHPLGEKT  (a) F=0 a.u.; (b) F = 0.010 a.u.
Fig. 7. Orbital transition of PI single molecule: (a) F = 0 a.u.; (b) F = 0.010 a.u..

F6  WMESS0)-S(1) KBRS H
Table 6.  Various parameters of excited state S(0)—S(1).
F/a.u. Sr/a.u. D/A t/A Orbital contribution(hole) Orbital contribution(electron)
0 0.383 3.998 1.665 MO 195-12.33% MO 197-76.94% MO 198-95.01%
0.010 0.409 3.628 1.234 MO 197-77.56% MO198-94.7%

: MORERS FHUE.

052101-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 71, No. 5 (2022) 052101

BT REAR PL ARt E v, FEE g iz
F = 0.010 a.u., Sr488UE R, DA 58508/, =
W23 S L T R B B 4, 25 A 53 25 B AR
AR TR AS T R SR E G Nk
HotF

4 7 w

TER G W53 1) B BIE S50 v 281, 9 T8 A 4% 1
R B DR RE R ] 1) 26 R0 U BAE S0 A0, BRI
BB BEZ AT LA™ A Z2 R LB T AR IN £ L e, 2568
AR DOS B 53T H 9 3R e 7 PN HL 4
BERER B 2, W] WLAFAE ) HL T BEBIF I F AR AR
I AN, SCRk [29] 7EXT XLPE #4741k 4
VAL KK, BEAE 5 3 s, T XLPE
TR A FEL AT I (BRSO, U] 255 ] ey 7N W
AEIPE R A SC P 2 5 14 2 (1] oy TR
i FiL Y88 T T T AR X — 518 5 2 X IR A, T
ISR T, PLIEA R T TR B BIE 525 (A
TR AR S (B AR EEAE D, 25 P BRURTE A LR )2
NTTTE 25 58 5 R TR B B Bl DX 3l ) i 37 g 2
fHOR Y P H 7 1) 2 S22 7 BHE 8 o A v B R A
P Ak, B FEE R G YRR TR BRI EE B 2 B,
F R TR RN, TR A
HAE T, B SR PRI R T AR Y BB
TR RIWBER, REE AT N T4, IET
B Briz gly, W 5 540 502 1 B ) AR Sy il
15 AT, R s L.

o U TR R 7 A S MR B BR R 2 B BIF L A1, 5
—AME R FRL. X R RS R R R
RHL B, T A R 7, T 250 2 S A
LSRR R A R s, it
i, fEREEW T A N ST AARESE A
iM% G T 454 B SO PT AT 4549 1 4 7
FL 7 B (R SR P 20l C— N BT, 41560 B
IR AT IRRERR, 7 AR E 25 i X, o P
DXHE I B0 E 3, 15 P 48 Zbh kg L 5
WK, A MERET IR, e feh, THRER
ot 0w 1 AR A A U, BT LTI A R,
JIT LATE ¢ B R fr FESRE s B 114 Jy BB ik 3 PR s v, ey
JEF B A A R R RS RE I, ] iR
A 5, AR 5 78 SR e A S e T T i — ik
L.

5 % %

1) YT, WA o B R C—N
SREE ARG b RS A O, RAR RN AR R,
BB L AR T A R A S B TR AR
SrER D, JUE S AMAEILA OH 51 PL 4y T4
fbteh B3, ik KR4 A i i T S AR L S
iR GRS G e S L

2) 73 HUIE = B i SR R R R X S A
FCERTEE, BRI BLAT SR AR, (A SR
FietA AL RS B B BRAE 2 F R B RIR X, HL
BB IUAE Tt i P X S5

3) A% P 1A e H FL 3 T SR Tk I e 1) FL 84
B REZE AR XS 2 T8 /X Fa bR g R, sl
far B BR BEZE FEL I AR T B nig,, By LR AT
JRE PR o1 2 T P T T S P 2 o TR B A, R
AT 49 Je 38 P 7 ST 2 2 A O O e A8 T A 1) P T
TRIA B IX S5

4) P15 BIBUR BEAIXT G, 51 AR A L A
Ja, & REH 3.369 eV [%4 3.091 eV, HFfiZE 3
FIBEIN, PI 43 178 75 L 25 0] 43 B BE RIS, )
FTEWMEAME LT, i, hES
KA TSR A R R T R AL,
A T TR B UK .
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Surface discharge of bulk materials investigated
from change of charge trap characteristics of
polyimide single molecular chain®
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Abstract

Surface discharge is one of the reasons for insulation failure. Polyimide (PI) is used in gas-solid insulation of
high-frequency electric power equipment. Therefore, based on density functional theory, the effects of single
molecular chain structure, energy level, density of states, electrostatic potential, excited state and other micro
parameters under external electric field on trap formation and surface discharge of both PI and polar- group-
OH affected PI are discussed from the atomic and molecular level. The results show that the structure of PI is
crimped and the dipole moment increases under external electric field, which is easy to accumulate charges to
form space charge center, especially after the introduction of polar group OH . In the PI molecules, hole traps
are formed in the benzene ring region, and electron traps are formed in the imide ring region. The number of
electron trap energy levels is large, in which the space charge trap depth gradually deepens with the increase of
external electric field. After the introduction of polar group OH , the excitation energy of PI molecules
decreases, which makes the electrons inside the molecules excited easily. The spatial separation of electrons and
holes decreases with the increase of electric field, which is conducive to the recombination of holes and electrons

to emit photons.

Keywords: density functional theory, trap, excited state, surface discharge
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