A. SALZER, B. BUCHMANN AND H. SCHMALLE

Fig. 3. Stereoscopic ORTEP (Johnson, 1971) drawing of the
packing of [Rh(CsH;)(C¢H,,)J[BF,] with the split positions of
the BF, groups.

layer being on the face of the unit cell and the other
at the center (Fig. 3).

In conclusion, it can be said that the X-ray struc-
ture of [(RhCsMes)(C¢H,;))|[BF,] fully confirms
the structural assignment based on spectroscopic
measurements and that the complex constitutes a
typical example of a compound with an ‘agostic’
hydrogen bridge.
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Structure of Di|3,4;3",4’-bis(ethylenedithio)-2,2’,5,5 -tetrathiafulvalenium]
Di-u-iodo-bis[diiodocadmate(Il)], (BEDT-TTF),|Cd,l¢]
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Abstract. (C,oHgSs),[Cd,I¢], M, = 1755-60, triclinic,
P1, a=9067(2), b=10-515(1), c = 12441 Q) A, «
=97-12(1), B=10343(1), v=106-13(1)°, V=
1085 (1) A’, Zz=1, D, =269 gem ™3, A(Mo Ka) =
0:71073 A, p = 59-6 cm ™', F(000) = 806, room tem-
perature, R(F)=0-051, wR=0-061 for 2761 unique
reflections. The structure consists of pairs of BEDT-
TTF cations [BEDT-TTF = bis(ethylenedithio)tetra-
thiafulvalene] with an interplanar separation of
3-53 A and Cd,I2~ anions formed by two CdI3~
tetrahedra sharing one common edge. 7w— molecu-
lar overlap exists within each pair of BEDT-TTF
molecules, while different pairs are linked via S--S
contacts, which are as short as 3-339 (3) A.

0108-2701/91/020279-04$03.00

Introduction. Organic salts based on BEDT-TTF
[bis(ethylenedithio)tetrathiafulvalene] and related
molecules are among the most interesting solid-state
materials. A salt of BEDT-TTF, (BEDT-TTF).-
[Cu(NCS),] (Urayama et al., 1988), has the highest
T, value of the known organic superconductors,
while other highly conducting salts are based on
the related cation BEDO-TTF [bis(ethylenedi-
oxo)tetrathiafulvalene] (Suzuki, Yamochi, Srdanov,
Hinkelman & Wudl, 1989; Wudl et al., 1990; Beno ez
al., 1990). The salts of these cations show enormous
variety, as illustrated in a recent survey (Williams e¢
al., 1987). The present study is part of a program of
synthesis of new organic salts by electrocrystal-

© 1991 International Union of Crystallography
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lization techniques, and the correlation of their
structures with physical properties. The structure
analysis of (BEDT-TTF),{HgBr,].trichloroethane
(Bu, Coppens & Naughton, 1990) is the previous
report in this series.

Experimental. Crystals of (BEDT-TTF),[Cd,]ls] were
prepared by electrocrystallization (Pt electrodes) with
a home-made dc source. A current of 50 phA was
applied to a 0-3mM BEDT-TTF 1,2,2-trichloro-
ethane solution saturated with (Et,N),[Cdl,).
(EtyN),[CdI,] was prepared by mixing Et,NI with
CdI, (molar ratio 2:1) in absolute ethanol. Black
shiny thin plates were found on the anode after one
week. An initial attempt to grow crystals in a mix-
ture of 60 ml tetrahydrofuran and 25 ml acetonitrile
produced crystals of a BEDT-TTF iodide according
to the results of the electron fluorescence microprobe
analysis (EDX).

A single crystal of (BEDT-TTF),[Cd,lg], 0-16 x
0-15 X 0-025 mm, was mounted on top of a glass
fiber. Oscillation and Weissenberg photographs
indicated the crystal to be triclinic. Unit-cell dimen-
sions were determined from a least-squares
refinement of the setting angles of 25 reflections (25
<26 < 36°). Room-temperature data were collected
on a MicroVAX-controlled CAD-4 diffractometer
with the /26 scan technique and graphite-
monochromated Mo Ka radiation (A =0-71069 A).
Three standard reflections monitored throughout the
data collection showed very small changes in inten-
sity (less than 3%). 4076 reflections with 1-5< 6 <
25° were measured (h=0,10, k= —12,12, [=
—14,14) and averaged to give 3841 unique reflec-
tions, the internal agreement factor R(F)=0-023.
Data were reduced using a set of programs written
by Blessing (1987) and numerical absorption correc-
tions were applied. The transmission factors ranged
from 0-41 to 0-87. The centrosymmetric space group
PT was suggested by the intensity statistics and con-
firmed by the successful structure solution and
refinement. The original Cd and I atomic positions
were obtained by direct methods using MULTAN11/
82 from the Enraf-Nonius (1979) VAX SDP pack-
age. Additional atoms were located in difference
Fourier maps. Scattering factors (including anoma-
lous contributions) were taken from International
Tables for X-ray Crystallography (1974, Vol. IV).
The final full-matrix refinement was carried out with
the program LINEX384 (1984). 2761 unique reflec-
tions with I > 20(I) were used in the refinement with
anisotropic thermal parameters for all non-H atoms.
H atoms were not included. A total of 199 variables
were refined, minimizing the function X[w(|F,us —
k|F)?%, where w=1/0%F); o(F)=a(F%/2F,
(F?) = [0%ounting + (0-02| F1>)°]"2%. Parameter shifts
in the final least-squares cycles were smaller than

(C10HsS4)2[Cd,14)

Table 1. Fractional coordinates and equivalent
isotropic thermal parameters (A% with es.d.’s in
parentheses

x y z U*
11 0-4110 (1) 031566 ) 013676 8) 00578 (4)
2 0:0974 (1) 009120 9) 034989 (8)  0-0518 (4)
B3 01162 (1)  —014213(9) 001068 (8) 00527 (4)
cd 01540 (1) 011237 (9) 014681 (8) 00476 (4)
sl -0-3962 (5) 03885 (3) 0-6676 (3) 0051 (1)
s2 -03521 (4) 01417 (3) 0-5684 (3) 0:040 (1)
S3 -0-2599 (4) 05412 (3) 0-4890 (3) 0049 (1)
s4 ~0-1992 (4) 03010 (3) 03927 (3) 0:043 (1)
85 -05072 (5) 02793 (3) 08531 (3) 0053 (1)
S6 —04708 (4)  —0-0205 (3) 07241 (3) 0040 (1)
7 —0-1098 (5) 07163 (3) 03519 (3) 0062 (2)
S8 —0-0471 (6) 04293 (4) 02318 (4) 0071 (2)
Cl —0-334 (1) 0-309 (1) 05664 (9) 0035 (4)
C2 -0270 (1) 0376 (1) 04928 (10)  0-038 (5)
c3 ~0-443 (1) 0254 (1) 07342 (10) 0037 (4)
c4 —0424 (1) 0-138 (1) 06858 (10)  0-036 (4)
Cs -0-162 (1) 0556 (1) 0385 (1) 0038 (5)
cé -0:133 (1) 0-445 (1) 0341 (1) 0044 (5)
c7 —0-641 (2) 0111 2) 0-840 (2) 010 (1)
C8 ~0-574 2) 0002 (2) 0828 (2) 0077 (9)
9 —0-074 (3) 0684 (2) 0217 (2) 009 (1)
clo -0-120 (3) 0552 (2) 0156 (1) 012 (1)
*Temperature factor defined as: exp[—27*(U, A%a** + -+

2Uxsklb*c*)] and U, = 1/3%,5,U;a;*a*a,.a;; all atoms were refined
anisotropically.

001 o. For 2761 reflections, R(F)=0-051, wR=
0-061, GOF =2-19.

Final atomic coordinates and thermal parameters
are listed in Table 1,* while bond lengths and angles
are given in Table 2. Fig. 1 shows the atomic labeling
scheme for the BEDT-TTF molecule and Fig. 2 is a
packing diagram of the unit cell. The geometry of the
Cd,I#" anion and the labeling of Cd and I are shown
in Fig. 3, while the intermolecular contacts are
illustrated in Fig. 4.

Discussion. The unit cell contains two crystal-
lographically equivalent BEDT-TTF cations and one
Cd,IZ~ anion. The Cd,I?™ anion is formed by two
CdI;~ tetrahedra sharing one common edge (Fig. 3).
This complex anion has a crystallographic center of
symmetry relating the two CdI; moieties. The
Cd—Cd distance is 4022 A. Orioli & Ciampolini
(1972) first reported the X-ray evidence of the exist-
ence of Cd,I2~ with a Cd—Cd distance of 3-71 A.
BEDT-TTF molecules form pairs of closely spaced
parallel molecules. There is a significant offset
(approximately 5-9 A) along the long molecular axis
within each pair of BEDT-TTF molecules. The sep-
aration between least-squares planes of two BEDT-
TTF molecules within the pair is 3:53 A, while the

* Lists of structrue factors and anisotropic thermal parameters
have been deposited with the British Library Document Supply
Centre as Supplementary Publication No. SUP 53387 (19 pp.).
Copies may be obtained through The Technical Editor, Interna-
tional Union of Crystallography, 5 Abbey Square, Chester CH1
2HU, England.
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Table 2. Bond lengths (A) and angles (°) shortest S-S distances are 3-77 A (Table 3), a
—cd 2729 (1) S5—C3 173 (1) distance larger than the van der Waals radii sum of
P—Cd 2716 2) S5—C7 1-81 (2) 36 A HOWCVCI‘, short lateral S---S distances are
:g/—_ccdd gg;; 8; gg—_—gg :;g 8; found between different pairs, the shortest being only
i 2022 (1) s 1751 3-34 A, which is equal to the shortest S--S distance
S1—Cl 172 (1) S7—C9 180 (2) at room temperature reported by Williams et al.
S1—-C3 173 (D) S8—Cé 173 (2) (1987). Cd,I%™ anions are situated at cavities formed
s2—Cl 1172 (1) $8—CI10 1487 (2) b . f BEDT-TTF lecules. Thi ki
S—C4 173 (1) Cl—C2 136 (2) y pairs o - molecules. This packing
$3—C2 1173 (1) C3—C4 1136 (2) arrangement prevents the formation of uniform
$3—C5 1173 (1) C5—C6 134 2) . i i -
G 17301 P 0 BEDT-TTF layers which occur in many BEDT-TTF
$4—C6 1173 (1) C9—C10 140 (3) salts. The unit charge of the BEDT-TTF molecules
HCdi 1901 @ 2 . explains the extremely high resistance of the crystals
N—Cd—I3 112:97 8 S4—C2—C1 1238 (>100 MQ)) as measured by a four-probe contact
11—Cd—13’ 104-97 (4) S1—C3—S5 1174 (7) method at room temperature.
2—Cd—13’ 11-12 (5) S1—C3—C4 115 (1) X
D413 11358 (4 S5 Cr—ca 127 (1) The two ethylene groups of the BEDT-TTF
13—Cd—13" 9122 (3) S2—C4—C6 1141 (7) molecule are disordered as indicated by the large
gc]i—?l—g’ 3228(6(;1) gg:gi:g; : ;2(:) thermal parameters of the C7—C10 atoms (Fig. 1

R pa— . ( ) . .

Cr—so—Ca 951 (6) S Co_s7 1151 () and Table 1). This can be attributed to the
C2—83—C5 957 (6) S3—C5—C6 117 (1) interactions between the disordered ethylene groups
C2—84—C6 957 (6) S7—C5—Cé6 128 (1) and the adjacent Cd,IZ” anions (Fig. 2). Disorder
C3—85—C7 99:3 (9) S4—C6—S8 116:4 (7)
C4—S6—C8 1029 (7) S4—C6—C5 117 (1)
C5—S$7—C9 1033 (9) $8—C6—C5 126 (1)
C6—S8—CI10 970 (1) $5—C7—C8 116 (2) 3
S1—C1—S2 1152 (7) $6—C8—C7 122 (2)
SI—CI—C2  122(1) S7—C9—Cl0 120 Q2)
s2—Cl—C2  123(1) $8—C10—C9 116 (1)
$3—C2—$4 1145 (7)

Fig. 1. Molecular diagram of the BEDT-TTF moiety showing the
labeling of the atoms. Ellipsoids are 50% probability surfaces. 0‘::"2?. _,‘33’
O\

Fig. 4. Arrangement of the BEDT-TTF molecules. Intermolecular
S-S distances less than 3-6 A are shown by dashed lines.
Symmetry codes are: (K) x, y, z; (L) —1—x, 1-y, 1 =z, (M)

Fig. 2. The packing diagram of the unit cell. —l=x, =y, 1=z, (N) =x, 1=y, 1—2z
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Table 3. Intermolecular S-S distances (A) less than
: 39A

SIK—S8N 3766 (6) S1K—S3L 3-589 (6)
S3K—S8N 3830 (5) S5K—STL 3-817 (6)
S2K—SIN 3870 (5) S6K—S2M 3527 (4)
S4K—STN 3777 (5) S2K—S2M 3339 (3)
S3IK—S4N 3868 (5) S6K—SAM 3432 (4)

K, L, M and N refer to the BEDT-TTF molecules in Fig. 4.

of at least one of the ethylene groups has been
found among other BEDT-TTF salts, including
B-(BEDT-TTF),I; (Leung et al, 1985) and
(BEDT-TTF),[Cu(NCS),] (Urayama et al., 1988).
Short H--X (X = Br,I,NCS) contacts less than the
van der Waals radii sums are believed to be the
dominating factor for the disorder of the ethylene
group. For the present structure, accurate hydrogen
positions are not available. From the calculated posi-
tions of H atoms, the shortest H-I contacts are
estimated to be of the order of 3-1 A.

A number of BEDT-TTF salts containing Hg have
been reported including a low-temperature super-
conducting phase (BEDT-TTF),[Hg,sBrs], but the
present report is the first structural study of a
Cd-containing salt.
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Structure of Tetraaquacobalt(II) Bromide Dihydrate (Cobalt Bromide Hexahydrate)

By ANTHONY C. BLACKBURN, JUDITH C. GaLLUCCI AND ROGER E. GERKIN*
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(Received 20 March 1990; accepted 4 July 1990)

Abstract. Tetraaquacobalt(I) bromide dihydrate,
[Co(H,0)4]Br,.2H,0, M, =326-83, monoclinic,
C2/m, a=11-0158(12), b=71694(10), c=
6:9111 (10) A, B =124-761 (7)°, V=448-4 (1) A3, Z
=2, F(000) = 314, D, =2-420 g cm~3, A(Mo Ka) =
0-71069 A, T=296K, u=107-13cm™", R=0-022
for 532 unique reflections having 7> 0. The single
type of Co ion is octahedrally coordinated by four
equivalent water-molecule O atoms at the observed
distance 2-081 (2) A and two equivalent Br ions at
the observed distance 2-6048 (5) A in an array which,
with respect to its angles, departs only slightly from
regular octahedral geometry. The cobalt-oxygen—

* Author to whom correspondence should be addressed.

0108-2701/91/020282-05%03.00

bromine complex was found to manifest rigid-body
behavior. The cobalt—oxygen distance corrected for
rigid-body motion was found to be 2-088 A; the
corrected cobalt-bromine distance, 2:6081 A. Associ-
ated with each complex are two water molecules of
hydration. Assignment and refinement of the coordi-
nates of the four non-equivalent H atoms permitted
detailed analysis of the hydrogen bonding, which
involves each of the four non-equivalent H atoms
significantly. The structure as determined in this
study differs markedly from that presented in the
sole published single-crystal study [Stroganov,
Andreev, Kozina & Solov’ev (1961). Vestn. Leningr.
Univ. Ser. Mat. Fiz. Khim. 16, 114-119]. In particu-
lar, the space-group assignment differs and the pat-
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