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The crystal structure of dicobalt octacarbonyl has been determined and refined by two cycles of 
three-dimensional, isotropic, least-squares calculations. The crystals are monoclinic, space group 
P21/m with a =6-62, b = 15.59, c= 11.31 /~ and fl =90 °0' +20'. There are two pairs of crystallo- 
graphically independent molecules per unit cell. The measured density was 1.87 g.cm -a. 

The molecular structure of Co2(CO)8 is very nearly that of Fe2(CO)9 less one bridge carbonyl 
group. The consequent lack of trigonal molecular symmetry results in a crystal structure which 
is a slightly rearranged F%(CO)9 structure. 

Introduction 
At the time this work was begun, at least six configura- 
tions for the dicobalt octacarbonyl molecule had been 
proposed. The first structure (Syrkin & Dyatkina, 
1950) had D~n symmetry and was b~sed purely on 
theoretical considerations. On the basis of infrared 
and ultraviolet data (Cable, Nyholm & Sheline, 1954; 
Friedel, Wender, Shufler & Sternberg, 1955) five ad- 
ditional structures with Den, C2h, and C2v, Dsh, Dsa 
symmetries, respectively, were proposed. Meanwhile 
Cavalca & Bassi (1953) had reported the results of an 
incomplete X-ray diffraction study based on a single 
Patterson projection. La addition to providing cell 
dimensions, they concluded that  the space group was 
P21 or P21/m, and that  the molecule was bridged and 
had the symmetry 2fro or ram. 

The only binuclear metal carbonyl whose structure 
had been completely determined at this date was iron 
enneacarbonyl (Powell & Ewens, 1939). Clearly, di- 
cobalt octacarbonyl needed a thorough investigation 
to determine its structure, the bridging arrangement, 
if present, and the extent of the ~imil~rity between 
the C02(C0)8 and Fe2(C0)9 structures. We report here 
the complete analysis of the structure of C02(CO)s 
which proves to have the molecular symmetry C8 = m, 
different from any of the six structures previously 
proposed. A very considerable similarity between the 
C02(CO)s and the Fe2(C0)9 structures is demonstrated. 

* This paper is based on the Ph.D. thesis of G. Gardner 
SuInner. 

t Present address: Physics Research Laboratory, Texas 
Instruments, Incorporated, P. O. Box 5474, Dallas 22, Texas, 
U.S.A. 

Preliminary investigation 
Dicobalt octacarbonyl crystals are orange platelets or 
laths, best obtained by vacuum sublimation. The crys- 
tals must be immediately sealed in capillary tubes or 
otherwise protected from the air to prevent decomposi- 
tion. They are biaxial positive. An extinction angle of 
23 ° to [100], which is the direction of elongation, is 
observed for the (010) platey habit. The unit-cell di- 
mensions found were 

a=6.62 + 0.03, b = 15-59 _+ 0.03, 
c = 11-31 + 0.03 ~ ;  fl = 90 ° 0' _+ 20 ' ,  

corresponding to 4 molecules per unit cell. The meas- 
ured density was 1.87 g.cm -S, while the X-ray density 
was 1.95 g.cm -8. The systematic absence was 0k0, k 
odd; in addition, most of the h/c0 reflections with h 
odd were absent. Of the two possible space groups 
P21 and P21/m, the correct one was found to be P21/m 
with a strong pseudo a-glide parallel to (001). 

Structure determination 
Two-dimensional methods of analysis were largely un- 
successful when applied to this structure. However, it 
was found that  there were two sets of crystallo- 
graphically independent molecules in the unit cell and 
that  the intramolecular cobalt-cobalt .vectors were 
about 2.54 A long and parallel to [010], all in agree- 
ment with the work of Cavalca & Bassi. Packing con- 
siderations showed that  some variant of the trigonally 
arranged bridges of the iron enneacarbonyl structure 
was more favorable than the bridging arrangements 
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Table 1. Observed and calculated structure factors based on final least-squares parameters 

h k ~ l O ~  l O ~  h ~ ~ lO~ lO~ h ~ ~ l O ~  l o ~  ~ ~ ~ 1 o ~  l O ~  ~ ~ ~ l O ~ 1 O ~  ~_~ ~1o~1o 

0 0 1 306 -321 0 8 6 378 297 -i 2 1 252 -183 1 7 1 1008 982 1 14 1 219 201 2 4 2 263 266 
0 0 2 I141 1412 0 8 9 129 -125 1 2 2 458 533 -i 7 1 996 -955 -i 14 1 178 -160 -2 h 2 211 188 
0 0 3 616 -682 :I 2 2 149 157 1 7 2 210 -201 1 14 3 342 305 -2 4 4 129 -138 
0 0 4 431 -415 0 9 2 85 -55 1 2 3 1012 1047 1 7 3 3O4 248 -1 14 3 296 -262 2 4 5 265 -276 
0 0 5 401 -452 0 9 3 73 -60 -1 2 3 662 -595 -1 7 3 400 -413 1 14 5 257 212 -2 4 5 200 -220 
0 0 6 1255 -1408 0 9 4 182 -178 1 2 4 391 -398 1 7 4 278 -285 -I 14 5 193 -189 2 4 6 2~6 -259 
o o 7 168 -62 o 9 6 71 -55 -i 2 4 312 -277 -i 7 4 3o5 286 -i 14 8 186 163 -2 4 6 222 -179 
o o 8 844 -899 1 2 5 497 425 1 7 5 700 -675 -2 4 8 242 -230 
0 0 9 393 415 0 10 0 558 -458 -1 2 5 420 -430 -1 7 5 hl2 411 2 0 0 838 - 7 ~  -2 4 l l  168 158 
0 0 i0 123 -149 o i0 1 98 92 1 2 6 260 -264 -i 7 6 471 467 2 o i 482 -570 
0 o ii 461 525 0 io 2 i76 -212 -i 2 6 360 365 1 7 7 563 -547 -2 0 i 156 194 2 5 0 221 243 

0 i0 4 i13 95 1 2 7 234 -269 -i 7 7 513 471 2 0 2 1064 -1277 2 5 1 330 376 
0 1 1 400 446 0 i0 5 !82 164 -i 2 7 308 -351 -i 7 8 200 -204 -2 0 2 939 -1062 -2 5 ! 372 431 
o 1 2 ll91 1553 0 lO 6 214 221 1 2 8 228 -226 1 7 9 167 -166 2 0 3 510 534 2 5 2 516 ~68 
0 1 3 123 195 -1 2 8 314 327 -1 7 9 146 142 -2 0 3 577 556 -2 5 2 562 509 
0 1 4 1404 1706 0 ll i 285 -290 1 2 9 174 -172 1 7 i0 291 3QI 2 0 4 288 230 -2 5 3 89 30 
o 1 5 293 -320 0 ll 2 465 -465 -i 2 9 19o 158 -i 7 i0 285 -272 -2 o 4 106 84 2 5 4 790 812 
o 1 6 577 551 0 ii 4 665 -608 1 7 12 187 189 2 0 5 443 428 -2 5 4 779 757 
0 1 7 618 -592 0 ll 5 203 165 1 3 1 55 65 -1 7 12 211 -222 -2 0 5 518 496 2 5 5 239 -248 
0 1 8 316 -330 0 ll 6 216 -195 -1 3 ! 161 138 2 0 6 61h 675 -2 5 5 333 -287 
0 1 9 328 -325 0 ll 7 286 28~ " 3 2 178 -ll8 1 8 1 225 165 -2 0 6 461 454 2 5 6 421 323 
0 1 lO 402 -433 -i 3 2 394 -412 -1 8 1 268 -251 2 0 7 129 -102 -2 5 6 204 210 
0 1 13 188 213 0 12 0 988 871 1 3 3 1214 1380 1 8 2 154 -141 -2 0 7 184 144 2 5 7 469 -456 

0 12 2 525 445 -i 3 3 1461 1719 -i 8 2 315 -323 2 0 8 572 521 -2 5 7 588 -508 
o 2 o lO55 -1133 0 12 3 229 -212 ! 3 4 90 -91 1 8 3 662 648 -2 0 8 555 485 2 5 8 222 -202 
0 2 1 71 84 0 12 4 154 -130 1 3 5 103 133 -i 8 3 761 -705 2 0 9 316 -380 2 5 9 152 -165 
0 2 2 710 -800 0 12 5 205 -172 1 3 7 155 ill 1 8 4 218 213 -2 0 9 388 -393 -2 5 9 210 -211 
0 2 3 206 170 0 12 6 455 -400 -i 3 7 128 -84 -1 8 4 319 295 -2 0 i0 74 97 2 5 i0 199 -222 
0 2 4 208 201 0 12 8 262 -256 1 8 5 347 310 2 0 ll 298 -294 -2 5 lO 219 -212 
0 2 5 330 324 0 12 9 239 203 1 4 1 261 250 -1 8 5 574 -481 -2 0 11 311 -321 
0 2 6 401 415 0 12 ii 255 228 -! 4 1 629 -683 1 8 6 291 -316 -2 0 12 104 -66 2 6 0 1506 -1640 
0 2 8 385 378 1 4 2 152 -184 -i 8 6 188 194 -2 0 13 177 -159 2 6 1 168 183 
0 2 9 210 -224 0 13 2 559 h84 ! 4 3 156 139 1 8 7 124 ll5 -2 6 1 164 90 
0 2 ll 240 -218 0 13 h 552 508 -i 4 3 654 -632 1 8 8 213 -240 2 1 0 493 -538 2 6 2 657 -566 

0 13 6 182 155 -I 4 4 74 80 -i 8 8 171 187 2 1 1 121 86 -2 6 2 628 -590 
0 3 1 215 -282 0 13 9 217 -184 1 4 5 469 526 -2 1 1 237 253 2 6 3 122 71 
0 3 2 170 -221 -! 4 5 199 -131 1 9 2 169 181 2 1 2 990 -1077 -2 6 3 318 299 
0 3 3 109 106 0 14 0 623 -520 1 4 6 164 -126 -i 9 2 128 !01 -2 1 2 1086 -1168 2 6 4 102 75 
0 3 4 i00 98 0 14 2 289 -220 -i 4 6 275 236 1 9 3 380 -302 2 1 3 73 58 -2 6 4 406 331 
0 3 6 135 141 0 14 3 181 194 1 4 7 267 256 -i 9 3 322 -272 -2 i 3 286 -243 2 6 5 314 301 
0 3 7 12-2 -165 0 14 4 62 51 -i 4 7 266 266 2 1 4 804 -745 -2 6 5 491 444 

0 14 6 234 205 1 4 8 279 -264 1 i0 1 235 202 -2 1 4 713 -589 2 6 6 653 611 
0 4 0 1328 -1601 0 14 8 238 !97 -i 4 8 312 238 i i0 3 200 299 2 1 5 259 277 -2 6 6 738 640 
0 4 1 238 -261 Z 4 9 2O4 -192 -1 ZO 3 241 -207 -2 Z 5 315 28O 2 6 8 348 348 
o 4 2 499 -474 1 o o i22 l l 4  -1 4 9 134 158 -1 lO 5 271 -243 2 1 6 273 -266 -2 6 8 362 354 
0 4 2 497 -474 i 0 1 881 -i001 i i0 6 279 -247 -2 1 6 292 -296 2 6 9 256 -245 
0 4 3 509 549 -i 0 1 799 751 1 5 1 1410 -1569 -i i0 6 189 146 2 1 7 408 403 -2 6 9 292 -286 
0 4 5 183 204 1 0 2 274 -283 -1 5 1 1272 1427 -2 1 7 500 464 2 6 lO 153 lOb 
o 4 6 370 355 -i o 2 291 247 ! 5 2 124 -17o i ii i 479 -~24 2 1 8 252 250 2 6 !i 305 -332 
0 4 8 381 353 i 0 3 264 -130 -i 5 2 92 -69 -I ii i 518 449 -2 1 8 160 109 -2 6 ii 384 -350 
o 4 9 195 -219 -1 o 3 717 620 1 5 3 490 -5o8 1 l l  ~ 117 107 2 1 9 258 257 
0 4 lO 58 61 1 0 4 143 74 -1 5 3 145 120 -1 ll 2 176 -137 -2 1 9 318 3i5 2 7 0 151 172 

-i 0 4 146 -187 1 5 4 491 448 -i ii 3 305 285 2 1 i0 128 176 -2 7 1 258 -253 
0 5 1 664 681 1 0 5 685 -589 -1 5 4 571 -539 1 ll 4 158 141 2 1 13 189 -216 2 7 2 851 -903 
0 5 2 925 -920 -1 0 5 774 690 1 5 5 329 329 -i ii 4 221 -160 -2 1 13 172 -186 -2 7 2 773 -692 
0 5 3 106 -92 i 0 6 431 371 -1 5 5 669 -730 1 ii 5 396 343 2 7 3 179 -248 
0 5 4 616 -448 -1 0 6 602 -558 1 5 6 272 290 -i ii 5 156 -110 2 2 0 822 905 -2 7 3 81 75 
0 5 5 320 330 1 0 7 219 -177 -i 5 6 223 -185 -i ii 6 247 -235 2 2 1 231 216 2 7 ~ 946 -94~ 
0 5 6 235 -217 -i 0 7 184 -124 1 5 7 654 677 i ii 7 260 244 -2 2 1 384 -364 -2 7 4 1002 -1006 
0 5 7 474 451 i 0 8 524 525 -1 5 7 659 -642 -i ii 7 236 -223 2 2 2 532 5Ol 2 7 5 309 260 
0 5 8 223 154 -1 0 8 650 -571 1 5 8 154 -147 1 11 10 215 -192 -2 2 2 403 361 -2 7 5 221 218 
0 5 9 272 290 i 0 9 376 332 -i 5 8 187 197 -i ii I0 250 210 2 2 3 188 -171 2 7 6 312 -2hh 
0 5 i0 ZOi 97 -1 0 9 443 -368 1 5 9 196 23O -2 2 3 289 -306 -2 7 6 35O -318 
0 5 13 209 -221 i 0 i0 207 218 -i 5 9 253 "230 1 12 1 308 -289 2 2 4 77 7O 2 7 7 361 368 

i 0 12 208 -2i7 1 5 i0 268 -294 -i 12 1 255 214 -2 2 4 300 -286 -2 7 7 415 421 
0 6 0 152 -245 -i 0 12 137 183 -i 5 i0 256 277 1 12 2 159 -162 -2 2 5 255 -232 -2 7 8 201 179 
0 6 1 175 168 1 5 12 221 -220 -i 12 2 129 140 2 2 6 391 -352 2 7 9 248 271 
0 6 2 746 813 1 1 1 1315 1583 -i 5 12 226 205 1 12 3 599 -548 -2 2 6 476 -438 -2 7 9 267 240 
0 6 3 333 -230 -I 1 1 129o -1726 -i 12 3 525 h6h -2 2 7 113 -66 2 7 io 266 251 
0 6 4 149 -121 l 1 2 146 -122 1 6 1 665 -656 1 12 5 336 -291 2 2 8 255 -240 -2 7 lO 254 213 
0 6 5 540 -533 -i 1 2 439 473 -i 6 1 645 652 -i 12 5 447 392 -2 2 8 185 -123 
0 6 6 407 -375 i 1 3 4-45 434 1 6 3 1533 -1720 i 12 6 203 199 2 9 9 144 158 2 8 0 7O2 7OO 
0 6 8 352 -270 -i i 3 140 118 -i 6 3 1486 1563 -i 12 6 247 -219 -2 2 9 2Ol 177 2 8 1 257 -234 
o 6 9 279 3o8 i 1 4 509 -509 1 6 4 lO5 103 1 12 8 246 238 2 2 ii 15o 194 -2 8 1 219 236 
0 6 ii 288 269 -i 1 4 621 574 -i 6 4 91 -88 -i 12 8 286 -265 -2 2 ii 181 187 2 8 2 411 362 

1 1 5 450 -390 1 6 5 915 -902 -2 8 2 610 615 
o 7 I 136 155 -1 1 5 554 434 -1 6 5 770 732 1 13 1 551 482 2 3 o 1345 -1660 2 8 3 158 -183 
o 7 2 7o~ 675 i 1 6 323 -340 1 6 6 574 617 -i 13 1 590 -532 2 3 1 175 15o -2 8 3 276 -285 
o 7 4 721 643 -i 1 6 172 14o -1 6 6 546 -533 -i 13 2 207 173 2 3 3 174 307 2 8 4 333 -346 
0 7 5 302 -299 i 1 7 591 -540 -i 6 7 113 87 -i 13 3 281 -232 -2 3 3 99 -136 2 8 5 163 -199 
0 7 6 268 225 -i 1 7 618 570 1 6 8 421 434 1 13 4 178 -177 2 3 h 89 119 -2 8 5 270 -253 
o 7 7 5o8 -520 1 1 8 292 244 -1 6 8 443 -451 -1 13 4 280 252 -2 3 4 87 93 2 8 6 418 -418 
0 7 9 211 -213 -i 1 8 ii0 -140 1 6 9 258 282 1 13 5 222 -223 -2 3 5 150 175 -2 8 6 327 -282 

i 1 9 323 -275 -i 6 9 190 -207 -i 13 5 264 212 2 3 6 207 214 2 8 8 311 -294 
0 8 0 219 -160 -i 1 9 305 280 -1 6 lO 149 -155 1 13 6 154 -154 2 3 8 194 191 -2 8 8 264 -275 
0 8 1 92 93 1 1 lO 348 377 1 6 Ii 229 234 1 13 7 310 -268 -2 3 8 165 -172 2 8 9 199 200 
0 8 2 3#6 -329 -i i io 429 -455 -i 6 ii 190 -191 -i 13 7 308 268 -2 8 9 168 200 
o 8 3 61 66 -i i 12 258 -26o 1 6 12 156 -152 i 13 i0 234 225 2 4 0 718 627 -2 8 ii 186 199 
0 8 4 lO4 lOO -1 6 12 169 174 -1 13 lO 239 -231 2 4 1 61 54 
0 8 5 212 181 ! 2 ]. 552 655 ! 6 14 193 -220 -2 4 1 157 -147 2 9 0 375 343 

based on dsp 8 hybridization, in which the bridge car- intensities were measured photometrically and modi- 
bonyl atoms were all coplanar, fled by empirically determined Weissenberg distor- 

Weissenberg data were obtained with cobalt radia- tion corrections for upper levels. Several possible com- 
tion for the spectra hkl, from h = 0 through 4. The spot binations of cobalt positions were obtained from the 
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Table  1. (cont.) 

-2 9 l 158 150 -3 1 5 361 -323 -3 7 9 154 -142 h 1 lO i91 -214 4 12 0 392 390 5 li l 309 -285 
2 9 2 252 221 -3 1 6 355 -317 3 7 i0 273 -288 -4 1 i0 172 -145 4 12 2 229 228 -5 il l 397 364 
2 9 4 230 216 3 1 7 568 557 -3 7 i0 323 319 -4 12 2 202 207 5 !1 7 164 176 
-2 9 4 269 254 -3 1 7 548 -501 4 2 0 541 -556 4 i2 4 96 -ii0 
-2 9 6 157 135 3 1 8 151 -146 -3 8 1 521 516 4 2 1 115 92 -4 12 5 205 -204 5 12 i 264 -242 

-3 1 8 138 164 3 8 3 522 -465 4 2 2 492 -523 4 12 6 201 -228 5 12 3 37h -348 
2 lO 0 230 237 -3 1 9 150 -174 -3 8 3 473 419 -4 2 2 139 -112 -4 12 0 !79 -176 -5 i2 3 335 30"2 
2 lO 2 295 254 3 1 lO 227 -268 3 8 4 153 130 -4 2 3 225 216 5 12 5 22i -223 
-2 i0 2 232 252 -3 1 10 275 289 3 8 5 385 -407 4 2 5 i06 134 h 15 2 279 269 -5 12 5 262 236 
2 i0 3 135 -115 -3 1 12 211 209 -3 8 5 191 158 -4 2 5 266 254 -4 i3 2 314 293 
-2 i0 3 230 -217 -3 8 6 197 -203 4 2 6 277 271 4 13 h 560 327 5 13 1 276 270 
-2 i0 5 208 -143 3 2 1 451 -464 3 8 8 161 160 -4 2 6 281 244 -4 13 4 355 316 -5 13 1 317 -285 
2 I0 6 166 -162 "3 2 1 ll~ 89 "5 8 8 2~5 -218 4 2 8 209 2~9 -4 13 ~ 147 -116 
-~ i0 6 144 -144 -3 2 2 120 130 -3 8 9 2!i -18! -4 2 9 156 -169 -4 13 7 225 -210 6 0 0 298 -370 
2 i0 8 174 -179 3 2 3 432 -469 -4 2 ii 159 -151 6 0 2 189 -219 
-2 i0 8 98 -i00 "3 2 3 417 400 3 9 1 228 207 4 i4 0 237 -218 -6 0 2 231 -246 
-2 i0 9 180 135 3 2 4 120 -157 3 9 3 ioi 81 4 3 1 148 185 4 ih 2 220 -192 -6 o 3 226 255, 

-3 2 4 209 -204 -3 9 5 161 141 4 3 2 176 225 -4 14 2 i67 -161 -6 0 5 212 201 
2 ii 0 ll~ -ll8 3 2 5 236 -165 3 9 6 129 -155 -4 3 2 217 -245 -4 14 5 160 148 6 0 6 198 258 
2 ii 2 621 613 -3 2 5 525 515 "3 9 6 10"2 -90 4 3 3 65 -55 -4 14 6 !62 126 -6 0 6 i06 i56 
-2 ii 2 529 454 3 2 6 257 255 4 3 4 84 -45 6 0 8 135 i60 
2 ii 4 486 452 -3 2 6 151 -145 -3 i0 1 141 162 -4 3 8 127 i17 5 0 0 120 93 6 0 9 155 -142 
-2 ii 4 507 475 3 2 8 221 234 3 i0 3 249 -233 5 0 1 402 -356 -6 0 9 i62 -171 
2 ii 5 211 -157 -3 2 8 224 -236 "3 lO 3 200 17U 4 4 0 268 -244 -5 0 1 337 356 -6 0 Ii !46 -171 
-2 ll 6 226 197 4 4 1 60 -55 -5 0 2 145 184 
2 ll 7 204 -190 3 3 1 81 106 3 ii i 569 532 -4 4 1 3.26 96 5 0 3 800 -804 6 1 2 273 -322 
-2 ii 7 234 -221 3 3 3 162 -147 -3 ii i 441 -394 4 4 2 166 -170 -5 0 3 800 784 -6 1 2 !66 -204 
-2 ll 8 157 -141 -5 3 3 88 -93 -3 ii 2 172 139 -4 4 2 510 -562 5 0 4 81 -46 6 1 4 278 -334 
2 11 9 184 -181 3 3 5 305 -306 3 ii 3 138 122 4 4 4 104 !03 5 0 5 637 -670 -6 1 4 279 -309 
-2 ii 9 173 -153 -3 3 5 169 -184 -3 ii 3 136 -125 -4 4 4 73 95 -5 0 5 ~95 596 -6 1 6 !16 -121 

3 3 6 145 228 3 ii 4 190 -198 -4 4 5 213 176 5 0 6 326 343 -6 1 7 17i 209 
2 12 0 675 -639 -3 3 6 121 138 -3 ii 4 298 279 4 4 6 299 316 -5 0 6 360 -383 
2 12 2 ~ -396 3 ii 5 162 -157 -4 4 6 19i i88 5 0 8 i75 229 6 2 0 190 236 
-2 12 2 554 -501 3 4 1 396 -450 -3 ii 5 208 214 -4 4 8 149 154 -5 0 ~ 249 -274 -6 2 2 256 258 
2 12 3 21~q 188 -3 4 2 98 llO 3 ll 7 275 -264 -4 4 9 147 -!14 -5 0 9 172 -169 
-2 12 3 290 257 3 4 3 496 -524 -3 Ii 7 293 264 6 3 0 161 Ii0 
2 L~ 4 207 224 -3 4 3 546 564 -3 Ii i0 172 -173 4 5 0 245 -201 5 ! i 64i 661 6 3 2 135 !31 
-2 12 5 249 228 3 4 4 191 159 -4 5 i 150 -129 -5 1 _ 644 -634 
2 12 6 40~ 391 -3 4 4 100 93 3 12 1 133 124 h 5 2 716 -767 -5 1 2 212 191 6 4 0 152 202 
-2 12 6 348 32'2 3 4 5 396 -393 -5 12 1 365 -333 -4 5 2 630 -631 5 1 3 130 117 6 4 2 163 166 
2 ].2 8 301 277 -3 4 5 186 189 3 12 3 471 510 -4 5 4 612 -591 -5 i 3 237 -226 -6 4 3 128 -i38 
-2 12 8 217 213 3 4 6 256 257 -3 12 3 557 -499 4 5 5 i66 i13 -5 1 h 269 257 
2 12 9 193 -200 -3 4 6 367 -328 3 12 5 337 308 -4 5 5 181 172 5 i 5 370 -426 6 5 2 309 321 
-2 12 9 208 -194 3 4 7 147 147 -3 12 5 338 -297 4 5 6 140 -146 -5 1 5 378 372 -6 5 2 258 256 
-2 12 11 199 -203 -3 4 7 19 ~2 187 3 12 6 211 -180 -4 5 6 286 -282 -5 1 6 237 228 6 5 4 30i 348 

-3 4 8 176 -165 -5 12 6 255 223 4 5 7 149 196 5 1 7 290 -329 -6 5 4 294 308 
..2 13 2 458 -398 3 4 9 153 162 3 ].2 8 208 -205 -4 5 7 244 276 -5 1 7 238 232 
-2 13 2 399 -376 -3 12 8 243 220 4 5 9 166 196 -5 i i0 237 -2"24 6 6 0 482 -504 
2 13 4 482 -4e 7 3 5 1 689 681 -4 5 9 232 217 6 6 2 275 -289 
-2 13 4 440 -390 -3 5 1 859 -925 3 13 1 422 -387 5 2 i 217 233 -6 6 2 329 -32o 
-2 13 5 179 154 3 5 2 228 -224 -3 13 1 418 395 4 6 0 961 954 5 2 3 406 406 -6 6 5 i84 188 
-2 13 6 191 -155 -5 5 2 279 252 3 13 3 152 -lll -4 6 1 114 -71 -5 2 3 371 -368 6 6 6 290 303 
2 13 7 210 217 3 5 3 161 157 3 13 5 260 261 4 6 2 546 534 5 2 5 227 249 -6 6 6 254 234 
-2 13 7 272 245 -3 5 3 12-8 -123 -3 13 5 173 -145 -4 6 2 558 520 -5 2 5 210 -208 6 6 8 179 208 
-2 13 9 186 169 3 5 4 103 -82 3 13 7 2"29 235 4 6 3 251 -327 -5 2 6 174 186 

-3 5 4 244 202 -3 13 7 210 -201 -4 6 3 415 -426 -5 2 8 166 150 6 7 0 80 -105 
2 14 0 298 266 3 5 5 447 -490 -4 6 5 246 -203 6 7 2 338 -355 
2 14 2 212 195 -5 5 5 379 302 3 14 1 187 -157 4 6 6 421 -439 -5 4 1 167 -192 -6 7 2 332 -342 
-2 14 2 154 141 -3 5 6 311 291 3 14 3 297 -274 -4 6 6 358 -383 5 4 3 260 312 6 7 4 345 -360 
2 14 6 157 -139 3 5 7 373 -387 -3 14 3 286 253 4 6 8 373 -361 -5 4 3 288 -281 -6 7 4 331 -310 
-2 14 6 184 -155 -3 5 7 284 271 -3 14 5 233 200 -4 6 8 326 -321 5 h 5 175 184 -6 7 7 219 212 

3 5 8 156 136 3 14 6 140 136 4 6 9 247 242 
2 16 0 219 171 -3 5 9 184 198 -4 6 9 275 277 5 5 ! 321 -367 6 8 0 324 300 

3 5 i0 268 262 4 0 0 636 715 -4 6 13. 227 253 -5 5 i 295 327 6 8 2 204 211 
3 0 0 i00 -41 -3 5 i0 328 -297 -4 0 1 284 -204 -5 5 2 193 -183 
3 o i 609 579 -3 5 12 203 -2Ol 4 0 2 494 448 -4 7 1 i0o lO7 5 5 4 176 194 6 ii 2 187 21o 
-3 o i 365 -272 -4 o 2 667 713 4 7 2 540 532 -5 5 4 289 -31o 6 ii 4 184 203 
-3 0 2 i00 108 3 6 1 620 668 -4 o 3 234 -207 -4 7 2 377 356 -5 5 5 135 -146 
3 0 3 1397 15.T 2 -3 6 1 3o4 -295 4 o 4 228 -222 -4 7 3 179 199 5 5 7 228 270 6 12 0 238 -268 
-3 o 3 1441 -1586 -3 6 2 309 -326 -4 0 4 197 -183 4 7 4 384 391 -5 5 7 218 -223 
3 0 4 227 -211 3 6 3 610 654 4 0 5 210 -210 -4 7 4 375 549 -5 5 i0 206 207 7 0 1 218 234 
3 0 5 676 624 -3 6 3 535 -522 -4 0 5 540 -564 -4 7 5 130 -161 7 0 3 314 374 
-3 o 5 544 -479 3 6 5 557 569 4 o 6 571 -617 4 7 6 131 144 5 6 i 223 -270 -7 o 3 218 -249 
3 o 6 458 -452 -3 6 5 588 -597 -4 o 6 528 -435 -4 7 6 2oo 2Ol -5 6 i 154 163 -7 o 5 187 -189 
-3 o 6 519 518 3 6 6 308 -289 -4 o 7 1o8 -61 4 7 7 163 -177 5 6 3 391 -487 
3 0 7 83 -50 -3 6 6 368 330 4 0 8 190 -231 -4 7 7 254 -255 -5 6 3 346 381 7 ! i 223 -256 
-3 0 7 96 -i09 -3 6 7 123 -98 -4 0 8 168 -188 -4 7 9 256 -227 5 6 5 185 -211 -7 1 1 264 287 
3 0 8 343 -587 3 6 8 272 -296 4 0 9 183 203 -5 6 5 184 201 -7 1 4 164 -185 
-3 o 8 487 464 -3 6 8 379 389 -4 o 9 225 209 4 8 o 452 -469 -5 6 6 16o -168 
3 o 9 224 -2~B 3 6 9 256 -285 4 0 lO 128 --86 -4 8 2 284 -258 -5 6 8 315 -290 7 4 3 151 -147 
3 0 i0 i01 -99 -5 6 9 ~ 198 4 0 ii 228 256 4 8 5 i17 154 
3 0 13. 227 -208 -4 o ii 310 305 4 8 4 102 108 5 7 1 376 397 7 5 1 205 252 
-3 0 13, 156 172 3 7 1 972 -974 4 8 6 142 165 -5 7 i 433 -481 -7 5 1 236 -249 
3 0 12 174 148 -3 7 1 792 787 -4 1 1 206 262 4 8 8 159 123 -5 7 4 214 229 7 5 5 168 -198 
"3 0 12 126 -153 3 7 2 104 ll5 4 1 2 586 630 -4 8 8 159 134 5 7 5 170 -205 

-3 7 2 268 -236 -4 1 2 580 577 5 7 7 257 -283 7 6 3 263 291 
3 1 1 627 -738 "3 7 3 260 220 4 1 4 772 846 4 i0 0 283 -283 "5 7 7 234 229 "7 6 3 o46 -263 
"3 1 1 940 969 3 7 4 260 261 -4 1 4 703 774 4 i0 2 141 -122 
3 1 2 lO7 -139 -3 7 4 449 -419 4 1 5 298 -270 5 8 1 224 233 7 7 1 185 -257 
-3 1 2 243 -241 3 7 5 289 287 -4 1 5 230 -194 4 ii 2 196 -193 5 8 3 179 206 -7 7 1 223 247 
3 1 3 362 -312 -3 7 5 410 -397 4 1 6 332 265 -4 !l 2 177 -177 -5 8 3 131 -143 
-3 1 3 277 313 -3 7 6 114 -107 -4 1 6 219 192 4 ii 4 237 -262 -5 8 5 181 -173 8 0 0 308 313 
3 1 4 290 299 3 7 7 412 416 4 1 7 350 -365 -4 ii 4 202 -224 -5 8 6 140 128 8 0 8 129 -141 
-3 1 4 468 -47"2 -3 7 7 390 -361 -4 1 7 458 -446 -4 ii 7 226 ]-83 
3 1 5 463 466 -3 7 8 141 i17 -4 1 9 187 -207 5 io 1 198 168 

3 7 9 288 264 -5 io 5 124 -137 
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Table 2. Final atomic parameters with estimated standard deviations, ~ (below) 
Mean 

Leas t  squares re f inement  Different ial  synthes is  re f inement  s t anda rd  
^ devia t ion* t 

x/a y/b z/c B x/a y/b z/c (~ 

Co I 0.2426 0.1691 0.4459 3.35 .~2 0.2429 0.1692 0.4459 
0.0003 0.0001 0.0002 0.05 0.0002 0.0001 0.0001 0-0012 A 

Co I I  0.7522 0.1691 0.9134 3.36 0.7524 0.1691 0.9136 
0.0003 0.0001 0.0002 0.05 0.0002 0-0001 0.0001 0.0012 

TO1 I 0.0993 0.1020 0.2166 7.67 0.1115 0.1041 0.2118 t 
0.0019 0.0009 0.0011 0.31 0.0024 0.0011 0-0012 0.0162 

TO1 I I  0.6046 0.1067 0.1452 9.77 0.6110 0.1098 0.1510t 
0.0020 0.0008 0.0011 0.29 0.0025 0-0012 0.0012 0.0167 

TO2 I 0.6456 0.0802 0.4377 6.49 0.6449 0.0809 0.4366 
0.0020 0.0008 0.0011 0.29 0.0016 0.0010 0.0011 0.0130 

TO2 I I  0.1447 0.0769 0.9270 7.39 0.1435 0.0779 0.9281 
0.0022 0-0009 0.0012 0.30 0-0015 0.0007 0.0012 0.0129 

TO3 I 0.0346 0.0641 0.6235 6.04 0.0351 0.0637 0-6232 
0.0020 0.0008 0.0012 0.27 0-0017 0.0005 0-0008 0.0098 

TO3 I I  0.5396 0.0632 0.7336 7.10 0.5448 0.0627 0.7347 
0-0020 0.0009 0.0011 0.28 0.0028 0.0007 0.0010 0.0141 

BO1 I 0.4549 0.2500 0.6437 5.77 0.4588 0.2500 0.6420 
0.0029 0.0016 0.40 0.0015 0.0006 0.0103 

BO1 I I  0.9671 0.2500 0.7168 5.29 0.9661 0.2500 0.7169 
0-0029 0.0017 0.41 0.0015 0-0005 0.0085 

BO2 I 0.8463 0.2500 0.4185 6.17 0.8419 0-2500 0.4226 t 
0.0031 0.0015 0.43 0-0017 0.0022 0.0182 

BO2 I I  0.3495 0.2500 0.9272 7.02 0-3487 0.2500 0-9288 
0-0031 0.0015 0-42 0.0013 0-0012 0-0110 

TC1 I 0.1542 0.1294 0.3039 5.88 0.1577 0.1306 0.3060 
0.0023 0.0011 0.0013 0.30 0.0019 0.0009 0.0012 0.0141 

TC1 I I  0.6643 0.1347 0.0563 6.30 0.6616 0.1304 0.0527 
0.0023 0.0010 0.0013 0.30 0.0028 0-0016 0.0009 0.0181 

TC2 I 0.4881 0.1184 0.4383 4.41 0.4866 0.1184 0-4381 
0.0025 0.0010 0.0012 0.30 0.0022 0.0007 0.0009 0-0130 

TC2 I I  0.9950 0.1169 0.9237 4.38 0.9960 0.1164 0.9243 
0.0025 0.0010 0.0012 0.31 0.0019 0.0007 0.0010 0.0117 

TC3 I 0.1116 0.1065 0.5516 4.53 0.1128 0.1057 0.5523 
0.0023 0.0010 0.0013 0-30 0.0019 0.0007 0.0010 0.0130 

TC3 I I  0.6274 0.1041 0.8042 4.45 0-6263 0-1053 0-8057 
0.0022 0.0011 0.0014 0.30 0.0021 0.0008 0.0011 0.0139 

BC1 I 0.3518 0.2500 0.5518 4.11 0.3559 0.2500 0.5532 
0.0034 0.0019 0.43 0.0022 0.0011 0.0139 

BC1 I I  0.8702 0.2500 0.8046 3.51 0-8712 0-2500 0.8052 
0.0037 0.0019 0.43 0.0015 0.0007 0.0107 

BC2 I 0-0247 0.2500 0.4298 5.18 0.0275 0.2500 0.4312 
0-0036 0.0018 0.45 0.0013 0.0012 0-0115 

BC2 I I  0.5287 0.2500 0-9244 5.06 0-5314 0.2500 0.9219 
0.0034 0-0018 0.44 0.0012 0.0015 0.0128 

* Based on different ial  synthesis  ref inement .  t Resul ts  of second cycle of different ial  synthesis .  

Patterson syntheses P(UOW) and P(U1/2W). The 
determination of the cobalt x and y coordinates was 
straightforward with xi ~_ xii + ½ and yi = yn, where 
the subscripts denote crystallographically indepen- 
dent cobalt atoms. The central problem of the struc- 
tural analysis proved to be the determination of the 
cobalt z~ and zH coordinates whose difference was very 
roughly ½. This relationship produced overlap in the 

Patterson sections, and the z coordinates were solved 
to a first approximation by consideration of the extent 
of elongation of the superposed vector peaks, and were 
subsequently improved by trial and error. Iterative 
Fourier syntheses (Shiono, 1957) followed by two 
cycles of differential synthesis (Shiono, 1959) resulted 
in an R value of 0.27 for 1204 reflections including 
those not observed. The temperature factors used up 

A C 1 7 ~  48 
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T a b l e  3. Observed and calculated atomic peak heights (~ in e. J~-~) and curvatures (Aij in e. A -5) 
obtained by differential synthesis refinement 

Ahh A ~  An Ahk A~ A za 
Co I 48.4 --380.8 --395.6 --409.6 2.6 --4.0 17.4 

48.4 -- 391.7 -- 376.2 -- 408.8 2.1 -- 1.1 13.0 

Co I I  47.0 - 3 6 4 . 5  --385.6 - 3 9 6 . 1  - 1 . 6  10.1 27.0 
47.4 -- 379.2 -- 371.1 -- 395.6 - 1.1 5"9 17.5 

TO1 I 5.3 - 2 8 . 4  --26.9 - 3 3 " 3  --0.7 - 1 0 . 5  - 5 " 7  
6" 1 - 34.1 -- 33.5 - 33.6 - 0"6 -- 7.3 -- 3"3 

TO1 I I  5.1 --27.8 --25.5 --33-7 6.1 6.3 11-1 
5.4 --28.4 --26.9 --30.0 6.3 1.5 6-7 

TO2 I 6.8 --44.5 - 4 8 . 1  --38.2 6.0 - 2 . 5  --2.1 
7.2 -- 41.5 -- 46.9 - 43.9 4.3 - 0.9 - 2.1 

TO2 I I  6-5 -- 46-0 -- 39-8 -- 35-8 1-3 3-6 3-2 
6.7 --42.4 --38.2 --38.2 0.2 2.4 3"0 

TO3 I 7.6 --41.6 --53.2 --53.0 -- 1-8 6.5 3.2 
7.8 --44.5 --49.4 --53.6 0.4 5.6 --0-6 

TO3 I I  6-2 --25.1 --40.7 --40.7 --4.3 --2.7 0-2 
6.5 -- 28.2 -- 37.9 -- 41.4 -- 2.3 -- 2.2 2.4 

BO1 I 7.9 --46.0 --52.0 --61.8 --9.4 
8.0 --51.6 --49-2 --60.8 --5.0 

BO1 I I  8.3 --45.8 - 4 9 . 5  - 7 2 . 5  19-1 
8.6 - 4 9 . 8  - 4 7 . 4  - 7 1 . 1  10.8 

B 0 2  I 5.8 --41.9 --34.6 - 19.7 -- 1.4 
6.7 --37.3 --34.7 --31.8 0.5 

BO2 I I  6-6 --55.9 --43.5 --35-5 6-7 
7.1 --49.0 --41.4 --39.0 5.5 

TC1 I 5.0 --36.0 --31.9 --34.9 5-0 --2.0 2.1 
5.2 --36.6 --31.4 --30.6 3.7 1.1 3"3 

TC1 I I  4.6 --25.8 -- 19.3 --45.6 3.2 14.4 9.3 
5.0 - 2 5 . 6  --22.1 --43.6 2.4 9.8 6.7 

TC2 I 5.8 --31.7 --40.9 --39.6 --8-2 2-3 --0.6 
6.1 -- 29.9 -- 39.6 -- 40.8 - 8.2 2.2 -- 1-2 

TC2 I I  5"8 --37.1 --43.9 --41.2 --5.0 --2-9 5-3 
6.3 - 37.0 --43.3 --43.7 - 5.2 - 5.2 4-8 

TC3 I 5.6 - 3 6 . 2  --39.8 --34.9 0.5 --5.9 --1.0 
5.8 - 35.3 -- 36.3 -- 34.5 1.7 - 5.4 -- 2-5 

TC3 I I  5.1 --30.9 --35.7 --38.5 2.9 13.3 3-8 
5.6 --31.5 --36.0 --40.1 4.0 12.9 5.5 

BC1 I 5.4 --32.0 --34.1 - 3 6 . 3  --1.3 
5.4 --32.9 - 3 1 . 9  - 3 4 . 5  --0-0 

BC1 I I  6.6 - 4 6 . 1  - 5 1 . 8  - 5 6 . 8  - 0 . 8  
6-9 --48.6 --50.2 --54.0 --3-8 

BC2 I 5.5 --52.3 --40.3 --34.8 2.4 
5.7 --47.7 --35.8 --38.9 --0-9 

BC2 I I  5.7 --59.6 - 4 1 . 2  --27.5 - 4 . 5  
6.3 - 5 6 . 8  - 3 9 . 7  - 3 1 . 1  --5-0 

t o  t h i s  p o i n t  w e r e  Bco=l  j~2, B o = 4  •2 a n d  Bc= 
2 / ~  a n d  a c o b a l t  K - e l e c t r o n  d i s p e r s i o n  c o r r e c t i o n  of  

- 2 . 5  e l e c t r o n s  w a s  a p p l i e d  t o  fco.  A r e v i e w  of  t h e  

s t r u c t u r e  a n a l y s i s  u p  t o  t h i s  s t a g e  i n d i c a t e d  t h a t  t h e  

l a r g e  r e s i d u a l  w a s  p r o b a b l y  d u e  t o  p o o r  d a t a .  N o t  o n l y  

w a s  t h e  p h o t o m e t r y  of  n o n - i n t e g r a t i n g  W e i s s e n b e r g  

s p o t s  f o u n d  t o  be  s u b j e c t  t o  c o n s i d e r a b l e  e r r o r ,  b u t  

a n a l y t i c a l  r e l a t i o n s  ( P h i l l i p s ,  1954) s h o w e d  t h a t  t h e  

W e i s s e n b e r g  d i s t o r t i o n  c o r r e c t i o n s  w h i c h  w e  h a d  u s e d  

w e r e  f a r  t o o  l a r g e .  

A n e w  s e t  o f  i n t e n s i t y  d a t a  w a s  c o l l e c t e d  w i t h  a 

v a c u u m - s u b l i m e d  c r y s t a l  m o u n t e d  o n  a s i n g l e - c r y s t a l  

o r i e n t e r ,  M o  K a  r a d i a t i o n ,  a n d  a p r o p o r t i o n a l  c o u n t e r .  

T h e  e s t i m a t e d  m a x i m u m  d e v i a t i o n  f r o m  t h e  m e a n  f o r  

t h e s e  d a t a  (as i n t e n s i t i e s )  w a s  7 % .  T h e  v a l u e  o f  R 

w a s  i m m e d i a t e l y  r e d u c e d  f r o m  0-27 t o  0 .13  b y  u s i n g  

t h e s e  n e w  d a t a  w i t h  t h e  c o o r d i n a t e s  o b t a i n e d  f r o m  

t h e  W e i s s e n b e r g  d a t a  a n d  a s i n g l e  s c a l i n g  f a c t o r .  I n -  

c r e a s i n g  t h e  t h e r m a l  c o e f f i c i e n t s  t o  B c o = 3 ,  B o = 6  
a n d  B c = 4  J~e r e s u l t e d  i n  R = 0 . 1 2 .  T w o  c y c l e s  of  f u l l -  
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T a b l e  4. Interatomic distances (A) found in molecules I and I I  by least-squares and 
differential synthesis refinement 

Average 
Least squares Differential synthesis s tandard 

,, Weighted deviation 
Atoms I II I II mean* (&) 

Co-Co 2.522 2.525 2.522 2.525 2.524 0.002 
Co-TC1 1.818 1.800 1.784 1.788 1-801 0.016 
Co-TC2 1.809 1.805 1.799 1.814 1-807 0.013 
Co-TC3 1.770 1.798 1.780 1.782 1.783 0.013 
Co-BCI 1.883 1.928 1.904 1.929 1-909 0.012 
Co-BC2 1.925 1.949 1.910 1.934 1.932 0.012 

TC1-TO1 1.136 1.164 1.183 1.204 1.164 0.022 
TC2-TO2 1.202 1.172 1.200 1.146 1.173 0.018 
TC3-TO3 1.165 1.176 1.156 1-173 1.168 0.018 
BCI-BO1 1.243 1.183 1.213 1.179 1.207 0.019 
BC2-BO2 1.188 1.187 1.233 1.212 1.200 0.018 

* ~reighted m e a n =  ~ (differential synthesis mean value for molecules I and II,  
molecules I and II). 

plus twice the least-squares mean value for 

T a b l e  5. Bond angles (o) found in molecules I and I I  by least-squares and differential 
synthesis refinement 

Cobal t -carbon-oxygen angles 
Average 

Least squares Differential synthesis s tandard 
. . . .  Weighted deviation 

Group I I I  I I I  mean* < a > 

T1 177-9 175.0 176-5 174.1 176.1 1.5 
T2 175.4 174.2 176.0 175.2 175.1 1.1 
T3 176-6 177.6 177.5 179.2 ]77.5 1-1 
B1 137.8 139.0 138.4 131.7 137.3 1.0 
B2 139.0 139.5 138.6 139.3 139.2 1.1 

Carbon-cobalt-carbon angles 

T1-T2 95.5 95.5 95.3 95.0 95.4 0.6 
T1-T3 104.4 107.4 105.1 104.9 105.6 0.7 
T1-B1 155.9 154.0 ] 55.9 156-6 155.4 0.6 
T1-B2 84-1 83.6 84.4 85.6 84.3 0.6 
T2-T3 103.3 101.5 102.9 102.1 102.4 0.6 
T2-B1 88.7 88.5 88.3 88.6 88.5 0.5 
T2-B2 162.7 164.4 162.8 164.7 163.6 0.5 
T3-B1 97.4 96-6 97.3 96.9 97.0 0.6 
T3-B2 93.3 93.4 93.7 92.4 93.2 0.6 
B1-B2 84.7 85.6 84.9 84.9 85-0 0.5 
B1-B2 128.3 127.2 128.2 126.3 127.3 --- 

* Weighted m e a n =  ~ (differential synthesis mean value for molecules I and I I  plus twice 
molecules I and II). 

the least-squares mean value for 

m a t r i x  i s o t r o p i c  l e a s t - s q u a r e s  r e f i n e m e n t  ( B u s i n g  & 

L e v y ,  1959) b a s e d  on  

W(Fo - Fc) ~ 
3 

w i t h  w = 1/Fo 2 r e s u l t e d  in  a f i n a l  v a l u e  of R = 0.096 fo r  

1008 o b s e r v e d  r e f l e c t i o n s .  T h e  o b s e r v e d  a n d  c a l c u l a t e d  
s t r u c t u r e  f a c t o r s  b a s e d  on  t h i s  r e f i n e m e n t  a r e  l i s t e d  in  
T a b l e  1.* 

T h e  r e s u l t s  of t h e  l e a s t - s q u a r e s  r e f i n e m e n t  w e r e  

c h e c k e d  b y  d i f f e r e n t i a l  s y n t h e s i s  u s i n g  t h e  f i na l  l ea s t -  
s q u a r e s  p a r a m e t e r s  as  t h e  s t a r t i n g  p a r a m e t e r s .  W h e n  
t h e  a t o m s  s h o w i n g  t h e  l a r g e s t  c o o r d i n a t e  c h a n g e s  w e r e  

* Note added in proof.-- There are two valucs in Table 
1 for 10F o (042); the correct value in 497. 

T a b l e  6. Intermolecular atomic separations 

Distance Distance 
Oxygen-oxygen (/~) Carbon-oxygen (A) 

TO2 I - B e 2  I 2.971 TC3 I - B e 1  I I  3.069 
Be1  I -TO3 I I  3"135 TC2 I - B e 2  I 3"143 
TO3 I - B e 1  I I  3-118 Be1  I -TC3  I I  3-126 
TO2 I -TO3 I 3"163 BC1 I - B e 1  I I  3"157 
TO2 I -TO3 I I  3"199 Be1  I-BC1 I I  3"298 
TO1 I I -TO3  I I  3"130 Be1  I -BC2 I I  3"213 
Be1  I -BO2 I I  3"281 BC2 I B e ]  I I  3"268 
TO2 I -TO1 I I  3"344 TC3 I -TO2 I 3"324 
Be1  I - B e 1  II  3"333 TO1 I -TC2  II  3"390 
TO1 I - T e l  I I  3"374 
TO1 I -TO2 II  3"312 
TO2 I I -BO2 I I  3"021 

r e c y c l e d ,  t h e  f i r s t  c y c l e  sh i f t s  e i t h e r  r e v e r s e d  s ign  o r  
i n c r e a s e d  b u t  s l i g h t l y .  T h e  f i na l  p a r a m e t e r s  of t h e  
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least-squares and  differential  synthesis  are presented 
in  Table 2. The f inal  peak heights and curvatures ob- 
ta ined from the differential  synthesis  ref inement  are 
given in Table 3. The result ing calculated bond dis- 
tances and bond angles are l isted in Tables 4 and 5 
respectively,  together with their  s tandard  deviations. 

EL• T2 

T1 

O Carbon 

_1%° 

T3 T2 

Fig. 1. Dicobalt octacarbonyl intramolecular bond distances 
and angles based on the final parameters of least-squares 
and differerttial synthesis refinement (drawn approximately 
to scale). 

Since no thermal  parameter  changes were calculated 
for the differential  synthesis,  the f inal  bond distances 
and angles were taken  as the weighted mean  of the 
differential  synthesis  values plus twice the least-square 
values. Table 6 contains the non-bonded atomic sepa- 
rations. 

Fig. 1 is a drawing of the dicobalt  oetacarbonyl  
molecule showing most  of the bond angles and  dis- 
tances given in Tables 4 and  5. Figs. 2, 3 and  4 are 
the f inal  coordinate projections down [001], [100] and  
[010], respectively. The f inal  least-squares parameters  
were also used to obtain the electron-density map  
@(xyz) and the difference map  D(xyz) in 0.25 _~ inter- 
vals along [010] using a three-dimensional  Fourier  
synthesis  program wri t ten  for the IBM 704 computer  
(Sly & Shoemaker,  1959). The electron-densi ty m a p  
exhibi ts  all of the atoms of the structure with essen- 
t ia l ly  the same densi ty  values as those calculated by  
the f inal  differential  synthesis  refinement.  There are 
two apparen t ly  spurious areas on the @(xyz) map 
which are not occupied by  atoms. One is an annulus  
of negative densi ty  whose extreme value is - 1.5 e .~  -3. 
The other is a peak whose m a x i m u m  value is 3 e./~ -3. 
Both are located in sections 0/60 and 1/60 along [010] 
and  both have the same x and z coordinates as the  
Co I and  Co I I  atoms at y = 0.832. These features are 
apparen t ly  due to subsidiary diffraction peaks as- 
sociated with the strong cobalt peaks, since there is 
no indicat ion of these deviat ions in the D(xyz) syn- 
thesis. The m a x i m u m  values of D(xyz) are 0-5 e.A -a 
and - 1 - 5  e.A -8. These negative areas are found at  
y=7/60, 8/60, 12/60 and 13/60, and  are adjacent  to 
the Co I and Co II  atoms at y = 0 . 1 6 8  (approximately 
10/60) and have the same x and z coordinates as these 
atoms. These negative areas are p resumably  the com- 
bined result  of deviations from isotropic thermal  vi- 

b ~ _ _  m 

T3 82 
a[ ~T 1 

T2 

T3' 

! 

Fig. 22 Diagram of the projection down [001]; numbers in parentheses indicate cobalt z coordinates. 
O cobalt, @ oxygen, • carbon. 
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82 

T .7~.b, 7 

Fig. 3. Diagram of the projection down [100]; numbers in parentheses indicate approximate cobalt x positions. 
• cobalt, @ oxygen, O carbon. 

'1 

T2 
C L 

T1 - t -  l 
B2 ~ i /e  T 

T3 T211 ~ . . . . . . . .  3.34 

" I I  

(0.75) 

3.34 ~ ~  

I~ \ o  1 (o.25) I ,,,~ 

2 \ .) ' 5.,~%- 

T1 

T 2 

Fig. 4. Diagram of the projection down [010]; numbers in parentheses indicate the position of the molecule along the b axis. 
• cobalt, @ oxygen, Q carbon. 
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bration, K-electron dispersion, and small errors in the 
fco curve. The other, small, non-zero values of D(xyz) 
are probably due to anisotropy effects and random 
errors in the intensity data. 

Nomenclature  

The nomenclature used in the description of this struc- 
ture is based on the presence of two crystallographic- 
ally independent molecules in the unit cell (molecules I 
and II) each of which contains terminal carbonyls (with 
designation 2") and bridge carbonyls (with designation 
B). The terminal groups are designated T1, T2, and 
T3. The bridge carbonyls are designated B1 and B2 
as they represent an approximate continuation of the 
T1-Co bond or the T2-Co bond, respectively. All 
designations also include the atomic symbol. For 
example, TC1 I is the carbon atom of molecule I in 
the terminal carbonyl group T1. 

Descript ion of the s t ruc ture  

The structure of dicobalt octacarbonyl can be de- 
scribed as a distorted Feg(CO)9 structure. The extent 
of the similarity between the two can be seen by 
comparing the [010] projection of Co2(Co)8 (Fig. 4) 
with the [001] projection of Fe2(CO)9 shown in Fig. 5 
together with the Co~(CO)s unit cell. The molecular 
configuration of Co~(C0)8 is essentially that  of iron 
enneacarbonyl less one bridge carbonyl as predicted 
by Mills & Robinson (1959). The exact symmetry of 
the molecule is Cs = m, although it approximates mm 
symmetry very closely. 

The primary packing units are zigzag chains of 
molecules which extend along [100] and are located 
on the mirror planes at y = ¼ and ~. These chains con- 
sist of alternate crystallographically independent 
(types I and II) molecules whose bridge oxygen atoms 
form van der Waals contacts between the terminal 
oxygen atoms TO2 and TO3 as indicated in the [010] 
projection (Fig. 4). Were it not for the absence of the 
third bridge carbonyl, these chains would not be dis- 
crete packing units. Instead they would be linked 
through trigonally distributed van der Waals contacts 
extending from all of the bridge oxygen atoms to 
form strongly knit layers (rather than chains) at y = ¼ 
and ~ as in Fe2(CO)9. Actually these chains in Co2(CO)8 
are loosely bound together into layers at y = ¼ and 
by terminal carbonyl oxygen contacts of length 3.37 
and 3.34/~ (Fig. 4). Finally, the layers at y = ¼ and 
are held together by van der Waals contacts between 
the terminal oxygen atoms in different layers as shown 
in the [100] projection (Fig. 3). These layers are mani- 
fested by the perfect (010) cleavage observed in the 
Co~.(C0)8 crystals. 

The electronic configurations about the metal 
atoms in Fe2(CO)9 and Co2(CO)s can best be described 
by the diagrams in Fig. 6 which are based on the 
molecular orbital scheme of Day & Selbin (1962). In 

. . . . . . . . .  . . . . . .  I -  . . . . . . . . . . . . . . . . . . . . . .  , _ ;  

Co2(CO)a cell 

/ . i r o n  O)9 
cel l  

, :ox/# 7 

Fig. 5. Projection of the F%(CO)9 structure and the 
relation of the unit cell to that of C%(CO)s. 

Fe2(CO)9 each Fe atom provides six 3d and two 4s 
electrons, the three terminal CO groups contribute six 
electrons, and the three bridge CO groups contribute 
three electrons, making a total of 17 electrons for the 
3d, 4s, and 4p orbitals of the Fe atom. Because of 
their symmetry, the e, al and tl orbitals make avail- 
able six octahedrally directed covalent a bonds to the 
six coordinated CO groups. I t  is not necessary, and it 
may actually be undesirable, to consider these six 
orbitals to have undergone d2sp 3 hybridization, since 
there is no reason to believe that  the six bonds are 
all equivalent. The three non-bonding t2 orbitals on 
the Fe utom contain only five electrons. Under the 
trigonal field along the axis of the molecule these non- 
bonding orbitals split and interact with their counter- 

Metal Atom 1 t2 Metal Atom 2 

t, a~ e (non-o-- e a, t~ 
~ t2 bonding) ~ 

I I I I  ~ ~ I I I I I I(ant"b°nd'°g~ 
x~ xx xx xxlxx x~l~°,, °-, '.-[j~lxxlxxlxxlxxlxxlxxl(bonding) 

~,y . . . .  yz dz dx,÷r S _ Px Py Pz 
(~) 

~ oxlxxlxxl 

//I n- bonding 

Fig. 6. Proposed electronic configuration for F%(CO)9 and 
C%(CO)8. (a) Ligand-metal molecular orbitals around the 
metal atoms prior to t 2 orbital splitting. (b) Splitting of 
the t2, a-type, non-bonding orbitals and their subsequent 
interaction. 
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par t  from the other Fe atom. This interaction gives 
rise to three bonding orbitals and three antibonding 
orbitals which are of a symmetry  with respect to the 
trigonal axis, but of z symmetry  with respect to the 
original rectangular coordinates. The lowest is the 
orbital directed along the trigonal axis, and it leads 
to a bond of considerable strength between the two 
Fe atoms. The observed diamagnetism is thereby ex- 
plained. The two remaining bonding orbitals contrib- 
ute to the dative 7~ bonding which is generally as- 
sumed to be responsible for the observed shortening 
of the terminal metal-carbon distances in the metal 
carbonyls. A somewhat similar proposal for Fe2(CO)9 
by Dunitz & Orgel (1953) has recently come to our 
attention.  

The same diagram (Fig. 6) can be used to describe 
the Co2(CO)s molecule. Each Co atom provides seven 
3d and two 4s electrons, the three terminal CO groups 
contribute six electrons, and the two bridge CO groups 
contribute two electrons. Again we have 17 electrons 
for the 3d, 4s, and 4p orbitals of the Co atom, and the 
same six octahedral covalent bonds are available. 
The five, coordinated, CO groups are thereby a-bonded 
to the Co, and the sixth position (the third bridge 
position) is to be considered as occupied by a virtual 
atom. The orbitals at this position will extend in much 
the same fashion as if there were an atom there fur- 
nishing orbitals to form the bond, but  the overlap will 
be much smaller. The three non-bonding t2 orbitals 
again contain only five electrons, which, because of the 
approximate trigonal symmetry,  are expected to split 
and interact with their counterpart  from the other Co 
atom. This interaction will give rise to the same meta l -  
metal  bonding as in Fe2(CO)9, and Co2(CO)s will be 
diamagnetic as observed. 

Published bond distances and angles show tha t  those 
metal carbonyls with carbonyl bridges are very similar 
in the bridge region (e.g. Mills, 1958; Sly, 1959; Mills, 
1961 ; Hock & Mills, 1961), while the non-bridged metal 
earbonyls exhibit metal -metal  separations which are 
variable and inexplicably large (Dahl, Ishishi & 
Rundle, 1957; Wilson & Shoemaker, 1957). I t  thus 
appears tha t  the bridge carbonyl groups may deter- 
mine the metal -metal  separation as well as the other 
bond distances and angles in the bridge region, and 
tha t  these bridge carbonyl distances and angles are as 
characteristic as those in the terminal carbonyl region. 

Most of the bond angles and distances in Co2(CO)s 
are typical of those found in other metal  carbonyls 
with the possible exception of the cobalt-cobalt  sep- 
aration of 2.52 A, which is 0.03 /~ to 0.06 /~ longer 
than tha t  observed in any other bridged metal car- 
bonyls. While we believe the carbonyl bridges are the 
determinative structural  linkages between the two 
halves of the molecule, which should therefore result 
in characteristically uniform metal-metal  distances, 
it is not surprising tha t  the metal -metal  separation 
should change slightly with only two bridge groups 
present. 

The mean terminal carbon-oxygen distance of 
1-17 • is roughly midway between the observed ex- 
treme values of 1.12 and 1.26 ~. I t  is the same carbon- 
oxygen distance observed in ketene (Brown & Living- 
stone, 1952) and carbon dioxide (Allen & Sutton, 
1950). The bridge metal-carbon distance has a mean 
value of 1.92 ~ as compared with 1.8 /~ in Fe2(CO)9 
(Powell & Ewens, 1939) and 1.82/~ in Fe2(CO)4(CsHs)2 
(Mills, 1958). The Fe2(CO)9 value is probably not reli- 
able since the bridge metal-carbon distance was re- 
ported as being shorter than the terminal metal-carbon 
distance, which is probably incorrect. The distance in 
Fe2(CO)4(CsHs)2 is reliable for comparative purposes 
and the structure has but  two bridges, however the 
conjugated systems in the terminal region may affect 
the bridge metal-carbon distance. I t  seems quite pos- 
sible, for example, tha t  the bridge area conjugation is 
affecting the terminal area in Co2(C0)6C~(C6H5)2 con- 
sidering the rather  long terminal carbon-oxygen dis- 
tances of mean value 1.23 ~ which were found (Sly, 
1959). Perhaps the best direct comparison possible is 
with the values found for Co2(C0)7C4H20~ (Mills, 1961) 
whose mean bridge metal-carbon distance is 1.92 A, 
which is the value found in Co2(CO)s and also tha t  
calculated from covalent radii (Pauling, 1947). 

The terminal metal-carbon-oxygen angles in 
Coe(CO)s show departures from lineari ty in the range 
of 3 to 5 °, which are typical in metal carbonyl deter- 
minations. Although three standard deviations (3a) 
amount to about 3 ° for these angles, the departures 
observed are probably not real. The only established 
example of a non-linear terminal carbonyl group is in 
the unusual structure of Fe2(CO)6C4(OH)e(CH3)2 
(Hock & Mills, 1961), in which a terminal group ap- 
pears to serve also in a bridging capacity. 

The planar i ty  of the Co-C-C-C-C group is fairly 
good considering the distortion to be expected in the 
Co2(CO)s molecule. For example, choosing the final 
least-squares coordinates for the TC1 I, BC1 I, and 
BC2 I atoms as the points defining a plane, the equa- 
tion of which is -0 .947  x -1 -556  y+1.486 z = l ,  we 
find tha t  the TC2 I and Co I atoms are only 0-2 and 
0.4 A, respectively, out of the plane. We conclude tha t  
while there is some departure from a strict octahedral 
configuration, it is not excessive and tha t  the Co2(CO)s 
molecular structure is undoubtedly a variation of the 
Fe2(CO)9 structure which in turn  is definitely based on 
an octahedral configuration. 
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The crystal structure of boron trifluoride dihydrate has been determined at 3 °C by X-ray diffrac- 
tion. The crystals belong to the monoclinic space group P21/c and have cell dimensions 

a=5.606, b=7.438, c=8.683/~;  fl--90.45 °. 

BF 3.2H20 appears to have a structure with one water molecule bonded to boron to form the 
molecular addition compound FaB. OHm; the other water molecule links these together by means of 
hydrogen bonds. However, the ionic formulation [HaO]+[BF3OH] - cannot be entirely excluded by 
the diffraction evidence. 

Introduction 

The early observation by  Kl inkenberg  & Kete laar  
(1935) tha t  the X-ray  diffraction pa t te rn  of BF3.2H20 
is very  s imilar  to those of NH4BF4 and NH4C104 
suggested tha t  the former compound is isomorphous 
wi th  the la t te r  compounds, and so is p robably  a 
hydron ium salt  in the solid. The presence of H30 + and 
BF3OH- in the l iquid  was indicated by  the conduct- 
ometrie measurements  of Greertwood & Martin (I95I). 
I t  would then  be interest ing to compare the pa t te rn  
of hydrogen bonding here wi th  those in other hydro- 
n ium salts such as HaOC1 (Yoon & Carpenter,  1959) 
and HsOCIOa (Lee & Carpenter, 1959). On the other 

hand,  Ford & l~ichards (1956) concluded from nuclear  
magnetic  resonance studies tha t  in slowly crystal l ized 
boron triflu0ride dihydrate the water molecules are 
present  in molecular complexes. The present structure 
de terminat ion  was under taken  to ascertain the true nat- 
ure of this  substance and to invest igate  the hydrogen 
bonding pat tern.  Addit ional  details  of this  H'oI'k are 
presented in a thesis by  one of us (Bang, 1963). 

Experimental  

Boron trifluoride dihydrate ,  prepared by  int roducing 
boron trif luoride gas into water and subsequent  
fractional  crystall ization, was sealed in Pyrex glass 


