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this does not occur shows that selenium is not available for ab- 
straction because it is all strongly coordinated to cadmium, thus 
confirming the conclusions drawn earlier that it is the cadmium- 
phosphorus bond which is labile in [Cd(dpmSe),lz+. 
Conclusions 

The results presented in this paper clearly support the concept 
of the group 16 donor atoms, sulfur and selenium, being more 
strongly coordinated to cadmium(I1) than phosphorus, in contrast 
to the earlier c ~ n c l u s i o n s ~ ~  that mercury prefers coordination to 
phosphorus. 

There is an apparent anomaly in that stability constants cal- 
culated for the dpmE and dpmEz complexes of cadmium(I1) by 
the use of electrochemical methods in dichloromethane show that 
the dpmE ligands, which are capable of forming Cd-P bonds, form 
the most stable complexes. However, a consideration of the ligand 
geometries resolves this anomaly. DpmE ligands are not as flexible 
as the dpmE2 ligands, and consequently, the dpmE ligands form 
chelates much more readily because when selenium or sulfur is 
coordinated, the phosphorus is close to the metal. The magnitude 
of these stability constants suggests that all of the dpmE and 
dpmE2 complexes of cadmium(I1) are completely nondissociated 
in solution. 

The dpmEz complexes only possess a coordination number of 
4 even at  high cadmium to ligand ratios, whereas the stronger 
dpmE complexes have coordination numbers of 6 at high ligand 
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concentrations. At these high cadmium to ligand ratios complexes 
of the type [Cd(sl-dpmE),]Z+ are assumed in which the ligand 
is coordinated in a monodentate fashion through the group 16 
donor atom. 

The calculated stability constants also reveal that the seleni- 
um-containing ligands form stronger complexes than their sulfur 
analogues. This is in accordance with other studies involving sulfur 
and selenium ligands, in particular that of [Hg(dpmE),12+ and 
[Hg(dpmEz),12+, in which the sulfur derivatives are easier to 
reduce than their selenium  analogue^.'^ 
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We have examined the similarities and differences in the crystal and band electronic structures of four K-phase tetrathiafulval- 
ene-based organic conducting salts K-(BEDT-TTF)~X. (X- = Cu(NCS);, I<), K-(MDT-TTF)~AUI~, and K-(BMDT-TTF)~Au(CN),. 
Donor dimers have a bond-over-ring arrangement in the superconducting salts K-(BEDT-TTF)~X (X- = Cu(NCS)C, I,-) and 
v(MDT-TTF),Au12 but a bond-over-bond arrangement in the nonsuperconducting salt K-(BMDT-TTF),AU(CN),, so that the 
intradimer spacing is considerably larger in the nonsuperconducting than in the superconducting K-phases. The terminal ethylene 
groups of BEDT-TTF have a staggered arrangement in the "high-T," salts K-(BEDT-TTF)~CU(NCS), (T,  = 10.4 K) and 
P*-(BEDT-TTF)21, (T,  = - 8 K) but are eclipsed in the 'low-T," salts K-(BEDT-TTF)~I, (T ,  = 3.6 K), @-(BEDT-TTF),AuI, 
( T ,  = 5.0 K), and j3-(BEDT-TTF)21Br2 (T ,  = 2.8 K). All the Fermi surfaces of the K-phases can be described in terms of 
overlapping 'distorted circles" and hence are essentially two-dimensional in nature. However, the Fermi surface of the nonsu- 
perconducting K-phase, K-(BMDT-TTF)~Au(CN)~, exhibits a partial nesting, in contrast to the case of the superconducting K-phases, 
which is probably responsible for the metal-insulator transition at -60 K. 

Organic electron-donor molecules derived from tetrathiaful- 
valene lead to charge-transfer salts that are metals, semiconductors, 
and superconductors.' The superconducting salts formed with 
bis(ethy1enedithio)tetrathiafulvalene (BEDT-TTF or simply ET, 
1) include the P-phase salts P-(ET),X (X- = I<, AuIT, and IBrc, 

ET 
1 

for which T, = 1.4: 5.0,3 and 2.8 K," respectively), Y-(ET)~ (13)2,5 
( T ,  = 2.5 K),s  0-(ET),I3 ( T ,  = 3.6 K): and the K-phase salts 
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K-(ET),X (X- = I< and Cu(NCS)T, for which T, = 3.6' and 10.4 
K,* respectively). Surprisingly, the unsymmetrical electron-donor 
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Figure 1. Schematic projection views (along the direction of the central 
C=C bond of a donor) of how donor dimers pack in the K-phase salts: 
(a) ~-(ET)213, K-(MD)~AuI~,  K-(MT)ZAU(CN)Z; (b) K-(ET)~CU(NCS)~.  
The lables A through J refer to donor molecules. 

(methy1enedithio)tetrathiafulvalene (MDT-TTF or simply MD, 
2) also gives rise to a superconducting K-phase salt, K - ( M D ) ~ A u I ~  

M D  

2 

(T ,  = 4.5 K)? while symmetrical donor bis(methy1enedithio)- 
tetrathiafulvalene (BMDT-TTF or simply MT, 3) leads to a 

M T  
3 

nonsuperconducting K-phase salt, K-(MT)~Au(CN)~.”  The latter 
undergoes a metal-insulator (MI) transition at  -60 KIo and does 
not become superconducting even though this MI  transition is 
suppressed by pressure.” 

The TE(s of the @-phase superconducting salts exhibit interesting 
trends;I2-l5 viz., that of P-(ET),I, decreases gradually with in- 
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Table I. HOMO-HOMO Interaction Energies (Bij in eV) in K-Phase 
Salts 

pair i-j 
A-B 
B-C4 
A-G~ 
A-C‘ 
B-Gd 
A-De 

K- 

0.385 
0.198 
0.179 
0.046 
0.038 
0.136 

K- 

(ET)213 
0.334 
0.157 
0.157 
0.065 
0.065 
0.105 

K- 

(MWzAuI2 
0.451 
0.096 
0.096 
0.074 
0.074 
0.258 

K- 

(MT)zAu(CN)z 
0.689 
0.258 
0.258 
0.018 
0.018 
0.144 

‘Equivalent to A-E. bEquivalent to B-I. ‘Equivalent to A-F. 
dEquivalent to B-J. CEquivalent to B-H, C-J, and F-G. 

(d) 
Figure 2. Projection views of donor dimers in (a) K-(ET)~CU(NCS)~,  (b) 
K - ( E T ) ~ I ~ ,  (c) K-(MD)~AUI,, and (d) K-(MT),Au(CN)> 

creasing applied pressure P when P < 0.5 kbar.I4J5 When P 
reaches -0.5 kbar, the T, jumps to -8 KI4J5 [hence, @-(ET),I, 
with T, = -8 K under pressure is referred to as p*-(ET)213, 
because it is structurally unique],26 and further increase of P 
beyond 0.5 kbar gradually lowers T, from -8 K (e.g., to - 5  K 
at P = 3 kbar).I4J5 On the other hand, the T i s  of fi-(ET)2Au12 
and P-(ET)21Br2 decrease gradually with increasing P (e.g., the 
T, of P-(ET)2Au12 becomes -2 K at  P = 3 kbar)14J5 and do not 
form high-T, @*-salts. A key to understanding these seemingly 
complicated behaviors of the @-phase superconductors was found 
to be the relative “softness” of their crystal lattices,16 which derive 
from important structural parameters such as short donor-donor 
and donor-anion contacts involving the terminal C-H bonds of 
the donor molecules.16 
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( a )  (b) 
Figure 3. Schematic projection views (along the direction perpendicular 
to the central C=C bond of a donor) of how donor molecule planes are 
arranged with respect to the donor molecule layer: (a) inclined ar- 
rangement in K-(ET)ZX (X- = Cu(NCS)r, 13-); (b) perpendicular ar- 
rangement in K-(MD)~AuI~ and K-(MT),Au(CN),. 

In the present work we investigate the similarities and differ- 
ences in the structural and electronic properties.of the four K-phase 
salts K-(ET),X (X- = Cu(NCS),-, 13-), K-(MD),AuI,, and K- 

(MT),Au(CN),. We examine the structural properties by com- 
paring the donor molecule packing patterns, donor-donor in- 
teractions, and donor-anion interactions and compare the elec- 
tronic properties by calculating the HOMO-HOMO interaction 
energies,I7 band electronic dispersion  relation^,'^*'^ and Fermi 
surfaces on the basis of the extended Hiickel method.20 The 
central objectives of our study are to analyze what structural and 
electronic aspects separate the nonsuperconducting K-(MT),Au- 
(CN), from the superconducting K-phases, K-(ET),X (X- = Cu- 
(NCS),-, If)  and K-(MD),AuI,, and also to probe whether or not 
the two “high-T,” salts ( T ,  > 8 K), ~ - ( E T ) ~ c u ( N c s ) ,  and 
p*-( ET),[,, have any common structural and electronic features 
that may serve as a guide to the synthesis of new high-T, salts. 
Crystal Packing 

A. Donor Layer. As schematically shown in Figure 1, the donor 
layers of the K-phase salts have an “orthogonal” packing of donor 
dimers. Two molecules of a dimer are slightly different in K- 

(ET),CU(NCS)~ but are identical in the other K-phase salts. The 
spacing between molecules within a dimer (Le., the intradimer 
spacing) is 3.64 A for nonsuperconductin K-(MT),Au(CN),, 

K-phase (superconducting) salts. The extent of interaction between 
adjacent donor molecules i and j may be measured in terms of 
their H O M G H O M O  interaction energy17 pij = (\l.ilpl\l.j), where 
\l.i and qj are the HOMOS of donor molecules i and j, respectively. 
Table I lists the pij values calculated for various pairs of near- 
est-neighbor donor molecules defined in Figure 1. In general, the 
trend in the pij values is similar, with the largest one found for 
molecules within a dimer (Le., @AB). Nevertheless, it is surprising 
that @AB is largest for K-(MT),Au(CN),, which has the largest 
intradimer spacing. Figure 2 shows the projection views of the 
molecular dimer along the direction perpendicular to the donor 
molecule plane. Although they are all K-phase salts, it is noted 
that donor molecules have a bond-over-bond arrangement in 
nonsuperconducting K - (  MT),Au(CN), but a bond-over-ring ar- 
rangement in the other K-phase (superconducting) salts. The 
bond-over-bond arrangement provides better overlap between the 
HOMO’S, which are *-orbitals, than does the bond-over-ring 
arrangement. Thus, PAe is largest for K-(MT),AU(CN), although 
it has the greatest intradimer spacing. 

As schematically shown in Figure 3a, donor molecule planes 
are inclined with respect to the donor layer in K-(ET),X (X- = 
Cu(NCS),-, 13-), which is caused by the bond-over-ring ar- 
rangement of ET dimers in the two salts. In contrast, K- 

(MD),AuI2 and K-(MT),Au(CN), have their donor molecule 
planes perpendicular to the donor layer, as schematically shown 
in Figure 3b. For K-(MT),Au(CN), this originates from the 

which is substantially greater than the 3.35 w found for the other 

(17) Whangbo, M.-H.; Williams, J.  M.; Leung, P. C. W.; Beno, M. A.; 
Emge, T. J . ;  Wang, H. H. Inorg. Chem. 1985, 24, 3500. 

(1 8) Details of our tight-binding-band electronic structure calculations are 
described in ref 19. 
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Figure 4. Short intradimer contacts involving the C-H bonds in (a) 
K-(ET),CU(NCS)~, (b) K-(ET),I,, (c) K-(MD)~AuI,, and (d) K- 

(MT),Au(CN),. See Table I1 for distances. 

bond-over-bond arrangement of the MT dimers. Although a MD 
dimer has a bond-over-ring arrangement, the two unsymmetrical 
donor molecules of a dimer are related by inversion symmetry, 
so that the donor planes are not inclined. 

B. Donor-Donor Interactions Involving C-H Bonds?1 In most 
ET salts the six-membered rings of ET adopt the conformation 
4a or 4b.,, In 4 s  or 4b the C-H bonds are staggered in each 

(21) In our study, the intermolecular contact distances associated with hy- 
drogen atoms were calculated by using the C,rH and C,$H distances 
of 1.09 and 1.08 A, respectively. 

(22) Wang, H. H.; Montgomery, L. K.; Geiser, U.; Porter, L. C.; Carlson, 
K. D.; Ferraro, J. R.; Williams, J. M.; Cariss, C. S.; Rubinstein, R. L.; 
Whitworth, J.  R.; Evain, M.; Novoa, J .  J.; Whangbo, M.-H. Chem. 
Mater. 1989, I ,  140. 
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A L s-=-s s---s 
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4a  4b 

ethylene group, so that two C-H bonds of an ethylene group are 
roughly perpendicular to the donor molecule plane (Le., C-Ha, 
bonds), while the other two C-H bonds are approximately parallel 
to the long axis of ET (Le., C-H, bonds). Figure 4a,b also shows 
the short intradimer contacts involving the C-Ha, bonds in K- 

(ET),Cu(NCS), and K-(ET),I~, respectively. Note that a C-Ha, 
bond of one ET is located above one of the two six-membered rings 
of the other ET molecule. Such C-Ha,4x-membered ring in- 
teractions are absent in the dimers of K-(MD),AuI, and K- 

(MT),Au(CN),, as shown in Figure 4c,d, respectively, because 
donors MD and MT do not possess C-Ha, bonds. 

With the conformation 4a, two six-membered rings of ET may 
adopt the eclipsed arrangement 5a or staggered arrangement 5b 
(Le., when viewed along the direction of the central C=C bond 
of ET, the C-C bonds of the two ethylene groups are eclipsed 
and staggered in 5a and 5b, respectively). ET adopts the stag- 

5 a  5b 

gered ethylene group arrangement 5b in the “high-T,” ET salts 
K-(ET),C~(NCS)~ (T ,  = 10.4 K) and P*-(ET),I, (T ,  = - 8 K)16 
but the eclipsed arrangement in the “Iow-Tc” ET salts K-(ET),I~ 
( T ,  = 3.6 K),  @-(ET),AuI2 (T ,  = 5.0 K), and /3-(ET),IBr2 ( T ,  
= 2.8 K).16 The T,‘s of both P*-(ET),13 and P-(ET),Au12 decrease 
with increasing an applied pressure P, but, a t  any given P greater 
than 0.5 kbar, the T, of P*-(ET),13 is always higher than that 
of / ~ - ( E T ) , A U I ~ . ’ ~ ~ ~ ~  Therefore, as noted previously,16 whether 
the two ethylene groups of ET have a staggered or an eclipsed 
arrangement is an important structural parameter to consider in 
understanding the softness of the intermolecular He-H and He 
-anion contacts and hence the magnitude of the electron-phonon 
coupling constant. With the eclipsed arrangement 5a, the short 
intradimer H-H contact occurs between the “front-side” C-Ha, 
bond of one ET and the “back-side” C-Ha, bond of the other ET 
molecule (e.g., contact a in Figure 4b). With the staggered 
arrangement 5b, however, the short intradimer H--H contact 
occurs between the front-side C-Ha, bonds of both ET molecules 
and also between the back-side C-H, bonds of both ET molecules 
(e.g., contacts j and a, respectively, in Figure 4a). Both six- 
membered rings of ET have the conformation 4a in the low-T, 
ET salt K-(ET),I~ (Figure 4b) and the conformation 4b in the 
low-T, salts P-(ET),X (X- = AuIc, IBr2-).334 In the high-T, salts 
K-(ET)~CLI(NCS), and P*-(ET),13, however, one six-membered 
ring of the ET molecule has the conformation 4a while the other 
six-membered ring has the conformation 4b (Figure 4a). Ab initio 
SCF-MO/MP2 calculations on a model CIS2H6 ring (see 6 )  with 

H 
FH’ 

H C  / 
\S /CH2 

6 

the 3-21G basis set showz3 that the conformation 4b is not a 
minimum-energy structure and is slightly less stable than the 

(23) Novoa, J.  J.; Whangbo, M.-H.; Williams, J.  M. Manuscript in prepa- 
ration. 
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Commun. 1988. 68. 917. 
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(26) Schultz, A. J.; Wang, H. H.; Williams, J .  M.; Filhol, A. J .  Am. Chem. 

SOC. 1986, 108, 7853. 
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(b) 
Figure 5. Short donor-anion contacts associated with C-H bonds in 
K-(ET)~CU(NCS),: (a) molecule A; (b) molecule B. Distances are given 
in Table 11. 

minimum-energy conformation 4a by about 0.61 kcal/mol. In 
the high-T, salts ~ - ( E T ) , c u ( N c s ) ,  and 8*-(ET),13, therefore, 
one six-membered ring of ET has a stable conformation but the 
other six-membered ring does not. It is tempting to speculate if 
such an asymmetrical environment of the ET molecule help create 
a lattice instability and therefore enhanced electron-phonon 
coupling thereby leading to a high T,. Certainly, the fact that 
the lattice adopts the ET conformation 4b means that the crystal 
packing forces overcome the conformational energy difference 
between 4a and 4b. However, the tendency for the conformational 
change from 4b to 4a could help soften low-frequency translational 
and/or librational modes of vibration hence increasing the elec- 
tron-phonon coupling constant and raising the T,. 

To examine whether the C-H,,.-six-membered ring interaction 
of an E T  dimer is attractive or repulsive in nature, a b  initio 
SCF-MO/MP2 calculations were performed,, on the model 
system, H3C-H-C4S2H6 ring, shown in 6, where the geometry 
of the CIS2H6 ring was taken from the crystal structure of @*- 
(ET)213.26 A CHI molecule was placed on top of the C4S2H6 ring 
in such a way that one C-H bond of CHI, positioned along the 
direction of the C-Ha, bond of the ethylene group lying above 
the six-membered ring, has the H-H, H-S, and H-C contacts 
(e.g., their shortest distances are 2.26, 2.90, and 2.85 A, re- 
spectively) as found for the C-H, bond in P*-(ET),13. With this 
fixed geometrical arrangement, the H3C-H-C4S2H6 ring inter- 
action is calculated to be attractive by 0.82 kcal/mol at the MP2 
level calculations with the 3-21G basis set. Consequently, the 
C-H,-six-membered ring interactions in ET dimers are expected 
to be slightly attractive, and this may be partly responsible for 
the inclined donor-layer structure of ET salts and, in general, their 
packing motifs. 

C. Donoi-Anion Interactions. The short calculated C-H-anion 
contacts associated with the two nonequivalent ET molecules A 
and B of K-(ET),CU(NCS), are shown in Figure 5a,b, respectively. 
Molecule A has short C-H-anion contacts primarily with the 
C and N atoms, while molecule B has short C-He-anion contacts 
primarily with the S atoms. Therefore, molecules A and B are 
under what may be termed relatively “hard” and “soft” environ- 
ments, respectively. This leads to two different -C-C-H bending 
modes in the polarized infrared reflectance spectra of K- 

The short C-H-anion contacts of K-(ET),I,, K-(MD),AuI,, and 
K-(MT),Au(CN), are shown in Figure 6a-c, respectively. The 

(ET),Cu( NCS)2.24 



4520 Inorganic Chemistry, Voi. 28, No. 25, 1989 Jung et al. 

n 

b 
I 

P (c) 

Figure 6.  Short donor-anion contacts associated with the C-H bonds 
in (a) K - ( E T ) ~ I ~ ,  (b) K - ( M D ) ~ A U I ~ ,  and (c) K-(MT),Au(CN),. Table I1 
contains distances. 

shortest calculated He-I and H.-H contact distances in K - (  ET),13 
(T ,  = 3.6 K) are 3.09 and 2.23 A, respectively, while those in 
K - ( M D ) ~ A u I ,  (T,  = 4.5 K) are 2.94 and 2.76 A, respectively. 
Thus, K-( MD)2Au12 is under a somewhat harder environment than 
is K - ( E T ) ~ I ~  in terms of the  donor-anion interaction (Le., H.-I 
= 2.94 vs 3.09 A) but under a much softer environment in terms 
of the donor-donor interaction (Le., H-H = 2.76 vs 2.23 A). This 
might partially account for the finding that the T, of K - ( M D ) ~ A u I ~  
is slightly higher than tha t  of K- (ET) , I~ .  W e  do  not a t tempt  to  
compare the  short  intermolecular contacts for other pairs of K -  

phase salts, because the  donor molecules and  anions involved, 
particularly the polymeric Cu(NCS); anion in K-(ET),CU(NCS),, 
a r e  quite different in na ture  and  such comparisons in terms of 
the  relative "softness" of their environments a re  exceedingly 
difficult to make. A listing of the  important intermolecular 
contacts in K-phase salts  is given in Table 11. 
Electronic Structure 

A. Dispersion Relations. T h e  dispersion relations of the  two 
highest occupied bands calculated for ~ - ( E T ) , c u ( N c s ) ~ , * ~  K -  

(ET),I3, K - (  M D ) , A u I , , ~ ~  and  K-(MT),AU(CN), a r e  shown in 
Figure 7a-d, respectively. Within the dimers of the K-phase salts, 

Table 11. Selected Intermolecular Contact Distances" (A) for 
K-PhaSe Salts with Labels Corresponding to Those Given in Figures 
4-6 

Interdimer Contacts Involving C-H Bonds 
K- (ET)~CU(NCS)~  

u (H*- -H)  2.18 b (H***S) 3.04 c (Hs .6)  2.99 
d (H...C) 2.71 e (H.-.C) 2.74 f (H . - -C)  2.79 
g (H..-C) 2.75 h (Hs .6)  3.00 i (H...S) 3.03 
j (H...H) 2.24 

K- (  MD),AUIz 
u (H*..H) 2.76 b (H-.*H) 3.12 

K-(MT),Au(CN)~ 
u (H***H)  2.52 b (Hs .8)  3.06 c (Hs .6)  3.28 

Donor. .Anion Contacts Associated with C-H Bonds 
K-(ET)~CU(NCS)~,  Molecule A 

d (H...N) 2.56 e (Ha.8) 3.01 F (Ha-C)  2.73 

K-(ET)~CU(NCS)~,  Molecule B 

d (He.6) 3.01 e (Hs .6)  2.93 /(H...S) 2.84 

u (H-**S) 2.82 b (H*..C) 2.72 c ( H - * C )  2.97 

g (H**.N) 2.72 h (H***N)  2.59 

u (H.-*S) 2.95 b (Hm.6) 2.91 c (Hm.6) 2.72 

K-(ET)213 
u (H.a.1) 3.13 b (H.e.1) 3.45 c (H.a.1) 3.09 
d (H.e.1) 3.35 e (H-.-I)  3.73 f(H...I) 3.26 

K-(MD)~AuIz 
u (H**.I) 2.94 b (H-e.1) 3.44 c (H.e-1) 3.05 
d (H...I) 3.27 e (H.q.1) 3.38 f(H...I) 3.02 

a (H--.N) 2.92 b (H-eC)  3.10 c (H...C) 3.41 
d (H...C) 3.24 e (H..-N) 3.07 f (H- . .N)  2.89 
g (H...N) 2.44 h (H...C) 2.86 i ( H - e C )  2.54 
j (H...N) 2.68 k (H...N) 2.87 

Standard deviations involving calculated hydro en atom positions 
with C-H bond lengths of 1.09 A (sp') and 1.08 1 (sp2) are on the 
order of 0.01 A. 

K- (MT)~Au(CN)~  

Table 111. Superconducting Transition Temperatures, Bandwidths, 
and Electron Densities of States in the K-Phase Salts 

salt Tc, K n(ef), e/eV W,, eV W,, eV W, eV 

K-(ET)zI~ 3.6 7.09 0.349 0.697 1.154 
K- (  M D ) ~ A u I ~  4.5 7.98 0.488 0.559 1.157 
K - ( M T ) ~ A u ( C N ) ~  7.30 0.547 0.739 1.692 

K-(ET)~CU(NCS)~ 10.4 7.57 0.337 0.588 1.066 

the HOMO'S of the donor molecules interact to give the  bonding 
and antibonding levels #+ and #-, respectively. T h e  upper and  
lower bands of Figure 7 are largely represented by the $- and #+ 
levels of donor dimers, respectively. Given the  formal oxidation 
state in which every dimer loses one electron, the  upper bands of 
Figure 7 a re  all half-filled. In general, the band dispersions of 
the upper and  lower bands a re  similar in all the  K-phase salts. 
Unlike the case of other K-phase salts, however, the  dispersion of 
the upper band in K - ( E T ) ~ C U ( N C S ) ,  is not degenerate along M - 2, because two donors of a dimer a re  not equivalent in this 
salt . 8 d 3 9 b  

The  widths of the upper, the  lower, and the overall bands (see 
7 for definition) of Figure 7 a re  listed in Table 111. These values 
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Figure 7. Dispersion relations of the two highest occupied bands calcu- 
lated for (a) K-(ET),CU(NCS)~, (b) K-(ET),I~, (c) K-(MD),AuI,, and (d) 
e(MT),Au(CN),. The dashed lines refer to the Fermi levels. 

are similar for the superconducting K-(ET),CU(NCS),, K-(ET),I,, 
and K-(MD)~AuI, salts but are somewhat larger for nonsuper- 
conducting K-(MT)~Au(CN),. Also listed in Table I11 are the 
calculated electronic densities of states n(ef) a t  the Fermi level. 
Clearly, in the K-phase salts, a high T, values does not necessarily 
correspond to a large n(ef) value just as in the case of the &phase 
ET salts &(ET),X (X- = 13-, Ad2-, IBr2-).16 Thus, in terms of 
the bandwidths and n(ef), the nonsuperconducting salt K -  

(MT),Au(CN), does not appear very different from the super- 
conducting salts K-(ET),CU(NCS),, K-(ET),I~, and K-(MD)~AuI~.  
The factor that distinguishes the nonsuperconducting K-phase salt 
from the superconducting K-phase salts is simply the relatively 
larger (3.64 vs 3.35 A) intradimer separation. Suppression of the 
60 K metal-insulator transition in K-(MT),Au(CN), by pressure” 
is consistent with the likely compression of the intradimer distance 
to that approaching the values found in the superconducting salts. 

B. Fermi Surfaces. The Fermi surfaces associated with the 
half-filled bands of K-(ET),CU(NCS),, K-(ET),I~, K-(MD),AuI,, 
and K-(MT),AU(CN), are shown in Figure 8 a 4 ,  respectively. 
Except for the case of K-(ET),CU(NCS)~, the Fermi surfaces 
consist essentially of overlapping “distorted circles” centered at  
I? and its equivalent points in the K-space. For K-(ET),CU(NCS),, 
ovelapping circles interact near the crossing points along M ’ -  
Z and thus are split into wavelike one-dimensional pieces and 
ellipselike two-dimensional pieces. Except for the noncrossing 
regions, therefore, the Fermi surface of K-(ET),CU(NCS), is 
essentially similar to those of the other K-phase salts. Therefore, 
all K-phase salts are expected to be two-dimensional metals. 
However, we note that the Fermi surface of K-(MT),Au(CN), 
has a shape of an ice rink (see Figure 8d), so that there exists a 
partial nesting, and the electronic instability resulting from this 
nesting might be responsible for the metal-insulator transition 
of K-(MT),Au(CN), at 60 K. To investigate the nature of this 
phase transition, we have tried to determine the crystal structure 
of K-( MT),Au(CN), at a temperature below 60 K. However, our 
attempt has failed, since this salt undergoes a destructive phase 
transition under cooling conditions. Further experimental studies 
are necessary to understand the nature of the metal-insulator 
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Figure 8. Fermi surfaces associated with the half-filled bands of (a) 
K-(ET),CU(NCS)~, (b) K-(ET)~I,, (c) K-(MD),AuI,, and (d) K- 

(MT),Au(CN),. 

phase transition in K-(MT),Au(CN),. 

Concluding Remarks 

Donor molecule dimers of the K-phase salts have in all of their 
crystal structures an orthogonal packing arrangement, such that 
donor “stacks” do not exist in the K-phase salts compared to the 
P-phase materials.’ Nevertheless, all the K-phase salts have 
two-dimensional metallic character in their band electronic 
structures, just as in the case of the P-phase superconducting salts 
@-(ET),X (X = 13-, Ad2-, IBrl) ,  which contain well-formed and 
interacting donor molecule stacks. In contrast to the Fermi 
surfaces of the superconducting K-phases, K-(ET)~X (X- = Cu- 
(NCS),-, 13-) and K-(MD),AuI,, however, the Fermi surface of 
the nonsuperconducting K-phase, e(MT),Au(CN),, exhibits a 
partial nesting, which may in part be responsible for its MI 
transition at  -60 K. Structurally speaking, K-(MT),Au(CN), 
also differs somewhat from other K-phase salts in that the donor 
molecules of a dimer have a bond-over-bond arrangement in 
K-(MT),Au(CN), but a bond-over-ring arrangement in other 
K-phase salts. Thus, the intradimer spacing is considerably larger 
(-3.64 A) in K-(MT),Au(CN), than in other K-phase salts (-3.35 
8). The Fermi surface anisotropy (Le., the partial nesting) in 
K-(MT),Au(CN), stems eventually from the bond-over-bond donor 
arrangement and the large intradimer spacing. 
On the basis of a simplified BCS relati~nship,,~ T, a exp[- 

l/n(ef)], a high T, is often considered to reflect a large n(ef). This 
is not the case in the P-phase superconducting salts P-(ET),X (X- 
= 13-, Ad2-, IBrT)I6 nor in the K-phase salts (see Table 111). By 
analogy with the P-phase superconducting salts,I6 the relative 
lattice “softness” leading to a large electron-phonon coupling 
constant would be crucial for reaching a high T, in the K-phase 
materials. Since the K-phase salts are derived from different donor 
molecules and/or anions, it is difficult to assess the relative softness 
of their crystal lattices on the basis of structural comparisons. 
Nevertheless, we note that two terminal ethylene groups of ET 
have a staggered arrangement in the high-T, salts K-(ET),CU- 
(NCS), (T,  = 10.4 K) and P*-(ET),I, ( T ,  = -8 K)  but an 
eclipsed arrangement in the low-T, salts K-(ET)~I, ( T ,  = 3.6 K), 
P-(ET),Au12 (T ,  = 5.0 K), and P-(ET),IBr, ( T ,  = 2.8 K). In 
contrast to the case of the low-T, salts, the two six-membered rings 
of ET have slightly different conformations in the high-T, salts. 
A future goal of our work is to examine if such an asymmetric 
environment of the ET molecule leads to enhanced electron- 
phonon coupling and hence a high T,. 
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Complexes of the form RQH~(PR')~, PR1 = tertiary-phosphine ligand, have previously been shown in the solid state to be arranged 
as (PR3)2H2Re(p-H)4ReH2(PR3)2, with the P atoms attached to the adjacent Re atoms being eclipsed (D,* symmetry). The 
structure of the complex Re2H8(PPh3)4 in the crystalline state is shown here to depend on the solvents used to grow crystals. A 
crystal form ( la)  containing a planar eclipsed arrangement, as found previously, consisting of four P and two Re atoms is obtained 
if hexane is allowed to diffuse slowly into a tetrahydrofuran (THF) solution of the complex. However, a crystal form (lb) containing 
a staggered arrangement of the four P atoms is obtained if crystals are obtained from a saturated solution of Re2H8(PPh3)4 in 
acetone. The variable-temperature 'H NMR spectra of this complex in CD2C12 are also reported. Crystal data: Re2H8- 
(PPh,)4.2C4H80 (la) (THF/hexane): monoclinic, space group C2/c, a = 20.592 (9) A, b = 17.828 (4) A, c = 18.837 (4) A, 
0 = 90.97 (3)O, V = 6914 (4) A', Z = 4, R = 0.0469 (R, = 0.0625) for 321 parameters and 3822 unique data having F: > 30(F:). 
Re2H8(PPh,)4-(CH3)2C0 (lb) (acetone): monoclinic, space group C2/c, a = 23.414 (5) A, b = 13.281 (2) A, c = 23.702 (4) 
A, 0 = 114.84 (2)O, V = 6688.4 (7) A', Z = 4, R = 0.0328 (R, = 0.0464) for 336 parameters and 4316 unique data having F: 
> 3a(F:). l a  also shows a systematic disordering of 4% of the molecules, from which a possible mechanism (an internal flip of 
Re2) for exchange of bridge and terminal hydrogen atoms may be inferred. 

Introduction 

In 1969 Chatt and Coffeyl reported two incompletely char- 
acterized but extremely interesting compounds, which they ten- 
tatively formulated as [ReH,(PR,),],. PR, was either PEt2Ph 
or PPh, and x was believed to have a value less than 7. These 
were called "agnohydrides" because of their uncertain composition 
and nature. In 1977, Bau et ale2 reported a neutron diffraction 
study of the one with PEt2Ph and showed that it has the com- 
position Re2H8(PEt2Ph), and the structure shown schematically 
in I. In the intervening years, the synthetic procedures3 for these 

P = PEIpPh 

I 

compounds have been improved, more has been learned about their 
reaction chemistry," and, of particular interest to us, their NMR 
behavior has been e ~ a m i n e d . ~  The main features of interest in 
this last connection are (1) that the bridge and terminal H atoms 
are rapidly (Le., on the NMR time scale) undergoing site exchange 
at r w m  t e m p e r a t ~ r e ~ , ~ ~ . ~  and (2) the longitudinal relaxation times 

Chatt, J.; Coffey, R. S. J .  Chem. SOC. A 1969, 1963. 
Bau, R.; Carroll, W. E.; Teller, R. G.; Koetzle, T. F. J.  Am. Cfiem. Soc. 
1977, 99, 3872. 
(a) Brant, P.; Walton, R. A. Inorg. Cfiem. 1978,17,2674. (b) Fanwick, 
P. E.; Root, D. R.; Walton, R. A. Inorg. Chem. 1989, 28, 395. (c) 
Roberts, D. A,; Geoffroy, G. L. J .  Organomet. Chem. 1981, 214, 221. 
Allison, J. D.; Walton, R. A. J .  Chem. Sac., Cfiem. Commun. 1983,401. 
Moehring, G. A.; Fanwick, P. E.; Walton, R. A. Inorg. Cfiem. 1987, 
26, 1861. 
Allison, J. D.; Cotton, F. A,; Powell, G. L.; Walton, R. A. Inorg. Cfiem. 
1984, 23, 159. 
(a) Cotton, F. A.; Luck, R. L. Inorg. Cfiem. 1989, 28, 6. (b) Cotton, 
F. A,; Luck, R. L.; Root, D. R.; Walton, R. A. Inorg. Cfiem., in press. 

0020- 16691891 1328-4522$01.50/0 

Table I. Crystallographic Data for Re2Hn(PPh3)4.2C4Hn0 ( la)  and 
R ~ ~ H B ( P P ~ J ) ~ . ( C H ~ ) ~ C O  (1b) 

CBOHn4O2P4Re2 ( 1 4  C ~ S H @ P I R ~ ~  (1b) 
fw 1577.81 I51 1.74 
a, A 20.592 (9) 23.414 (5) 

c, A 18.837 (4) . 23.702 (4) 
0, deg 90.97 (3) 114.84 (2) 
v, A' 6914 (4) 6688.4 (7) 
Z 4 4 
space group C2/c (No. 15) C2/c (No. 15) 
T, "C +I9 -80 
A, A 0.71073 0.71073 

P, cm- 36.806 38.022 

R(FO)" 0.0469 0.0328 
R d F J  0.0625b 0.0464c 

b, 8, 17.828 (4) 13.281 (2) 

Pcalcd, p n - 3  1.516 1.501 

transm coeff 100.00-8 1.74 99.79-5 5.65 

(T,'s) for these hydrogen atoms are relatively short a t  low tem- 
p e r a t u r e ~ . ~  

Two interesting aspects of these compounds that have not 
received sufficient attention have been structural studies and the 
question of how the H,-Hb exchange may be accomplished. In 
this paper we report structural results on Re2H8(PPh3), (one of 
the two original agnohydrides) as well as some ideas on the manner 
in which the remarkably facile H,-Hb exchange may occur. 
Experimental Section 

The NMR spectra were recorded in CD2CI2 by using a Varian XL- 
400 spectrometer. The complex Re2Hs(PPh,), was obtained in this study 
either by following the published procedures' as a product of the thermal 
transformation of ReHl(PPh3)2 or as a byproduct (27% yield, verified 
by 'H NMR relative to ReH5(PPh3),) in an adaptation of a procedures 

(8) Douglas, P. G.; Shaw. B. L. Inorg. Synth. 1977, 17, 64. 
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