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could be connected with activity of FU in some situa-
tions, for example when FU is substituted into RNA.
The variety of stacking interactions observed in the
FU structure demonstrates that a particular stacking
geometry seems to be affected by a number of external
constraints. The matter is therefore not simple, and it
is difficult to generalize about the stacking geometry of
FU in other environments. Interactions as strong as
those observed between fluorine atoms and nitrogen
atoms of adjacent pyrimidine rings have no counterpart
in naturally occuring purine or pyrimidine bases. These

m

iy

Fig. 5. Projection of molecular layer at x~ 3 and layer at x~ %
onto (100). Black circles represent atoms in layer at x~ 3.
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kinds of interaction should be investigated further,
since they are liable to recur in various environments
and could be connected with the mutagenic action of
FU.

The author is indebted to Dr Fredrik A. Muller and
to Dr Roger Hanscom for their suggestions and assis-
tance. Additional advice which proved critical in
yielding a solution to this problem was given by Drs
Jerome and Isabella Karle. Support of the research
program by USPHS Research Grant DE 02111 from
the National Institute of Dental Research, National
Institutes of Health, Bethesda, Maryland is also grate-
fully acknowledged.
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The Crystal Structure of KIBr..H,O

By STUART SOLED AND GENE B. CARPENTER
Metcalf Chemical Laboratories, Brown University, Providence, Rhode Island 02912, U.S.A.

(Received 9 June 1973; accepted 11 June 1973)

Crystals of potassium dibromoiodide monohydrate, KIBr,. H,0, are orthorhombic, space group Pnnm,
with a=12-183 (5), b=13046 (5), c=4-390 (3) A, Z=4. All atoms liec on mirror planes. The structure
was refined from diffractometer data by least-squares methods to R=5-8%. The structure consists of
nearly linear chains of halogen atoms extending infinitely along b. The two independent IBr; anions are
linear and symmetrical, both with I-Br bond lengths of 2:71 A. The closest O- - - Br distance is 3:60 A,

indicative of weak hydrogen bonding.

Introduction

Wells, Wheeler & Penfield (1892) were the first to re-
port preparing ‘potassium dibromoiodide’. Later,

Cremer & Duncan (1932) proved by measurements of
dissociation pressures that both hydrated and anhy-
drous versions of the compound exist. Although single-
crystal X-ray studies of compounds containing triiodide
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and dichloroiodide ions are numerous, for example,
N(C,Hs),I5 (Migchelsen & Vos, 1967) and N(CH;),ICl,
(Visser & Vos, 1964), there has been only one reported
investigation of the dibromoiodide ion, in CslBr,
(Davies & Nunn, 1969), where the dibromoiodide ion
is unsymmetrical. In the latter study as in all the bro-
mine- and iodine-containing trihalides (Carpenter,
1966; Tasman & Boswijk, 1955; Breneman & Willett,
1969), weak multicenter bonding between the anions
is the rule. However, in KICl,.H,O (Soled & Carpen-
ter, 1973), there is weak hydrogen bonding between the
molecules of water and the chlorine atoms, but no
bonding between anions. The present study was under-
taken to examine a system that might contain both
weak intermolecular halogen interactions and hydro-
gen bonding.

Experimental
Sample preparation

Crystals of KIBr,.H,0 were obtained by slow evap-
oration of an aqueous solution of KNO,, I, and HBr,
prepared according to the procedure suggested by
Wells (1901) for the preparation of CsICl,. Further
experimentation showed that when a twofold excess of
HBr is used, anhydrous KIBr, results. Repetition of
the original preparation (Wells, ef al., 1892) with KBr,
1, and Br, showed the product to be the hydrate.

Because of its extreme instability, the anhydrous
KIBr, was not investigated further. Although
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KIBr,.H,0 also rapidly loses iodine and bromine on
exposure to the atmosphere, it can be preserved for a
few days by a coating of halocarbon grease (Kcl-F).

Unit cell and space group

Crystallographic data is set out below. Unit cell and
space group data were obtained from Weissenberg and
precession photographs and from 14 26 values meas-
ured with a Picker four-circle diffractometer.

System Orthorhombic
a 12:183 (5) A
b 13-046 (5)

¢ 4-390 (3)

0:7207:1:1-071
0-7158:1:1-1691
Okl, k+1=2n+1
WOl h+1=2n+1
Prnnm

4

3.27
172:2

2c:a:b (X-ray)
a':b':c’ (optical)
Absences

Space group
V4

d. (g cm~3)
uecm~%), Mo Ku

The optical axial ratios were measured by Penfield
(Wells, Wheeler & Penfield, 1892). The centrosymmet-
ric space group Pnnm was adopted during the struc-
ture determination; the subsequent refincment verifies
this choice. The extreme instability of KIBr,. H,O made
a density determination impractical.

Table 1. Final parameters and their standard deviations
All values have been multiplied by 10* The temperature factor is of the form: exp [—(B11/* + Bak? + B33l >+ 2hk B1,)].

P13=0 and B,;=0 by symmetry.

x/a yib z/e B B2 B3 B2
I(1) 00 0-0 0-0 39(2) 70 (3) 357 (20) —-1(2)
1(2) 0-0 5000 0-0 78 (3) 51 (3) 375 21) 7(2)
Br(1) 340 (3) 2053 (3) 0-0 57 (3) 70 (3) 648 (27) —-2(2)
Br(2) 2116 (3) 5640 (4) 0-0 71 (3) 73 (4) 771 (32) —4(2)
K 3238 (8) 2647 (10) 0-0 109 (8) 140 (12) 483 (59) 0 (8
(o) 2192 (19) 3458 (23) 5000 61 (19) 106 (27) 856 (22) 10 (11)
Table 2. Observed and calculated structure factors multiplied by 10
H K POBS PCAL # K PORS PCAL H K POBS PCAL ¥ K POBS PCAL H K POBS PCAL # K POBS PCAL H K POBS PCAL A K POBS PCAL 4 K POBS PCAL H K FOBS ICAL H X POBS FCAL
3.7 720 747 7 u &30 422 307 372 327 7T 2 563 542 a 5 659 646 8 S 330 299 1 B 270 3tw 7 6 676 658
310 342 306 7 6 GBI 66 *eeseL= Tesses 3 8 955 1021 7 3 682 683 W 6 756 775 8 6 716 697 110 604 K05 8 4 388 418
4 0 2846 2953 7 7 298 1353 3 9 371 351 7 4 854 865 0 0 2950 3601 & 8 335 305 8 7 232 184 2 1 ueu u6A 9 0 667 613
#esseei= Qessse a1 1513 1u5) AR O Su7 898 310 915 976 7 6108Y 1138 0 2 718 7u8 & 9 265 293 8 8 527 S19 2 2 276 303 9 1 2u5 236
4 215021450 8 1 631 615 0 1 65 657 3 12 270 288 7 8 911 913 0 4 1589 1673 4 10 566 562 8 9 275 300 2 5 267 252 9 2 614 615
4 3 19 189 8 2 1055 1081 O 3 1232 1226 3 13 284 235 7 10 548 595 0 6 551 537 5 1 405 388 9 3 226 225 2 6 372 294 9 u 459 482
0 2 9911005 & u 1283 1405 B8 4 698 702 O 5 1054 1021 & 1 216 175 8 1 296 273 0 8 212 211 5 2 437 w6 9 3 192 159 2 7 597 475
0 62142 2370 w S 925 996 8 S5 4ul @52 0 9 537 481 @ 2 412 337 A 3 238 167 0 10 629 609 S 3 w9 320 9 & 472 867 3 0 133 1279
0 A 683 637 4 6 835 991 B8 6 969 891 O 13 300 272 w 3 681 701 8 & 807 862 0 12 255 206 5 & 226 269 9 6 1329 212 3 1 390 38
010 775 750 & B 295 320 8 7 267 261 1 0 3116 2919 & 4 948 974 8 6 215 283 1 2 398 4&19 5 5 867 492 9 7T 317 297 3 2 208 170semssi= ussess
012 331 283 4 9 382 419 B B 647 666 1 1 143 139 & S 645 671 8 B 278 279 1 3 610 620 5 6 585 573 10 0 43w 619 3 & 1087 1090
0 14 660 591 4 10 665 702 8 9 0% 8419 1 21298 1238 & 8 207 189 9 0 1050 1038 1 & 669 670 S 8 283 283 10 1 269 321 3 6 795 760
12 666 670 5 1 734 655 8 10 452 sul 1 3 1546 1589 & 9 269 323 9 1 u6s @83 ) S 671 689 5 9 389 3e@ 10 2 811 822 3 7T 292 152 0 0 1263 1358
13 93 991 5 2 625 611 9 1 330 35 1 4 1728 1709 & 10 292 259 9 2 993 1052 1 6 379 391 6 O 1282 1262 10 3 415 4l 3 8 640 612 0 2 77 405
141139 1122 5 3 528 w72 9 3 268 210 1 S 207 275 5 0 2196 2106 9 & 733 756 3 7 820 625 6 1 276 304 10 & 369 421 3 10 579 576 0 & 41 774
151053 1047 § w370 371 9 u 6u9 662 1 6 1258 1229 5 1 274 277 9 6 284 278 1 9 305 265 6 2 SI1 566 11 2 251 238 & I 284 296 0 6 321 333
T 6 640 K1 5 S 657 716 9 6 352 288 1 7 353 348 5 2 1788 1748 9 8 375 356 2 0 1071 1019 6 3 702 707 a & gu0 w9 1 5 235 258
17 R19 612 S 6 753 833 9 7 383 412 1 B 409 395 S 3 523 522 10 2 38T 389 2 2 569 529 6 4 1157 1077 4 5 329 328 1 7 217 163
1.9 w15 392 5 7 201 99 9 8 261 199 110 1122 1002 5 & 1131 1163 10 6 336 350 2 3 211 226 6 5 423 ui 5 0 1135 1161 2 0 570 573
110 264 329 S B 366 601 10 0 779 798 1 11 322 386 S S 220 216 10 7 355 378 2 & 1375 1323 6 6 682 630 eessel: Jaeess 5 2 996 965 2 2 178 1378
2 012511317 & 9 4u6 S00 10 t 871 wuw 2 11149 1090 5 6 638 635 11 O 202 131 2 S5 43y ©16 6 8 612 597 S 3 29 236 2 4 od2 606
2 2 616 599 6 0 1750 1688 10 2 1080 1077 2 2 792 788 S5 8 200 158 11 2 699 728 2 6 1360 1375 6 10 507 489 S u 688 68) 2 6 >18 632
2 3 156 378 6 1 u70 uS8 10 3 583 SA2 2 3 256 266 5 9 297 308 11 3 407 38) 2 8 825 782 7 1 S%a 546 0 1 224 25 S 5 213 115 3 1 258 198
2 617761872 6 2 733 682 10 @ 515 510 2 5 532 488 5 10 S60 567 11 & 296 319 2 10 1090 1009 7 2 287 290 0 3 495 430 5 6 474 468 u 0 853 830
25 667 555 6 31109 1055 10 S 238 132 2 6 629 609 5 11 314 318 11 S 218 173 3 1 653 620 7 & 3u6 295 0 5 u0u u60 S B 226 187 u 1 331 306
2 61791 1A77 6 u 1538 1628 10 8 308 3u6 2 7 1290 1216 5 12 318 287 1t 6 526 528 3 3 229 219 7 6 288 335 0 9 2uu 224 6 2 449 8% w 2 535 531
2 R 10231032 6 5 629 628 11 1 209 235 2 € 366 286 6 1 215 168 12 1 248 255 3 7 528 508 7 7 305 283 1 0 1499 1487 6 6 416 w21 4 4 S0 531
210 1268 1342 6 6 S50 790 11 2 355 3u0 ) 0 2505 2017 6 2 1021 1000 12 3 386 403 3 10 252 218 T 8 219 172 1 2 701 732 7 0 487 w19 & 5 395 218
211 34 298 6 8 T1A 750 11 6 370 365 3 1 998 939 6 6 8u0 84N A 0 208% 1996 8 O 455 433 1 3 640 647 7 1 863 4wt & 6 420 416
212 230 1R9 6 10 560 628 12 2 891 502 3 3 383 363 6 8 251 297 & 11021 9a7 B 1 463 433 1 4 913 952 T 2 807 21 6 0 627 620
311112 1025 6 11 407 646 12 4 385 606 3 @ 1836 1986 7 0 602 566 a4 21196 1067 B 2 819 819 1 6 713 750 7 3 35 354 6 2 315 331
11 318 380 7 1 82u 816 35 415 410 7 1 891 B6uesesesi: 2eesss 4 4 1075 1066 8 4 587 S68 1 7 209 162 7 & 573 558 6 3 260 236
4 11A9 1339 7 2 w4l w26 36 1351 1333

A C29B-16



2558

Intensity data

Intensities were collected on a Picker automatic
four-circle diffractometer with zirconium-filtered mo-
lybdenum radiation (%,=0-7107 A) and 6-20 scans.
Reliable intensities were obtained for 326 independent
reflections. A reflection was regarded as unobserved if
its intensity was less than twice its standard deviation.
During data collection, standards were monitored
after every twenty five reflections. During the first two
thirds of the data set (375 reflections) there was a nearly
linear 19 % decomposition of the crystal. For the last
two hundred reflections, the rate of decomposition in-
creased but remained approximately linear, so that
when data collection was completed there had been an
overall 62% decrease in the diffracting ability of the
crystal. The raw intensities were corrected for the ap-
proximately segmented linear decomposition. The
crystal was approximately 0-08 x0-10x0-32 mm and
was treated as a cylinder (#R=0-82) for an absorption
correction with the local intensity correction program
(CYLLY). The transmission coefficients ranged from
0-24 to 0-27.

Structure determination and refinement

The structure was determined by standard Patterson
and Fourier methods and refined by least-squares
methods with the program BULS, a local variation of
the ORFLS program (Busing, Martin & Levy, 1962).

From a Patterson synthesis, two independent iodine
atoms, both at 2/m positions, and the bromine atoms,
also on the mirror plane, were located. The positional
parameters of the bromine atoms and the isotropic
temperature factor parameters of the iodine and bro-
mine atoms were refined by four cycles of least-squares
refinement to R=17-0%, R,,=236%. A difference
map located the potassium and oxygen atoms on the
mirror planes. No hydrogen atoms were located. Suc-
cessive cycles of refinement, initially with isotropic and
later with anisotropic temperature factors, converged
to R=5-8%, R, =68%. The standard deviation in F?
was estimated from the expression

o(F2)=(1/Lp)[C +8-25+(¢./2t,)(B, + B, + 16-5)
+(0-07C)2 +(0-07)%(B, + B,)?

where Lp is the Lorentz—polarization factor, C is the
total integrated count obtained in time 7., and B, and
B, are the two background counts, each obtained in
time ¢,.

The final positional and thermal parameters with
their e.s.d.’s are listed in Table 1 and the observed and
calculated structure factors in Table 2.

Discussion

The structure is illustrated in Fig. 1 and important
interatomic distances are given in Table 3. All the atoms
lie on mirror planes at z=0 and z=1%, separated by
2:20 A. There are two independent IBr; anions, both

THE CRYSTAL STRUCTURE OF KIBr,.H,0

symmetrical and linear by virtue of lying on inversion
centers and both with I-Br lengths of 2:71 A. By con-
trast, the I-Br bond distances in CsIBr, are 2:78 A and
2:62 A (Davies & Nunn, 1969). The bonding in these
ions is well described by three-center four-electron
bonds (Rundle, 1962), symmetrical or unsymmetrical
according to whether the electrostatic potential due to
the surrounding ions is the same or different at the two
ends of the ion (see for example, Migchelsen & Vos,
1967).

Table 3. Interatomic distances and angles

X y z

i I-x +y —i-:2

ii +x -y 3+:z

iii }—x t+y 41—z

iv +x 33—y }+:z

v —x —3+y -z

vi X y 14z

vii —3+x 31—y —%+2z

viih —3+x -y 14z
1(1)——Br(1) 2:710 (6) A 1(2)- - -Br(1)-I(1) 1651 (1)°
1(2)——Br(2) 2-709 (6)
1(2)- -+ -Br(l) 3-867 (7)
(1" -+ -Br(2) 4-226 (6)
OH----Br(2) 3-595(24) Br(2) ---O---Br(2') 752 (6)
OH- ---Br(2!) 3-595 (24) Br(l) ---O---Br(1*") 74-1 (5)
OH:---Br(l) 3643 (22) Br(2):--O-:-Br(i') 672 (4)
OH----Br(1'") 3-643 (22) Br(1) +--O---Br(2) 90-8 (3)
(OREERE Br(2*) 3-773 (30)
[OIERERE Br(1') 3-893 (24)
Br(1)- - - K1t 3:395 (9) Br(2)---K't 3-444 (11) A
Br(l)--- K" 3-395 (9) Br(2)- - -K' 3-444 (11)
Br(1)---K 3616 (12)

Another feature of the structure is the presence of
nearly linear chains of halogen atoms along b. The
Br(1). - -I(2) distances indicated by dashed lines in Fig.
1 are 3-87 A, about 0-2 A less than the expected van der
Waals separation, and the I(1)-Br(1)---1(2) angle is
165-1°. This suggests that the three-center bonds that

J\ o 7 e D Br@iv) ®)
\ T O=—c_.
o b ) A
l— KiBrg-Ho0

Fig. I. The structure projected onto the ab plane. Shaded atoms
lie on a mirror plane at z=14. The others are on mirror planes
at z=0and z=1. The oxygen atoms are striped to distinguish
them from potassium atoms. Note the infinite chains formed
along b with I(2)- - - Br(1) distances 3-87 A.
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link the atoms into ions are further coupled, weakly, to
form infinitely extended multicenter bonds. This is an
extension of the four-center patterns X-X-X- - - X that
occur in the isostructural cesium trihalides, CsI; (Tas-
man & Boswijk, 1955), CsI,Br (Carpenter, 1966),
CsBr; (Breneman & Willett, 1969) and CsIBr, (Davies
& Nunn, 1969). Along a and c¢ the ions are well sepa-
rated. The oxygen and potassium atoms occupy holes
between the dibromoiodide ions.

Each oxygen atom has six neighboring bromine
atoms. There are two bromine atoms in the same plane
with the oxygen atom, one 3-77 A and one 3-89 A
away. In addition, there are two sets of two bromine
atoms related by a unit-cell translatioa in ¢, one set
3-60 A from the oxygen atom and one at 3-64 A. The
four shorter distances are presumably hydrogen bonds
although they are 0-2-0-3 A longer than found in such
hydrogen bonded systems as NaBr.2H,O (Haaf &
Carpenter, 1964) or codeine hydrobromide dihydrate
(Kartha, Ahmed & Barnes, 1962). This increased
length may partly be due to the reduced effective nega-
tive charge on the bromine atom compared with simple
bromide ions (Elema, de Boer & Vos, 1963). Hydrogen
bonding to these four bromine atoms requires a dis-
order of the hydrogen atoms across the mirror plane,
resulting in four ‘half” hydrogen bonds, each somewhat
longer than a whole hydrogen bond. As in KICl,.H,0
there is no hydrogen-bonded network among the water
molecules, but apparently only weak hydrogen bonding
between the bromine atoms and water molecules. Un-
like the chlorine atoms in KICIl, and KICIl,.H,0
(Soled & Carpenter, 1973), the bromine atoms in
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KIBr,.H,0 participate as the central atoms in a mul-
ticenter bond.

This work was supported in part by the Materials
Science Program at Brown University, funded by the
National Science Foundation.
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The Crystal Structure of [Co(NH3)6]4CusCly7: a Twinned Cubic Crystal

By PETER MURRAY-RUST

Department of Chemistry, University of Stirling, Stirling, Scotland

(Received 5 June 1973 ; accepted 1 June 1973)

[Co(NHs;)e]sCusCl,; crystallizes in the cubic space group Fd3, with a=21-80 A. The structure was solved
and refined by standard methods to an R of 0-148. Although the bond lengths and angles were
chemically acceptable, the poor agreement suggested that the solution was only partially correct.
Analysis of the intensities at this stage suggested that the crystal used was twinned and that a correction
could be made for this. The structure was then refined to a final R of 0-086 with a value for the twin
parameter («) of 0-323. There was no significant change in the positional parameters after this procedure
but the standard deviations decreased markedly. The method used for detecting the twinning is applic-
able even when systematic absences or morphology give no indication that the crystal is twinned and it
differentiates between twinned and disordered crystals. The structure contains [Co(NH;)¢]** octahedra
[Co-N(av)=1-96 A], isolated Cl~ ions, and [CusCl;c]''~ units. The latter contain linear Cu-CI-Cu
bridges with Cu-Cl bond lengths of 2:495, 2-323 and 2-278 A, and have 23 symmetry.

Introduction

[Co(NH;)elsCusCly; is of interest because of the un-
usual stoichiometry of the anion and also because of

A C29B - l6*

its very strong similarity to [Co(NH3)s]CuCls. The iso-
morphous [Cr(NH;)s]JCuCls has been investigated by
Raymond, Meek & Ibers (1968) and shown to contain
[CuClsP~ trigonal bipyramids. These two compounds



