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CRYSTAL CHEMISTRY STUDY ON NITROBENZENES 

PART 1. MOLECULAR CYlNFORMATlON AND PACKING 

Yan-Qiu ZHANG and Dc-Chun ZHANG" 

Department of Chcmistry, Suzhou Univcrsity, Suzhou 215006 

Thc Pcoplc's Rcpublic of China 

AHSTRACT 

Based on 79 crystal structures of nitrobenzcncs, thc geo- 

metry of the bcnzenc ring and the conformation of the nitro 

group wcrc examined.The bond lcngths and the cndocyclic angles 

in the nearly planar bcnzenc ring vary considerably, with the 

lattcr being well correlated to the clectronic propcrties of 

the subtitucnts. Packing cncrgy was calculatcd and consistcnt 

well with experimental value. 
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Nitrobenzcncs arc an important class of cxplosives. Their 

properties arc originated from their intcrnal structures. To 

study the structure-property relationship systematically, a 

search was done on thc crystal structures with the following 

criteria. In the molcculc, I ) .  thcrc is one and only one ben- 

zcnc ring and no othcr ring. 2 ) .  thcrc is at least a NO2 group 

directly attached to thc benzcnc ring, 3 ) .  thcrc is no other 

clement than C, H, N, 0, F, C1, Br, I .  In addition, the struc- 

ture is full-detcrmined and disordcr-frce. Structures contain- 

ing carboxy group and complicated structures were intentional- 

ly excludcd so that the attention could be focused on the NO2 

group and its functions on molecular packing.The database con- 

tains 79 structurcs, in which thcrc arc a total of 175 NO2 

groups. Thc database is not inclusivc,but i t  is bclicvcd to bc 

large enough to show the charactcristics concerned in this com- 

munication. 

GEOMETRY OF BENZENE RING 

The geometrical calculation was summcrized in table 1. As 

shown by the table the bcnzcnc ring is  esscntially planar. The 

average and maximum dcviations from thc ring planc for thc ring 

atoms are 0.01A and O.OSA,rcspcctivcly. Thc sum of thc six in- 

ternal angles is  always cqual to 360" within 2" , showing the 
substitution of NO, group has no signicant cffcct on the pla- 
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Table 1 Geometry of Benzcnc Ring in Nitrobenzcnes' 

No. Groups S.G. a 1 a 2 a s a 4 a 6 a 6 dlz  dZ3 ds4 d46 dsa 
hi  hz hs h4 hs  hs 

I N M N C PI 123 114 124 119 119 121 1386 1395 1383 1395 1382 1360 
0 1 0 0 1 0  

0 -1 1 0 - 2  2 

2 0 -3 3 -1 -1 

0 0 0 0 0 0  

0 - 1 1 0 0 0  

-1 0 2 - 1  0 2 

1 1 0  1 - 1  1 

3 0 - 4 4 0 - 3  

1 0 0 0 0 0  

1 3 - 2 0 2 - 1  

1 0 1 1 0 1  

0 0 0 0 0 0  

0 0 0 0 0 0  

2 -2 0 2 - 3  1 

1 0 0 0 0 - F  

0 1 - 1 0 1 - 1  

1 0 0 - 1  1 0  

-3 1 1 1 - 3 1  

1 -1 -1 2 -2 0 

-8 3 5 - 9 5 4  

0 1 - 2  1 1  1 

1 - 1  1 - 1  0 0 

1 -2 2 -1 0 -1 

0 1 - 1  0 0 0 

-1 1 -2 2 -1 1 

2 N M N C M h 2 1  124 112 126 119 117 122 1350 1432 1358 1393 1396 1379 

3 N  N P b d i  123 116 124 118 120 119 1370 1371 1372 1374 1385 1374 

4 N N P2,/n 123 118 118 123 118 118 1377 1376 1387 1377 1377 1387 

5 N M N M N T PZ,/n 127 115 125 115 126 112 1400 1400 1390 1370 1400 1400 

6 N M M M N T P2,/n 126 118 119 118 127 110 1400 1397 1381 1390 1328 1395 

7 N N M M M M P I  122 122 117 121 121 117 1389 1384 1380 1403 1401 1409 

8 N N N N N N 12/c 119 122 118 119 118 122 1344 1406 1394 1398 1394 1406 

9 N M Pcab 123 117 123 117 121 119 1351 1408 1382 1388 1404 1383 

10 N P 2 1 / ~  125 116 121 121 120 117 1358 1376 1405 1374 1447 1350 

11 N M M M M M  PI 126 118 121 118 122 115 1405 1355 1365 1435 1411 1384 

12 N M N M M M PZ1/n 126 113 125 118 120 117 1380 1380 1390 1380 1390 1400 

125 114 125 118 120 118 1400 1380 1380 1390 1400 1390 

13 N N N Pbca 124 116 123 116 124, 116 1375 1384 1374 1385 1381 1380 

122 119 123 115 124 117 1385 1374 1365 1363 1391 1385 

14 N M N N M Pbcn 127 114 I22 119 122 114 1384 1384 1394 1375 1375 1394 

15 N N  P2,/c 120 120 119 120 121 119 1376 1384 1376 1381 1374 1387 

16 N N N M Pcn2, 123 119 121 116 126 114 1408 1372 1375 1415 1364 1390 

126 115 124 116 125 113 1379 1387 1373 1344 1383 1395 

17 N A N A N V P2,/n 122 117 122 116 123 119 1397 1435 1429 1437 1429 1377 

18 N A N A N F  Pc 121 116 123 117 120 123 1379 1441 1440 1424 1425 1382 

19 N U B P 2 ~ c  122 121 118 121 122 116 1388 1373 1370 1362 1398 1375 

20 N C A Pnn2, 123 117 123 117 122 118 1386 1401 1396 1394 1420 1392 

21 N A N  P2,/n 123 113 123 121 119 121 1378 1429 1426 1389 1377 1378 

22 N A N A N  Pc 124 116 121 116 124 119 1375 1386 1467 1472 1392 1379 
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Table 1 (continued) 
NO. Groups S. G. 

23 N S P2 1 

24 N X  P2dn 

25 N N W  P21/c 

26 N N N W P2i/C 

27 N M N S P2,/c 

28 N K N U P21/c 

29 N F S C2/c 

30 N M S M P41212 

31 N U P 2 J n  

32 N N N R P2Jn 

33 N U N M B P-1 

34 N X M P2,/c 

35 N A Pbc23 

36 N M U P2,/c 

37 N S p2,/c 

38 N N N Y P2,/c 

39 N A P&/n 

40 N A  P 2 ~ a  

41 N N A  P2JC 

42 N M S M P&/n 

43 N A N A N A  P-1 

122 116 121 121 119 120 1395 1400 1405 1372 1379 1370 
0 0 0 0 0 0  

122 118 121 120 120 120 1374 1380 1377 1382 1383 1364 

123 117 122 119 120 119 1375 1389 1371 1386 1394 1366 

122 118 124 116 123 117 1402 1378 1372 1383 1390 1391 

121 115 126 115 122 121 1386 1397 1394 1408 1411 1353 

123 122 118 121 123 113 1445 1369 1387 1390 1380 1432 

122 120 120 120 125 113 1463 1381 1392 1363 1373 1409 

120 119 124 114 123 120 1371 1392 1336 1420 1412 1371 

124 119 119 121 119 119 1372 1372 1396 1407 1407 1396 

121 121 120 118 122 119 1394 1372 1373 1416 1387 1394 

123 119 121 119 123 114 1433 1374 1369 1388 1365 1422 

122 120 121 119 124 114 1382 1368 1378 1364 1428 

123 112 127 115 124 120 1403 1416 1460 1358 1408 1340 

122 117 121 122 117 121 1390 1390 1391 1370 1384 1378 

124 118 119 121 121 117 1373 1387 1390 1395 1383 1386 

124 114 123 122 117 120 1384 1375 1401 1366 1372 1397 

124 118 118 119 124 117 1370 1378 1443 1443 1371 1382 

122 118 123 116 123 116 1397 1380 1365 1377 1393 1385 

121 120 120 119 121 119 1387 1392 1370 1412 1405 1374 

121 116 120 126 114 123 1435 1355 1415 1358 1380 1371 

1 0 - 1 1 0 - 1  

0 0 0 0 0 0  

-1 1 0 1 1 0  

2 -1 -1 1 -1 1 

-1 -3 2 1 -4 4 

1 1 - 2 - 1  3 3 

1 - 1  0 1 0 - 1  

0 -1 1 0 - 1  1 

0 0 0 0 0 0  

-1 -1 1 1 -3 3 

1 2 - 2  0 3 3 

0 0 1 - 1  0 1 

-2 1 1 - 2  0 1 

0 0 0 0 0 0  

0 0 1 0 0 1  

1 0 - 1  1 0  0 

-2 3 -1 -2 3 1 

-1 1 0 0 1 0  

1 - 1  0 1 - 2  0 
120 

122 

117 122 120 122 119 1441 j42J 1398 1389 1365 1372 

118 122 118 120 120 1383 1361 1385 1404 1405 1366 
0 -1 1 1 - 3  2 

1 0 - 1 1 0 - 1  
123 118 122 117 122 118 1393 1394 1381 1410 1403 1377 

122 118 122 118 122 118 1450 1436 1448 1437 1446 1435 
1 - 2  0 1 - 2  0 

2 2 0 - 3  3 0 
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Table 1 (continued) 

No. Groups S.G. a 1 a 2 a B a 4 = 6 a o d6l d12 dzs d ~ 4  d.6 &6 

44 N N N A P2,/c 124 118 122 119 124 113 1429 1372 1380 1372 1376 1428 hi hz ha h4 hs ho 

1 1 - 2  I 1  2 
45 N A N N N P21/c 123 114 122 120 120 120 1367 1428 1434 1361 1384 1377 

2 4 2 1 - 3  1 
46 N 0 A P 2 d c  122 119 120 I19 121 119 1372 1380 1390 1407 1387 1385 

-1 0 1 - 1 0 1  
47 N A N A N 0 P21212~ 120 117 122 116 124 119 1414 1442 1435 1437 1420 1373 

6 -4 -2 7 -6 1 
48 N N 0 B P21212, 122 117 123 117 122 117 1397 1385 1371 1396 1375 1397 

0 -1 1 1  0 0 
49 N P N T P-1 126 120 118 119 126 110 1404 1372 1376 1371 1382 1394 

50 N N 0 C P2,2121 123 117 123 117 122 118 1382 1376 1370 1406 1402 1370 
1 1 2 0 2 3  

0 0 0 0 0 0  

0 0 0 0 0 0  

0 0 - 1  0 1 - 1  

1 0 0 0 1 - 1  

0 1 0 0 1 0  

1 - 3  3 0 - 2  2 

2 2 0 3 - 3  0 

0 2 - 1 0 1 - 1  

0 0 1 0 0 0  

0 0 0 0 0 1  

51 N N 0 P212121 123 118 121 119 121 119 1384 1366 1386 1407 1399 1366 

52 N O N  P2,nb 122 116 122 120 120 120 1392 1399 1400 1382 1389 1357 

53 N N P P 2 ~ n  122 117 124 117 121 120 1369 1389 1361 1402 1378 1372 

122 118 122 117 121 119 1376 1360 1373 1393 1388 1380 

54 N P N  PI 123 116 122 120 121 119 1392 1344 1423 1357 1361 1357 

123 113 126 117 119 121 1346 1401 1382 1349 1411 1363 

55 N 0 P P 2 ~ c  123 117 122 121 119 118 1420 1398 1377 1383 1398 1384 

56 N 0 P2Jn 123 118 120 120 121 117 1371 1376 1385 1378 1380 1385 

57 N 0 P 2 ~ a  122 119 120 120 120 119 1392 1393 1378 1400 1396 1383 

58 N 0 C P21/a 122 117 122 120 120 119 1358 1401 1373 1373 1392 1392 
0 1 0 0 0 0  

59 N O  P2da  

60 N N N 0 Pca2, 

61 N P P 2 ~ c  

62 N M N P T P21/n 

63 N N N Q Pca2, 

64 N N C Pccn 

65 N B Wl 

66 N C C  14da  

121 118 121 122 119 120 1393 1395 1385 1353 1372 1365 

122 119 122 118 123 115 1412 1373 1367 1376 1355 

122 118 122 119 120 120 1373 1400 1355 1392 1410 1367 

124 112 126 120 116 122 1368 1386 1392 1382 1403 1393 

122 119 122 118 124 116 1384 1389 1369 1378 1360 1388 

122 118 122 119 120 119 1391 1385 1388 1399 1394 1387 

125 116 119 124 118 117 1402 1382 1394 1373 1364 1405 

124 118 119 122 119 118 1371 1355 1385 1377 1366 1389 

0 0 0 0 0 0  

0 0 1 0 0 1  

0 0 0 0 1 1  

2 0 - 2 1 0 - 2  

-1 1 2 - 1  1 2  

1 0 - 2 1 0 - 1  

2 -2 2 -2 2 -2 

0 0 1 - 1 - 1 0  
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Table 1 (continued) 
NO. Groups S.G. a 1 a 2 a s a 4 a ti a G do1 dlr dps ds4 d 4 ~  dbO 

67 N C Pna2, 123 117 122 119 121 118 1376 1378 138.0 1383 1374 1380 

68 N N K C  P21/a 122 118 123 117 122 118 1402 1376 1386 1388 1372 1392 

69 N C N C N Pbcn 122 117 123 117 122 120 1378 1371 1407 1407 1371 1378 

70 N N C P21212, 120 121 118 122 119 119 1382 1389 1370 1385 1384 1383 

hi h, hs h4 he hc 

0 0 0 0 0 0  

0 0 0 0 0 0  

0 0 0 0 0 0  

0 0 0 0 0 0  

0 1 - 1 0 1 - 1  

0 0 0 0 - 1  0 

0 0 0 0 0 0  

0 0 0 0 0 0  

0 0 1 - 1  0 1 

-1 0 0 0 0 0  

1 2 - 1  0 1 0  

0 1 - 1  0 1 - 1  

1 1 - 2 1 1 - 2  

71 N C C  P21/~  123 117 121 120 120 119 1377 1389 1390 1375 1374 1372 

72 N c N c c ~ 2 ~ 1 ~  121 118 121 120 119 121 1385 1384 1377 1382 1381 1366 

73 N N N I P4,2,2 120 120 120 120 120 120 1394 1372 1394 1394 1372 1394 

74 N C C N C C C2/m 123 118 118 123 118 118 1381 1381 1392 1381 1381 1392 

75 N G P2, 123 118 120 120 121 118 1382 1382 1387 1395 1390 1375 

76 N L 0 P 2 1 / ~  122 118 121 118 121 119 1389 1378 1374 1390 1398 1357 

77 N 2 P212121 123 117 121 121 120 119 1370 1391 1390 1374 1386 1378 

78 N J P21 123 119 119 121 120 118 1387 1390 1376 1399 1394 1383 

79 N N N K P21/n 123 119 122 118 123 116 1390 1369 1361 1372 1368 1392 

* Groups: Thc substitucnts positioned at 1-6 with short notation: A NH,, B Br,  C 
C1, F F, G CHO, I 1, J CN, K CFS, L COcHs, M CHs, N NO=, 0 OH, P OClls, Q OC;?Hfi, 
R " H z ,  S N(CHs)z, T C(<;ws)8, U NHCHs, V CONH,, W NFz, X NHCXK!Hs, Y N(NOz)CHs, 
Z Ns and blank for H atom. 
S.G. : Space group. 
a '(in O ) :  The cndocyclic angle (thc internal anglc in bcnzenc ring) at the po- 
sition i. 
hi( in 0 . 0 1 h :  The dcviation of the i-th C atom from the mean benzene plane. 
di,(in 0.001tb: The bond length bctwccn the i-th and j-th.C atoms in benzene ring. 

a ( "  ) h(h d(h a (NOZ) a (OH) a (NHz) a (81s) 
ave. 119.98 0.01 1.388 122.80 117.92 116.87 116.85 
r.m.s. 3.03 0.01 0.019 1.81 1.61 1.87 2.68 
max. 127 0.09 1.436 127 121 119 122 
min. 112 0 1.328 120' 115 113 112 
x - -  3.49 3.08 2.78 2.63 
samples 528 528 528 175 12 21 39 
* *  Group clcctroncgativity, sce R.T.Sandcrdon,"Polar Covalence", 

t The minimum a is 118' in hexanitrobcnzcne. 
Academic Press, New York( 1983) 
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narity of thc bcnzcnc ring. 

The bond lcngths in thc ring vary considcrably around the 

avcragc valuc 1.388 A, ranging from 1.328A to 1.463A,but thcrc 

seems no simplc rclation bctwccn thc abovc h,,d, and thc natu- 

rc of substitucnt. However, when an intramolccular hydrogen 

bonding ring is formcd,thc lcngthcning of the involvcd C-C bond 

( markcd with an undcrlinc in thc table 1 is mcasurablc due to 

the repulsion bctwccn groups ortho to cach othcr, 

A clear distinction can be sccn from the statistics on the 

endocyclic anglcs (the internal anglc in benzene ring). A t  the 

position to which a NOz group is attachcd, thc a is always 

grcatcr than 120" ,thc valuc for thc standard SPz hybridization, 

whilc thc countcrpart for aminc group, cithcr substitutcd or 

unsubstitutcd,is always lcss than 120" .Thc a valucs for othcr 

groups arc also consistent with the gcncral trcnd' that thc a 

corrcsponding to an clcctron-withdrawing substitucnt is  larger 

than 120° and the a corrcsponding to an elcctron-releasing su- 

bstitucnt is lcss than 120" . Thc anglc has a linear rclation2 
with Taft's inductivc parameter and Huheey's group clectrone- 

gativity', whilc the groups at ortho or mcta positions havc 

also secondary cffcct on it. Convcrsely, the angle could be 

used to prcdict relatcd propcrtics'. The statistics on thc a 

were listcd at the bottom of table 1 ,  showing the linearity 

approximatcly (without considering thc secondary effect). 
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CONFORMATION OF NITRO GROUP 

Tablc 2 summcrized thc main rcsult.Most of symbols in the 

tablc could be sccn from Fig, 1 with a fcw exceptions. Thc Po, 

denotes thc position to which the NO, group is attached. When 

thcrc arc morc than onc molcculcs in thc asymmetric unit, that 

means, thcrc arc conformationally diffcrcnt molcculcs in the 

crystal structurc, a primc was uscd to distinquish thcm. 

Thc d and d' arc ncarly equal to cach othcr whcn the NO, 

group is not involvcd in intramolecular hydrogen bonding. How- 

cvcr, whcn i t  is involvcd, thc lcngth of thc involvcd N-0 bond 

( underlined) is larger than its conutcrpart in the samc NO, 

group with almost no cxccption, due to the repulsion between 

thc groups ortho to cach othcr. Thc diffcrcncc is small but 

significant (up to 0.058 A ) .  

Thc y and Y * arc closc to cach othcr with a few cxccp- 

tions. Thc larger diffcrcncc than 5" bctwccn them wcrc found 

in 8 out of thc 175 NO, groups. Thc sum of B t y t y * is a l -  

ways equal to 360" within l" , although cach of thcm varies in 

a rangc of about 20" . It indicatcs that thc NO, group and its 

Iinkcd C atom arc coplanar or ncarly so, though considcrablc 

out-of-planc dcviation from thc ring planc for thc wholc NO, 

group can occur. 

Thc hN in tablc 2 is thc distancc of thc N atom in NOz to 
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Table 2. Conformation of Nitro Group and Packing Properticss 
-- 

No. Groups R CK AH0 AHc PO B Y Y .I d d' h T d a  R, 
1 N M N C  1.799 .768 25.49 1 124 117 119 1223 1205 0 29 1470 

3 124 118 117 1211 1214 1 80 1471 
2 N M N C M  1.566 .718 28.29 1 128 116 115 1156 1168 5 38 1501 

3 125 117 118 1212 1185 2 86 1483 
3 N  N 1.574 .728 21.0 23.95 1 125 117 118 1244 1197 0 12 1483 

3 127 117 116 1214 1227 -2 16 1486 
4 N  N 1.617 .748 23.0 24.78 1 125 118 118 1220 1218 0 10 1478 

4 125 118 118 1220 1218 0 10 1478 
5 N M N M N T 1.383 .710 33.22 1 125 117 118 1218 1220 9 80 1479 

3 123 119 118 1202 1200 7 84 1472 
5 124 118 117 1220 1228 6 78 1476 

6 N M M M N T 1.265 .707 29.81 I 125 118 117 1213 1222 -7 80 1481 
5 124 118 117 1224 1218 -5 80 1477 

7 N N M M M M 1.375 .724 30.30 1 124 118 118 1207 1223 0 58 1469 
2 124 118 118 1215 1215 -1 58 1474 

8 N N N N N N 1.987 ,768 31.70 1 125 116 118 1265 1177 0 53 1462 
2 127 117 116 1236 1222 4 54 1484 
3 122 119 119 1228 1266 -3 54 1403 
4 122 179 119 1266 1228 3 54 1403 
5 127 116 117 1222 1236 -4 54 1484 
6 125 118 116 1177 1265 0 53 1462 

9 N  M 1.284 .691 18.90 20.23 1 123 118 119 1216 1211 -6 3 1477 
10 N 1.378 .715 18.75 1 124 119 117 1216 1199 0 3 1486 
11 N M M M M M 1.221 .724 22.96 1 125 117 118 1184 1181 -1 86 1488 
12 N M N M M M  I 122 119 119 1200 1200 0 90 1480 

3 121 120 120 1190 1190 0 90 1470 
1' 123 118 118 1210 1210 0 90 1480 
3' 123 118 118 1190 1190 0 90 1480 

13 N N N 1.675 .720 25.65 24.65 1 127 118 115 1241 1211 7 3 1493 
3 125 117 118 1217 1179 -3 29 1475 
5 125 117 118 1203 1194 -11 7 1470 
1' 122 120 118 1205 1189 I 6 1442 
3' 124 118 118 1199 1230 1 9 1480 
5' 127 116 117 1229 1189 -3 10 1500 

14 N M N N M 1.632 .757 31.02 31.03 I 125 117 117 1212 1212 0 75 1480 
3 125 118 117 1223 1220 -10 36 1475 
5 125 117 118 1220 1223 10 36 1475 

15 N N  1.571 .728 20.8 23.80 1 126 117 117 1223 1241 -14 42 1472 
2 125 118 117 1222 1223 11 42 1470 

16 N N N M 1.653 .741 27.06 28.25 1 124 120 116 1217 1252 5 45 1449 
3 122 119 119 1195 1215 6 23 1443 
5 122 119 118 1214 1210 5 52 1496 
1' 125 116 118 1236. 1179 11 42 1494 
3' 125 119 117 1214 1232 -1 33 1482 
5' 126 117 116 1177 1232 -8 60 1459 

17 N A N A N V 1.887 ,799 1 120 119 121 1228 1233 -29 20 1436 
3 118 121 120 1234 1241 22 9 1421 1331 
5 122 120 118 1238 1222 30 39 1455 1321 

18 N A N  A N F 1.944 .810 60.6 1 122 119 119 1229 1230 0 17 1464 1315 
3 118 122 120 1233 1237 -11 5 1433 1319 
5 122 119 119 1230 1217 3 23 1456 
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Table 2 ( cont inuc 
NO. Groups 
1 9 N  U R 
20 N C A  
21 N A N  

22 N A N A N  

23 N S 
24 N X  
25 N N W  

26 N N N W  

27 N M N S  

28 N K N U  

29 N F S  
30 N M S M  
31 N U 
32 N N N R  

33 N U N M B  

34 N X  M 
35 N A 
36 N M  U 
37 N S 
38 N N N Y  

39 N A 
40 N A  

41 N N A  

42 N M  S M 
43 N A N A N A  

44 N N N A  

:d) 
4r CK AH0 AHc PO 6 Y Y * d d’ h, T d, R, 
1.845 .726 1 116 126 119 1144 1129 -6 4 1438 1362 
1.561 .720 1 123 119 118 1235 1235 -7 4 1466 1381 
1.627 .753 1 121 119 120 1210 1222 -2 5 1459 1339 

3 121 120 119 1227 1220 -1 9 1452 
1.837 ,801 34.30 32.67 1 127 118 116 1177 1235 8 5 1514 1323 

3 117 122 121 1262 1242 -4 4 1415 1317 
5 120 119 121 1259 1223 1 5 1433 

1.354 .747 24.55 24.70 1 121 120 118 1201 1262 -4 2 1399 1352 
1.436 ,737 1 122 118 120 1218 1229 0 19 1459 1395 
1.756 .737 1 124 117 118 1231 1207 3 5 1480 

3 124 118 118 1211 1232 7 27 1467 1467 
1’ 118 123 119 1240 1216 2 22 1473 
3‘ 125 117 117 1210 1224 2 36 1483 1461 

1.901 ,766 1 126 117 116 1214 1222 -8 62 1493 
3 126 117 118 1228 1217 6 28 1478 
5 126 116 117 1223 1225 5 37 1490 1460 

1.442 .739. 1 123 118 119 1221 1226 8 19 1453 
3 124 119 118 1221 1219 -13 66 1468 1360 

1.712 ,731 I 121 119 120 1245 1220 -7 6 1434 
5 126 117 117 1224 1228 -28 50 1455 1322 
1‘ 121 119 119 1237 1216 2 3 1425 
5’ 124 118 117 1214 1224 23 52 1457 1339 

1.451 .741 1 122 118 120 1231 1219 0 3 1437 1344 
1.220 ,699 I 123 119 119 1221 1221 0 0 1465 1396 
1.367 .726 1 122 120 118 1226 1241 4 2 1435 1358 
1.773 .775 1 123 119 119 1233 1226 0 12 1452 

3 123 119 118 1224 1238 -1 9 1449 
5 124 118 117 1222 1220 -29 55 1472 1331 
1’ 122 118 119 1236 1223 5 1 1449 
3’ 124 118 118 1226 1222 -7 7 1457 
5’ 125 118 117 1218 1222 34 59 1470 1335 

1.843 .737 1 122 119 119 1209 1197 0 6 1428 1320 
3 126 115 119 1219 1244 -10 73 1480 

1.432 .733 1 124 117 119 1231 1209 -18 44 1460 1410 
1.435 .734 23.11 17.33 1 122 118 120 1222 1221 1 3 1467 1392 
1.320 .722 1 122 120 118 1216 1216 -1 13 1474 1377 
1.286 .714 22.16 23.53 I 122 119 119 1248 1234 0 10 1492 1404 
1.730 .744 31.98 31.76 1 125 119 117 1214 1202 -13 25 1485 

3 126 117 119 1216 1216 -8 25 1488 
5 127 116 117 1216 1213 18 43 1497 1419 

1.425 .729 24.09 19.87 1 123 118 119 1227 1229 -2 2 1454 1353 
1.447 .742 21.05 19.35 1 126 114 120 1216 1223 6 2 1490 1371 

1’ 121 I18 121 1223 1248 -1 4 1428 1350 
1.626 .751 1 126 116 118 1213 1219 4 7 1480 

3 121 I19 120 1225 1250 -5 4 1442 1352 
1.266 .726 1 118 119 123 1225 1203 5 50 1452 1361 
1.936 ,848 43.6 37.53 1 118 121 121 1236 1243 -8 3 1417 1309 

3 118 121 121 1246 1239 1 3 1417 1319 
5 117 121 121 1243 1260 7 1 1422 1331 

6 22 1475 
3 125 118 118 1224 1222 -3 4 1469 
5 122 119 119 1202 1230 5 9 1463 1340 

1.772 ,768 29.95 28.74 1 124 119 117 1219 1215 
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Table 2 ( cont inuc 
NO. Groups 
45 N A N N N  

46 N O A  
47 N A N A N O  

48 N N O B  

49 N P N T  

50 N N O C  

51 N N O  

52 N O N  

53 ti N P  

54 N P N  

55 N O  P 
56 N 0 
57 N 0 
58 N O  C 
59 N O  
60 N N N O  

61 N P 
62 N M N P T  

63 N N N Q  

64 N N C  

65 N B 
66 N C C  
67 N C 
68 N N N C  

:d ) 
4 CK AH0 AHcPo B Y Y d d' hpar d, 
1.859 ,767 1 124 118 119 1222 1214 3 2 1461 1312 

3 124 118 117 1217 1218 18 45 1467 
4 128 116 116 1211 1207 8 65 1486 
5 124 118 118 1221 1228 -22 19 1447 

1.573 -773 20.67 1 123 118 119 1228 1221 -5 3 1461 1403 
1.889 .809 1 118 119 123 1276 1240 18 14 1409 1320 

3 120 120 120 1247 1248 -7 16 1423 1313 
5 124 118 118 1237 1209 22 55 1462 

2.052 .713 24.60 1 122 119 119 1231 1218 -3 9 1450 
3 124 118 118 1206 1217 1 5 1477 

1.357 ,713 30.61 1 112 116 132 1225 1193 15 68 1482 
5 125 118 117 1220 1218 16 63 1490 

1.754 ,730 23.72 1 124 118 118 1210 1219 0 4 1472 
3 123 119 118 1198 1235 -1 5 1464 

1.667 .750 25.00 23.03 1 124 118 118 1219 1218 -3 5 1484 
3 123 119 118 1221 1237 -1 3 1449 

1.704 .767 26.79 25.46 1 122 119 118 1215 1242 6 3 1457 
3 123 119 117 1215 1221 -2 13 1473 

1.552 .728 1 124 117 119 1212 1211 2 8 1467 
3 124 117 119 1190 1188 3 23 1475 
1' 124 117 118 1213 1210 3 2 1478 
3' 123 114 121 1271 1208 1 33 1454 

1.575 ,738 1 124 120 115 1201 1229 -2 58 1454 
3 123 122 116 1188 1210 12 13 1493 
1' 124 116 120 1214 1208 10 13 1495 
3' 124 119 118 1200 1221 -2 58 1486 

1.476 ,728 21.89 16.60 1 123 118 119 1228 1207 -1 1 1474 
1.490 ,739 23.61 15.73 1 123 119 119 1244 1241 4 7 1450 
1.674 ,741 21.59 1 122 119 119 1199 1240 0 1 1442 
1.492 .734 17.50 21.43 1 124 119 118 1204 1234 -2 2 1457 
1.771 ,745 25.12 27.20 1 121 120 119 1202 1182 -2 18 1478 

3 124 118 118 1218 1214 2 1 1455 
5 122 119 119 1201 1227 -1 7 1456 
1' 122 121 118 1196 1185 7 20 1464 
3' 124 118 117 1211 1214 2 6 1466 
5' 122 120 118 1202 1232 0 2 1449 

I. 435 .742 21.49 1 122 120 118 1229 1235 0 7 1450 
1,303 ,698 24.59 29.80 1 123 117 119 1220 1192 4 49 1475 

3 124 118 118 1211 1199 17 83 1481 
1.557 ,709 28.80 28.08 1 124 119 117 1205 1234 -8 32 1463 

3 124 118 118 1222 1216 8 4 1467 
5 124 118 118 1199 1200 -5 61 1478 

1.799 ,768 22.86 1 125 118 117 1224 1225 12 13 1466 
3 125 117 118 1243 1225 -3 43 1470 

1.972 ,729 25.31 1 115 123 123 1212 1227 -1 3 1456 
1.683 ,704 20.95 1 125 119 116 1198 1228 -4 9 1485 
1.576 ,721 17.85 20.22 1 124 118 118 1225 1222 -2 3 1481 
1.772 ,717 24.8 25.23 1 125 117 118 1201 1223 3 32 1498 

3 125 118 117 1225 1227 2 12 1471 
5 122 118 120 1176 1188 -3 81 1493 

1.495 .744 24.83 1 121 121 117 1205 1256 o 4 1454 
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Table 2 (continued) 

69 N C N C N 1.932 .741 27.31 1 125 117 118 1217 1224 -5 37 1467 
3 125 117 117 1206 1206 0 75 1447 
5 125 118 117 1224 1217 5 37 1467 

70 N N  C 1.670 .711 22.87 1 125 117 117 1220 1230 11 38 1470 
2 125 118 117 1210 1225 -12 46 1481 

71 N C C  1.715 .717 21.07 1 124 117 119 1209 1208 0 53 1471 
72 N C N  C C 1.827 .690 24.11 1 126 117 117 1209 1203 1 87 1472 

3 125 117 118 1212 1200 0 80 1472 
73 N N N I 2.300 .716 29.16 1 132 117 111 1196 1221 0 82 1452 

3 119 121 121 1167 1167 0 0 1342 
5 132 111 117 1221 1196 0 82 1452 

74 N C C N C C  1.939 .703 23.25 1 125 118 118 1209 1211 -1 90 1475 
4 125 118 118 1211 1209 1 90 1475 

75 N G 1.491 .745 21.63 1 122 118 119 1228 1213 -1 2 1460 
76 N L 1.402 .724 23.71 1 123 119 118 1220 1217 -2 4 1466 
77 N Q 1.572 .750 25.18 1 121 119 120 1251 1229 4 5 1447 
78 N J 1.424 .714 21.83 1 124 119 117 1219 1204 -3 10 1483 
79 N N N K 1.939 .703 1 126 116 117 1223 1218 12 50 1479 

3 127 117 117 1209 1200 -7 15 1490 
5 126 117 117 1213 1209 8 46 1477 

No. Groups Dx CK AH0 AHc PO B Y Y .  d d' h, T dcm R, 

$For Groups see table 1. For Dx(g/cm3) ,Ck,AHo( kcallmol) ! AHc(kcal(mo1) see the 
last section in text. For P (' ) , y , ( O  ) , y  '(' ~,d(O.001A~,d'(O.O01A,,1 ( "  1 see 
Fig. 1. For Po,hN(0.01t6 ,d , t0 .001A) ,~(0 .001~)  see the third sectipn. 

-r 

\/ 

7" 
I AHo-AHc I 2.49 2.05 7.88 0.01 26 
( kcal/mol) 

1465 25 1514 1399 175 
T 
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the benzcnc ring planc,rcprcscnting thc out-of-planc dcviation 

of the whole NO, group. Large valucs of hN up to 0.3 wcre 

observed when thc numbcr of substitucnts bccomcs largcr and/or 

the substituent group bccomcs bigger. 

Thc twist angle T formcd by NOz group and bcnzcne ring 

represents another typc of dcviation (by rotation). It is also 

caused by the rcpulsion, as shown by the data below. The avea- 

rage values of T respcctivcly arc 8.30" , 29.76" and 56.44' 

for thc cascs of No =O, 1 and 2, No bcing thc numbcr of subs- 

tituents ortho to thc NO, group. Howcvcr, intramolccular hyd- 

rogen bonding formcd by NO2 group and aminc or phcnolic group 

greatly rcduccs thc rotation of NO2 group and thus irnprovcs 

the planarity of thc molcculc. Thc corrcsponding data in this 

casc arc 7.08" (No=l) and 18,14" (No=2). 

As shown by thc statistics appcnded at thc bottom of thc 

tablc, dCN is signicantly largcr than &. Thc dCN is the bond 

length bctwccn thc N atom in NOz and its attached C atom. The 

& is thc counterpart for aminc group. According to the above 

statistics of thc u , d- and kN, the elcctron-withdrawing 

group NOz sccms push its attachcd C atom towards the ring ccn- 

ter, making thc u and the dCN larger, while thc clectron- 

relcasing group aminc has thc oppositc bchaviour.It is explai- 

ncd by thc hypcrconjugation of bcnzcne ring with the lone pair 

of p-type being more effcctive than SPz-typez'3. 
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SOME PACKING PROPERTIES 

Molccular packing analysis was pcrformcd on thc database 

by using Gavczzotti's program OPEC4(Organic Packing and Energy 

Calculation). Only D, ( in g/cm'), C, and PE ( in kcal/mol) were 

listed in this paper. Thc & is thc crystal density measured 

by X-ray diffraction. The Kitaigorodsky's Packing Cocff icient6 

CK is  thc ratio of thc actual volumc occupicd by thc molcculcs 

in crystal to thc total crystal volumc. The molccular volume 

was calculatcd by assuming that thc molcculc consists of sphc- 

rical atoms having so-callcd Van Dcr Waals radii ( H 1.20 A, C 

1.70 A, N 1.55 A, 0 1.52 A, F 1.47 A, C1 1.75 A, Br 1.85 A and 

1 1.98 b6. 
Thc packing cncrgy PE ( - L L H ~ " , , . ~ )  was calculatcd by the 

atom-atom potcntial method as usual6, with the paramcters re- 

cently rcviscd by Gavczzotti and Filippinni7. The PE is the 

gain of cncrgy whcn packing 1 molc molecules in gas phase into 

crystal statc, that i s ,  thc ncgative of thc sublimation heat 

( AHsub). It i s  a mcasurc of strcngth of intcrrnolecular inte- 

raction in thc crystal, and thus, has important 'effect on some 

crystal propcrtics, for cxamplc, thc vapour prcssurc, latticc 

vibration, possible phase transition and thermodynamic proper- 

tics. For 26 compounds, whosc expcrimcntal AHsubrO wcre avai- 

lablc8, thc avcragc crror for thc calculatcd valucs, f AHRUb.O 

- AHsub.c I is 2.49 kcal/mol, which is  comparable with expcri- 
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mental crror, showing that the paramctcrs is generally cxcel- 

lent7. Howcvcr, Iargcr errors wcrc observed, mostly in struc- 

tures involving intermolecular hydrogcn bonding. At present, 

hydrogcn bonding cncrgy was calculated by using same function 

form( 6-cxp) with specially dcrivcd paramctcrs. In this respect, 

futthcr improvcrnent in parametcrs or function formg might be 

desircd. Sincc thc cxpcriment measuring AHsub on cxplosivcs 

is not casy and the available data are rarc, the calculation 

method is a vcry good altcrnativc. 
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