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Abstract The chemical structures of 114 polycyclic aromatic sulfur heterocycles PASHs

have been studied by molecular electronegativity-distance vector MEDYV . The linear relation-
ships between gas chromatographic retention index and the MEDV have been established by a
multiple linear regression MLR model. The results of variable selection by stepwise multiple
regression SMR and the powerful predictive abilities of the optimization model appraised by
leave-one-out cross-validation showed that the optimization model with the correlation coeffi-
cient R of 0.994 7 and the cross-validated correlation coefficient R, of 0.994 0 possessed
the best statistical quality. Furthermore when the 114 PASHs compounds were divided into
calibration and test sets in the ratio of 2: 1 the statistical analysis showed our models possesses
almost equal statistical quality the very similar regression coefficients and the good robust-
ness. The quantitative structure-retention relationship QSRR model established may provide
a convenient and powerful method for predicting the gas chromatographic retention of PASHs.
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Table 1 MEDYV descriptors together with the experimental and predicted retention index RI values for PASHs
No. Compound v, v, A 2 Vs Vg RI,.' Rl Rl
1 benzo b thiophene 0.0000 0.0000 0.0000 8.3229 7.0709 1.2277 201.57 206.16 204.31
2 7-methylbenzo b thiophene 0.0000 0.7192  1.4034 6.1631 7.6960 2.7624 219.16 222.88 222.86
3 2-methylbenzo b thiophene 0.0000 0.7217 1.2235 5.8970 8.9871 1.7375 220.76 225.82 225.67
4 5-methylbenzo b thiophene 0.0000 0.8431 1.1998 5.2779  9.6726 1.6711 222.09 226.75 227.01
5 6-methylbenzo b thiophene 0.0000 0.8323 1.1998 5.3030 9.6475 1.6711 222.11 226.65 226.88
6 3-methylbenzo b thiophene 0.0000 0.7074 1.4034 6.1889 7.6703 2.7624 217.54 222.77 222.72
7 4-methylbenzo b thiophene 0.0000 0.7420 1.4034 6.0894 7.7698 2.7624 226.79 223.08 223.13
8 5-ethylbenzo b thiophene 0. 0000 1.4133  0.3642 6.1210 10.8724 1.6711 243.89 242.28 243.96
9 3 5-dimethylbenzo b thiophene 0.0451 1.4050 2.7487 3.2803 9.9990 3.3422 236.18 236.33 237.97
10 naphtho 1 2-b thiophene 0.0000 0.0000 0.0000 10.4858 12.7687 4.4335 298.38 298.32 296.81
11 dibenzothiophene 0.0000 0.0000 0.0000 10.9121 12.1208 4.4999 288.41 296.74 295.15
12 naphtho 2 1-b thiophene 0.0000 0.0000 0.0000 10.4414 12.8674 4.4335 314.82 298.82 297.32
13 naphtho 2 3-b thiophene 0.0000 0.0000 0.0000 9.7873 14.4277 3.3422 310.07 302.40 300.76
14 5-methylnaphtho 2 1-b thiophene 0.0000 0.7486  1.6032 8.2997 13.0312 6.4115 322.27 316.16 316.58
15 2-methylnaphtho 2 1-b thiophene 0. 0000 0.7391 1.3433  8.0196 14.5663 5.1564 308.34 319.12 319.36
16 4-methyldibenzothiophene 0.0000 0.7356 1.5350 8.7625 12.4968 6.2735 304.21 314.11 314.39
17 8-methylnaphtho 1 2-b thiophene 0.0000 0.8646 1.3197 7.4378 15.1601 5.0900 316.76 319.59 320.24
18 2-methyldibenzothiophene 0.0000 0.8604 1.3197 7.8712 14.5052 5.1564 315.70 317.97 318.52
19 3-methyldibenzothiophene 0. 0000 0.8528 1.2865 7.8768 14.5743 5.0817 311.54 317.85 318.38
20 4-methylnaphtho 1 2-b thiophene 0. 0000 0.7419 1.6032 8.3566 12.9198 6.4115 310.30 315.59 315.98
21 4-methylnaphtho 2 1-b thiophene 0.0000 0.7191 1.6032 8.3860 12.9448 6.4115 320.10 315.89 316.23
22 6-methylnaphtho 1 2-b thiophene 0.0000 0.7809 1.5232 8.2116 13.2950 6.1813 317.74 316.08 316.57
23 1-methyldibenzothiophene 0.0000 0.7419 1.6032 8.7830 12.2720 6.4779 317.12 314.01 314.32
24 8-methylnaphtho 2 1-b thiophene 0.0000 0.8705 1.3197 7.3819 15.2705 5.0900 314.46 320.15 320.82
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No. Compound v, v, Vs Vs Vs Vy RI,,' Rl : Rlyreas ’

25 7-methylnaphtho 2 1-b thiophene 0.0000 0.8797 1.2798 7.3507 15.3890 5.0027 316.23 320.17 320.86

26 6-methylnaphtho 2 1-b thiophene 0.0000 0.7869  1.5232 8.1557 13.4053 6.1813 323.00 316.64 317.15

27 1-methylnaphtho 2 1-b thiophene 0.0000 0.7073 1.6032 8.4118 12.9190 6.4115 321.26 315.78 316.09

28 9-methylnaphtho 2 1-b thiophene 0.0000 0.7593 1.6032 8.2746 13.0562 6.4115 327.38 316.25 316.70

29 3-ethyldibenzothiophene 0.0000 1.4273  0.4235 8.7296 15.8608 5.0817 346.20 334.00 335.98

30 4 6-dimethyldibenzothiophene 0.0275 1.3920 3.1491 6.6747 12.7493 8.1088 324.46 327.27 329.19

31 2 6-dimethyldibenzothiophene 0.0236 1.5302 2.9204 5.7708 14.7830 6.9791 335.34 331.74 333.97

32 2-ethyldibenzothiophene 0.0000 1.4335 0.4411 8.7316 15.8249 5.1564 342.56 334.30 336.31

33 3 6-dimethyldibenzothiophene 0.0208 1.5315 2.8784 5.7684 14.8679 6.8965 328.95 332.06 334.29

34 2 8-dimethyldibenzothiophene 0.0236 1.6550 2.7051 4.8794 16.7914 5.8620 340.49 335.60 338.11

35 3 7-dimethyldibenzothiophene 0.0163 1.6627 2.6159 4.8710 16.9690 5.6929 331.51 336.49 339.02

36 3 8-dimethyldibenzothiophene 0.0182 1.6646  2.6547 4.8700 16.8905 5.7723 333.17 336.32 338.85

37 1 7-dimethyldibenzothiophene 0.0236 1.5288 2.9555 5.7968 14.6272 7.1088 335.20 331.52 333.76

38 phenanthro 4 5-bcd thiophene 0.0000 0.0000 0.0000 9.7215 16.5326 8.5923 332.60 345.39 345.19

39 phenaleno 6 7-bc thiophene 0. 0000 0.0000 0.0000 9.2750 17.2173 8.5260 345.20 347.12 347.01

40 benzo b naphtho 2 1-d thiophene 0.0000 0.0000 0.0000 13.1458 17.8289 8.0830 384.15 391.40 390.24

41 benzo b naphtho 1 2-d thiophene 0.0000 0.0000 0.0000 13.1882 17.7004 8.3621 390.40 391.82 390.73

42 phenanthro 9 10-b thiophene 0.0000 0.0000 0.0000 13.4908 16.6001 9.6173 387.49 389.78 388.96

43 phenanthro 4 3-b thiophene 0. 0000 0.0000 0.0000 12.7609 18.3679 8.2958 379.63 393.58 392.57

44 anthra 1 2-b thiophene 0.0000 0.0000 0.0000 12.0062 20.2054 6.8869 407.03 397.42 396.20

45 benzo b naphtho 2 3-d thiophene 0.0000 0.0000 0.0000 12.4423 19.5001 6.9659 401.03 395.43 394.14

46 phenanthro 1 2-b thiophene 0.0000 0.0000 0.0000 12.6592 18.6578 7.9782 395.38 393.95 392.88

47 phenanthro 3 4-b thiophene 0.0000 0.0000 0.0000 12.7079 18.5033 8.2958 398.66 394.35 393.35

48 anthra 2 1-b thiophene 0.0000 0.0000 0.0000 11.9604 20.3220 6.8869 409.90 398.08 396.87

49 phenanthro 2 1-b thiophene 0.0000 0.0000 0.0000 12.6134 18.7744 7.9782 406.22 394.61 393.55

50 phenanthro 3 2-b thiophene 0.0000 0.0000 0.0000 11.9607 20.3168 6.8869 404.55 398.03 396.83

51 phenanthro 2 3-b thiophene 0.0000 0.0000 0.0000 11.9593 20.3346 6.8869 407.89 398.19 396.99

52 1-methylbenzo b naphtho 1 2-d 0.0000 0.7767 1.7230 11.0255 17.6720 10.5533 420.94 409.89 410.78
thiophene

53 11-methylbenzo b naphtho 1 2-d 0.0000 0.7593 1.7230 11.0632 17.6343 10.5533 424.88 409.73 410.57
thiophene

54 10-methylbenzo b naphtho 2 1-d 0.0000 0.7556  1.6030 10.9771 18.1211 9.9595 397.72 409.33 410.08
thiophene

55 3-methylbenzo b naphtho 2 1-d 0.0000 0. 8940 1.3255 10.0414 20.3006 8.7157 409.09 413.15 414.22
thiophene

56 anthra 2 3-b thiophene 0.0000 0.0000 0.0000 11.2891 21.9279 5.7083 409.54 401.54 400.17

57 2-methylbenzo b naphtho 2 1-d 0. 0000 0.8843 1.3810 10.0775 20.1504 8.8298 405.12 413.20 414.24
thiophene

58 8-methylbenzo b naphtho 2 1-d 0.0000 0.8797 1.3769 10.0847 20.1502 8.8227 398.56 413.14 414.17
thiophene

59 9-methylbenzo b naphtho 2 1-d 0.0000 0.8712  1.3364 10.0905 20.2318 8.7354 416.21 412.98 413.98
thiophene

60 2-methylbenzo b naphtho 1 2-d 0.0000 0.8907 1.3996 10.1122 19.9941 9.1445 409.88 413.74 414.86
thiophene

61 8-methylbenzo b naphtho 1 2-d 0.0000 0.7558 1.6149 11.0222 17.9671 10.2616 407.02 409.79 410.61
thiophene

62 10-methylbenzo b naphtho 1 2-d 0.0000 0.8806 1.3996 10.1308 19.9755 9.1445 406.98 413.65 414.74
thiophene

63 6-methylbenzo b naphtho 1 2-d 0.0000 0.7355 1.7348 11.1431 17.5287 10.5791 408.01 409.55 410.32
thiophene

64 5-methylbenzo b naphtho 2 1-d 0.0000 0.7767 1.7230 10.9831 17.8004 10.2742 403.32 409.47 410.30
thiophene

65 3-methylbenzo b naphtho 1 2-d 0.0000 0.8990 1.3370 10.0773 20.1590 9.0145 412.18 413.67 414.81
thiophene

66 4-methylbenzo b naphtho 2 3-d 0.0000 0.7554 1.5963 10.2724 19.8061 8.8298 407.42 413.34 413.95

thiophene
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67 4-methylbenzo b naphtho 2 1-d 0.0000 0.8007 1.5845 10.8513 18.2852 9.9211 407.56 409.69 410.57
thiophene

68 6-methylbenzo b naphtho 2 1-d 0.0000 0.7418 1.8031 11.1210 17.4323 10.5044 397.98 409.02 409.76
thiophene

69 9-methylbenzo b naphtho 1 2-d 0.0000 0.8720 1.3437 10.1328 20.0909 9.0271 416.06 413.44 414.51
thiophene

70 7-methylbenzo b naphtho 2 1-d 0.0000 0.7621 1.6832 11.0002 17.8706 10.1869 398.18 409.26 410.05
thiophene

71 10-methylbenzo b naphtho 2 3-d 0.0000 0.8071 1.6031 10.1401 19.9287 8.8396 422.17 413.85 414.60
thiophene

72 9-methylbenzo b naphtho 2 3-d 0.0000 0.8990 1.3370  9.3313 21.9587 7.6183 416.29 417.29 418.22
thiophene

73 1-methylbenzo b naphtho 2 1-d 0.0000 0.7690 1.6899 10.9887 17.8695 10.1995 407.03 409.35 410.15
thiophene

74 8-methylbenzo b naphtho 2 3-d 0.0000 0.8940  1.3255 9.3379 21.9718 7.5986 417.00 417.19 418.11
thiophene

75 2-methylbenzo b naphtho 2 3-d 0.0000 0.8797  1.3769 9.3812 21.8215 7.7056 418.56 417.18 418.06
thiophene

76 6-methylbenzo b naphtho 2 3-d 0. 0000 0.6519 1.9383 11.1709 17.4632 10.2742 419.53 409.65 410.06
thiophene

71 3-methylbenzo b naphtho 2 3-d 0.0000 0.8706  1.3322 9.3871 21.9100 7.6112 413.96 416.99 417.85
thiophene

78 4-methylbenzo b naphtho 1 2-d 0.0000 0.8071 1.6031 10.8860 18.1290 10.2358 414.74 410.23 411.19
thiophene

79 1-methylbenzo b naphtho 2 3-d 0.0000 0.7621 1.6832 10.2966 19.5419 9.0698 410.82 413.30 413.95
thiophene

80 7-methylbenzo b naphtho 2 3-d 0.0000 0.8007 1.5845 10.1478 19.9565 8.8040 413.86 413.73 414.46
thiophene

81 3-methylphenanthro 9 10-b 0.0000 0.7247 1.7230 11.4653 16.4345 11.8084 403.18 407.39 408.40
thiophene

82 1-methylanthra 2 1-b thiophene 0.0000 0.7275 1.6832  9.9143 20.2643 8.9908 432.18 415.64 416.28

83 10-methylphenanthro 2 1-b 0.0000 0.7485 1.8031 10.5760 18.3904 10.3996 427.06 412.29 413.15
thiophene

84 11-methylbenzo b naphtho 2 3-d 0. 0000 0.6582 2.0066 11.1913 17.2384 10.4786 418.78 409.55 409.99
thiophene

85 3-methylphenanthro 2 1-b 0.0000 0.7275 1.6832 10.5672 18.7167 10.0821 418.51 412.17 412.95
thiophene

86 2- 2'-naphthyl benzo b thiophene 0.0000 0.0000 0.0000 15.2707 22.2980 5.2422 443.62 444.52 442.07

87 benzo 2 3 phenanthro 4 5-bcd 0.0000 0.0000 0.0000 12.0555 21.9226 12.7447 433.90 440.50 440.87
thiophene

88 pyreno 4 5-b thiophene 0.0000 0.0000 0.0000 12.2927 20.9301 14.1360 442.27 439.44 440.12

89 benzo 1 2 phenaleno 3 4-bc 0.0000 0.0000 0.0000 12.3656 20.7672 14.1360 432.08 438.61 439.28
thiophene

90 triphenaleno 4 5-bcd thiophene 0.0000 0.0000 0.0000 12.7594 20.2189 14.2024 430.26 437.66 438.25

91 pyreno 1 2-b thiophene 0.0000 0.0000 0.0000 11.5184 22.8498 12.6399 440.85 443.49 443.95

92 chryseno 4 5-bcd thiophene 0.0000 0.0000 0.0000 12.0049 22.0462 12.7189 436.55 441.07 441.43

93 pyreno 2 1-b thiophene 0.0000 0.0000 0.0000 11.4736 22.9476 12.6399 447.02 443.97 444.45

94 benzo 4 5 phenaleno 1 9-bc 0.0000 0.0000 0.0000 11.5472 22.8063 12.6399 458.77 443.36 443.82
thiophene

95 benzo 4 5 phenaleno 9 1-bc 0.0000 0.0000 0.0000 11.5472 22.8063 12.6399 450.66 443.36 443.82
thiophene

96 benzo b phenanthro 4 3-d 0.0000 0.0000 0.0000 15.5186 23.3612 12.5634 493.39 489.75 489.23
thiophene

97 dinaphtho 2 1-b:1’ 2’-d thiophene 0.0000 0.0000 0.0000 15.5283 23.3049 12.5634 501.12 489.31 488.78

98 dinaphtho 1 2-b:2’ 1’-d thiophene 0.0000 0.0000 0.0000 15.4142 23.6154 11.8396 474.09 487.95 487.26

99 benzo 1 2 phenaleno 4 3-bc 0.0000 0.0000 0.0000 12.3213 20.8660 14.1360 443.73 439.11 439.79
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Table 1 Continued
No. Compound name v, v, Vs Vs Vs Vs RI,,,' Rl ea § Rlpred-z3
100 dinaphtho 1 2-b:1' 2'-d thiophene 0.0000 0.0000 0.0000 15.4618 23.4819 12.1543 478.14 488.53 487.92
101 benzo b phenanthro 9 10-d 0.0000 0.0000 0.0000 16.3085 21.4434 13.9233 484.41 485.28 484.95
thiophene
102 benzo b phenanthro 3 4-d 0. 0000 0.0000 0.0000 15.4636 23.4995 12.1740 470.60 488.81 488.20
thiophene
103 anthra 1 2-b benzo d thiophene 0.0000 0.0000 0.0000 14.6982 25.3461 10.6903 483.60 492.29 491.46
104 benzo b phenanthro 2 1-d 0.0000 0.0000 0.0000 14.7471 25.2285 11.0246 479.40 493.13 492.38
thiophene
105 dinaphtho 1 2-b:2' 3’'-d thiophene 0.0000 0.0000 0.0000 14.7079 25.2887 10.7029 488.52 491.89 491.06
106 9 13-H-triphenyleno 2 3-b 0.0000 0.0000 0.0000 15.0192 24.2587 12.4097 511.39 492.62 492.18
thiophene
107 benzo b phenanthro 3 2-d 0.0000 0.0000 0.0000 14.6541 25.4805 10.7197 488.76 493.27 492.46
thiophene
108 benzo b phenanthro 1 2-d 0.0000 0.0000 0.0000 15.4000 23.6808 12.1159 491.34 489.66 489.05
thiophene
109 benzo b phenanthro 2 3-d 0.0000 0.0000 0.0000 14.6476 25.4698 10.6645 490.44 492.86 492.03
thiophene
110 triphenaleno 2 1-b thiophene 0.0000 0.0000 0.0000 15.7663 22.4452 13.8185 500.87 488.94 488.71
111 triphenaleno 1 2-b thiophene 0. 0000 0.0000 0.0000 15.8208 22.2920 13.8185 486.04 488.02 487.77
112 dinaphtho 2 3-b:2' 3’-d thiophene 0.0000 0.0000 0.0000 14.0034 26.9596 9.5787 488.87 495.88 494.91
113 triphenaleno 2 3-b thiophene 0.0000 0.0000 0.0000 15.0192 24.2587 12.4097 490.89 492.62 492.18
114 13-methylbenzo b phenanthro 0.0000 0.6581 2.2064 13.5075 22.6710 14.6758 511.77 507.74 508.66

1 Experimentally determined RI values averaged taken from Ref. 3 2 The RI values predicted from QSRR Model 1. 3 The
RI values predicted from QSRR Model 2.
114 PASHs
3
R SD F R,
PASHs MEDV SD,

MEDV 10 F, m 2

0 4 6 Model 1 2 m R

2 Model 1 1 SD
1 Model 1
m RCV SDCV
Model 1 R 0.994 7 m 6 8.3606
R,  0.9940 Model 1 Model 1
2 N =114
Table 2 Analysis of variables by SMR N =114

m @ g s s 3 ) a, R SD F R, SD.y Fe
1 98.324 15.939 0.9562 21.8905 1196.5658 0.9547 22.2549 1154.0654
2 113.188 8.081 11.341 0.9814 14.4164 1453.0752 0.9803 14.8543 1365.4445
3 105.821 6.819 9.950 4.092 0.9860 12.5707 1286.0625 0.9850 13.0151 1197.2777
4 50.936  4.164 10.011 9.794 16.858 0.9942 8.1403  2338.4792  0.9937 8.4739 2155.9004
5 44.472  4.390 9.683 10.600 12.818 11.008 0.9946  7.9138 1980.8737 0.9940 8.3606 1772.5784
6 45.256 4.411 9.743 10.404 13.250 10.759 -149.812 0.9947  7.9062 1654.1061 0.9940 8.3814 1469.8853

a, a, a; as a, ag the coefficients of the variables V, V, V, V, V,

m variable amount.

Vy respectively CV the results in cross validation
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Table 3 Statistical results for different selection schemes of samples in the test set
Calibration set Test set
No. Sample number in the test
R SD R, R SD
1 0.9946  8.0822 0.9935 0.9953  6.2426 36 9 114 3N N=1-38
2 0.9948 8.0709 0.9937 0.9941  7.1859 5 6 11 121 17 181 114 6N-10or6N N=1-19
3 0.9960 7.4247  0.9949 0.9888  9.7044 3 13 18 23 29 32 33 37 43 44 48 50 54 56 -60 62 64 70
76 81 83 -89 91 92 97 -100 104 111 114
4 0.9942  8.1227 0.9931 0.9951 6.4285 1-3 9 10 17 18 20 22 24 25 28 42 43 45 52 54 -56 58 -60
63 65-67 80 82 85 86 91 95 96 99 100 102 107 114
5 0.9953 8.0557 0.9945 0.9915  8.5070 7 19 23 24 27 29 34 38 40 45 46 51 54 -56 58 65 66 71
73 74 76 -80 84 86 -89 92 94 98 100 101 103 113 114
6 0.9949 7.1797 0.9911 0.9936 7.5433 4 5 8 9 11 12 15 17 20 23 29 36 38 39 43 55 59 70 72
75 78 79 82 83 87 91 93 95-97 101 -107 113
7 0.9949 7.8554 0.9924 0.9939  7.1185 1 5 8 13 17 22 25 29 30 33 34 36 40-42 44 47 62 64 -67
70 76 79 80 83 85 87 94 95 97 98 102 104 105 111 114
8 0.9953  7.7908 0.9943 0.9943 7.0033 1 10 13 14 16 19-24 28 29 31 39 44 45 48 49 51 52 55
61 65 69 74 75 78 79 81 82 85 96 100 106 107 110 111
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