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Fig. 3. ORTEP drawing of the TCM ligand with 50% probability
ellipsoids for the RT determination of compound (1).

Fig. 4. ORTEP drawing of TCM with 50% probability ellipsoids
for the LT determination of compound (1).
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Abstract

[CoHgSsl[Ni(CN),], M, =1701.53, F(000) = 864,
A(Mo Ka)=0.71073 A. At 293 K: triclinic, PT, a =

9.677 (7), b=10960(6), c=16392(8)A, a=
9595(5), B =9785(5), y=11513(5°, V=
1533 (4 A3, Z=1, D,=1842gcm™3, pu=

1406 cm ™', R=0.031 based on 3565 observec

reflections with 1= 6a(f). At 100 K: triclinic, Pl,
a=9721 4), b=10.761 (4), c=16.431 (5 A, a=

* Author to whom correspondence should be addressed.

©1993 International Union of Crystallography
Printed in Great Britain - all rights reserved

9587 (3), B=98.174), A=11571Q3), V=
1507 (2) A3, Z=1, D,=1875gcm™ >3 u=
1431ecm™', R=0.082 based on 3865 observed
reflections with I = 60(I). The C atoms of the termi-
nal ethylenic groups of each independent BEDT-
TTF molecule are statistically distributed on both
sides of the molecular mean plane at room tempera-
ture. This phenomenon disappears at 100 K where
the BEDT-TTF molecules adopt different conforma-
tions. The organic molecules develop tetramerized
stacks along the [210] direction. The structure
belongs to the B type of the BEDT-TTF series.
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Introduction

We recently reported the structures and properties of
some new organic conducting salts made of tetra-
thiafulvalene (TTF) derivatives and planar tetra-
cyanometalate dianions (Ouahab, Padiou,
Grandjean, Garrigou-Lagrange, Delhaes & Bencha-
rif, 1989; Ouahab, Triki, Grandjean, Bencharif,
Garrigou-Lagrange & Delhaes, 1990; Garrigou-
Lagrange, Ouahab, Grandjean & Delhaes, 1990).
The two B-[BEDT-TTF][M(CN),] {(BEDT-TTF or
ET = bis(ethylenedithiotetrathiafulvalene), M = Pt",
Ni!] salts exhibit metallic behaviour down to 250 K
where a broad metal-insulator transition occurs. In
order to understand the nature of this transition we
have determined the X-ray crystal structures for both
platinate and nickelate salts at room temperature
and at low temperature. Recently, we reported the
complete study of the platinate salt (Fettouhi,
Ouahab, Grandjean & Toupet, 1992). Since then, the
X-ray crystal structure of the nickelate salt at room
temperature has been reported (Kawamoto, Tanaka
& Tanaka, 1991). We report here the room-
temperature crystal structure with more details on
the statistical disorder of the terminal ethylenic
groups of the ET molecules, the structure at 100 K
and the temperature dependence of the unit-cell
parameters of the nickelate salt: B-[BEDT-
TTFL[Ni(CN)J].

Experimental

The title compound was deposited on a platinum-
wire electrode by anodic oxidation of the organic
donor (4 x 1073 M) under low constant current (/ =
1 A) in the presence of the dianion tetraethylammo-
nium salt (1072 M) as supporting electrolyte. The
crystal growth solvent is a mixture of DMF (di-
methylformamide) and CH,CI, (ratio 4:1). The stoi-
chiometries were determined by X-ray crystal
structure analysis.

The X-ray crystal structures were solved at room
temperature and 100 K using two different single
crystals and using an Enraf-Nonius CAD-4 diffrac-
tometer equipped with graphite-monochromatized
Mo Ke (A =0.71073 A) radiation. The unit-cell
parameters were determined and refined from the
setting angles of 25 accurately centred reflections.

Room temperature

A black crystal of approximate dimensions of 0.4
x 0.3 x 0.15 mm was selected for data collection.
Data were collected with 6-26 scans. The intensities
were corrected for Lorentz and polarization effects.
No absorption corrections were applied. The struc-
ture was solved by direct methods and successive
Fourier difference synthesis. The refinements (on F)

B-[BEDT-TTF][Ni(CN).]

were performed by the full-matrix least-squares
method [H atoms, placed at computed positions
(C—H=1A, B=5A?, were not refined]. The C
atoms of the ethylenic groups show statistical dis-
order on two sites. The refined occupancy param-
eters are given in Table 2(a).

Structure at 100 K

Crystal dimensions were 0.5 X 0.25 x 0.2 mm. The
sample was cooled by a nitrogen stream. The tem-
peratures were deduced by measuring the tempera-
ture of the nitrogen stream near the sample with a
thermocouple. After the stabilization of the tempera-
ture, the unit-cell parameters were refined by least
squares following a SETANG procedure (Enraf-
Nonius, 1985). Each point was measured during the
decrease and the increase of temperature. We
observed complete reversibility in the measurements.
Data were collected with 6-26 scans. The intensities
were corrected for Lorentz and polarization effects.
The absorption corrections were performed using the
DIFABS procedure (Walker & Stuart, 1983) and the
correction factors ranged from 0.677 to 2.001. The
structure was refined starting from the atomic coor-
dinates of the room-temperature structure except
those of the terminal ethylenic groups. The latter
were found by a Fourier difference synthesis. In this
case, and after using different weighting schemes, the
best results were obtained using a unit weight for all
data.

Crystal characteristics and refinement data are
summarized in Table 1. Scattering factors were taken
from International Tables for X-ray Crystallography
(1974, Vol. IV). All the calculations were performed
on a MicroVAX 3100 using the SDP programs (B.
A. Frenz & Associates Inc., 1985). The atomic coor-
dinates are given in Tables 2(a) and 2(b). The com-
parative bond distances and bond angles are given in
Tables 3(a) and 3(b). The atomic numbering is
shown in Fig. 1.*

Discussion

The crystal structure represented in Fig. 2 is built up
of Ni(CN)Z~ anions located at the origin of the
lattice, and two ET molecules (denoted A and B)
which stack along the [210] direction as a tetramer-
ized [BAAB}[BAAB]. . . sequence.

The Ni—C bond distances and bond angles com-
pare well with those found, for instance, in the
(TMTTF),Ni(CN), salt (Bencharif & Ouahab, 1988).

* Lists of structure factors, anisotropic thermal parameters and
H-atom coordinates have been deposited with the British Library
Document Supply Centre as Supplementary Publication No. SUP
55960 (51 pp.). Copies may be obtained through The Technical
Editor, International Union of Crystallography, 5 Abbey Square,
Chester CH1 2HU, England. [CIF reference: PA0283]
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Table 1. Crystal, data-collection and refinement Table 2 (cont.)
information . y s B (AY M
S3 0.0486 (3) 0.6316 (3) 0.3987 (2) 1.4 (6)
o 293K 100 K sS4 0.2511 (3) 0.4987 (3) 0.3711 () 1.35 (6)
(;;yslal dl(m)enslons (mm) (2).4 xs(;.:i x 0.15 (;.5 XS(()).25 x 0.2 S5 -0.1187 (3) 0.5566 (3) 0.2238 (2) 1.38 (6)
range (” 1o to 6 0.1379 (3) 0.4145 (3) 0.1890 (2) 1.43 (6)
Range of A Otoli Otoll s7 0.3206 (3) 0.8297 (3) 0.7729 (2) 1.39 (6)
k -3t 13 -121w012 S8 0.5552 (3) 0.6597 (3) 0.7495 (2) 1.51 (6)
Lo 201020 -9t 19 9 0.5067 (3) 0.8652 (3) 0.3370 (2) 1.51 (6)
Standard reflections 213 037 s10 0.6803 (3) 0.7006 (3) 0.3184 (2) 1.40 (6)
037 133 s11 0.8496 (3) 0.8044 (3) 0.5105 (2) 1.63 (6)
» 313 a3 s12 0.6681 (3) 0.9601 (3) 0.5368 (2) 1.59 (6)
Average deviation (%) =25 -15 s13 1.0396 (3) 0.9019 (3) 0.6823 (2) 1.99 (7)
u(Mo Ka) (em ) 14.06 1431 Si4 0.8167 (3) 10791 (3) 0.7127 (2) 1.59 (6)
No. of mgasurcd reﬂt‘:c(lons 6098 5592 S15 0.3800 (3) 0.8209 (3) 0.1557 (2) 1.58 (6)
;‘0. of unique reflections (5]304;)3 3%:3 S16 0.5918 (3) 0.6277 (3) 0.1345 (2) 1.97 (7)
i ] X i NI -0.269 (1) 0.061 (1) 0.0219 (7) 22(2)
SCHWFOHS Vgllh I>60(]) 2325 §§§5 N2 0.195 (1) 0.315 (1) 0.0124 (6) 2.1(2)
0. of variables Cl -0.168 (1 0.034 (1 00123 (7 1.4 Q)
X/eis;lins scheme gg.;/l[o(;(&g (0.07E7)) (L)Jggtwailsg; 2 0.122 21; 0.192 21; 0.0066 :7; 1.4 (3;
LW 031, 0. 082, 0. c3 0.261 (1) 0.629 (1) 0.5237 (7) 142
N 1.18 4.69 C4 0.422 (1) 0.675 (1) 0.6724 (7) 1.4 (3)
(8/0)man 047 0.02 Cs 0.331 (1) 0.737 (1) 0.6814 (7) 1.0 (2)
AP ars APemn (€ A 0.394, -0.170 1.776, —1.527 Ccé ~0.044 (1) 0.541 (1) 0.1308 (7) 1.4 (2)
c7 -0.024 (1) 0.409 (1) 0.1156 (7) 13 (3)
. R . . . c8 0.195 (1) 0.591 (1) 0.4423 (7) 142
Table 2. Atomic coordinates and equivalent isotropic  © 0.025 (1) 0.550 (1) 0298 (N 1302
. _Cl0 0.119 (1 0.492 (1) 0.2836 (7 1.0 2)
thermal parameters for (BEDT-TTF),Ni(CN), (M = ¢ oAl oima)  osea 180y
multiplicity) c12 0.588 (1) 0.799 (1) 0.8298 (7) 1.9 (3)
ci3 0.644 (1) 0.816 (1) 0.3857 (7) 132
_ Cla 0.494 (1) 0.787 (1) 0.2349 (7) 1.7(3)
B = (/LB 3; C1s 0.575 (1) 0.716 (1) 0.2263 (7) 09 (2)
x y 2 B.,(A) M Cl6 0.984 (1) 0.943 (1) 0.7775 (7) 19 (3)
(a) At 293K c17 0.974 (1) 1.079 (2) 0.7860 (7) 2.2(3)
Ni 0 o 0 267 (1) Ci8 0.711 (1) 0.855 (1) 0.4656 (7) 14 (2)
si 040460 (8)  0.59158 (T)  0.56700 (5)  3.52(2) g;g g'gfé H)) 8‘32; 3; g‘gg‘f; g; 8 8;
S2 021029 (8)  0.73237(7)  0.58628 (4)  3.45(2) 2 0360 (1) 0,697 (1) 0.6070 (7) 170
S3 005189 (8)  0.63256 (7)  0.39324(5)  3.42(2) 22 0515 (1) 0702 (1) 00361 (7) 210
sS4 0.24735(8)  0.49492 (7)  0.36835 (2) g;: (2) : : - :
S5 —0.10497 (8)  0.56830 (8)  0.21812 (5) 94 (2) .
S6 0.13722(8) 041057 (7)  0.18632(5)  3.44(2) s g";“pgﬂcy ’eﬁ'?e"]‘]e“' performed.
S7 0.32577(8)  0.83220(7) 076718 (5)  3.39(2) efined 1sotropically.
S8 0.55988 (8)  0.66433(8)  0.74300(5)  3.74 (2)
9 0.50248 (8)  0.85693 (7)  0.34021 (5)  3.60 (2)
S10 0.67801 (8)  0.69830(7) 032101 (4)  335(2)
S11 0.84821 (9)  0.80280 (8)  0.51243(5)  3.93(2)
s12 Oscors @) 0SB E  oswne) O Table 3. Bond distances (A) and bond angles (°) in
s13 1. . 9) X X .
S14 081522(9)  1.07288(8)  0.71305(5)  4.17(2) (BEDT‘ TTF),Ni(CN),
S15 037183 (9)  0.80875(8)  0.15955(5)  3.51(2)
S16 0.58774 (9)  0.62478(8)  0.13885(5)  4.53(2) (a) At 293 K
NI -0.2658 (3) 0.0644 (3) 0.0247 (2) 4.90 (8) Ni—Cl 1.867 (4) S14—C17 1.786 (8)
N2 0.1939 (3) 0.3016 (3) 0.0085 (2) 4.14 (7) Ni—C2 1.879 (3) S14—C17’ 1.805 (6)
Cl -0.1662 (3) 0.0389 (3) 0.0142 (2) 3.16 (7) S1—C3 1.726 (3) S$14—C20 1.726 (3)
2 0.1221 (3) 0.1884 (3) 0.0054 (2) 3.09(7) S1—C4 1.746 (3) S15—Cl4 1.741 (3)
C3 0.2628 (3) 0.6326 (3) 0.5203 (2) 2.82 (6) $2—C3 1.733 (3) S15—C21 1.803 (6)
Cc4 0.4248 (3) 0.6758 (3) 0.6675 (2) 2.63 (6) S2—C5 1.740 (3) S15—C21’ 1.792 (8)
cs 0.3344 (3) 0.7405 (3) 0.6763 (2) 2.52(6) $3—C8 1.727 (3) S16—Cl15 1.737 (3)
c6 ~0.0476 (4) 0.5305 (3) 0.1235 (2) 421 (8) $3—C9 1.740 (3) S16—C22 1.822 (8)
c7 ~0.0261 (4 0.4031 (3) 0.1151(2)  422(8) S4—C3 1.734 (3) S16—C22 1.736 (6)
C8 0.1943 (3) 0.5902 (3) 0.4375 (2) 2.76 (6) S4—CI10 1.744 (3) NI1—Cl 1.142 (5)
C9 0.0321 (3) 0.5540 (3) 0.2916 (2) 2.87 (6) S5—C6 1.784 (4) N2—C2 1.127 (4)
Cl10 0.1235 (3) 0.4922 (3) 0.2795 (2) 248 (6) $5—C9 1.736 (3) C3—C8 1.363 (4)
Cll 0.4992 (7) 0.8512 (6) 0.8350 (4) 22()* 0.44 (6) S6—C7 1.798 (4) C4—C5 1.352 (5)
cir 0.4431 (6) 0.7975 (7) 0.8470 (3) 43 (2)* 0.52(7) S6—C10 1.739 (3) C6—C7 1.492 (6)
c12 0.5903 (7) 0.8035 (7) 0.8242 (4) 37* 0.48 (7) §7—C5 1.741 (3) C9—C10 1.345 (5)
C1 0.5071 (6) 0.7174 (5) 0.8376 (3) 37 () 0.55 (7) S7—C11 1.800 (6) Cl11—CI12 1.22 (1)
C13 0.6366 (3) 0.8066 (3) 0.3870 (2) 2.66 (6) S7—C11° 1.792 (7) C11—C12 1.51 (1)
Cl4 0.4868 (3) 0.7784 (3) 0.2384 (2) 2.65 (6) S8—C4 1.727 (3) Cl'—C12 1.50 (1)
C15 0.5679 (3) 0.7066 (3) 0.2299 (2) 2.70 (6) S8—Ci2 1.809 (7) Cl1'—C12’ 1.28 (1)
Cl6 0.9823 (6) 0.9406 (5) 0.7771 (3) 3.6 (1) 0.52 (6) S8—C12’ 1.813 (6) C13—C18 1.364 (4)
Cl6 1.0523 (9) 1.0076 (9) 0.7695 (5) 58 (2)* 0.48 (8) 59—C13 1.732 (3) Cl14--C15 1.336 (5)
c17 0.9258 (8) 1.0305 (8) 0.7917 (4) 57 (2)* 0.52(7) S9—Cl14 1.752 (3) Cl16—C17 1.33 (1)
c17 0.9832 (7) 1.0816 (6) 0.7816 (4) 2.7 (1)* 0.47 (6) S10—C13 1.731 (3) Cl16—C17’ 1.535 (9)
Ci8 0.7088 (3) 0.8499 (3) 0.4693 (2) 2.93 (6) S10—C15 1.746 (3) Cl16—C17 1.43 (1)
C19 0.8902 (3) 0.9012 (3) 0.6106 (2) 321(M S11—C18 1.730 (4) Cl6—C17 1.27 (1)
Cc20 0.8056 (3) 0.9709 (3) 0.6228 (2) 2.68 (6) S11—C19 1.735 (3) C19—C20 1.355 (5)
C21 0.4581 (6) 0.7818 (5) 0.0728 (3) 36 (1) 0.59 (7) S12—C18 1.737 (3) C21—C22 1.31 (1)
c2r 0.3629 (8) 0.6964 (7) 0.0692 (4) z60r 0.40 (6) S12—C20 1.735 (3) C21—C22 1.508 (9)
C22 0.5068 (7) 0.6891 (8) 0.0563 (4) 55(2)* 047 (7) S13—Cl16 1.773 (6) C21'—C22 1.47 (1)
c 0.4541 (7) 0.6419 (6) 0.0645 (3) 30 (1)* 0.51 (6) S13—Cl6’ 1.710 (9) C21'—C22 1.26 (1)
S13—C19 1.729 (3)
(b) At 100K
Ni 0.000 0.000 0.000 1.27 (4) Cl1—Ni—C2 88.0 (1) SI—C4—C5  116.7(2) SI5—C14—CI15 127.6 (2)
S1 0.4093 (3) 0.5946 (3) 0.5709 (2) 1.50 (6) C3—S1—Ca 95.5(2) S8—C4—C5  128.7(2) SI0—CI5—S16 1138 (2)

S2 0.2133 (3) 0.7372 (3) 0.5905 (2) 1.44 (6) C3—82—CS$ 95.6 (1) S2—C5—S7 1150 2) S10—CI5—C14  117.2(2)
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C8—S83—C9
C8—S4—C10
C6—S5—C9
C7—S6—C10
C5—87—C11
C5—S7—Cl11’
C4—s8—Cl12
C4—88—C12’
C13—S89—Cl4
C13—S810—CIs
CI18—SI11—C19
C18—S12—C20
C16—S13—CI19
C16'—S13—C19
C17—814—C20
C17—S14—C20
Cl4—S15—C21
Cl4—si15—q2I’
C15—S16—C22
Cl15—816—C22
Ni—Cl1—N1
Ni—C2—N2
SI—C3—S2
S1—C3—C8
$2—C3—C8
S1—C4—S8

() At 100K
Ni—C1
Ni—Cl1
Ni—C2
Ni—C2
S1—C3
S1—C4
$2—C3
$2—C5
S3—C8
S3—C9
S4—C8
S$4—C10
S5—C6
S$5—C9
S6—C7
S6—C10
S7—CS5
S7—Cl11
S8—C4
S8—Cl12
S9—Cl13
S9—Cl4
S10—C13
S10—C15

CI—Ni—C1
CI—Ni—C2
C1—Ni—C2
C2—Ni—C2
C3—S1—C4
C3—82—Cs5
C8—S83—C9
C8—Ss4—Cl10
C6—S5—C9
C1—s6—Cl10
C5—S7—Cl11
C4 S8 --Cl2
C13—89—C14
C13—S810—C1s
C18—S811—C19
C18—S812—C20
C16—S13—C19
C17—814—C20
Cl4—815—C21
C15—S16—C22
Ni—C1—N1
Ni—C2—N2
S1—C3—S82
S1—C3—C8
$2—C3—C8
S1—C4—S8
S1—C4—C5
S8—C4—C5
$2—C5—S7
§$2—C5—C4
S7T—C5—C4
§$5—C6—C7
S6—C7—C6

Table 3 (cont.)

B-[BEDT-TTFL[Ni(CN),]

955(2) S2—CS—C4  1168(2) SI6—CIS—CI4 1289 (2)
956(1) S7T—C5—C4  128.1(2) S13—C16—CI7 126.7 (5)
1008 (2) S5—C6—C7  1144(2) SI13—C16—CI7 1102 (4)
101.5(2) S6—CT—C6 1154 (2) SI3—Cl6'—Cl7 124.1 (5)
999(2) S3—C8—S4 1151 (1) SI3—C16—CI7 1310 (6)
1026 (2) S3—C8—C3  122.1(3) SI4—C17—Cl6 124.5 (5)
1000 (3) S4—C8—C3  1228(3) SI4—CI7—Cl6’ 117.1 (5)
100.7(2) S3—C9—S5  1142(2) S14—Ci7—ClI6 111.6 (3)
953 (1) S3—C9—Cl0 1173(2) SI14—CI7'—CI6 126.4 (5)
953(2) S5—C9—CI0 128.5(2) SII—CI8—SI2 1154 (1)
952(2) S4—Cl0~S6 1149(2) SII—CIS—CI3 122.1 (3)
952(2) S4—Cl0—C9 1164(2) SI2—CI8—CI3 1225 (3)
999(2) S6—CI0—C9 128.7(2) SII—CI9—SI3 1155 (2)
1036 (4) S7T—CI1—CI2 130.8(5) S1I—CI9—C20 117.2(2)
1029 3) S7—CI11—C12' 1130(3) SI13—CI9—C20 1273 (2)
1022(2) ST—CII'—CI2 1138 (4) S12—C20—S14 1148 (2)
99.1(2) ST—CII'—CI2’ 1272(4) S12—C20—CI9 1168 (2)
102.5 (3) S8—CI2—Cl1 127.0(5) Si4—C20—C19 1284 (2)
103.5(3) S8—CI2—Cl1° 114.0 (4) SI5S—C21—C22 128.3 (5)
101.1 )  S8—CI2—Cl11 1102 (4) SI15—C21—C22" 110.0 (4)
1784 (3) S8—CI2’—CI11’ 127.1(5) SI15—C2I'—C22 118.5 (4)
1793 (3)  S9—CI3—S10 1152 (1) S15—C2I'—C22' 124.7(5)
1153 (1) S9—CI3—CI8 1236 (3) SI16—C22—C21 1220 (4)
1235(3)  S10—CI13—CI8 121.2(3) S16—C22—C21' 1134 (5)
1212(3)  S9—CI4—SIS 1156(2) S16—C22—C21 115.6(3)
1145(2) S9—Cl4—C15 1168(2) SI16—C22—C21" 133.1 (5)
1.86 (1) S11—CI8 1.76 (1)
1.86 (1) S11—CI19 1.75 (1)
1.87 (1) s12—CI18 1.76 (1)
1.87 (1) S12—C20 1.76 (1)
1.74 (1) S13—Cl6 1.80 (1)
1.76 (1) S13—C19 1.76 (1)
1.77 (1) si4—Cl17 1.81 (1)
175 (1) $14—C20 1.76 (1)
1.74 (1) S15—Cl4 1.75 (1)
1.74 (1) S15—C21 1.80 (1)
175 (1) S16—C15 177 (1)
1.76 (1) S16—C22 1.82 (2)
1.80 (1) N1—CI 1.16 (2)
1.73 (1) N2—C2 1.18 (2)
1.82 (1) C3—C8 134 2)
1.76 (1) C4—CS 1.33 (2)
1.76 (1) C6—C7 1.52 (2)
1.82 (1) C9—C10 1.35 (2)
1.75 (1) Cl1—CI12 1.53 (2)
1.77 (1) C13—C18 1.32 (1)
1.76 (1) C14—Ci5 133 (2)
1.76 (1) Ci6—C17 1.50 (2)
1.76 (1) C19—C20 131 (2)
177 (1) c21—C22 151 (2)
180 $3—C8—$4 1150 (6)
88.9 (5) $3—C8—C3 1230 (1)
91.1 (5) $4—C8—C3 1220 (1)
180 $3—C9—SS 1152 (8)
95.1 (6) $3—C9—Cl10 117.0 (8)
94.8 (6) $5—C9—C10 127.8 (8)
95.8 (6) $S4—C10—S6 113.5 (8)
94.9 (6) $4—C10—C9 117.3 8)
99.2 (6) S6—C10—C9 129.2 (9)
101.8 (6) S7—CI1—CI12 114.0 (8)
102.7 (6) $8—CI12—Cl1 1.7 (M
100.3 (7) $9—C13—S10 113.9 (5)
95.7 (6) $9—C13—CI8 1250 (1)
94.9 (6) S10—C13—Cl18 1210 (1)
94.9 (7) $9—Cl14—S15 114.9 (9)
94.5 (6) $9—C14—C15 117.2 (9)
99.7 (6) S15—C14—C15 127.9(9)
102.2 (7) 510—C15—S16 113.0 8)
101.5 (7) S10—C15—Cl4 117.5 (8)
100.0 (6) S16—C15—Cl4 129.5 (9)
177.2 (9) S13—C16—C17 1133 (9)
177.0 (1) $14—C17—C16 115.0 (7)
114.5 (6) S11—CI8—S12 114.3 (6)
125.0 (1) S11—C18—C13 1230 (1)
120.0 (1) S12—C18—C13 1230 (1)
113.8 (8) S11—C19—S13 115 (1)
117.7 (9) S11—C19—C20 1179 (9)
128.5 (9) S13—C19—C20 1275 (9)
113.8 (8) S12—C20—S14 1122 (8)
117.2 (8) $12—C20—C19 118.1 (8)
128.8 (8) S14—C20—C19 129.7 (9)
113.1 (8) S15—C21—C22 1129 (7)
113.2 (7) S16—C22—C21 113.0 (9)

The charge on each ET molecule has been
assumed to be +0.5 on the basis of the comparison
(Table 4) of its geometrical parameters with those
found for a variety of oxidation states of that mol-
ecule, i.e. ET? (Kobayashi, Kobayashi, Sasaki, Saito
& Inokuchi, 1986), ET®** (Mallah, Hollis, Bott,
Kurmoo, Day, Allan & Friend, 1990) and ET*
(Triki, Ouahab, Grandjean & Fabre, 1991), and
those found in the corresponding Pt salt (Fettouhi et
al., 1992). In agreement with this result, the 4:1
stoichiometry of this salt suggests that the ET mol-
ecules bear a mean charge of +0.5.

Nl C1 Ni

c2
N2

Fig. 1. Atomic numbering at both temperatures showing (a) the
disordered ethylenic groups at 293 K and (b) their conformation
at 100 K (the mean plane is represented by the dashed line).

C

Fig. 2. Unit-cell content at 100 K.
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At 293 K, the structure shows disordered ethylenic
groups as a result of the existence of two different
sites with different energies (Williams, Wang, Emge,
Geiser, Beno, Leung, Carlson, Thorn, Schultz &
Whangbo, 1987).

In order to characterize those sites, we have per-
formed an occupancy refinement on the ethylenic
C-atom positions. This converges unambiguously
towards two sites (Table 2a) for only one group of
the 4 molecule (C11, C11’, C12, C12'), the other
being ordered (C6, C7) and for the two groups of the
B molecule group (Cl16, Cl¢, C17, C17, C21, C21",

9.77 4

a(A)

9.76 4
9.75 4
9.74 4
9.73 4
9.72 4
97114

1110
b(A) ]
11.05 4
11.00 4
10.95 4
10.90 4
10.85 4
10.30
10.75 4
10.70 4
1651 o

c(A)

1650 4
16.49 4
16.48
16.474
16.46 4

16.45

T T T T T T T
80 100 120 140 160 180 200 220 240 260 280 300
Temperature (K)

Volume

(A?)

1535 4
1530 4
1525 4
1520 4
1515 4
1510 4

1508
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C22, C22") (Fig. 1). In fact, such character is quite
usual in the ET salts.

Upon cooling, only the b axis contracts while the a
and ¢ axes increase considerably in length, as does
the B angle, to achieve their maximum at 200 K after
which lattice contraction became normal (Fig. 3).
This phenomenon has already been observed in this
kind of salt (Schultz, Beno, Geiser, Wang, Kini,
Williams & Whangbo, 1991), but not with such
magnitude. This behaviour could be closely related
to a kinetic mechanism of ordering. In addition to
the interstack S-S interactions (Fig. 4), we note that

. 96.10
al) 96.05
96.00

95.95 4

95.90 4

9585

95.75
95.70 4
95.65
95.60 4

98.40 4
9835 4
9830 1
9825 4
98204
98.15 4
98.10 4
98.05 4
98.00 4
97959
97.90 4
97.85 4
97.804

L, u70q
70 116.0 4
1159
11581
115.7 4
115.6 4
115.5 9
115.44
1153

1152

1351 YT T T T
30 100 120 140 160 180 200 220 240 260 280 300
Temperature (K)

T T T T T T T T T YT T
80 100 120 140 160 130 200 220 240 260 280 300

Temperature (K)

Fig. 3. Variation of the unit-cell parameters versus temperature.
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Table 4. Comparison of the averaged intramolecular
distances (A) for various observed charges on the
BEDT-TTF molecules

Temp. Molecule a b c d Ref.
— ET® 1319 (10) 1.757 (10)  1.753 (10)  1.331 (10) )
— ET"?* 1.360 (10) 1.732(9)  1.744(9)  1.340 (10) )
— ET* 1.388(10) 1.720 (11) 1.737(10) 1.345(15) 3)
293K A 1364(7)  1.732(5) 1.744(5) 1344 (D) (4)
B 1.349(7)  1.737(5) 1.744(5) 1.335(0) 4)
135K A 1.36 (1) 1.73 (1) 1.74 (1) 131 (1) @)
B 1.35 (1) 1744 (9) 17509 134 (1) 4)
293K A 1.363(4) 1.730(3) 1.743(4)  1.348(4)  This work
B 1364 (4) 1.732(3) 1.742(3)  1.345(5) —
100 K A4 1.34 (2) 175 (1) 1.75 (1) 134 (2) —
B 1.32(1) 1.76 (1) 1.742(3) 1345 (5) -

References: (1) Kobayashi et al. (1986); (2) Mallah er al. (1990); (3) Triki er
al. (1991); (4) Fettouhi er al. (1992).

the ET molecules lay nearly parallel to the (010) face,
and give rise to short metal-hydrogen contacts as
found in the corresponding Pt salts (Fettouhi et al.,
1992). Therefore, taking into account the ethylenic
environment, the order—disorder transition requires a
geometrical rearrangement to achieve sites of lowest
energy and because of the ET orientation the param-
eters influenced most are a, ¢ and B, respectively
(Figs. 3, 4).

At 100 K, the structure is not significantly differ-
ent to that observed at 293 K. We note that the
intrastack distances are not considerably altered and
remain greater than 3.8 A. In contrast the most
important contraction gives strong interactions
between molecules of adjacent stacks with S-S dis-
tances in the range of 3.322 (5)-3.678 (5) A (Table 5,
Fig. 5). This behaviour is quite common in quasi-
two-dimensional salts. Moreover, the terminal ethyl-

Fig. 4. Projection down the b axis showing that the most impor-
tant contacts occur in the (010) plane.

B-BEDT-TTF[Ni(CN),]

Table 5. Comparative intermolecular interactions (A)
at 293 and 100 K
E.s.d.'s on the last digit are 0.001 (0.005 for 100 K) for S-S, 0.005 (0.012)
for Ni--C, 0.006 (0.018) for C--N and 0.003 (0.012) for N---S.

Interstack interaction* Anion-cation contacts

293K 100K 293K 100K
$2—S13" 3.3712 3.322 Ni—Cl16™ 3.612 3.616
S3—S14vi 3.656 3.616 Ni—C17v 3472 3.700
S4—S8* 3.591 3.678 N1—C7 3.458 3.479
S5—S10¢ 3.506 3.411 NiI—C21~ 3.357 3.481
S5—S16" 3.404 3.403 N1—-S15¥ 3.652 3.514
S6—S8 3.453 3.455 N2—C7T 3.383 3.310
S7—S13¢% 3.340 3.347 N2—C22¢ 3.183 3.254
S7—S15v 3.711 3.553 N2-—-S6' 3.240 3.196
S8—S10™ 3.592 3.494 N2—Sl6” 3.361 3.334
S9—S14v 3.496 3.452
S14—S15% 3.433 3.461
Symmetry code: (i) x, y, z; (i) —1+x, y, z (i) —1+x, —1 +y, 2
(V) —l+x, —l+y, —1+z() -x, 1 —p, —z;(vi) | —x, | =y, —2z (vii)

I=x, 1-y 1=z i)l =x,2-y, 1 -z

*The intrastack S-S distances are greater than the sum of the van der
Waals radii.

enic groups become ordered and when viewed along
the central C—C double bond, the two groups are
staggered relative to each other as shown in Fig. 1.
The distances (A) to the mean plane of the central
TTF units for the terminal C atoms are: CS6,
0.702 (12); C7, —0.021 (12); C11, —0.286 (13); C12,
0.446 (14); C16, —0.386 (13); C17, 0.344 (15); C21,
0.092 (13); C22, 0.904 (14).

Fig. 5. Stereoscopic view of the ET packing at both 293 and
100 K. The interstack S-S contacts <3.65A according to
Table 5 are drawn.
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A stereoscopic view of the packing of the ET
molecules is presented in Fig. 5. This arrangement is
of the B-type (Williams et al., 1987). As commonly
observed in the quasi-two-dimensional type of com-
pounds the most significant intermolecular S---S con-
tacts are established between adjacent stacks.
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Abstract

The crystal structure of tetramethylammonium tri-
bromocadmate (II), [N(CH,),][CdBr;] (TMCB), has
been studied at 295 and 85 K, in order to analyze the
structural changes connected with the improper
para—ferroelectric phase transition occurring at
~ 160 K. The space group of the paraelectric (room-
temperature) phase is P6s/m and that of the ferro-
electric (low-temperature) phase is P6,—P6;. Final

©1993 International Union of Crystallography
Printed in Great Britain — all rights reserved

agreement factors are R (wR) = 0.062 (0.075) and R
(wR) = 0.029 (0.038) for the data collected at 295 and
85 K respectively. It is shown that this phase transi-
tion is related to an orientational order—disorder
process of the tetramethylammonium (TMA) groups,
which leads to a tripling of the lattice constant along
the ¢ (hexad) direction; this process can be described
by the freezing of a pseudo-spin coordinate defined
in the frame of a Frenkel-type model. In addition,
the helical-type structure found for the ferroelectric
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