
3. G. C. P. King et al., ibid. 93, 13308 (1988); R. S. 
Stein et al. ,  ibid., p. 13319. 

4. This must be taken into account if the persistence 
time scale, T ,  for a bend of length A, is large enough 
that U T  > A, where U is the long-term horizontal 
slip rate on the fault. 

5. K. M. McNally et al., Eor 70, 1363 (1989). 
6. G. Platker and J. P. Galloway, Eds., U . S .  Geol. Surv. 

Circ. 1045 (1989), figure 8. 
7. A. Aydin and B. M. Page, Geol. Soc. A m .  Bull.  95, 

1303 (1983). 
8. W. H.  Prescott, M. Lisowski, J. C. Savage, J .  

Geophyr. Rer. 86, 10,853 (1981). 
9. S. P. Nishenko and P. L. Williams, U . S .  Geol. Surv. 

Open-File Rep. OF85-0754 (1985). 
10. W. C. Bradley and G. B. Griggs, Geol. Soc. A m .  

Bull. 87, 433 (1976). 
11. C. S. Alexander, Univ .  Calif: Publ. Geol. 10, 1 

(1953). 
12. T. C. Hanks et al., J .  Geophys. Rer. 89, 5771 

(1984). 
13. M. A. McKittrick, thesis, University of Arizona 

(1988). 
14. G. E. Weber, in Fieldtrip Guide to Coartal Tectonics and 

Coartal Hazards in  Santa C n r z  and San Mateo Countier, 
California, G. E. Weber et a l . ,  Eds. (Cordilleran 
Section, Geological Society of America 75th annual 
meeting, 1979), pp. 81-91. 

15. J. M. Chappell, Search 14, 99 (1983). 
16. - and N. J. Shackleton, Nature 324, 137 

(1986). 
17. D. Merritts and W. B. Bull, Geology 17, 1020 

11989). 
\ -  - , 

18. Latest values for the ages of the 5 a, c, e highstands 
from T. L. Ku et al., Quat. Rer. 33, 129 (1990). The 
Santa Cruz terrace deposits cover two vavecut 
platforms [see (14)] in the town of Santa Cruz. 

19. S. Y. Schwartz, D. L. Orange, R. S. Anderson, 
Geophys. Res. Lett., in press. 

20. J. C. Savage, quoted in (5). 
21. Adapted from figure 3 in (5); updating of the plot 

provided by G. Valensise, personal communication. 
Uncertainty in the vertical scale of this pattern is 
largely due to the unknown height in the crust to 
which rupture occurred. Higher rupture will result 
in enhanced vertical displacement near the trace of 
the fault. The depicted pattern is based on a 5- to 6- 
km nearest approach of the rupture to the surface 
[see also (19)l. Confirmation of the gradient of the 
uplift pattern associated with the Loma Prieta event 
in the Santa Cruz coastal region is found in a single 
tilt measurement made by Applied Geomechanics, 
Inc., based in Live Oaks near Aptos, on the coast 
nearest the epicenter. They recorded 28 prad of tilt 
at an azimuth of 195" on their calibration insm- 
ment (F. Horath, personal communication), in close 
accord with the 25-krad gradient predicted in this 
area. 

22. D. P. Schwartz and K. J. Coppersmith, J .  Geophys. 
Res. 89, 5681 (1984). 

23. B. Bills and G. M. May, ibid. 92, 11493 (1987). 
24. W. R. Peltier, Nature 318, 614 (1985); J .  Geophyr. 

Res. 91,9099 (1986). 
25. L. M. Cathles 111, The  Vircosity of the Earth's Mantle 

(Princeton Univ. Press, Princeton, NJ, 1975). 
26. Calculations based u on the following parameters: 

p, - p, = 500 kgim? H = 4 km [based on a choice 
of Hs,,,,i,/4 for the elastic plate thickness (Z)]; 
E = 40 GPa; v = 0.25 and formula for degree of 
compensation from D. Turcotte and G. Schubert, 
Geodynamicr (Wiley, New York, 1982). 

27. G. B. Griggs and J. R. Hein, Geology 88, 541 
11980). 
\ - -  - - !  

28. T. Best, personal communication. 
29. W. H.  Prescott and R. 0 .  Burford, Bull. Seismol 

Soc. A m .  66. 1013 (1976). 
30. E. A. Hay e; al., ~ d l i f :  D ~ V .  Miner Geol. Spec. Rep.  

140,41 (1980). 
31. W. C. McLaughlin, J .  Res. U . S .  Geol. Surv. 2, 593 

(1974). 
32. W. ~ . ' ~ c ~ a u ~ h l i n  et a l . ,  U . S .  Geol. Surv. Open-File 

Map 88-752 (1988). 
33. This hypothesis is detailed in (19). 
34. A. C. Lawson et al. ,  Camegie Inst. Wash. Publ. 87 

(1908). 
35. W. Thatcher, Nature 341, 432 (1989). 
36. B. M. Page and D. C. Engebretson, Tectonicr 3, 133 

(1984). 

37. The Ben Lomond fault bounding the east side of the 
mountain displays only minor displacement (-200 
to 300 m of dip slip motion), and it occurred before 
the emplacement of the lower Pliocene Purisima 
Formation. 

38. J .  C. Clark, U . S .  Geol. Surv. Pro$ Pap. 1168 (1981). 
39. This system has recently been modeled for the 

Southern Alps of New Zealand [P. 0 .  Koons, Am. 
J .  Sci. 289, 1041 (1989)l. Adding to this complex- 
ity is the clear influence of lithology on the local 
stream system, demonstrated by the wrapping of the 
San L o r e m  and Pescadero drainages around the 
Salinian granitic core of Ben Lomond Mountain 
(Fig. 1). 

40. See (19) for discussion of the uplift pattern expected 
from events on a southwest-dipping Sargent-Berro- 
cal system. 

41. I thank D. Orange, G. Griggs, G. Valensise, and G. 
King for discussions. I appreciate critiques of an 
earlier version of this manuscript by G. Valensise, 
M. Ellis, and D. Orange, and of later versions by D. 
Merritts and three anonymous reviewers. Terrace 
elevations were compiled by J. Buckthal. I thank the 
donors of the Petroleum Research Fund for partial 
support. 

17 April 1990; accepted 6 June 1990 

A Molecular Perromagnet with a Curie Temperature 
of 6.2 Kelvin: [Mn(C5 (cH3)5)2] + [TCNQ] - 

The study of magnetic phase transitions in insulating molecular-solids provides new 
insights into mechanisms of magnetic coupling in the solid state and into critical 
phenomena associated with these transitions. Only a few such materials are known to 
&splay cooperative magnetic properties. The use bf high-spin molecular components 
would enhance intermolecular spin-spin interactions and thus a series of charge- 
transfer (CT) salts have been synthesized that utili2R the spin S = 1 molecular cation, 
[MII(C~(CH~)~),]+ (decamethylmanganocenium). The structure and cooperative mag- 
netic behavior of [Mn(C5(CH3)5)2]+pCNQl- (decamethylmanganoceniurn 7,7,8,8- 
tetracyano-p-quinodimethanide) are reported. This salt is a bulk molecular ferromag- 
net with the highest critical (Curie) temperature (T, = 6.2 K) and coercive field 
(3.6 x lo3 gauss), yet reported for such a material. 

T HE SEARCH FOR MAGNETS COM- underStanding of the mechanisms that stabi- 
prised of discrete molecular compo- lize the parallel alignment of the component 
nents (1, 2) represents a new phase in spins. The energy of the ferromagnetic state 

an enterprise that began with the invention can be written in the simplest case as a sum " 
of the compass (3). However, to date only a of the contributions from painvise interac- 
small class of ferrimagnets (4) and a few well tions between adjacent spins, E(F)  = -XIi. 
characterized b ~ &  molecular ferromagnets SiSj, where Si and Sj are the spins of the 
are known: the halo-bis(diaky1-dichalco- adjacent interacting sites and]i is a coupling 
genocarbamato)iron(III) magnets (5)  and parameter for the interaction between them 
[Fe(C5(CH3)5)2] + [TCNE] - (decamethyl- (1, 3, 7-10). The ground state is ferromag- 
ferrocenium tetracyanoethylenide) (6). Fur- netic if interactions that cause the spins of 
thermore, these latter compounds contain individual pairs to align parallel, corre- 
iron, which is ferromapeti; in its elemental 
form and is the key component of lodestone 
(magnetite). We report that the donor-ac- 
ceptor ([D]+[A]-) charge-transfer (CT) salt 
[fi(C5(CH3)5)2l+[TCNQI- (1) (deca- 
methylrnanganocenium 7,7,8,8-tetracyano-p- 
quinodimethanide) is a true molecular ferro- 
magnet and further propose that molecular 
ions with S 2 1, such as [Mn(C5(CH3)5)2]+, 
are particularly favorable for the preparation 
of mametic molecular materials. 

sponding to > 0, are-dominant in three 
dimensions. Although such interactions in- 
clude Heisenberg exchange for electrons in 
orthogonal orbitals (II), the most widely 
disseminated "prescription" (7) for generat- 
ing painvise ferromagnetic coupling in CT 
salts is based on a recognition by McConnell 
(1) that we may generalize as follows. Per- 
turbative mixing into the ground state of an 
interacting [D]+[A]- pair by a virtual CT 
excited state of the pair will selectivelv stabi- 

V 

Directed synthesis of insulating ferromag- lize a ground state of the same spin multi- 
netic solids from molecular ions requires an plicity as the excited state. Thus ferromagne- 

tism is favored bv constituents for which the 
total spin angular momentum (ST) of the 

W. E. Broderick, J. A. Thom son B. M. Hoffman, lowest-energy virtual state an interact- 
De~artment of Chemisw and Rateiials Research Cen- inp D +  A-  air corres~onds to the sum of 
ter: Northwestern ~nive;sity, Evanston, IL 60208. 

D 

E. P Day, Gray Freshwater Biob cal Institute, Univer- the 'pins D+ and '-, = s ( ~ + )  + 
sity of Minnesota, Navarre, MN B392.  S(A-); antiferromagnetism (or ferrimagne- 
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tism) is favored if ST = lS(D+) - S(A-) 1 .  
Miller and Epstein proposed that the three- 
dimensional (3-D) ferromagnetic ground 
state of the mixed-stack linear chain CT salt 
they prepared, [Fe(C5(CH3)5)2] + [TCNE] - 
(6) ,  is stabilized by this mechanism (7, 8). 
Further attempts to achieve bulk ferromag- 
netism by preparing [metallocenium] + [A'] 
CT salts where the anions as well as the 
cations have S = 112 have been less success- 
ful: several salts displaying ferromagnetic 
coupling have been prepared but no other 3- 
D ferromagnet has been reported (8, 12-14). 

We reasoned that the use of cation-anion 
components with spin S 2 1 would enhance 
bulk magnetism in a CT salt. According to 
the equation for E(F), taking either S(D+) 
or S(A-) or both r 1, rather than equal to 
95, would lower the energy of the ferromag- 
netic ground state for a given Ju when 
ferromagnetic interactions dominate. In ad- 
dition, components with S > 112 will in- 
crease the saturation moment, M,, for the . -. 
state with all spins ferromagnetically 
aligned: M, = NP[~DS(D+)  + gAS(A-)I, 
where N is Avogadro's number, P is the 
electronic Bohr magneton, and g ~ l ~  is the 
appropriate Lande factor. Within the 
McConnell mechanism, ferromagnetism re- 
quires that the key CT state or states have 
the correct spin to give Jij > 0. However, 
even if the D +  and A- spins align antiferro- 
magnetically, a net moment still would re- 
main when S(D+)  f S(A-), and the result- 
ant material could be a bulk magnet, namely 
a ferrimagnet. In this case, the saturation 
magnetization would be M, = Np lgDS(D+) 
- gAS(A-)I. Finally, the possible interplay 
between the intermolecular coupling among 
the spins and the intramolecular zero-field 
splittings for a component with S > 112 can 
lead to unusual magnetic characteristics (5). 

Within this framework, [Dl' = 
[Mn(C5(CH3)5)2]+ (decamethylmangano- 
cenium) is an excellent choice as the cation 
for several reasons. (i) The parent donor, 
[Mn(C5(CH3)5)2], is easily oxidized to 
[Mn(C5(CH3)5)2]+ (E+lo = -0.56 V versus 
the standard calomel electrode) (15) and 
thus will form CT salts with a wide variety 
of acceptors. (ii) [Mn(C5(CH3)5)2]+ has 
spin S = 1 (15). (iii) In a salt with this cation 
and a paramagnetic anion (A-; S = 112) 
derived from a strong acceptor, the lowest 
energy virtual CT state would be 
[Mn(C5(~H3)5)2]2+ [A]'-. This compound 
we expected to have ST = s ( D 2 + )  = 312, 
which would lead to a painvise ferromagnet- 
ic interaction Cli, > 0) for an A- that has S 
= 112. The ex~ectation is based on the 
observation that D2+ formally contains 
Mn4+ (d3), which would have S = 312, 
whereas A'- would be diamagnetic if A- is 
orbitally nondegenerate. (iv) Finally, the 

Fig. 1. Packing diagram of I showing a perspec- 
tive view of the . . .D+A-D'A-. . . stacking ar- 
rangement in the bc plane. 

absence of the element Fe removes the ~oss i -  
bility that decomposition could lead to con- 
tamination by ferromagnetic metallic Fe be- 
cause metallic Mn is antiferromagnetic. 

We have synthesized a series of molecular 
CT salts with the S = 1 cation 
[Mn(C5(CH3)5)2]+ and have found that it 
does indeed support ferromagnetic interac- 
tions in a broad class of compounds (1 6). In 
particular, I undergoes a magnetic phase 
transition to a 3-D ordered ferromagnetic 
state at 6.2 K, the highest temperature yet 
reported for a molecular ferromagnet. Com- 
pound I crystallizes as lustrous, dark, paral- 
lelpipeds in the monoclinic space group 
P211n, with four formula units per unit 
cell. The structure of I, as solved by single- 
crystal x-ray diffraction techniques, consists 
of . . . D+A-D+A-. . . stacks in which 
Mn(C5(CH3)5)2+ (D  +) and TCNQ- (A-) 
ions alternate along a (Fig. 1) .  In addition, 
the closest interstack contacts also are be- 
tween D' and A- (17, 181. A similar stack \ .  , 
structure has been observed in other deca- 
methylmetallocenium CT salts (8, 13). The 
pentamethylcyclopentadienpl rings of the 
cation in I adopt an eclipsed conformation 
(-DSh local symmetry), not the staggered 
conformation previously observed in the 
structure of the dec&ethylmanganocene 
(19). Compound I is isomorphous with the 

Fig. 2. Temperature dependence of 
xmT (squares) and Xm-' (circles) 
for I recorded at 500 2 10 G. In- 
set: expansion of the 1.9 to 25 K 
region of the x,T plot. The suscep- 
tibllity plotted here has been cor- 
rected for core &magnetism as cal- 
culated from Pascal's constants. 

structure first reported (20) for the Fe ana- 
log, [Fe(C5(CH3)5)2] + [TCNQ] - . Howev- 
er, detailed comparisons are not possible. 
The structure reported for the Fe compound 
was that of a crvstal in which extended 
exposure to the atmosphere had caused the 
TCNQ anions to undergo a solid-state reac- 
tion with O2 (or H 2 0 )  to produce the a,a- 
dicyano-p-toluoylcyanide anion. X-ray pow- 
der diffraction data indicated that the freshly 
prepared Fe compound is isomorphous to 
the exposed material (21). 

The magnetic susceptibility, x,, of poly- 
crystalline I was measured with a super- 
conducting quantum interference device 
(SQUID) magnetometer. The temperature 
dependencies of x,T and Xm-' recorded at 
500 G are shown in Fig. 2. The room 
temperature value, xmT = 2.44 & 0.01 cm3 
K mol-I, is greater than the spin-only value 
(1.38 cm3 K mol-I) calculated for an uncor- 
related two-spin system with SD = 1 and 
SA = 112 when a spin-only value ofg  = 2 is 
used for both spins. Because organic radicals 
such as TCNQ- display spin-only mo- 
ments, the high value of x,T probably is 
due to an orbital contribution to theg-factor 
of [Mn(C5(CH3)5)2]+. The value of x,T 
for I is constant from ambient to -50 K, 
and a plot of XM-l versus T is linear (Fig. 
2) .  Together these results show that the 
susceptibility of I follows the Curie-Weiss 
law, xm = C/(T - 0) for T 2 50 K. The 
Weiss parameter, which corresponds to the 
T-intercept of XM-', is O = +10.5 * 0.5 
K. Its positive sign indicates that ferromag- 
netic interactions (Ju > 0) dominate. If it is 
assumed that the largest exchange parameter 
is associated with near neighbors along a 
chain, then it can be shown that 
JD+~- Ik  = (ll18)O = 14 K (10). AS the 
sample is cooled below 20 K, an abrupt 
increase in xmT signals the approach of a 
ferromagnetic phase transition. Below the 
transition region, T 5 K, the magnetiza- 
tion of I becomes saturated: X, is roughly 
constant, and xmT decreases linearly with T. 

The occurrence of a ferromagnetic phase 
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transition was confirmed by measuring the 
magnetization M of I as a function of tem- 
perature and field in the ranges of 1.9 to 10 
K and 0 to 50,000 G. As I is cooled in a low 
field (50 G), its magnetization (Fig. 3) 
shows a sharp transition, increasing abruptly 
between 6.5 and 6 K. The critical tempera- 
ture Tc is taken at the maximum of the slope 
dM/dT: Tc = 6.2 * 0.1 K. At temperatures 
below Tc ( T  < 4 to 5 K), the magnetization 
saturates to a constant value (Fig. 3), as 
expected for a bulk ferromagnet. The field 
dependence of the magnetization at 3 K 
(Fig. 4) is characteristic of a polycrystalline 
3-D ferromagnet. The magnetization climbs 
steeply to a value of -1.35 x lo4 cm3 G 
mol-' by 1000 G, and then gradually in- 
creases to a maximum of 1.67 k 0.01 X lo4 
cm3 G mol-' at the highest field attainable, 
50.000 G. This result shows that I is indeed 
a ferromagnet, not a ferrimagnet, which 
would display a much smaller saturation 
magnetization. The expression for M, of a 
ferrimagnet (see above) gives M, = 5.58 x 
lo3 cm3 G mol-' when S(D+)  = 1, 
S(A-) = 112, and g = 2 for both spins. 
Even a significant orbital contribution to the 
g factor of [Mn(C5(CH3)5)2]+ could not 
increase M ,  to give agreement with the value 
observed for polycrystalline I. 

The zero-field susceptibility (dM/dH)H=o 
is extremely large but not infinite, and M is 
not a constant for fields above -1000 G 
(Fig. 4), in contrast to what would be 
observed in the limit of T << Tc for a 
perfect ferromagnet aligned along the easy 
axis. These features of Fig. 4 arise because of " 
demagnetization effects and because the sus- 

u 

ceptibility is averaged over all orientations 
of the polycrystalline material, including 
both easy and hard magnetization axes. In- 
deed, preliminary single-crystal studies indi- 
cate that the magnetization of I is exception- 
ally anisotropic. 

Definitive verification that I is a bulk 
ferromagnet is given by the observation that 
at temperatures below Tc its magnetization 
exhibits hysteretic behavior ~ ~ o n - ~ c l i n g  the 
applied field; the major hysteresis loop at 2 
K is shown in the inset to Fig. 4. The 
remnant magnetization, the value at zero 
applied field, is large, 1.37 * 0.01 x lo4 
cm3 G mol-I, and is equal to that expected 
from an extrapolation to zero field of the 
high-field portion of the saturation magneti- 
zation curve (Fig. 4). The coercive field, 
defined (10) as that where M = 0 (Fig. 4, 
inset), is 3.6 k 0.1 x lo3 G, the largest yet 
reported for a molecular ferromagnet or 
ferrimagnet. 

These measurements demonstrate that I is 
a molecular ferromagnet with excellent crys- 
tallographic characteristics that make it well 
suited for further detailed examination. In 

Fig. 3. Field-cooled magnetization M of I in an 
external field of 50 ? 1 G. 

Fig. 4. Field (H) dependence of the magnetiza- 
tion for polycrystalhe I recorded at 3 K. The 
inset shows a hysteresis loop, M =f(H) for I 
recorded at 2 K. 

addition, these results support the use of 
high-spin (S 2 1) components in CT salts 
to broaden the class of magnetically ordered 
molecular solids. Thus of the two 
isomorphow compounds, [M(C5(CH3) 5)2] + 

[TCNQI- with M either Fe or Mn, the salt 
previously prepared with the S(D+) = 

112 [Fe(C5(CH3)5)2]+ ion (20) has an anti- 
ferromagnetic ground state and displays me- 
tarnagnetic behavior, with a critical field of 
1.6 kG and a Nee1 temperature of 2.55 K. In 
contrast, the new 'salt prepared with 
S(D+) = 1 [Mn(C5(CH3)5)2]+ has a 3-D 
ferromagnetically ordered ground state and 
both a high critical temperature (Tc = 6.2 
K) and coercive field (3.6 x lo3 G) for a 
molecular ferromagnet. 

REFERENCES AND NOTES 

1. H. M. McComell, J .  Phys. Chem. 39, 1910 (1963); 
Roc. R. A .  Welch Found. Chem. Rex. 11, 144 (1967). 

2. R. Breslow, Pure Appl. Chem. 54, 927 (1982); 0. 
Kahn, J .  Chim. Phys. Phys.-Chim. Biol. 85, 1113 
(1988); A. Caneschi, D. Gatteschi, R. Sessoli, P. 
Rey, Acc. Chem. Res. 22, 392 (1989); J. B. Tor- 
rance, S. Oostra, A. Nazzal, Synth. Metals 19, 709 
(1987); J. B. Torrance et al., J .  Appl. Phys. 63, 
2962 (1988); H .  Iwamura, Pure Appl. Chem. 59, 
1595 (1987); E. Dormann, M. J. Nowak, K. A. 
Williams, R. 0. Angus, Jr., F. J .  Wudl, J .  A m .  
Chem. Soc. 109, 2594 (1987). 

3. D. C. Mattis, The Theory ofMagnetism (Harper and 
Row, New York, 1965). 

4. 0. Kahn, Y. Pei, M. Verdaguer, J. P. Renard, J. 
Sletten, J .  Am.  Chem. Soc. 110, 782 (1988); K. 
Nakatani et al., ibid. 111, 5739 (1989); A. Caneschi, 
D. Gatteschi, J .  P. Renard, P. Rey, R. Sessoli, Inorg. 
Chem. 28, 1976 (1989); ibid., p. 2940; ibid., p. 
3314; J .  Am.  Chem. Soc. 111, 785 (1989). 

5. G. D. Chapps, S. W. McCann, H.  H. Wickman, R. 
C. Shenvood, J .  Chem. Phys. 60, (1974); G. C. 
DeFotis, F. Palacio, R. L. Carlin, Phys. Rev. B 20, 
2945 (1979); G. C. DeFotis, B. K. Failon, F. V. 
Wells, H .  H.  Wickman, ibid. 29, 3795 (1984); G. C. 
DeFotis, J. R. Laughlin, J .  Chem. Phys. 84, 3346 
(1986); G. C. DeFotis, R. S. Wiese, E. D. Remy, 
Phys. Rev. B 39, 392 (1989). 

6. J. S. Miller er al., J .  Am. Chem. Soc. 109, 769 
(1987). 

7. J. S. Miller and A. J. Epstein, ibid., p. 3850. 
8. J. S. Miller, A. J. Epstein, W. M. Reiff, Chem. Rev. 

88, 201 (1988). 
9. J. Hubbard, Proc. R .  Sac. London Ser. A A276, 238 

(1963); ibid. 277, 237 (1963). 
10. N. W. Ashcroft and N. D. Mermin, Solid Stare 

Physio (Holt, Reinhart, and Winston, New York, 
1976). 

11. Z. G. Zoos and P. C. M. McWilliams, J .  Mol. Cryst. 
Liq. Crysr. 176, 369 (1989); R. D. Willett, D. 
Gatteschi, 0. Kahn, Eds., Magneto-Structural Cowela- 
rions in Exchange Coupled Systems (Reidel, Dordrecht, 
1985); R. D. Willett, R. M. Gaura, C. P. Landee, 
Extended Linear Chain Compounds, J .  S. Miller, Ed. 
(Plenum, New York, 1983), vol. 3, pp. 143-191; 
W. E. Hatfield er a/ . ,  ibid., pp. 43-142; 0. Kahn, 
Angew. Chem. Int. Ed. Engl. 24, 834 (1985). 

12. W. E. Broderick er al., J .  Am.  Chem. Soc. 111, 7656 
(1989). 

13. J. S. Miller, A. J. Epstein, W. M. Reiff, Science 240, 
40 (1988); Acc. Chem. Rex. 21, 114 (1988). 

14. J. S. Miller, J. C. Calabrese, A. J. Epstein, Inorg. 
Chem. 28, 4230 (1989); J. S. Miller and A. J. 
Epstein, J .  Mol. Cryst. Liq. Cryst. 176, 347 (1989). 

15. J. L. Robbins, N. M. Edelstein, S. R. Cooper, J .  C. 
Smart, J .  A m .  Chem. Soc. 101, 3853 (1979). 

16. W. E. Broderick, J. A. Thompson, E. P. Day, B. M. 
H o h a n ,  unpublished results. 

17. We prepared I by combining solutions of 
[ M ~ ( C ~ ( C H ~ ) S ) ~ I + [ P F , I -  (15) and N H J C N Q  
(18). The composition, as well as the absence of Fe 
impurities, was verified by elemental analysis. Crys- 
tallographic data for I: monoclinic, space group 
P2,/n (CZh, no. 14); a = 10.829 + 0.002 A, b = 
31.014 2 0.004 A, and c = 8.544 2 0.001 A, P = 

103.39 + 0.02", V = 2792 -c 1 A3, Z = 4. The 
structure was solved by a combination of direct 
methods and Fourier syntheses in TEXSAN 4.0. 
Full matrix least-squares refinement gave the final 
agreement factors, R(F) = 0.034, and R,(F) = 
0.043 for 3483 reflections [with F' 2 ~u(F')]  
measured between 4 5 20 5 50 at - 120°C (Mo Ka 
radiation, A = 0.71069). Full interstack interactions 
and other structural details of I will be discussed 
later [W. E. Broderick, J. A. Thompson, M. Sabat, 
E. P. Day, B. M. Hoffman, in preparation]. The 
atomic coordinates for this work are available on 
request from the Director of the Cambridge Crystal- 
lographic Data Centre, University Chemical Labora- 
tory, Lensfield Road, Cambridge, CB2 lEW, En- 
gland. Requests should be accompanied by the full 
literature citation for this communication. 

18. L. R. Melby et a / . ,  J .  Am.  Chem. Soc. 84, 3374 
(1962). 

19. D. P. Freyberg et al., ibid. 101, 892 (1979). 
20. J .  S. Miller et al., ibid., p. 7111. 
21. A subsequent single-crystal structural determination 

of [Fe(C5(CH3)5)2]+[TCNQ]- found that the salt 
crystallized in a different space group, uiclinic PT; a 
. . . DtA-D+A-. . . stack arrangement was also 
observed in this second structure [J. S. Miller et al., 
J .  Phys. Chem. 91, 4344 (1987)l. 

22. Supported by the Solid State Chemisuy Program of 
the National Science Foundation (grant DMR- 
8818599) and by the Northwestern University Ma- 
terials Research Center under the NSF-MRL pro- 
gram (grant DMR-8821571). We thank the re- 
search group of L. Que, Jr., for technical assistance. 

26 April 1990; accepted 15 June 1990 

27 JULY I990 REPORTS 403 




