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CRYSTAL CHEMISTRY STUDY ON NITROBENZENES %
PART 1. MOLECULAR CONFORMATION AND PACKING

Yan—Qiu ZHANG and De-Chun ZHANG™
Department of Chemistry, Suzhou University, Suzhou 215006

Thc People’s Republic of China

ABSTRACT

Based on 79 crystal structures of nitrobenzenes, the geo—
metry of the benzene ring and the conformation of the nitro
group were examined.The bond lengths and the endocyclic angles
in the nearly planar benzenc ring vary considerably, with the
latter being well correlated to the clectronic properties of
the subtituents. Packing encrgy was calculated and consistent

well with experimental value,
INTRODUCTION
§Part of this work was done at Max-Planck Institut fuer Kohle-

nforschung a. d. Ruhr, Germany, on an occasion of a sabbatical
lcave. Many thanks arc duc to the local pcople there.
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Nitrobenzenes arc an important class of explosives. Their
properties arc originated from their intcrnal structures. To
study the structure—propérty relationship systematically, a
search was donc on the crystal structures with the following
criteria. In the molecule, 1). therc is one and only one ben-
zene ring and no other ring. 2). there is at least a NOp group
directly attached to thc benzene ring. 3). there is no other
eclement than C, H, N, O, F, Cl, Br, 1. In addition, the struc-
ture is full-detetmined and disorder-frce. Structures contain-
ing carboxy group and complicated structures were intentional-
ly excluded so that the attention could be focused on the NOp
group and its functions on molecular packing.The databasec con-
tains 79 structures, in which therc are a total of 175 NO»
groups. The database is not inclusive,but it is belicved to be
large enough to show the characteristics concerned in this com-

munication.

GEOMETRY OF BENZENE RING

The geometrical calculation was summerized in table 1. As
shown by the table the benzene ring is essentially planar. The
average and maximum deviations from the ring planc for the ring
atoms are 0.01A and 0.09A,respectively. The sum of the six in-
ternal angles is always cqual to 360° within 2° , showing the

substitution of NOz group has no signicant effcet on the pla-
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Table 1 Geometry of Benzene Ring in Nitrobenzcnes”
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Table 1 (continued)

NO.
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Table 1 (continued)

NO. Groups
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he
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0
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Table 1 (continucd)

NO. Groups S.G. @3 & xa3@ 465066 dey diz dzs dse das dss
h; hz h3 h4 h5 hO
67 N C Pna2, 123 117 122 119 121 118 1376 1378 1380 1383 1374 1380

0 6 0 0 0 0

68 N N NC P2,/a 122 118 123 117 122 118 1402 1376 1386 1388 1372 1392
0 0 0 0 0 0

69 NCNCN Pbcn 122 117 123 117 122 120 1378 1371 1407 1407 1371 1378
0 0 6 0 0 0

70 NN C P2,2,2, 120 121 118 122 119 119 1382 1389 1370 1385 1384 1383
0 0 0 0 0 o0
71 NCC P2,/¢ 123 117 121 120 120 119 1377 1389 1380 1375 1374 1372

72 NCNC C P2y/¢ 12? 11; 151 ]28 11; lgi 1385 1384 1377 1382 1381 1366

73 N N NI P4,2,2 128 128 128 ]28 lgé 128 1394 1372 1394 1394 1372 1394

74 NCCNCC C2/m lZg Ilg llg 122 llg llg 1381 1381 1392 1381 1381 1392

75 N G P2, 12g llg 128 128 12? 112 1382 1382 1387 1395 1390 1375

76 N LO P2,/¢ 122 llg 12} 1;; 12? ]]; 1389 1378 1374 1390 1398 1357
-1 0 0 0 o0 ¢

77 N z P2,2,2, 123 117 121 121 120 119 1370 1391 1390 1374 1386 1378
1 2 -1 0 1 0
78 N J P2, 123 119 119 121 120 118 1387 1390 1376 1399 1394 1383

0 1 -1 0 1 -1
79 N N NK P2,/n 123 119 122 118 123 116 1390 1369 1361 1372 1368 1392
1 1 -2 1 1 -2
* Groups: The substituents positioned at 1-6 with short notation: A NHz, B Br, C
Cl, FF, GCHO, 1 I, J ON, K CFg, L COCHg, M CHs, N NOz, O OH, P OCHs, Q OC:Hs,
R NHNH., S N(CHs)z, T (XCHa)s, U NHCHs, V OONH», W NFz, X NHCOCHas, Y N(NO:)CHg,
Z N3 and blank for H atom.
S.G.: Space group.
a ((in ° ): The endocyclic angle (thec internal anglc in benzenc ring) at the po-
sition i.
hi(in 0.01A): The deviation of the i—th C atom from the mean benzene plane.
d;;(in 0.0014)>: The bond length between the i-th and j-th.C atoms in benzene ring.

a(° ) A dh  « (N0 « (OH) o« (NHz) o (CHg)
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 clectronegativity, see R.T.Sanderdon,”Polar Covalence”,
Academic Press, New York(1983)
& The minimum o« is 118° in hexanitrobenzene.
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natity of the benzenc ring.

The bond lengths in the ring vary considerably around the
average valuc 1.388 A, ranging from 1.328A to 1.463A,but there
seems no simple rclation between the above h;,d; and the natu-
rc of substituent. However, when an intramolccular hydrogen
bonding ring is formed, the lcngthening of the involved C-C bond
( marked with an underline in the table ) is mcasurable due to
the repulsion bctween groups ortho to each othet.

A clear distinction can be scen from the statistics on the
endocyclic éhglcs (the internal anglc in benzene ring). At the
position to which a NO, group is attached, thc ¢ is always
greater than 120° ,thc valuc for the standard SP? hybridization,
whilc the counterpart for aminc group, cithcr substituted or
unsubstituted,is always lecss than 120° .The « values for other
groups ate also consistent with the general trend® that the a
corresponding to an clectron-withdrawing substituent is larger
than 120° and thc o corresponding to an electron-releasing su-
bstituent is less than 120° . The angle has a linear rciation®
with Taft’s inductive parameter and Huheey's group clectrone-
gativity®, whilc the groups at ortho or meta positions have
also sccondary cffcct on it. Conversely, the angle could be
used to predict related properties'. The statistics on the a
were listed at the bottom of table 1, showing the linearity

approximately (without considering the secondary effect).
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CONFORMATION OF NITRO GROUP

Table 2 summerized the main result.Most of symbols in the
tablc could be scen from Fig. 1 with a few exceptions. The Po,
denotes the position to which the NO» group is attached. When
therc arc morc than one molecules in the asymmef{ric unit, that
means, therc arc conformationally diffcrent molecules in the
crystal structurc, a primc was used to distinquish them.

The d and d™ arc nearly equal to cach othcr when the NO,
group is not involved in intramolccular hydrogen bonding. How-
ever, when it is involved, the lcngth of the involved N-O bond
( underlined) is larger than its conutctpart in the same NO»
group with almost no cxception, due to the repulsion between
the groups ortho to cach other. The difference is small but
significant (up to 0.058 A).

The v and v ~ are closc to cach other with a few excep-
tions. The larger diffcrence than 5° between them were found
in 8 out of thc 175 NOz groups. The sum of B + v + v = is al-
ways equal to 360° within 1° , although each of them varies in
a range of about 20° . It indicatcs that thc NO; group and its
linked C atom arc coplanar or ncarly so, though considcrable
out—of-planc deviation from the ring planc for the whole NO,
group can occur.

The hy in table 2 is the distance of the N atom in NO; to
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No. Groups Dy Ck AHo AHcPo B v v d d° het don Ren
1 NMNC 1.799 .768 25.49 1 124 117 119 1223 1205 0 29 1470
124 118 117 1211 1214 1 80 1471
128 116 115 1156 1168 5 38 1501
125 117 118 1212 1185 2 86 1483
125 117 118 1244 1197 0 12 1483
127 117 116 1214 1227 -2 16 1486
125 118 118 1220 1218 0 10 1478
125 118 118 1220 1218 0 10 1478
125 117 118 1218 1220 9 80 1479
123 119 118 1202 1200 7 84 1472
118 117 1220 1228 6 78 1476
125 118 117 1213 1222 -7 80 1481
124 118 117 1224 1218 -5 80 1477
124 118 118 1207 1223 0 58 1469
124 118 118 1215 1215 -1 58 1474
125 116 118 1265 1177 0 53 1462
127 117 116 1236 1222 4 54 1484
122 119 119 1228 1266 -3 54 1403
122 119 119 1266 1228 3 54 1403
127 116 117 1222 1236 -4 54 1484
125 118 116 1177 1266 0 53 1462

2 NMNCM 1.566 .718 28.29
3 N N 1.574 .728 21.0 23.95
4 N N 1.617 .748 23.0 24.78

5 NMNMNT 1.383.710 33.22.

6 NMMMNT 1.2656 .707 29.81
7 NNMMMM 1.375 .724 30.30

8 NNNNNN 1.987 .768 31.70

B QO DD = DD b O e O GO e B et GO0 e GO e 2D
b
&N
[

9 N M 1.284 .691 18.90 20.23 123 118 119 1216 1211 -6 3 1477
10 N 1.378 .715 18.75 124 119 117 1216 1199 0 3 1486
11T NMMMMM 1,221 .724 22.96 125 117 118 1184 1181 -1 86 1488
12 NMNMMM 122 119 119 1200 1200 90 1480

121 120 120 1190 1190 90 1470
123 118 118 1216 1210 90 1480
118 118 1190 1190 90 1480

0
0
0
0
127 118 115 1241 1211 7 3 1493
3
1
1
1
3
0

—
N
w

13 N N N 1.675 .720 25.65 24.65
125 117 118 1217 1179 -3 29 1475
125 117 118 1203 1194 7 1470
122 120 118 1205 1189 6 1442
124 118 118 1199 1230 9 1480
127 116 117 1229 1189 -3 10 1500
125 117 117 1212 1212 0 75 1480
118 117 1223 1220 -10 36 1475
125 117 118 1220 1223 10 36 1475
126 117 117 1223 1241 -14 42 1472
125 118 117 1222 1223 11 42 1470
124 120 116 1217 1252 5 45 1449
122 119 119 1195 1215 6 23 1443
122 119 118 1214 1210 5 52 1496
125 116 118 1236 1179 11 42 1494
125 119 117 1214 1232 -1 33 1482
126 117 116 1177 1232 -8 60 1459
120 119 121 1228 1233 -28 20 1436
118 121 120 1234 1241 22 9 1421 1331
122 120 118 1238 1222 30 39 1455 1321
122 119 119 1229 1230 0 17 1464 1315
118 122 120 1233 1237 -11 5 1433 1319
122 119 119 1230 1217 3 23 1456

)
[

14 NMN NM 1.632 .757 31.02 31.03

15 NN 1.571 .728 20.8 23.80

16 N N NM 1.653 .741 27.06 28.25

17 NANANV 1.887 .799

18 NANANF 1.944 .810 60.6

1O OO U OO e N Q) RN e T D e QT G et T DD e GO 3 OO e e e OB AN
o
N
o
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Table 2 (continued)

23
24
25

26

27

28

41

42
43

44

N

. Groups

u

N CaA
NAN

N

ZZZ2Z

zZzZZZ

z 2z

A

N A

B

N

NY

—

bt ek ek ek d

)

— bt b

Dx
1.
1.
1.

845
561
627

.837

. 354
. 436
. 756

.901

. 442

.712

.451
.220

367

.773

. 843

. 432
.435
.320
.286
.730

.425
. 447

. 626
.266
.936 .

.772

Ck AHo AHc Po B8

.726
.720
.753

.801 34.30 32.67

.747 24.55 24.70
737
.737

. 766

.739 -

.731

.741
. 699
.726
776

737

.733
.734 23.11 17.33
722
714 22.16 23.53
.744 31.98 31.76

.729 24.09 19.87
.742 21.05 19.35
.751

.726

848 43.6 37.53

.768 29.95 28.74

116
123
121
121
127
117
120
121
122
124
124
118
126
126
126
126
123
124
121
126
121
124
122
123

123
123
124
122
124
125
122
126
124
122
122
122
125
126
127
123
126
121
126
121
118
118
118
117
124
125
122

mw»—mw»—-»—-m»—x.-:u;-amma—a-—a.—-:—a—aw»—nu:wummuu-—a.—nm.—g—.—w._-mw_aw—aw—uumm»—-m;—au—n—‘
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Y
126
119
119
120
118
122
119
120
118
117
118
123
117
117
117
116
118
119
119
117
119
118
118
119
120
119
119
118
118
118
118
119
115
117
118
120
119
119
117
116
118
114
118
116
119
119
121
121
121
119
118
119

Y

119
118
120
119
116
121
121
118
120
118
118
119
117
116
118
117
119
118
120
117
119
117
120
119
118
119
118
117
119
118
117
119
119
119
120

118

119
117
119
117
119
120
121
118
120
123
121
121
121
117
118
119

d
1144
1235
1210
1227
1177
1262
1259
1201
1218
1231
1211
1240
1210
1214
1228
1223
1221
1221
1245
1224
1237
1214
1231
1221
1226
1233
1224
1222
1236
1226
1218
1209
1219
1231
1222
1216
1248
1214
1216
1216
1227
1216
1223
1213
1225
1225
1236
1246
1243
1219
1224
1202

o
1129
1235
1222
1220
1235
1242
1223
1262
1229
1207
1232
1216
1224
1222
1217
1225
1226
1219
1220
1228
1216
1224
1219
1221
1241
1226
1238
1220
1223
1222
1222
197
1244
1209
1221
1216
1234
1202
1216
1213
1229
1223
1248
1219
1250
1203
1243
1239
1260
1215
1222
1230

hy t
-6
-7
-2
-1

-4

OB U AU O L e

-29 55
5 1
-7 7
34 59
0 8
-10 73
-18 44
1 3
-1 13
010
=13 25
-8 25
18 43
-2 2

dov Rew

1438
1466
1459
1452
1514
1415
1433
1399
1459
1480
1467
1473
1483
1493
1478
1490
1453
1468
1434
1455
1425
1457
1437
1465
1435
1452
1449
1472
1449
1457
1470
1428
1480
1460
1467
1474
1492
1485
1488
1497
1454

1362
1381
1339

1323
1317

1352
1395

1467

1461

1460
1360
1322

1339
1344
1396
1358

1331

1335
1320

1410
1392
1377
1404

1419
1353

6 2 1490 1371
-1 4 1428 1350

OO h O

7
4
50

TIW DD =] e

3
3
1
22
4
9

1480
1442
1452
1417
1417
1422
1475
1469
1463

1352
1361
1308
1319
1331

1340
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Table 2 (continued)
NO. Groups
45 NANNN

46

47

48

49

50

51

52

53

54

61
62

63

NO

NO

NON

NP

N

NP

N

P

C

NMNPT

ot

Nt bmd ok bk ek et

b

.673

. 889

.052

. 357

. 754

. 667

.704

. 652

.575

. 435
1.

. 799

.972
.683 .
676
772 .

Dx
1.

859

. 495 .
. 476
.490
.674 .
. 492
.77

303

.657 .

Cc AHo Albce Po

. 767
773 20.67
. 809
L713 24.60
.713 30.61
.730 23.72

.750 25.00 23.03
.767 26.79 25.46

.728

.738

744 24.83

.728 21.89 16.60
.739 23.61 15.73

741 21.59

.734 17.50 21.43
.745 25.12 27.20

. 742 21.48
.698 24.59 29.80

709 28.80 28.08

. 768 22.86
.729 25.31
704 20.95

.721 17.85 20.22

717 24.8 26.23

U bt et LT B CA) e

A et e e e b Q) et L) bt Q) b G et Q) bt G0 b CD e O ek G e QR

U QS ik emd et et QD b O QO b CAD et et Q1 QW) e O
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B
124
124
128
124
123
118
120
124
122
124
112
125
124
123
124
123
122
123
124
124
124
123
124
123
124
124
121
123
123
122
124
121
124
122
122
124
122
122
123
124
124
124
124
125
125

Y

118
118
116
118
118
119
120
118
119
118
116
118
118
119
118
119
119
119
117
117
117
114
120
122
116
119
121
118
119
119
19
120
118
119
121
118
120
120
117
118
119
118
118
118
117
123
119
118
117
118

Y

d

d°

119 1222 1214

117
116
118
119
123
120
118
119
118
132
117
118
118
118
118
118
117
119
119
ns
121
115
116
120
118
117
119
119
119
118
119
118
119
118
117
118
118
119
118
117
118
118
117
118
123
116
118
118
117

1217
1211
1221
1228
1276
1247
1237
1231
1206
1225
1220
1210
1198
1219
1221
1215
1215
1212
1190
1213
1271
1201
1188
1214
1200
1205
1228
1244
1198
1204
1202
1218
1201
1196
1211
1202
1229
1220
1211
1205
1222
1199
1224
1243
1212
1198
1225
1201
1225

118 120 1176

1218
1207
1228
1221
1240
1248
1209
1218
1217
1193
1218
1219
1235
1218
1237
1242
1221
1211
1188
1210
1208
1229
1210
1208
1221
1256
1207
1241
1240
1234
1182
1214
1227
1185
1214
1232
1235
1192
1199
1234
1216
1200
1225
1225
1227
1228
1222
1223
1227
1188

hy

18
8
~22
-5
18
-7
22
-3
1
15
16
0
-1
-3
-1
6
-2
2
3
3
1
-2
12
10
-2
0

T

45
65
19

3
14
16
55

9

5
68
63

—

dew R
3 21461

1467
1486
1447
1461
1409
1423
1462
1450
1477
1482
1490
1472
1464
1484
1449
1457
1473
1467
1475
1478
1454
1454
1493
1495
1486
1454
1474
1450
1442
1457
1478
1455
1456
1464
1466
1449
1450
1475
1481
1463
1467
1478
1466
1470
1456
1485
1481
1498
147
1493

1312

1403
1320
1313
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Table 2 (continucd)

No. Groups Dx Ck AHo AHcPo B vy v °
69 NCNCN 1.932 .741 27.31 1 125 117 118
3 125 117 117
5 125 118 117
70 NN C 1.670 .711 22.87 1 125 117 117
2 125 118 117
71 NCC 1.715 .717 21.07 1 124 117 119
72 NCNC C 1.827 .690 24,11 1 126 117 117
3 125 117 118
73 N N NI 2.300 .716 29.16 1 132 117 111
3 119 121 121
5 132 111 117
74 NCCNCC 1.939 .703 23.26 1 125 118 118
4 125 118 118
75 N G 1.491 .745 21.63 1 122 118 119
76 N L 1.402 .724 23.71 1 123 119 118
77 N Q 1.572 .750 25.18 1 121 119 120
78 N J 1.424 . 714 21.83 1 124 119 117
79 N N NK 1.939 .703 1 126 116 117
3 127 117 117
5 126 117 117

1251
1219
1223
1209
1213

d* hue
1224 -5 37
1206 075
1217 5 37
1230 11 38
1225 -12 46
1208 0 53
1203 1 87
1200 0 80
1221 0 82
1167 0 O
1196 0 82
1211 -1 90
1208 1 90
1213 -1 2
1217 -2 4
1229 4 5
1204 -3 10
1218 12 50
1200 -7 15
1209 8 46

den Rew
1467
1447
1467
1470
1481
1471
1472
1472
1452
1342
1452
1475
1475
1460
1466
1447
1483
1479
1490
1477

§ For Groups sece table 1. For Dx(g/cm®),Ck, AHotkcal/mol), AHc(kcal/mol) see the
last section in text. For 8 (° ),y ¢(° ),y “(° ),d(0.0014),d"(0.001A),1 (° ) sce
Fig. 1. For Po,hn(0.014) ,den( 0. 0014) ,Ren(¢ 0. 001A) sece the third section.

o_d d* _o

Statistics from table 2

¥ % ave. r.m.s, max. min. samples
| AHo-AHe | 2.49 2.05 7.88 0.01 26
(kcal/mol)
den 1465 25 1514 1399 175
(0., 0014)
hw 6 6 34 0 175
(0.01A)
8 123 3 132 112 175
°)
|y -y '| 1 2 16 0 175
¢
d-ada" 13 16 8 0 175
(0. 0014
Rew 1361 44 1467 1312 42
Fig. 1. Conformation of NOz Group €0.0014)
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the benzene ring planc, representing the out-of—plane deviation
of the wholc NO» group. Large values of hy up to 0.3 A were
observed when the number of substitucnts becomes larger and/or
the substituent group becomes bigger.

The twist angle v formed by NO, group and benzene ring
represents another typc of deviation (by rotation). It is also
caused by the rcpulsion, as shown by the data below. The avea-
rage values of v respectively arc 8.30° , 29.76° and 56.44°
for the cascs of No =0, 1 and 2, No being thc number of subs-
tituents ortho to the NO» group. However, intramolecular hyd-
rogen bonding formed by NOp group and aminc or phenolic group
greatly reduces the rotation of NO, group and thus improves
the planarity of the molccule. The corrcsponding data in this
casc arc 7.08° (No=1) and 18.14° (No=2).

As shown by thc statistics appended at the bottom of the
table, den is signicantly larger than Ron. The dew is the bond
length between the N atom in NO, and its attached C atom. The
Rew is the counterpart for aminc group. According to the above
statistics of thec ¢ , dew and Ren, the electron—withdrawing
group NO, sccms push its attached C atom towards the ring cen-
ter, making thc « and the den larger, while the clectron-
releasing group aminc has thc opposite behaviour.It is explai-
ned by the hyperconjugation of benzene ring with the lone pair

of p-type being more effcctive than SPZ-type®:3.
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SOME PACKING PROPERTIES

Molecular packing analysis was pcrformed on the database
by using Gavezzotti’s program OPEC*(Organic Packing and Energy
Calculation). Only Dx (in g/em®), Ckx and PE (in kcal/mol) were
listed in this paper. The Dx is the crystal density measured
by X-ray diffraction. The Kitaigorodsky's Packing Cocfficicnt®
Ck is the ratio of the actual volume occupicd by the molecules
in crystal to the total crystal volume. The molecular volume
was calculated by assuming that thc molecule consists of sphe-
rical atoms having so—called 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
11.98 &S,

The packing cnergy PE ( -AHq uw..) was calculated by the
atom—atom potential method as usual®, with the parameters re-
cently revised by Gavezzotti and Filippinni?. The PE is the
gain of encrgy when packing 1 mole molecules in gas phase into
crystal statc, that is, the negative of thc sublimation heat
( AHguw). It is a mcasurc of strength of intermolecular inte-
raction in the crystal, and thus, has important effect on some
crystal propertics, for cxample, the vapour pressure, lattice
vibration, possible phasc transition and thermodynamic proper-
ties. For 26 compounds, whosc experimental AHszuw,o Were avai-
lable®, the avcrage error for the calculated values, | AHsuo, 0

- AHguw.c | is 2.49 kcal/mol, which is comparable with experi-
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mental error, showing that the paramcters is gencrally excel-
lent”. However, larger crrors were obsetrved, mostly in struc—
tures involving intermolecular hydrogen bonding. At present,
hydrogen bonding encrgy was calculated by using same function
form(6-exp) with specially dcrived patameters.In this respect,
further improvement in parameters or function form® might be
desired. Since the experiment measuring AH... on explosives
is not casy and the available data are rare, the calculation

method is a very good alternative.
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