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The Crystal Structure of Hydroxylammonium Perchlorate (NH,OH*ClO;) at -150°C

By BriaN DicKEns*
Research and Development Department, Naval Ordnance Station, Indian Head, Maryland 20640, U.S.A.

(Received 5 January 1968 and in revised form 21 October 1968)

Three crystalline phases of hydroxylammonium perchlorate have been examined by X-ray diffraction. The
crystal structure of the most stable phase, which is orthorhombic with space group P2;cn and cell dimen-
sions a=7-52(2),b="7-14(1), c=15-99(2) A at 25°C, has been determined at —150°C with data collected
by the use of the equi-inclination photographic technique. The final R= X ||Fo| — |Fel|/ £ |Fol =009
for 1757 observed reflections. The structure consists of chains of perchlorate ion tetrahedra held to-
gether by hydrogen bonding from parallel chains of NH3OH+ ions. The NH3OH+* ions may be ro-

tating with the N-O vector as axis.

Introduction

Hydroxylammonium perchlorate (HAP) crystallizes as
colorless but very hygroscopic needles from a mixture
of ethanol and chloroform. When the crystals so ob-
tained (called phase A here) are heated, they crack
near 55°C (i.e. 54-56 °C) but retain their external form.
Simultaneously, colors appear under the polarizing
microscope in a crystal which previously had been in
an extinction position. Differential thermal analysis
(DTA) studies (Cziesla, 1966; Crisler, 1966) on phase A
crystals show an absorption of heat at about 55°C.
The above evidence is consistent with a phase change.
The phase change is apparently not immediately re-
versible, although absorption of heat in the DTA stud-
ies reappears after the high temperature phase has
either been cooled to liquid nitrogen temperatures or
has been allowed to stand for about a week.

As part of the elucidation of this phase change and
as part of a study of the physical and chemical prop-
erties of HAP, the crystal structure at —150°C of the
room temperature form (phase A) has been determined
and crystals of the high temperature form (phase B,

* Present address: Institute for Materials Research, Dental
Research Section, National Bureau of Standards, Washington,
D.C. 20234, U.S.A.

melting at about 89-91°C) were examined at 70°C.
A third phase (phase C) which melts at about 58°C
at atmospheric pressure, presumably the phase the
possible existence of which was suggested earlier in
order to explain anomalous DTA results (Cziesla,
1966), has been grown in capillaries and examined by
single-crystal X-ray diffraction.

Since phase A undergoes the phase transition near
55°C and the closely related phases B and C melt near
90°C and near 58°C respectively, and since disorder
or rotation has been reported in perchlorate groups
(Gomes de Mesquita, MacGillavry & Eriks, 1965;
Karle & Karle, 1966; Sundaralingam & Jensen, 1966)
and NHj groups (Smith & Levy, 1962), the X-ray data
on phase A were collected at about —150°C with a
Weissenberg camera which had been modified slightly
(Dickens, 1966) for routine low temperature work.

Determination of the structure

Roughly cylindrical needle-like crystals of phase A,
not more than 0-35 mm in cross-section (umo=28-5
cm~!) were examined under a microscope attached to
a dry box (Crisler, 1964) and were sealed into capil-
laries. The crystals were found to be orthorhombic,
with the cell dimensions in Table 1 and space group
P2cn or Pmcn. Space group P2icn(x,y,2z;4+x, 7, Z;



1876

- 3+x,3+y,3—2; x,3—», +2) wasindicated in the Pat-
terson map, where the centrosymmetric peaks 2x, 2y,
2z were missing. The choice was substantiated by the
eventual refinement of a chemically reasonable struc-
ture in P2,cn. The unit cell, therefore, has two formula
weights in the asymmetric unit. The observed density
is 2-02 and the calculated densityis 2:13 g.cm~3at 25°C.

1757 intensity data taken with Mo radiation on
0 — 8kl a-axis equi-inclination photographs (a is
the needle axis) were estimated visually and corrected
for the combined spot extension and Lp effects, but
not for absorption. Preliminary estimates of the scale
factors for the various equi-inclination levels were ob-
tained in the calculation of quasi-normalized structure
factors (Dickinson, Stewart & Holden, 1966).

The form factors for atoms other than hydrogen
were taken from International Tables for X-ray Crys-
tallography (1962), and those of hydrogen were taken
from McWeeny (1951). All form factors used were for
isolated neutral atoms.

THE CRYSTAL STRUCTURE OF HYDROXYLAMMONIUM PERCHLORATE

The structure was solved from the sharpened Patter-
son function, calculated from the E2—1 coefficients,
and from subsequent F, Fourier syntheses. It was
refined by full-matrix least-squares procedures. The
nitrogen atoms were identified by their higher tem-
perature factors (Bx=1-5, Bo=0-85) when they were
introduced into the refinement as oxygen atoms. In
these refinements the weights for the reflections were
calculated from 10/fmaximum of (F,/2+ 5) or 10] and
the quantity minimized was Xw|F,— F¢|2. The x co-

kil
ordinate of the atom C1(2) was used to define x=0.

The few reflections with F,> 60 at this stage of the
refinement apparently suffered from extinction and
were, therefore, labeled appropriately and given zero
weights in the refinements. '

Hydrogen atoms were sought in several difference
syntheses, including one at R=0-09, but were not
found, presumably in part because of the imprecise
phasing present in acentric structure determinations

Table 1. Cell parameters* of HAP phases

Phase A Phase B (at 23°C)
25°C —150°C
a 7-52+0-02 A 7-46+0-01 A 7-52+0-03 A
b 7-14+0-01 7-12+0-01 24-28+0-03
c 15:99+0-02 1570+ 0-02 7-13+0-03
z 4 B 95°+1°
8 F. Wts. per cell z 4
P2icn 12 F. Wts. per cell
P21/I!
Phase C (at 50°C)
C-centered cell F-centered cell  Body-centered cell
a 11'67+003 A 16:46 A 10-21 A
b 16:34 +0-03 16-34 16-34
c 10-00+0-03 11:52 10-03
B 124°35+1° 90°35’ 109°45°
z 40or8

16 F. Wts. per unit cell

C2/m, C2 or Cm

* Cell dimensions of phase A determined from Weissenberg and oscillation films and standardized from a superimposed
powder pattern of Al taken at room temperature. Other cell dimensions measured from precession films taken with single crys-

tals and not standardized.

Table 2. Atomic parameters in phase A of HAP

X
cl) 01421 (4)
o) —0-0093 (11)
ClO4~ group o) 0-2580 (11)
0(3) 00673 (12)
| 0@4) 0-2405 (11)
Cl2) 0-0000
0(5) 0-1087 (10)
ClO4~ group O(6) 0-1141 (10)
o(7) —0-0993 (12)
o(8) —0-1229 (11)
. N(I)  —0-0104 (12)
T £ Qi
. 0137
NH;0H 0(10) 0-1222 (10)

¥y z B
0-1456 (2) 0-1836 (1) 0:32 (2) A2
0:0123 (7) 0-1861 (3) 0-83 (6)
0-1069 (9) 0-2551 (4) 0-93 (8)
0-3322 (9) 0:1895 (4) 0-99 (8)
0-1213 (9) 0-1059 (4) 1-05 (8)
0-2450 (2) 0:4372 (1) 0:35(2)
0-0931 (9) 0-4679 (4) 1-05 (8)
0-4011 (8) 0-4144 (3) 0:76 (7)
0-1811 (10) 0-3646 (4) 1-38 (10)
0-3025 (8) 0-5043 (3) 0:79 (7)
0-7893 (8) 0:0282 (3) 061 (6)
0-6509 (7) 0:0927 (3) 0-61 (5)
0-6689 (8) 0-2776 (3) 0-65 (6)
0-7952 (8) 0-3461 (3) 0-73 (6)

x coordinate of CI(2) used to define origin along a.
Average value of shift/error for final cycle =0-005.
Maximum value of shift/error for final cycle=0-019.
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Table 3. Observed and calculated structure factors for phase A
Columns are /, 10F,, 10F,.

0e2sL 02690 3 93 177 2 3la 282 755 5 231 203 850 20 110 99 891 12 128 121 613 14 133 120 86l 16 2%2 242 968

7 133 93 695 3 231 221 7%2 & 355 390 9712 21 1ce 81 562 13 119 113 803 17 169 172 137 11 250 233 31

4 85 48 0 1 407 323 9 193 178 982 5 218 211 808 7 3596 430 739 22 154 1712 89 14 418 495 1718 19 184 187 680 12 120 98 973

6 126 137 o 2 530 560 SO0 10 292 288 104 6 391 382 302 8 273 329 174 23 148 134 319 16 134 135 316 20 265 262 161 13 118 78 405

8 S54 575 500 4 119 113 500 11 634E 625 341 T 158 145 377 9 149 117 156 24 184 201 B6J 18 324 353 177 21 126 114 141 14 130 114 483

10 212 175 5 105 74 590 12 466 537 185 8 270 284 142 10 259 292 31 29 98 [C4 345 20 146 142 71 22 113 115 23 15 172 191 591

12 335 311 0 6 492 525 0 13 217 207 75 9 292 292 869 11 175 201 790 30 133 127 645 22 320 319 ™11 23 196 92 111 17 188 176 9%

14 215 222 s00 7 178 127 0 14 264 286 88 10 207 210 27 13 199 204 B8O 31 92 52 126 24 143 130 622 28 147 139 124 18 100 T4 523
13

18 145 139 300 11 84 14 < 18 183 176 176 14 139 161 760 15 323 341 34l 2:T.L 3,7, 20 92 76 918

22 165 165 9 13 264 289 o 19 107 109 956 15 258 294 857 16 150 151 485 3.2, 21 227 259 549

24 3358 382 500 14 244 229 5% 20 294 286 323 17 159 172 3771 18 109 139 53, 292 240 321 213 191 799 22 224 236 133

28 160 133 15 133 143 500 21 190 187 327 18 157 132 749 19 104 102 748 337 338 622 267 203 832 213 183 Ta4 23 177 189 123

1
2 1
3 219 196 Tec 2
19 105 105 520 23 T4 86 269 22 121 145 254 22 202 198 4 4 221 228 461 3
S 31C 312 234 -
6 214 200 557 5 342 375 799
9 6
7
3
9

3 417 497 500 26 120 11! g 27 99 95 454 26 110 88 256 25 177 185 330 169 151 639 359 381 238 192 165 221 34 112 99 482
4 1241E1910 0 32 135 160 500 28 118 98 714 26 146 139 956 10 229 221 989 89 69 102 216 232 182
S 264 239 0 29 119 93 8eC 1.8,L 21 124 116 293 11 188 196 328 73 53 630 10 184 154 278 403l
7 2648 244 500 TRy 33 128 100 319 29 133 119 855 12 113 176 15 339 317 13 13 168 162 694
10 122 1% 0 1236 170 298 30 197 156 408 13 115 101 0847 10 405 440 727 14 172 209 685 1 262 205 63
11 388 474 0 1 128 88 0 10340 4 396 395 783 31 122 90 276 14 191 291 976 11 311 325 747 15 153 167 186 2 493 466 A48
12 s40 s1t s00 2 386 217 500 S 239 192 436 32 105 116 555 15 116 146 966 12 151 162 880 l6 270 273 685 3 285 235 607
13 163 114 500 3 470 434 500 L 261 24t 54 6 181 166 110 34 102 88  44) 17 141 151 144 13 234 198 368 17 160 15% 632 4 602 604 499
l6 187 178 0 4 161 122 s00 2 233 197 18¢C 9 166 157 835 18 129 121 485 14 343 345 o688 18 115 113 746 5 452 46l 96
17 194 187 o 5 271 233 0 5 264 22C 384 10 110 98 177 25340 19 86 1T 811 15 137 193 666 21 122 134 154 6 258 231 460
19 105 137 800 6 487 462 500 6 341 386 221 11 148 148 381 20 2.2 27% 413 17 179 189 738 22 131 122 160 7 356 366 5%2
20 154 173 9 289 280 500 T 322 290 832 12 291 236 324 1 358 372 987 21 82 90 352 18 285 310 220 23 121 121 685 8 102 98 440
25 120 124 500 10 245 234 0 8 209 184 1352 13 221 232 856 2 28t 273 332 22 139 128 435 19 257 243 128 24 118 113 180 9 53 51 739
27 166 164 0 12 191 181 0 9 360 421 700 17 136 132 444 3 6LlE 732 380 26 155 137 54 23 23> 183 3e2 11 412 &7s5 54
28 419 399 500 13 177 175 500 15 2C. 171 274 19 159 184 875 4 387 400 368 21 157 150 247 21 126 114 652 3,850 12 226 21e 56
36 125 149 ° 16 119 69 ¢ 1 88 91 372 20 199 215 732 6 349 436 508 22 17 172 269 13 132 136 690
17 180 219 0 12 157 163 526 25 120 124 811 T 312 325 349 2,840 26 123 122 106 1 17 140 278 16 18 82 518
Ga2sL 18 2¢c0 198 500 13 248 251 24 28 166 148 322 8 199 166 409 21 132 139 79 2 26} 257 783 17 248 2%8 47
25 159 150 520 14 375 384 817 1L 187 166 103 C 2v1 188 132 3 185 157 294 19 177 196 568
0 1024E1413 300 26 121 90 0 15 234 26T 468 14940 11 269 305 969 1223 245 T28 33,0 4 144 128 835 20 236 251 538
1 85961221 500 27 11 173 ¢ 16 301 363 734 12 334 379 955 2 198 175 4z 5 211 19 689 21 191 195 &2
2 507 510 500 17 118 198 838 0 344 353 354 13 226 2271 358 3 18 67 303 " 6I7E 619 693 6 280 224 o179 23 117 135 969
S 233 102 500 218,L 18 243 296 790 1153 133 362 14 285 225 117 S 156 116 310 1 55F 539 307 T 86 88 596 24 S1 88 991
6 146 72 500 19 70 84 665 2 167 112 9%4 16 118 98 3iC 6 LS5 176 399 2 337 331 599 8 79 70 603 25 143 140 555
T 180 113 2 0 351 302 26 108 92 681 S 110 119 322 17 132 148 822 7 156 148 903 4 269 234 205 9 102 108 202 26 139 110 952
8 11s 120 4 1 287 268 500 22 139 140 290 6 202 194 480 18 25L 276 599 8 252 293 s11 S 377 447 717 10 151 151 224 27 1%4 141 102
9 55 61 590 5 214 204 12 24 119 119 23 T 159 162 115 19 243 272 274 9 293 29 32 6 379 381 3é8 11 121 123 705 28 116 117 7
10 224 229 0 6 21T 248 500 25 119 107 415 8 361 382 T85 23 182 172 515 10 168 164 394 7 393 392 138 12 186 176 223 29 90 98 512
11 194 171 S00 T 120 129 s00 26 138 144 276 9 120 123 S08 21 150 153 938 1113 85 340 8 432 502 199 13 219 234 1es 30 93 99 994
13 262 261 500 8 398 397 500 29 129 98 913 10 155 171 655 22 143 136 602 12 o4 52 216 9 362 374 713 14 158 145 310 33 111 114 49
16 347 332 500 9 229 225 c 3¢ 156 140 802 16 239 284 324 23 112 107 767 13 170 176 &M 1C 176 158 284 17 135 136 673
15 302 322 o 13 166 175 50U 18 98 B4 304 26 123 192 @50 le 184 274 960 11 127 112 463 18 146 153 1712 444l
16 201 222 500 14 94 113 so0 Laéat 22 120 128 el6 25 207 229 323 16 215 216 119 12 107 82 715 19 121 118 212
17 92 90 500 16 246 283 o 24 263 241 ®09 26 105 107 75 18 124 122 95u 13 265 2717 215 20 97 107 T4l 633 S44 2

18 154 182 SCO 21 211 211 o
21 163 132 o 23 1% 141 500
22 93 94 0 24 201 185 590
23 241 233 590
24 233 222 v Ca9sL
2T 143 148 0
29 120 116 500 b
3¢ 121 9 500 S 135 115 500
32 1648 168 5CO 8 1¢7 66  SCO

9

1

285 257 S72 1,10,1 28 188 168 971 22 132 118 330 15 248 258 716 3,9,L
18C 174 950 264125 104 Su7 17 194 193 267

128 78 163

0
1
2
BO9E 908 88b 21 123 105 692 3 126 105 215
a c
259 225 856 6
7
9

04350 11 146 160 V13 152 132 se1
12 371 420 500 14 262 268 340 139 137 130 248 228 615 223 2.3 824 29 12« 112 208 10 191 181 750 15 117 113 115
1 65 58 500 13 115 88 500 15 92 86 362 262 260 323 336 335 536 7290 499 31 123 111 658 12 106 88 627 16 341 366 20
2 296 210 %00 20 326 326 0 16 102 105 405 320 326 754 10 233 241 394 32 122 126 102 13 115 139 101 17 177 168 568
3 456 409 500 18 207 230 826 1511, 1L 332 334 644 11 82 89 110 14 218 230 267 20 229 247 515
5 353 392 500 010, 19 159 145 626 11157 155 530 12 269 285 6o EFETIS 15 111 116 o72 21 139 158 49
6 215 209 500 20 142 156 109 D 165 200 786 12 94 67 780 14 119 1C0 436 16 138 140 396 22 82 84 112
7 68 106 0 0 170 164 500 21 117 78 812 1 153 174 906 13 104 94 333 18 149 171 836 1 280 226 210 17 116 130 223 23 111 118 %95
9 212 199 500 8 438 421 0 22 222 23+ 817 6 206 190 992 14 211 229 26. 19 125 13C 473 2 92 65 T15 18 102 157 273 24 272 213 S26
19 255 260 9 183 193 0 26 213 195 38C 8 276 244 322 15 111 107 809 2L 16l 179 127 3193 135 S04 22 192 185 697 29 90 89 54l
11 204 195 500 16 314 265 500 28 166 123 132 9 19C 176 386 16 343 391 939 22 1.6 117 996 4 T23E 855 675 32 163 160 6
12 100 86 34 140 139 814 IC 174 170 2is 18 16C 168 1d9 26 9% 92 36l 5 317 389 281 3,104
13 102 80 o Oellol 16 182 174 822 19 89 T4 264 28 98 1C5 6)8 6 161 131 981 4e5.L
16 374 419 o 1050 20 13 133 271 T 263 256 112 2 393 320 17
15 71 83 0 4 233 263 500 1013, 21 164 160 824 2,12,L 8 268 273 159 5 1les 129 517 2 15 28 584
16 91 89 0 5 1¢8 159 500 0 347 332 82 22 267 265 ¢al 9 276 269 643 6 322 267 205 3 334 327 491
17 214 217 500 1 288 303 108 o 222 198 230 23 7 13 24y 9 226 226 622 17 167 132 453 8 198 147 185 4 5713 552 12
18 267 293 s00 LeOoL 2 429 422 318 2 175 164 313 24 256 256 434 2 221 187 355 11 21 208 383 1) 303 258 652 6 112 82 5%
19 61 75 0 3 265 230 328 25 98 96 985 4 81 1) 808 12 465 495 246 12 171 126 993 8 96 81 7
20 208 213 500 4 B849E1079 817 S 186 173 927 2,040 26 79 87 580 5 T4 82 286 13 172 170 654 14 183 165 763 9 178 165 491
22 147 157 s00 6 319 380 113 6 55 589 795 28 125 119 @92 6 282 332 904 14 118 95 513 w 101 72 103
23 87 98 500 8 122 126 818 795 65 401 4 158 173 629 32 loe 129 18 8 145 147 147 15 81 63 371 410l 12 402 457 516
25 118 109 10 313 347 911 8 284 264 ST 6 148 150 171 31 162 77 805 9 129 114 84 16 114 1% 733 14 138 133 517
26 301 2712 12 758£1061 311 9 161 145 31 8 718761085 631 32 123 135 900 10 190 191 857 17 132 118 343 4 156 129 238 16 119 157 87
27 221 183 %00 14 363 367 11 1. 259 257 855 1C 151 148 318 12 71 71 565 18 190 18 62 6 G6BE B89 518 17 114 114 490
28 134 128 ] 16 201 159 886 11 164 157 900 12 120 103 36l 245t 13 T 90 941 19 99 97 688 8 139 128 5%2 19 171 181 496
18 210 199 444 12 120 108 &1 14 378 419 844 14 180 164 391 20 300 321 708 10 2%8 216 519 20 309 368 6
0440t 20 355 429 795 13 93 8l 33 16 166 156 940 1 266 195 840 15 91 87 200 22 81 90 915 16 129 142 935 2s 151 146 538
22 82 85 480 14 355 4C6 364 18 131 146 1737 ¢ 3711 362 249 16 266 264 o680 23 93 98 689 18 166 136 964 28 234 219 s21
2 478 424 500 24 175 140 385 15 161 163 413 20 185 177 &8l 3 123 o222 18 114 12 S28 286 297 208 221 26 128 141 80
1 138 112 4 26 210 178 995 16 181 233 993 22 170 167 311 4 475 481 BT 22 178 169 839 22 348 389 537 416l
2 485 467 0 28 204 196 282 17 123 101 156 24 267 277 624 5 116 91 896 24 124 134 171 34500 264 135 136 419
3 162 120 0 36 150 137 833 18 227 231 298 26 155 139 366 6 379 388 108 26 162 95 998 26 212 226 419 0 391 414 551
4 143 127 14 22 178 198 826 30 256 231 839 7 99 73 935 J 6358 637 241 36 200 201 25 1 140 108 576
s Tée s2 %00 Lilst 24 142 129 S712 32 232 215 10C 8 142 136 997 251140 1 140 100 1384 2 95 80 25
6 88 9% [ 26 160 137 777 3¢ 130 103 99 10 220 199 652 2 212 184 413 4rlotl 3 151 126 986
7 311 272 500 3 175 175 863 27 105 71 487 11 293 318 802 1 86 1C0 89 3 58 43 615 4 125 83 483
8 192 186 500 “ 88 65 918 28 89 89 882 241, 12 4yS 421 406 2 197 159 411 4 205 196 758 3 120 141 207 5 213 208 13
9 281 281 500 5 218 203 110 3u 163 164 339 13 191 214 627 4 184 144 616 5 172 144 291 - 73 63 398 T 328 366 526
10 436 431 500 6 261 258 715 4 909€1277 135 14 215 234 587 5 199 188 717 6 260 201 967 S 228 244 T57 8 242 211 997
12129 142 500 7 482E 589 268 1160l 5 351 326 921 15 101 112 573 6 185 166 368 T 359 356 9% 6 542 566 19 9 189 186 19
13 65 68 500 8 536E 705 836 6 193 21n 929 16 120 95 84l 9 oo 16 N9 B8 4BLE 584 672 T 2e6 236 39 10 160 190 13
14 487 495 0 9 197 176 341 1 267 211 876 T 246 264 75« 18 252 269 16s 10 191 183 962 9 83 63 923 8 103 107 918 11 143 121 960
16 153 148 0 10 219 187 496G 2 532 532 314 8 142 150 671 25 266 367 884 11 170 161 816 10 130 98 21 9 97 68 350 13 100 98 881
17 74 72 0 11 123 195 279 3 135 93 388 9 152 117 489 21 91 99 739 12 224 195 176 11 226 226 9% 10 367 34& 523 16 lés 138 469
18 243 266 ] 13 245 226 469 4« 233 214 182 1 212 192 370 22 86 88 56 13 173 146 241 12 179 171 191 11 241 228 S72 15 176 164 47
19 132 119 0 16 427 473 &2 5 99 98 123 11 208 183 298 24 147 146 357 13 98 100 471 12 161 149 458 16 336 376 501
21 140 130 500 15 302 326 888 6 382 4l4 285 12 145 125 547 26 161 167 685 3Cat 14 126 117 570 13 205 207 391 18 172 192 484
22 287 318 S00 16 S6JE 679 291 7 212 196 313 14 182 159 327 28 190 173 386 15 120 116 726 16 85 72 394 20 110 72 124
23 219 205 o 17 163 135 301 8 112 85 555 15 54 45 66 4 506 675 967 16 386 420 195 16 S1 95 663 22 96 T8 864
25 119 1l 0 18 202 183 17 9 108 83 135 16 65 85 242 2,6, 6 229 225 120 18 100 17 %21 17 110 113 591 23 107 101 558
30 161 181 0 20 70 &4 905 10 416 475 799 17 91 100 190 8 84 84 645 19 95 T4 124 18 302 289 22 24 188 214 3
21 B0 56 709 11 285 299 960 18 167 181 852 1 366 323 346 10 424 489 191 21 141 130 597 19 102 117 110
22 63 66 430 12 209 202 4l4 19 179 171 874 2 482 495 644 12 17T 165 2«6 22 88 98 109 20 100 109 982 4,700
23 78 65 329 13 18T 173 388 20 216 234 112 389 55 879 14 432 S4L 153 26 228 251 109 21 108 105 566
24 222 230 817 14 202 191 806 21 78 T1 265 4 96 61 352 16 118 128 226 32 177 163 208 22 184 197 987 1 153 112 S49
25 147 137 843 17 128 131 992 22 139 119 887 S 252 219 765 20 282 273 863 23 99 109 as0 2 103 91 o9
26 80 %9 795 18 226 247 327 23 89 88 285 6 248 203 131 22 218 232 697 3,600 26 199 214 529 3 325 217 101
27 90 96 893 19 139 170 297 24 78 15 823 7 301 281 205 26 183 172 223 30 156 142 481 4 152 148 502
28 159 101 353 20 186 187 983 25 134 120 817 8 348 359 874 34 151 133 701 1 138 12% 713 34 181 190 22 5 204 204 580
29 169 88 377 22 149 161 269 26 306 271 3713 9 e 77 962 2 331 299 387 6 107 100 491
30 127 b2} 79 25 1867 144 350 28 228 206 590 1o 262 257 70 3.1t 3 339 297 773 40240 7 57 55 281
32 117 106 287 26 156 142 795 30 150 133 422 11 92 86 22 4 3¢3 284 232 8 62 61 536
21 98 96 25 12 66 5T &2 3 185 149 17T 5 215 202 68 1 399 352 251 9 116 121 62
1e24L 30 109 106 740 2,2, 13 96 89 233 4 93 103 %26 6 159 126 322 2 582 583 476 10 169 162 997
34 154 144 307 16 251 262 %87 S 176 151 172 7 171 136 630 3 295 314 510 11 180 147 653
1 341 335 425 0 626 611 494 15 166 204 900 & 345 als T20 8 190 157 679 5 256 238 %7 12 259 285 98D
2 436 4% 210 1e7sL 1 391 434 957 16 219 216 3717 T 356 42T 539 10 129 111 899 6 515 566 992 13 121 148 86
3 528€ 697 942 2 652€ 786 373 17 112 107 Jd4c 8 341 622 938 11 250 230 132 7 SBGE 683 26 16 225 2%3 13
- 35 65 285 0 383 407 851 3 4406 466 364 18 207 205 462 9 62 63 438 12 3719 389 &80 8 336 17 48 15 165 165 973
5 438 440 907 1192 159 450 4 183 138 302 19 68 44 480 12 429 542 696 13 175 174 772 9 230 246 802 17 114 107 868
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Table 3 (cont.)

S NE 12 335 335 150 5e5L 541040 Sy4pL 60990 Te4al 741050 8 222 228 400
14 377 403 312 9 213 229 490
18 178 192 560 16 127 112 41C 0 509 477 279 2 332 271 345 u ATT 443 90 2 147 136 114 L 154 86 749 4 216 245 270 1o 215 226 521
19 168 189 63 18 386 398 862 1 166 155 22 & 179 181 113 1 230 183 912 3 147 133 852 2 3du 289 748 12 156 215 758 14 254 2719 59
20 148 141 444 20 331 390 654 2 167 135 145 6 221 195 288 2 25C 228 960 4 309 345 965 3 232 225 16l 20 176 187 233 16 206 219 884
21 93 76 653 22 161 196 Te? 3 138 110 806 8 120 111 328 3 1S3 127 332 5 114 111 227 4 136 116 79 17 66 83 92
22 16 121 519 4 161 133 807 10 212 196 887 4 126 101 125 & 162 150 249 5 136 93 783 8,0,L 18 135 144 40
25 9T 98 86 SylaL S 197 199 256 12 168 162 593 5 T2 52 928 12 308 301 397 & 214 216 851 L 83 58 232
28 134 154 10 6 282 280 580 14 111 103 789 & 296 263 478 T 137 106 645 6 168 168 359 21 114 103 640
390 93 615 7 269 241 313 18 106 134 336 8 201 181 640 691040 9 122 99 96 8 258 253 543 22 177 199 569
8,0 4 143 151 580 8 395 408 84S 9 291 322 30 13 361 353 250 12 168 186 28 23 165 150 62
S 246 233 510 11 125 119 338 64050 10 252 248 436 0 319 326 4Tl 11 259 252 829 16 257 253 142 24 127 135 398
O 349 3TL 979 6 331 288 826 12 111 111 349 12 104 91 323 12 128 100 242 22 133 132 222
1 314 296 82 7 Al4 454 3 13 11) 94 TL 8 S84E 685 422 14 156 150 876 Tasel 13 8: 71 176 24 201 197 $53 84511
2 192 166 46 8 436 458 618 14 181 187 93 14 248 224 202 1S 15¢ 1el 387 14 298 174 219 28 103 93 102
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(Olovsson & Templeton, 1959) but possibly also be-
cause of oscillation or rotation of the NH;OH* group.
A smeared model with half the hydrogen atoms in
suitable positions was used to refine the heavier atom
parameters to the values reported in Table 2. The
observed and calculated structure factors are listed in
Table 3.

The largest correlation coefficients are 0-34 between
the scale factors and the Clisotropictemperature factors,
0-25 between the scale factors themselves, 0:21 be-
tween the Cl isotropic temperature factors, and 0-1
between the Cl temperature factors and the other tem-
perature factors. All other correlation coefficients are

much less than 0-1. The systematically high correla-
tions between the scale factors and the f;; (for a axis
data) temperature factors prevent the direction of
maximum vibrations of individual atoms from being
picked out and make anisotropic refinement worthless.
Since the crystal was kept at —150° during the data
collection the thermal motion should, however, be
relatively small.

Discussion of the structure of phase A

The crystal structure of phase A, excluding hydrogen
atoms, is shown in Fig. 1. The structure consists of
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perchlorate ion tetrahedra in infinite chains along ¢
which are held together by hydrogen bonding from
parallel chains of NH;OH™ ions. The different chains
alternate along a and b. The closest approach of ClO;
tetrahedra, O(4)-O(8) =3-03 A, is between neighboring
groups in the chain along ¢. The NH;OH* ions are
arranged with parallel pairs of N-O vectors (Fig. 1)
one pair having the N-O vectors roughly 45° and
the other —45° to b. The ClO; groups present their
edges irregularly to six surrounding NH;OH* ions,
which are, therefore, arranged in an irregular large
octahedron around each ClO; ion. There are sev-
enteen (N-O)---(ClO,) distances less than the
O(4)- - -O(8) inter-ClO;~ closest approach.

The intra-ionic distances and angles are given in
Table 4 and the inter-ionic distances, which must in-
clude those between hydrogen bonded atoms, in Table
5. The CI-O distances in the ClO; groups [average
value 1-45 + 0-01 A uncorrected for any rotation-oscil-
lation effect (Cruickshank, 1956, 1961] are in good
agreement with those of 1-46 + 0-01 A (NO,CIO,, Tru-
ter, Cruickshank & Jeffrey, 1960) and 1-462 +0-004 A
(low temperature form of H;O+ClO; ", Nordman, 1952).
The O-CI-O angles (average value 109-5 4+ 0-04°) show
the ClO; group to be essentially tetrahedral, as ex-
pected. The average O-O distance in the ClIO; group
is 2:36 +0-01 A. The average N-O distance of 1-41 +
0-01 A in the NH;OH* group is near to that expected
when the sum (1:47 +0-02 A) of the sp3 covalent radii
(Giguére & Schomaker, 1943) of nitrogen (0-735 A)
and oxygen (0.735 A) is corrected (Schomaker &
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Stevenson, 1941) by —0-08 |xs — xg|= —0-08 |3:0— 3-5]
=—0-04 A to 1-43+0-02 A to account for the differ-
ence in the electronegativities of these atoms. In room
temperature structure determinations of NH;OHCI
and NH;OHBr, 1-45 A has been found (Jerslev, 1948)
for the N-O distance.

The X~H- - - Y distances for possible hydrogen bonds
in phase A are given in Table 5 and the environments
of the two NH3;OH™ groups are shown in Fig. 2 and 3.
Since hydrogen can form hydrogen bonds to two or
more atoms simultaneously (Baur, 1965) in keeping
with the predominantly electrostatic nature (see for
example Coulson, 1957) of the hydrogen bond, the
X...Y distance is a poor criterion of the strength.
However, various X- - - Y distances for N and O given
in Baur (1965) and Coulson (1957) suggest that the
hydrogen bonding in phase A is weak. Further,
preliminary nuclear magnetic resonance results
(Farrar, 1967) indicate that the NH;OH* group in
phase A is rotating faster than 105 times per second
at room temperature. This is substantiated by pre-
liminary measurements (Rush, 1967) of total neutron
cross sections as a function of neutron wavelength
(Rush, Taylor & Havens, 1962; Rush & Taylor, 1964)
which indicate that the NH;OH+ ions in phase A have
a low barrier (of the order of 1 kcal) to either one- or
three-dimensional rotation at room temperature. This
rotation is expected to persist well below — 150°C.

The N and O atoms show no greater thermal motion
than the O’s in the ClO; groups (Table 3) so any such
rotation is obviously approximately about the N-O

®Cl
oo

Fig. 1. The crystal structure of HAP.




1880

vector. It is proposed® to examine possible partial or
complete rotation about the N-O vector in the various
HAP phases of either the complete NH;OH* group
or the —NHj group by further subthermal neutron
scattering experiments. '

Other phases of HAP: phase B

If a single crystal of phase A in an extinction position
is heated on the hot stage of the polarizing microscope
to about 55°C it cracks and develops ‘polarization
colors’. X-ray examination of a single crystal of HAP
before and after the cracking, and especially of a
single crystal of the phase produced above 55°C by
repeated recrystallization at 85°C from the melt (melt-
ing point 89-91°C), showed that the cracking is a
result of a first order phase transformation from phase
A to a second phase, phase B. To grow phase B and
subsequently examine the crystal on the precession
camera, it has been found convenient to seal a crystal
of phase A in a 0-2 mm diameter glass capillary and
keep it on the camera in a stream of air heated to 85°C
by a nichrome wire heating coil in the glass tube deliv-
ery nozzle. The solid may be recrystallized by melting
it from each end alternately with a small soldering iron.
A very small part of the solid should be left unmelted
each time to act as a seed. When phase B was cooled
to room temperature, after annealing for one hour

* By J.J.Rush et al., National Bureau of Standards, Wash-
ington, D.C. 20234.
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at 85°C, and then warmed up past 60°C, it did not
crack or develop polarization colors before melting at
90°C. Phase B is monoclinic with the unit-cell par-
ameters given in Table 1. It is related to phase A (cell
dimensions at room temperature a=7-52, c=15-99 and
b=7-13 A) since the ¢ of phase A increases by % and
becomes the b axis of phase B. This was substantiated
by comparing precession and Weissenberg photographs
of the cracked crystal with those of the parent crystal.

ON
Scl

Fig.2. The environment of the N(1)-O(9) NH3OH*+ group
The dotted lines represent N(1)-X distances quoted in Table 5

(c+b)

Table 4. Intra-ionic distances and angles in phase A of HAP

ClO4~ group 1

Atoms Distance Atoms Angle
CI(1)-0(1) 14476 (8) A 0(1)-CI(1)-0(2) 108-4 (4)°
CI(1)-0(2) 1-444 (3) 0(1)-CI(1)-0(3) 107-1 (5)
CI(1)-0(3) 1-444 (8) 0(1)-CI(1)-0(4) 109-6 (4)
CI(1)-0(4) 1-434 (7) 0(2)-CI(1)-0(3) 1109 (4)
0(1) -0(2) 2:37 (1) 0(2)-CI(1)-0(4) 109-4 (5)
01)-003) 2-35(1) 0O(3)-CI(1)-04) 111-3 (9
0(1) -0(4) 2:38 (1)
0(2)-0(3) 2-38 (1)

0(2) -0(4) 2-35(1)

0(3) -0(4) 2:38 (1)

ClO4~ group 2

CI(2)-0(5) 1-435 (7) 0O(5)-Cl(2)-0(6) 109-3 (4)
CI(2)-0(6) 1-445 (7) O(5)-Cl(2)-O(7) 1087 (4)
Cl(2)-0(7) 1-433 (8) 0(5)-Cl(2)-0(8) 1089 (4)
ClI(2)-0O(8) 1-455 (7) 0(6)-Cl(2)-0O(7) 1106 (4)
0(5) -0(6) 2:35 (1) 0(6)-Cl1(2)-0(8) 109-5 (4)
0(5) -0(7) 2:33 (1) O(7)-Cl1(2)-0(8) 109-8 (5)
O(5) -0O(8) 2:35 (1)

0O(6) -O(7) 2:37 (1)

O(6) —O(8) 2:37 (1)

Oo(7) -0O(8) 2:36 (1)

NH3;OH+
N(1)-0(9) 1-414 (8)
N(2)-0(10) 1:406 (8)

The standard errors are those obtained from the parameter errors from the final full-matrix least-squares refinement and the

errors in the cell dimensions.
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The 24 A spacing was along the direction which had
previously been 16 A and the phase A 4kO reciprocal
lattice plane had split into two A0/ planes, with a
common ¢ in the monoclinic phase B. The equivalent
cell volumes and hence the densities of the two phases
are equal within 0-5¢;. Phase B can exist as a clear
single crystal from minutes to perhaps two days at
room temperature, provided the crystal has been an-
nealed at about 75°C and cooled slowly to room tem-
perature. In the X-ray beam it gradually becomes
cloudy even when held between 60°C and 90°C, and
after a week gives only a powder pattern. The phase
into which it changes at these temperatures has not
been established. Good crystals of phase B (and phase
C) can be regrown from a crystal which has become
cloudy and gives only a powder pattern, which sug-
gests that only a change in phase has taken place. An
attempt to supercool a single crystal of phase B fairly
slowly to liquid nitrogen temperatures, to freeze the
crystal as phase B, produced only a powdered phase.

oo

MN - ‘
(b+c)

ci (b—c)

Fig.3. The environment of the N(2)-0O(10) NH3OH™* group.
The dotted lines represent N(2)-X distances quoted in
Table 5.
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Phase B has, qualitatively, a high birefringence as does
phase A.

Phase C

If the cracked crystal obtained on heating phase A in
a capillary is allowed to melt entirely, then on over
50% of the occasions it will not solidify until below
57-58°C when it forms a solid melting at 57-58°C.
Single crystals of this phase (phase C) have been grown
in capillaries from a completely molten sample of HAP
and have been shown to be monoclinic with the unit
cell parameters in Table 1. The calculated density is
2-26 g.cm—3. This phase, like phase A, has an axis of
nearly 16 A, which is the unique monoclinic axis. The
cell is most easily indexed as face-centered or body-
centered. Phase C will persist at room temperature for
a few minutes.

The determination of the crystal structures of phases
B and C has not been attempted because of their in-
stabilities and presumed high thermal motion, although
it is feasible especially if the data are collected rapidly
by an automated system.

The metastability of the phases B and C at room
temperature suggests that oscillation of the perchlorate
groups is not the determining factor in the transition.

Most of the calculations were done with the use of the
X-ray 63 crystallographic computing system assembled
under the editorship and guidance of J. M. Stewart,
University of Maryland. A. L. Milstead of the Naval
Ordnance Station, Indian Head, Maryland, 20640,
helped with the visual estimation of the raw X-ray in-
tensity data.
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The Structure of CyCl;,(COOH).(02C:H,), a Condensed Cage Pentacyclononane
Compound, Determined by the Symbolic Addition Method*

By Y.OxAYA
Chemistry Department, State University of New York at Stony Brook, Stony Brook, New York 11790, U.S.A.

(Received 8 February 1967 and in revised form 31 October 1968)

The crystal structure of CoCl;(COOH).(02C>H,), a pentacyclononane derivative, was studied to obtain
information on the configuration of the basic carbon cage structure which can be derived from a cube
by adding one apex carbon atom. The crystal is monoclinic and the cell constants are: a=17-496 +
0-004, b=8-005 + 0-003, c=24-193+0-004 A, =956+ 0-1°; the space group is 12/a. Three-dimensional
intensity data were collected on the CCXD, a computer-controlled diffractometer, which is operated
by an IBM 1620 under a stored data-collection program. The crystal structure was determined by
systematic application of the symbolic addition method and refined by a full-matrix least-squares
program on an IBM 7094. The molecule can be called 6,6-cthylenedioxyheptachloropentacyclo-
[5.2.0.02:5,03:9,04-8]nonane-3-carboxylic acid. The configurations of the cyclobutane and cyclopentane
rings in the condensed cage molecule are discussed in detail. The carboxyl group is involved in the forma-
tion of centrosymmetric dimers which are stacked in the structure with the usual van der Waals contacts.

Introduction

Scherer, Lunt & Ungefug (1965) reported ring contrac-
tion through Favorskii rearrangement of chlorinated
pentacyclodecanones by the action of alkali on I and
II. In each case a pentacyclononane carboxylic acid
has been formed (see Fig.1). The position of the car-
boxyl group in IV could be uniquely assigned since the
starting decanone possesses a symmetric cage structure;
whereas for II the choice between the two non-equiv-
alent sites for the group was decided by measuring the
pKa value of the acid V obtained by a hydrolysis of II
which effected a removal of the ethylene glycol residue.

Crystals of II and IV were studied as a part of our
continuing effort to determine the shape and size of
condensed poly-ring carbon cage structures. Although

* The experimental part of this work was performed at
IBM Research Center, Yorktown Heights, New York.

IV is a simpler molecule than II, the crystallographic
data revealed that there are two non-equivalent mol-
:cules per asymmetric unit. This led to determination
of the crystal structure of II, which possesses an extra
ethylenedioxy group on the apex carbon.

Experimental

Crystals of II, CyCl;,(COOH)(0,C,H,), were obtained
from CH,CI, solution of the sample supplied by Pro-
fessor K. Scherer. One such crystal was ground into
an approximately spherical shape and mounted on a
G.E.Goniostat on CCXD, a computer-controlled dif-
fractometer system, operated by an IBM 1620 in a
closed-loop manner (Cole, Okaya & Chambers, 1963).
The crystallographic constants were measured on the
diffractometer and used as input parameters to the sub-
sequent data-collection program; the values were g=
17-496 +0-004, b=8-005+0-003, c=24-193 +0-004 A,



