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Fig.1 The atomic numbering of the

compounds in pyrolysis reaction of cyclohexane

R: reactant, I: possible intermediate, TS: transition state.

Note: the atomic numbering of transition state is as same as reactant’s or product’s when the molecular formula of reactant

and product are uniform, as product’s when two reactants, as reactant’s when two products
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Table 1

®1 REYRRAEREEIHSELBILASE

Full optimized equilibrium geometry parameters of reactant(R) and possible intermediates (1)

R

11

12

13

14

16

17

Bond length (nm)
R(1,2) 0.1515
R(2,3) 0.1515
R(3,4) 0.1515
R(1,7) 0.1122
R(1,8) 0.1121
Dihedral angle €)

A(1,2,3) 111.3308
A(2,3,4) 111. 3185
A(3,4,5) 111. 3236
A(2,1,7) 109. 4119
Dihedral angle €)

R(1,2) 0. 1466
R(2,3) 0.1517
R(3,4) 0.1514
R(1,7) 0.1094

A(1,2,3) 113.4145
A(3,4,5) 110. 7910
A(6,1,2) 122.0254
A(2,1,7) 118.9342

R(1,2) 0.1483
R(4,5) 0.1460
R(1,6) 0.1331
R(5,14) 0.1090
R(6,16) 0.1098

A(1,2,3) 112.8316
A(3,4,5) 114. 2157
A(6,1,2) 123.9825
A(5,4,12) 109. 9562

Bond length @m )
R(1,2) 0.1331
R(2,3) 0.1485
R(3,4) 0. 1461
R(1,5) 0.1098
R(4,10) 0.1090

A(1,2,3) 125.1427
A(2,3,4) 115. 4149
A(5,1,2) 122.9754
A(3,4,10) 121.3829

R(1,2) 0.1378
R(2,3) 0.1392
R(3,4) 0.1468
R(1,5) 0.1095
R(3,8) 0.1099

A(1,2,3) 124. 8966
A(2,3,4) 123. 7586
A(5,1,2) 121.9704
A(3,4,9) 110. 2865

R(1,2) 0.1338
R(2,3) 0.1447
R(1,5) 0.1097
R(1,6) 0.1098
R(2,7) 0.1105

A(1,2,3) 125. 6436
A(2,3,4) 125. 6435
A(5,1,2) 123. 0866
A(2,1,6) 121. 8460

R(1,2) 0.1337
R(2,3) 0.1447
R(3,4) 0.1517
R(1,5) 0.1514
R(1,7) 0.1101

A(1,2,3) 123. 2980
A(2,3,4) 112. 4846
A(3,4,5) 111.3729
A(2,1,7) 121. 2350

R(1,2) 0.1531
R(2,3) 0.1522
R(3,4) 0.1524
R(1,6) 0.1462
R(1,7) 0.1131

A(1,2,3) 106.9796
A(5,1,2) 106. 1140
A(6,1,2) 113.2329
A(2,1,7) 108. 4631

PR O e R PR L

D(1,2,3,4) 0.0177  D(1,2,3,4) - 15.4137
D(2,3,4,5) 43. 6283

D(3,4,5,6) —58.8917

D(1,2
D(2,3,4,5) —0.0372

D(1,2,3,4) —55.1633 D(1,2,3,4) —44.2759 D(1,2,3,4) —71.3556 D(1,2,3,4) —30.1702 ,4) - 3.0036

D(5,1,2,3) 1.0103
D(10,4,3,2) 11. 2984

D(1,2,3,4) -0.1031

D(3,4,5,6) —55.1732 D(3,4,5,6) —58.1373 D(2,3,4,5) 85.6388 D(5,1,2,3) 0.0796 D(5,1,2,3) 0.0138

D(7,1,2,3) -65.8717 D(7,1,2,3) —150.5272 D(6,1,2,3) -135.0282 D(9,4,3,2) 66.9716  D(7,2,3,4) —179. 9626 D(6,1,2,3)145. 7480

18 19 110 111 112 113 114 115

LS

I

No. 4

Bond length (nm)

R(1,2) 0.1517 R(1,2) 0.1392 R(1,2) 0.1393 R(1,2) 0.1344 R(1,2) 0.1460 R(1,2) 0. 1461 R(1,2) 0. 1476 R(1,2) 0.1529
R(2,3) 0.1515 R(4,5) 0.1460 R(2,3) 0.1474 R(2,3) 0.1498 R(2,3) 0.1518 R(2,3) 0.1468 R(2,3) 0.1337 R(2,3) 0.1522
R(1,6) 0.1460 R(1,6) 0.1378 R(3,4) 0. 1466 R(3,4) 0.1543 R(1,5) 0.1090 R(3,4) 0.1458 R(1,5) 0.1119 R(3,4) 0.1524
R(6,17) 0.1091 R(5,13) 0.1090 R(4,5) 0.1460 R(4,5) 0.1507 R(1,6) 0.1090 R(1,5) 0.1089 R(1,6) 0.1117 R(1,6) 0.1508
R(6,18) 0.1090 R(6,15) 0.1094 R(1,6) 0.1377 R(4,11) 0.1123 R(3,10)0. 1094 R(2,8) 0.1103 R(1,7) 0.1125

Bond angle ©)
A(1,2,3) 111.9070
A(2,3,4) 105. 1340

A(1,2,3) 113. 5460
A(2,3,4) 113. 5449

A(1,2,3) 116. 0610 A(1,2,3) 125. 0864

A(6,1,2) 110.9158

A(1,2,3) 114. 2427 A(1,2,3) 123.3798 A(1,2,3) 107. 0883

A(3,4,5) 112.7926

A(1,2,3) 123.2279

A(2,3,4) 114. 2421 A(2,3,4) 113.9787 A(2,3,4) 123. 0868 A(2,3,4) 107.6014

A(3,4,5) 112.0577 A(3,2,8) 119.6202 A(5,1,2) 106. 1621

A(3,4,6) 105. 8280

A(5,1,2) 121. 0296
A(2,1,6) 119.9357

A(6,1,2) 114. 3054 A(6,1,2) 124. 9638 A(5,1,2) 121. 3975

A(15,6,1) 121. 3409

A(3,4,5) 120. 8265

A(1,6,17) 121. 1210 A(6,1,2) 125.0392 A(2,3,10) 117. 7420 A(6,1,2) 112. 3269

Bond angle )

D(1,2,3,4) -84.9634 D(1,2,3,4) —-179.9847 D(1,2,3,4) 179. 9887 D(1,2,3,4) —1.8592 D(1,2,3,4) 65.4105 D(1,2,3,4) 0.0004 D(1,2,3,4) —12. 8496

D(1,2,3,4) 18.7125

3,4,5) 125.2785 D(6,1,2,3) -179. 9418

D(8,2,3,4) 179. 9985

D(5,1,2,3) —4.3970 D(2,3,4,5) 0.0264

D(2,3,4,5) 83.0947 D(2,3,4,5) —179.9994
D(6,1,2,3) 0.0016

D(2,3,4,5) - 179. 9848 D(
D(3,4,5,12) —179. 4471

D(6,1,2,3) 83.0906 D(6,1,2,3) —0.0005 D(7,2,3,4) - 56. 5390 D(6,1,2,3)143. 7724
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Fig.2

Designed possible pyrolysis process of cyclohexane
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*®2 WCEAHMRMAFATAEREZIARC AGO (K] mol )FIAS® (-K-'-mol ' H&
Table 2  Calculated standard enthalpy change(kJ*mol~'), Gibbs free energy change (kJ*mol™')and entropy
change(J*K~'*mol~") of the five possible paths

Q) 2) B) 4) 6)
AHP 17.35 198. 45 69. 21 282. 74 100. 29
AGP 9.21 127. 41 31.42 179. 78 59. 94
AS® 27.313 238. 266 126. 750 345. 326 135. 348
(1) R—— 115 (2) R 114 + C,H, (3) R— 16§ + H,
(4) R——» 1[5 + C,H,; + H, (5) R—» 111 + H,

B3 HeRARMBRNENATERNFRE

Fig.3  Possible thermodynamic paths of cyclohexane pyrolysis reaction

TLAERI AL 2 B R T 2L ) BB R Bl BFINBEZS A B, MEMTRALRER TS |
AR RS, FRATT AR Y T L R AR S LT AL i TAE T, AT UAMI iR R
BE, BURAITER ST . b, I 10 MMM 1, 3- T Al HeS W0 i (A S RE B M AE E 4 . R
I &) Diels-Alder N, | UAMI kA —  IRE R FEAIEHE SR 14 S AL BR s i)
Uity SEIE B 2SR AR 1L, 78 R A0 1D P 22 (14 3] T e, Ok (R) Sl 2 fbz5t, A5
R . RAE LIS Diels-Alder e Biit58 X AW C-H A, ESUhEMAR 1 AW C - C
IR RN . AR, RATUCE X RAEER AR 18, WEAkRE E. 43008 301,07 Fl 238.87 kI -
WIPETFE IS, TRMARSITER RAM1 7 mol™'. 11 7% 146. 03 kJ -mol ' I fLAE (GRS
W, SR THENGE . RPAHETEH RAM1L  TS3) KPR LN 12, 12 FAS R 17 7
T A S ST s AL R (A 31.72 kJ - mol ' MYTGFLAEE (TS5); 17 #: MH- &
L RE b R L, (AR ik, #RRE H R E &RV AR 115, HAEH0H 321, 04 kI -
AR LSS © . ARG Z S RER IEAEES mol ' MUE | TSR fhop e, B LAR T G

®3 NCIEATRERMERZHYIE [ 26 K B B9 L BEME (k] - mol )

Table 3  Forward and reverse activation energies(kJ*mol~') of possible pyrolysis reaction

1 2 8 3 4 5
Paths forward reverse forward reverse forward reverse
AEY 301. 07 238. 87 174. 90 146. 03 29.55 39. 42 148. 88 31.72 113.17
AH® 308. 15 246. 14 179. 59 146. 26 24. 74 38. 84 150. 50 27.75 112. 38
AG® 269. 95 224. 46 149. 00 146. 60 39.11 85. 62 188. 64 39. 36 116. 86
6 7 10 11 12
Paths forward reverse forward reverse forward reverse forward reverse  forward reverse
AEP 129.73 25.07 137.39 200. 40 113.98 318.41 205. 36 23.15 95.38 74.15
AH® 130.97 22.05 135. 85 199. 06 106. 72 320. 25 207. 70 18.73  94.79 70. 24
AGO 126. 22 67.42 140. 14 202. 09 168. 86 317.22 203. 04 34.21 98.62 119. 09
13 14 15 16 17
Paths forward reverse forward reverse forward reverse forward reverse  forward reverse
AEP 154. 61 177.13 45.02 174. 65 125. 24 30. 10 155. 15 172.57 108.73 237.83
AHP 153.16 174.98 41. 38 177. 45 126. 48 26. 58 153. 58 170.94  106. 85 237.09

AG® 155.93 183. 64 58. 89 171. 50 126. 21 75.11 157. 68 175.67 111.71 241. 87
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Table 4  Forward and reverse activation energies of some pyrolysis reaction calculated by UB3LYP/3-21G™ method
1 2 3 5 6
Paths
forward reverse forward reverse forward reverse
AEY 407. 90 355. 46 124. 89 24. 56 13.33 89.03 108. 51 16. 64
AH® 415. 36 364. 26 125. 41 20. 24 9.16 87.31 109. 44 13.48
AG® 376. 97 340. 44 124. 40 32. 04 20. 02 94. 02 105. 73 56.93
15 16 17
Paths
forward reverse forward reverse forward reverse forward reverse
ALY 147. 59 224. 83 113. 39 19. 05 181. 58 195. 77 179. 61 445. 74
AH® 145. 84 223.83 114. 02 16. 08 180. 23 194. 04 178. 46 447. 49
AG® 150. 19 227. 34 110. 26 58.09 183. 30 198. 88 180. 98 440. 74
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Pyrolysis Mechanism of Cyclohexane*

Zhai Gao-Hong' Wang Hui  Yang Hai-Feng  Ran Xin-Quan  Wang Yu-Bin' = Wen Zhen-Yi'
( Chemistry Department, Northwest University; 'Institute of Modern Physics, Northwest University, Xi' an 710069)

Abstract By using AM1 and DFT methods in Gaussian 98 program package, quantum chemistry theoretical
research was carried out for the pyrolysis mechanism of cyclohexane, used as carbon matrix compound for
preparing carbon/carbon composition material with the rapid chemical liquid deposition method. Reaction paths
studied are showed as scheme at p355.

By thermodynamic and kinetic calculations of six possible pyrolysis channels, the main reaction channel
was found. (1) confirmed by both AM1 and DFT calculation results, the main pyrolysis reaction channel is the
breaking of C —C bond firstly, followed by a series of intermediates, and finally the productiom of ethene and
2-butene. That is reaction channel (2b), which is in accordance with the mass-spectrometric data. (2) Except for
the main pyrolysis channel, the order of producing final products from the easiest to the most difficult ones is

methylcyclopentane > cyclohexene > 4-methylcyclopentene > 1, 3-butadiene. This is supported by results of
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thermodynamic and kinetic calculation. (3) AMI1 method is recommended to study the pyrolysis mechanism of

larger molecular systems, while the thermodynamic data computed by DFT method coincide better with the ex-

perimental results.

Keywords:  Carbon/carbon composition material, ~ Carbon matrix compound,  Cyclohexane,  Pyrolysis

mechanism,  Quantum chemistry research
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