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The crystal structure of K-(ET)rCu(NCS)r [ET or BEDT-TTF = bis(ethylenedithio)tetrathiafulvalene, 
CIOH&] has been examined by single-crystal neutron and X-ray diffraction at temperatures between 
298 and 15 K. Comparison of the low temperature ordered structures determined by use of X-ray and 
neutron diffraction with the previously reported crystallographically disordered room temperature X- 
ray structure indicates the avoidance of close H...H contacts as the reason for the conformational 
disorder of the terminal ethylene groups of the ET molecules at high temperatures. The space group 
is monoclinic noncentrosymmetric P2,, Z = 2. Unit cell parameters at 118 K are a = 16.359(4), b = 
8.418(2), c = 12.855(3) A, p = 111.21(2)“, and V = 1650.3(7) A’; at 15 K, a = 16.373(5), b = 8.375(3), 
c = 12.775(6) A, /3 = 111.45(4)“, and V = 1630(l) A3. The interlayer spacing a . sin /3 remains constant 
upon cooling from 298 to 15 K even though the a axis increases slightly in length. o 1991 Academic PESS, 

IX. 

Introduction 

The organic superconductor K-(ET)*- 
Cu(NCS), [ET or BEDT-TFF = bis(ethy- 
lenedithio)tetrathiafulvalene, C,,H,S,] has a 
superconducting critical temperature, T, , of 
10.4 K (Z-3) and the largest known negative 
pressure dependence of T, ( - 3 K/kbar) (4). 

The U.S. Government’s right to retain a nonexclu- 
sive royalty-free license in and to the copyright cov- 
ering this paper, for governmental purposes, is ac- 
knowledged. 

Upon cooling, the sample resistivity at first 
indicates metallic behavior, followed by ris- 
ing resistivity with a maximum at -90 K, 
after which the resistivity drops and be- 
comes zero at - 10 K (I). A previous study 
of the single-crystal X-ray diffraction struc- 
tures at 298 and 104 K reported conforma- 
tional ordering of the terminal ethylene 
(-CH,-CH,-) groups of the ET mole- 
cules at the lower temperature compared to 
a disordered structure at room temperature 
(5). A similar ethylene group conforma- 
tional ordering in @(ET&I3 (T, = 1.5 K, 
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FIG. 1. Schematic view of the two possible ethylene 
group arrangements of ET where the C-S and C-C 
bonds of the ethylenedithio units (-S-CHr-CH2-S-) 
are represented by wedges to distinguish the C atoms 
lying above and below the molecular n-framework. 
The diagram on the right of each molecule depicts the 
eclipsed and staggered arrangements of the ethylene 
groups when viewed parallel to the central C=C dou- 
ble bond. 

ambient pressure) under mild pressure (0.5 
kbar) results in a large jump in T, to -8 K 
(6). In all the cases of ET conformational 
disorder, one of the ethylene groups is or- 
dered while the other ethylene group exhib- 
its random disorder such that, when viewed 
along the central C=C double bond, the 
two groups are either eclipsed or staggered 
relative to each other (Fig. 1). More re- 
cently, weak X-ray diffuse scattering indica- 
tive of a short range modulation of the aver- 
age crystal structure of K-(ET),Cu(NCS), 
was observed at 23 K (7). In this paper we 
report the results of the first neutron diffrac- 
tion study K-(ET),Cu(NCS), at 15 K, the 
lowest temperature achieved in any re- 
ported full structural study of this material. 
Variable temperature X-ray diffraction re- 
sults are also reported. We have used these 
results to examine in detail the H.**anion 
and H...donor contacts in order to provide 
an understanding of the disorder-to-order 
transition that occurs upon cooling. 

Experimental 

X-Ray Diffraction 

Single crystals were grown by use of elec- 
trocrystallization techniques (3). Broaden- 
ing and splitting of some of the Bragg peaks 

below at least 150 K were observed with one 
crystal, which was cooled by use of a closed- 
cycle helium refrigerator on a Huber four- 
circle goniostat in one experiment and with 
a nitrogen gas flow cooling apparatus on a 
Nicolet P3/F diffractometer in another. 
However, after several cooling and warming 
cycles this effect was not reproducible and 
only gradual changes in the lattice parame- 
ters (Fig. 2), and virtually no change in the 
peak profile widths, were observed to tem- 
peratures as low as 113 K. No evidence of 
peak broadening was obtained from several 
other crystals which were examined. 

A complete data set at 118 K was obtained 
for comparison to the room temperature X- 
ray structure (3) and to the 15 K neutron 
diffraction structure obtained by the study 
described below. The X-ray data were ob- 
tained on a Syntex P2, four-circle diffracto- 
meter equipped with a nitrogen gas flow 
cooling system. Data collection and re- 
finement parameters are listed in Table I. In 
the final cycles of least-squares refinements, 
anomalous scattering was included and all 
nonhydrogen atoms were refined with aniso- 
tropic thermal parameters (8). The atomic 
positional and equivalent isotropic thermal 
parameters are given in Table II. Since the 

x-- 
0.96 ” ” ” ” I”” 1 ” I”” ” 

0 50 100 150 200 250 300 

Temperature, K 

FIG. 2. Temperature dependence of the unit cell pa- 
rameters between 15 K and room temperature. The 15 
K data points were derived from neutron diffraction 
data. All other data points are based on X-ray data. 
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TABLE I 

UNIT CELL, DATA COLLECTION, AND REFINEMENT PARAMETERS FOR K-(ET),CU(NCS)~ 

Space group: monoclinic P2, 
z=2 

15 K 118 K 

a(& 
b(h 
44 
P&k+) 
V(A3) 
Radiation 
Wavelength(s) 

Data collection technique 

Abs. coefficient p(cm-‘) 

Abs. correction 
No. of reflections in final 1.~. 
Function minimized 
R(F) 
&,a( F) 
R,( F*) 
GOF 

16.373(5) 
8.375(3) 

12.775(6) 
111.45(4) 

1630(l) 
Neutrons 
A = 0.9-4.2 A determined by 

time-of-flight 
Time-of-flight Laue with 30 x 30 cm* 

position-sensitive area detector 
0.681 at A = 0.7 A 
2.046 at A = 4.2 A 
Spherical, r = 0.062 cm 
1125 (F* > 3a, no overlap from twin) 
xw( F; - F;)* 
0.063 

0.120 
1.37 

16.359(4) 
8.418(2) 

12.855(3) 
111.21(2) 

1650.3(7) 
X-rays 
MoKa, A = 0.7107 A 

9-28 scans 

17.4 

Polyhedral 
4339 (F > 3~) 
~w(lFoI - IF,/)* 
0.040 
0.035 

1.35 

Nofe. For comparison, unit cell parameters at 298 K (Ref. (3)) are a = 16.256(3), b = 8.456(l), c = 13.143(3) 
A, p = 110.28(l)“, and V = 1694.8(6) A3. 

coordinates for the X-ray structures deter- 
mined at 295 and 104 K by Urayama et al. 
(5) have not been published, a direct com- 
parison with the results in this study is not 
possible. 

Neutron Diffraction 

Many large crystals weighing from 0.5 to 
several milligrams were examined on the 
time-of-flight single crystal diffractometer 
(SCD) at the Argonne Intense Pulsed Neu- 
tron Source (9). The instrument is equipped 
with a position-sensitive area detector, 
which, in combination with the spectral 
range of neutron wavelengths available from 
the source, provides the ability to sample a 
large volume of reciprocal space with a sin- 
gle goniostat setting. Using these capabili- 
ties, it was quickly determined that all of the 
large crystals were twinned on their 

[l ,O,O]/[i,O,O] faces such that hk0 reflections 
from one twin, and &O reflections from the 
second twin, are coincident. 

The largest untwinned single crystal 
weighed 0.41 mg, which is generally an un- 
suitable sample size for a complete neutron 
diffraction structural analysis on the SCD. 
However, partial sets of data were obtained 
at temperatures of 298, 150, 80, and 20 K 
from the 0.41-mg single crystal and from a 
3.6-mg twinned crystal. In both cases, there 
was no variation of peak widths with tem- 
perature. A complete unique quadrant of 
data was then obtained at 15 K by use of 
the 3.6-mg crystal in a manner previously 
described (10). The data were corrected for 
the Lorentz factor, the incident spectrum, 
the detector efficiency, dead-time losses, 
and crystal absorption. Because of the twin- 
ning problem, a large portion of the data 
were not useable due to partially overlap- 
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TABLE II 

ATOMIC COORDINATES AND EQUIVALENT ISOTROPIC THERMAL 
PARAMETERS FOR c(ET),Cu(NCS), AT 118 K DERIVED FROM X-RAY 

DIFFRACTION DATA 

355 

Atom x Y Z ueqa 

CU 
SW) 
SW 
NC211 
NW) 
cc211 
cc7 
S(l) 
S(2) 
S(3) 
S(4) 
S(5) 
536) 
S(7) 
S(8) 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7s) 
Ws) 
C(9) 
C(lO) 
Wl) 
SW 
S(13) 
S(l4) 
stw 
SC161 
S(17) 
W3) 
w 1) 
C(W 
C(13) 
C(14) 
ctw 
W6) 
C( 17s) 
C(18s) 
C(19) 
ww 

0.00027(4) 
-0.0097(l) 
-0.02104(9) 
-0.0016(3) 
-0.0121(3) 
- 0.0052(3) 
-0.0156(3) 

0.54484(8) 
0.62834(8) 
0.37905(8) 
0.44764(8) 
0.69786(9) 
0.80369(9) 
0.21027(8) 
0.2881(l) 
0.5371(3) 
0.4631(3) 
0.6551(3) 
0.6934(3) 
0.3106(3) 
0.3418(3) 
0.8127(4) 
0.8349(4) 
0.1523(3) 
0.2114(4) 
0.44093(8) 
0.37458(9) 
0.61977(8) 
0.54113(9) 
0.2822( 1) 
0.20778(9) 
0.79594(9) 
0.69759(9) 
0.4579(3) 
0.5305(3) 
0.3363(3) 
0.3062(3) 
0.6869(3) 
0.6500(3) 
0.2037(4) 
0.1475(3) 
0.8336(4) 
0.8133(4) 

0.3585 
- 0.0039(2) 

0.1255(2) 
0.2373(6) 
0.2582(7) 
0.1378(7) 
0.1986(7) 
0.0743(2) 

-0.1687(2) 
0.0867(2) 

- 0.1740(2) 
0.1346(2) 

-0.1356(3) 
0.1169(2) 

- 0.2038(2) 
- 0.0465(7) 
- 0.0478(7) 

0.0290(7) 
- 0.0779(7) 

0.0172(8) 
- 0.1034(8) 

0.084( 1) 
-0.076(l) 

0.0072(8) 
-0.0506(S) 

0.2976(2) 
0.0319(2) 
0.2967(2) 
0.0453(2) 
0.3269(2) 

- 0.0042(2) 
0.2725(2) 

- 0.0144(2) 
0.1727(7) 
0.175q7) 
0.2260(7) 
0.1016(7) 
0.2082(7) 
0.0959(7) 
0.1768(7) 
0.1166(8) 
0.2034(8) 
0.0283(8) 

0.33816(6) 
0.0603(l) 
0.6610(l) 
0.2121(4) 
0.4648(4) 
0.1473(4) 
0.5441(4) 
0.2433(l) 
0.4141(l) 
0.3130(l) 
0.4744( 1) 
0.1833(l) 
0.3995(l) 
0.3432(l) 
0.5296(l) 
0.3484(4) 
0.3751(4) 
0.2686(4) 
0.3479(4) 
0.3805(4) 
0.4531(4) 
0.2407(6) 
0.2855(6) 
0.4159(4) 
0.5322(5) 
0.9747(l) 
0.8183(l) 
0.9131(l) 
0.7484(l) 
1.0315(l) 
0.8543(l) 
0.9026( 1) 
0.6941(l) 
0.8776(4) 
0.8495(4) 
0.9569(4) 
0.8862(4) 
0.8509(4) 
0.7726(4) 
1.035764) 
0.9205(4) 
0.7964(5) 
0.7681(5) 

0.0229(2) 
0.0303(5) 
0.0250(4) 
0.027(2) 
0.026(2) 
0.024(2) 
0.018(2) 
0.0180(4) 
0.0174(4) 
0.0171(4) 
0.0184(4) 
0.0223(5) 
0.0299(5) 
0.0205(4) 
0.0350(6) 
0.016(2) 
0.014(2) 
0.017(2) 
0.017(2) 
0.018(2) 
0.022(2) 
0.049(3) 
0.045(3) 
0.021(2) 
0.026(2) 
0.0172(4) 
0.0182(4) 
0.0156(4) 
0.0185(4) 
0.0329(5) 
0.0217(4) 
0.0245(5) 
0.0240(5) 
0.016(2) 
0.015(Z) 
0.017(2) 
0.016(2) 
0.017(2) 
0.018(2) 
0.022(2) 
0.020(2) 
0.023(2) 
0.029(2) 
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ping diffraction peaks that could not be re- 
solved for obtaining single-peak integrated 
intensities. Overlapping peaks were identi- 
fied by calculating the predicted peak posi- 
tions from the orientation matrices of each 
twin. Since the MO reflections from one twin 
exactly overlap with the equivalent hko re- 
flections from the other twin, these reflec- 
tions were included in the refinements with 
a separate scale factor. 

Least-squares refinements, using a multi- 
wavelength program based on ORFLS (II), 
of the atom positional coordinates and iso- 
tropic thermal parameters of all 59 atoms, 
including the 16 hydrogen atoms, converged 
with RQ = 0.068 and R,(P) = 0.133 but 
with nonpositive-definite thermal parameters 
for 15 atoms, mostly sulfur atoms on one ET 
molecule and carbon atoms on the other ET. 
It was observed that high correlations existed 
between parameters of the atoms of the two 
independent ET molecules, apparently due to 
the nearly P2,lc symmetry of the ET mole- 
cule packing. Therefore, the positional and 
thermal parameters of one ET molecule were 
made dependent on the other alter an appro- 
priate origin shift. However, the R-factors 
doubled and six of the independent ET atoms 
remained nonpositive-definite. In the final re- 
finement, which included an isotropic extinc- 
tion correction (12), the positional parameters 
of all atoms were varied but the isotropic ther- 
mal parameters of 11 atoms were fixed with B 
= 0.1 A2 (Table III). The nonpositive-definite 
temperature factors are due to the effects of 
the twinning which limited the (sin 6)/A range 
of nonoverlapping Bragg peaks. However, 
the positional parameters appear to be correct 
since the structure is reasonable and entirely 
consistent with that derived from the previous 
X-ray analyses. 

Results and Discussion 

Based on our neutron and X-ray diffrac- 
tion measurements, under most ordinary 
cooling conditions there does not appear to 

be any observable low temperature struc- 
tural phase transition in K-(ET),Cu(NCS), 
that could explain the peak at 90 K in the 
resistivity. The peak broadening and split- 
ting observed for one crystal by use of X- 
rays was not reproduced with other crystals. 
The very weak diffuse scattering arising 
from stacking faults reported by Ravy et 
al. (7) were obtained with a high-intensity 
rotating anode X-ray source and are not ob- 
servable in our experiments. 

As previously reported by Urayama et al. 
(5), cooling a crystal of K-(ET),CU(NCS)~ 
from room temperature to -100 K elimi- 
nates the conformational disorder of the ter- 
minal ethylene groups of the ET molecules. 
We have extended the temperature range of 
the structural studies down to 15 K by use of 
neutron diffraction and find that the average 
structure is qualitatively unchanged in com- 
parison to those determined at -100 K. 
However, the neutron data at 15 K allows us 
to uniquely determine the H-atom locations 
and to analyze the intermolecular hydrogen 
contacts at very low temperature, and com- 
pare them to those at higher temperatures. 

The organic donor layer consists of face- 
to-face ET molecule dimers oriented at right 
angles with respect to their neighbors (Fig. 
3), which is the common structural feature 
of K-phase materials. In K-(ET),Cu(NCS), , 
both ET molecules in the dimer are crystal- 
lographically independent. The layer of ET 
molecule dimers lies between layers formed 
by the planar and polymeric Cu(NCS); 
anion (Fig. 3). At room temperature, each 
ET molecule assumes a random orientation 
with either an eclipsed or a staggered con- 
formation of their ethylene groups, while at 
low temperatures the staggered conforma- 
tion is adopted in both (Fig. 4). Shown in 
Fig. 5 are the C--H-*-H and C-H...anion 
contacts for the eclipsed and the staggered 
ET molecule conformations. 

We have previously examined the effects 
of structural strain due to intermolecular 
contact distances that are shorter than the 
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TABLE III 

POSITIONAL AND ISOTROPIC THERMAL PARAMETERS FOR 

K-(ET),CU(NCS)~ AT 1.5 K DERIVED FROM NEUTRON DIFFRACTION 

DATA 

Atoms x Y Z u(Ay 
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CU 
x21) 
SW 
NV11 
NW 
C(21) 
ccw 
S(1) 
SC3 
S(3) 
S(4) 
S(5) 
S(6) 
S(7) 
S(8) 
C(l) 
cc3 
C(3) 
C(4) 
C(5) 
C(6) 
C(7s) 
W-W 
C(9) 
C(lO) 
S(11) 
S(12) 
S(l3) 
S(l4) 
SW) 
S(16) 
S(l7) 
WV 
w 1) 
C(W 
C(13) 
C(14) 
cc151 
C(16) 
C(17s) 
C(18s) 
C(19) 
C(W 
H(7As) 
H(7Bs) 
H(8As) 
H(8Bs) 
WA) 
I-VW 

- 0.0002(7) 
-0.008(Z) 
-0.017(2) 

0.0000(5) 
-0.0127(5) 
- 0.0068(9) 
-0.0166(7) 

0.544(2) 
0.630(2) 
0.383(2) 
0.452(2) 
0.698(2) 
0.803(2) 
0.21 l(2) 
0.290(2) 
0.5383(9) 
0.4622(g) 
0.657(l) 
0.6951(9) 
0.3102(9) 
0.3424(9) 
0.8155(9) 
0.836(l) 
0.1507(9) 
0.2111(9) 
0.543(2) 
0.619(2) 
0.373(2) 
0.440(2) 
0.699(2) 
0.801(2) 
0.208(2) 
0.282(2) 
0.5302(g) 
0.4574(9) 
O&494(9) 
0.6871(8) 
0.3042(9) 
0.3340(S) 
0.812(l) 
0.8309(9) 
0.148(l) 
0.2025(9) 
0.847(2) 
0.834(2) 
0.796(2) 
0.905(2) 
0.116(2) 
0.097(2) 

0.3585 
- 0.012(3) 

0.123(4) 
0.235(2) 
0.252(l) 
0.130(2) 
0.189(2) 
0.068(4) 

- 0.174(3) 
0.086(3) 

- 0.174(3) 
0.134(4) 

-0.134(3) 
O.lOO(3) 

- 0.199(3) 
-0.051(2) 
- 0.056(2) 

0.022(2) 
-0.081(2) 

0.013(2) 
- 0.109(2) 

0.083(2) 
- 0.086(2) 
- 0.003(2) 
-0.051(2) 

0.042(4) 
0.292(3) 
0.024(3) 
0.303(3) 

-0.021(4) 
0.278(3) 

-0.009(3) 
0.330(3) 
0.171(2) 
0.165(2) 
0.090(2) 
0.207(2) 
0.097(2) 
0.225(2) 
0.025(2) 
0.202(2) 
0.106(2) 
0.177(2) 
0.171(3) 
0.099(3) 

- 0.169(4) 
-0.104(4) 
- 0.087(3) 

0.086(3) 

0.3360(8) 0.009(2) 
0.051(2) 0.008(S) 
0.665(2) 0.014(6) 
0.2098(6) 0.008(2) 
0.4624(5) 0.007(2) 
0.1458(9) 0.01 l(3) 
0.5442(8) 0.00127b 
0.246(2) 0.002(6) 
0.416(2) 0.00127b 
0.316(2) 0.00127’ 
0.477(2) 0.003(6) 
0.182(2) 0.006(S) 
0.401(2) 0.00127b 
0.345(2) 0.00127b 
0.535(2) 0.00127’ 
0.350(l) 0.012(3) 
0.3764(9) 0.00127’ 
0.268(l) 0.005(3) 
0.350(l) 0.007(3) 
0.3796(9) O.OOl(3) 
0.4548(9) 0.003(3) 
0.2459(9) O.OOS(3) 
0.286(l) 0.009(3) 
0.413(l) 0.003(3) 
0.532(l) 0.002(3) 
0.750(2) 0.007(7) 
0.914(2) 0.00127 
0.816(2) O.OOl(5) 
0.974(2) 0.005(6) 
0.692(2) 0.00127’ 
0.904(2) 0.008(6) 
0.847(2) 0.00127b 
1.025(2) 0.00127b 
0.8496(9) 0.001(3) 
0.879(l) 0.007(2) 
0.7722(9) O.OOO(3) 
0.8539(9) 0.002(2) 
0.8859(9) 0.004(3) 
0.9544(S) 0.002(2) 
0.768(l) 0.007(3) 
0.792(l) 0.006(3) 
0.921(l) 0.004(3) 
1.035(l) 0.006(3) 
0.315(2) 0.016(5) 
0.170(2) 0.026(6) 
0.210(2) 0.028(7) 
0.315(2) 0.030(7) 
0.361(2) 0.013(6) 
0.413(2) 0.016(5) 
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TABLE III-Continued 

Atoms x Y Z U(A2) 

H(lOA) 
H(lOB) 
H(17As) 
H(17Bs) 
H(18As) 
H(18Bs) 
H(19A) 
H(19B) 
H(20A) 
H(20B) 

0.244(2) 
0.167(2) 
0.838(2) 
0.845(2) 
0.809(2) 
0.904(2) 
0.1 lO(2) 
0.104(2) 
0.241(2) 
0.161(2) 

0.043(4) 
-0.110(3) 
- 0.048(3) 
- 0.015(3) 

0.279(4) 
0.221(3) 
0.216(4) 
0.019(3) 
0.078(4) 
0.233(5) 

0.579(2) 
0.570(2) 
0.849(2) 
0.708(2) 
0.725(2) 
0.830(2) 
0.864(3) 
0.938(2) 
1.091(2) 
1.073(3) 

0.025(7) 
0.009(S) 
0.016(5) 
0.014(5) 
0.021(6) 
0.018(5) 
0.037(8) 
0.016(6) 
0.022(6) 
0.038(8) 

u Isotropic temperature factor of the form exp( - B sin20/A2), where 
B = 87~’ U. 

b Temperature factor became nonpositive-definite and was set to 
B = 0.1 and not refined in the final least-squares cycles. 

van der Waals radii sums (6, 13-26). From contacts (Table IVc) reveals that the short- 
those studies it appears that softer intermo- est contacts are those involving the stag- 
lecular phonons, which lead to higher T,‘s, gered conformation (H(8As)***H(I9A) = 
are associated with structures containing 2.13, H(9A)***H(18As) = 2.04 A). Based on 
C-H.**donor and C-H...anion contact this information alone, one might predict the 
distances that are longer than those of mate- adoption of the eclipsed conformation at low 
rials with shorter contact distances and temperature in order to avoid the shorter 
lower T,'s. Listed in Table IV are the short contact distances. However, the staggered 
C-H***anion and C-H***donor contacts conformation is the one that is adopted. As 
in K-(ET),Cu(NCS), which are less than or shown in Table IVc, one reason the stag- 
equal to the sum of the van der Waals radii gered conformation can be accommodated 
(H***S = 3.00, Ha-C = 2.85, H.--N = 2.75, at low temperature is that the two shortest 
H***H = 2.40 A) at any of the three tempera- 
tures which were studied. Examination of 

H***H contacts aftually increase in length 
by 0.13 and 0.21 A, respectively, from 298 

the room temperature intradimer C--H.--H to 15 K. This unexpected result indicates a 

FIG. 3. Stereoview of the unit cell at 15 K derived from neutron diffraction data. Hydrogen atoms 
have been omitted for clarity. Ellipsoids are shown with arbitrary sizes. 
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(4 
H7As HlOA 

03 

FIG. 4. The ET dimers at (a) 298 K with eclipsed 
conformations and at(b) 15 K with staggered conforma- 
tions. At 298 K, the structure is disordered and both 
eclipsed and staggered conformations occur randomly. 
The thermal ellipsoids are shown with arbitrary sizes 
for clarity. 

preference for the staggered conformation 
although at room temperature disorder oc- 
curs as a means to partially avoid the short 
H.--H contacts. 

How do these contact distances increase, 
with decreasing temperature, while the unit 
cell volume decreases due to thermal con- 
traction? In fact, as shown in Fig. 2, only 
the b and c axes contract while the a axis 
increases slightly in length upon cooling 
from 298 to 15 K. Since the a axis has a large 
interlayer spacing component, it may be 
possible to account for the increasing 
lengths of the H++*H contacts if the ET mole- 
cules slip in opposite directions parallel to 
the C(l)-C(2) and the C(l l)-C(12) vec- 
tors as the anion layer separation increases. 
However, this is not the case since, as de- 
picted in Fig. 6, due to a slight increase 
in the angle /3 upon cooling, the interlayer 
spacing a . sin p actually remains constant 
for all temperatures. 

Therefore, it is not possible to point to any 

single structural parameter as the reason for 
the lengthening H.**H contacts. From the 
data in Table IV, it is seen that the contacts 
between H(8As) and C(15), C(16), S(17), 
and S(18) decrease upon cooling, as do the 
contacts of H(18As) with C(5), C(6), S(7), 
and S(8) (see Fig. 4). In the case of H(18As), 
the changes are greater due to longer dis- 
tances initially at room temperature. For 
these hydrogen-to-nonhydrogen contact 
distances to decrease while the H.0.H con- 
tact distances increase requires small con- 
formational and/or translational alterations 
that are not easy to evaluate with statistical 
certainty from the data obtained in these 
studies. 

The one short interdimer H***H contact 

b 

t C 
(a) 

(b) 

FIG. 5. The Cu(NCS)i anion layer with the ethylene 
groups from the ET donor molecules below the layer. 
Short H...anion and H...H contacts approximately 
equal to or less than the van der Waals radii sums (H..S 
= 3.00, H..C = 2.85, H...H = 2.40 A) are shown as 
thin lines. (a) From the 298 K X-ray data with both ET 
molecules in the eclipsed conformation. (b) From the 15 
K neutron data where the ET molecules are staggered. 
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TABLE IV 

H...ANIoN AND H...DoNoR MOLECULE CONTACT 
DISTANCES@ 

Atoms” 15 KC 118 KC 298 Kd A(298-15) 

(a) H...anion atom contact distances (A) 
H(7Ae)-C(21) 2.67 
H(7As)-N(22) 2.50 2.59 2.70 
H(7Bs)-N(21) 2.67 2.73 2.66 
H(7Bs)-C(21) 2.66 2.71 2.60 
H(8Ae)-C(22) 2.80 
H(BBe)-N(22) 2.44 
H(BBe)-C(22) 2.78 
H(8Bs)-S(22) 2.85 3.01 2.86 
H(8Bs)-C(22) 2.69 2.73 2.78 
H(9A)-X22) 2.74 2.81 2.93 
H(9B)-N(22) 2.56 2.56 2.6s 
H(IOB)-N(22) 2.74 2.73 2.72 
H(17As)-S(21) 2.96 3.01 3.27 
H(17Be)-S(22) 2.85 
H(17Bs)-X22) 2.78 272 2.80 
H(18Ae)-S(21) 2.91 
H(18Be)-S(22) 2.85 
H(18Bs)-S(21) 2.98 2.95 2.95 
H(l8Bs)-S(22) 2.81 2.90 2.98 
H(l9BbS(21) 2.72 2.84 2.94 

(b) H..m,nhydrogen atom contact distances (A) 
H(7Be)-C(15) 2.93 
H(7Be)-C(l6) 2.57 
H(7Be)-S(17) 3.52 
H(7Be)-S(18) 2.66 
H(8As)-C(15) 2.64 2.72 2.75 
H(8As)-C(16) 2.63 2.74 2.79 
H(8As)-S(17) 2.98 3.04 3.12 
H(BAs)-S(18) 2.86 2.99 3.17 
H(lOA)-S(6) 2.80 2.82 2.82 
H(17Ae)-C(5) 3.28 
H(17Ae)-C(6) 2.88 
H( 17Ae)-S(7) 3.75 
H(l7Ae)-S(8) 2.74 
H(l8As)-C(5) 2.66 2.75 2.98 
H(IBAs)-C(6) 2.71 2.80 3.09 
H(18As)-S(7) 2.86 3.00 3.13 
H(lSAs)-S(8) 3.03 3.03 3.38 
H(19B)-S(l6) 2.99 3.22 3.48 
H(20A)-S(16) 2.63 2.64 2.65 
H(ZOA)-S(3) 3.00 2.99 3.07 

(c) H..-H contact distances (A) 
H(7Be)-H(19A) 2.31 
H(8As)-H(19A) 2.27 2.18 2.13 
H(9A)-H(17Ae) 2.36 
H(9A)-H(18As) 2.25 2.24 2.04 
H(17As)-H(20B) 2.17 2.20 2.18 

0.00 
0.20 

-0.01 
-0.06 

0.01 
0.09 
0.19 
0.09 

- 0.02 
0.31 

0.02 

-0.03 
0.17 
0.22 

0.11 
0.16 
0.14 
0.31 
0.02 

0.32 
0.38 
0.27 
0.35 
0.49 
0.02 
0.07 

-0.13 

-0.21 
0.01 

a The e.s.d.‘s for the calculated distances are -0.02-0.03 A. 
b Atoms labels with “e” OT “s” refer to atoms which arc unique to the 

eclipsed or staggered conformations, respectively. Both conformations 
were resolved in the 298 K structure. In order to be consistent, all 
distances. including those for the 15 K neutron structure, are based on 
calculated hydrogen atom positions for idealized C sp3 geometry with 
dC-H = 1.09 A. 

c This work. 
.+ Ref. (3). 

298 K 

15K 

long molecular 
axis of ET 

FIG. 6. Schematic drawing of the ac plane of the unit 
cell at 298 and 15 k. 

(H(17As).**H(20B)) only occurs in the stag- 
gered conformations. This contact remains 
essentially constant at all temperatures. 

Another interesting feature of the K-(ET)~. 
Cu(NCS), structure is the asymmetry of the 
H...donor contacts for the eclipsed confor- 
mations at 298 K. That is, H(7Be) and 
H(17Ae) each have one long and one short 
H.-C and H***S contact, whereas the corre- 
sponding H(8As) and H(18As) contacts are 
much more symmetric. It is conceivable that 
the short contacts in the eclipsed conforma- 
tions become increasingly unfavorable at 
low temperatures and are a contributing fac- 
tor to the adoption of the staggered confor- 
mation at 118 K. 

The H.--anion contact distances (Table 
IVa) most likely also play a role in the disor- 
der-order transformation. Some of the 118 
K distances, such as H(8Bs)...S(22), appear 
to be anomalously longer than the corre- 
sponding 15 and 298 K distances. However, 
there does not appear to be any systematic 
variation of the Hd**anion contact distances 
that would favor one conformation over the 
other. 

Conclusions 

The ET molecules in K-(ET),Cu(NCS), 
exhibit conformational disorder at room 
temperature. Upon cooling, the molecules 
order with staggered conformations of the 
terminal ethylene groups. Examination of 
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the intermolecular contacts reveals short 
H***H distances at room temperature due to 
the staggered conformations. These con- 
tacts may be repulsive and the disorder may 
occur to avoid these unfavorable interac- 
tions. At low temperature, the structure or- 
ders with staggered conformations which 
can be accommodated due to the apparent 
increase in the length of the two shortest 
H*.*H distances. The contraction of the unit 
cell upon cooling is mainly due to a contrac- 
tion of the spacing between the Cu(NCS); 
polymeric anion ribbons. From 298 to 15 K, 
the perpendicular interlayer spacing a . sin 
/3 is constant. 

Supplementary Material 

Tables of the anisotropic thermal parame- 
ters from the 118 K X-ray structure and ta- 
bles of observed and calculated structure 
factors for the 118 K X-ray and the 15 K 
neutron structures are available.’ 
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