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Organometallic- and organic-based materials exhibiting the technologically important property of bulk magnetism
have been designed, prepared, and studied. These magnets are prepared via conventional organic chemistry
methodologies and unlike conventional inorganic-based magnets do not require metallurgical processing.
Furthermore, these magnets are frequently soluble in conventional solvents, and examples have saturation
magnetizations exceeding that of iron metal on an Fe or mole basis. Also, magnets with critical temperatures
exceeding room temperature, magnets with coercive fields exceeding that of Co5Sm, and thin-film magnets have
been prepared. This article highlights the collective joint research executed in our, as well as Arthur J. Epstein’s,
laboratories.

Introduction

Magnets have tantalized the imagination for millennia, and
for the past century they have been essential for the transforma-
tion of our society into the high-technology one of today. The
initial curiosity of one type of rock, lodestone, to attract like
rocks evolved into a plethora of myths and pseudoscience,1 as
well as into a kingpin in the continuing evolution of science.2,3a,4

Man’s fascination with magnets has been documented for over
two and one-half millennia,5 although evidence for earlier
discoveries in China exists.6 The Western world’s naming of
the magnet is unclear because two plausible contemporary
attributes are recorded: (1) Pliny the Elder’s account that the
Shepherd Magnes noted thatMagnes Lapis, now called mag-
netite or lodestone (Fe3O4), adhered to the nails in his shoes
and (2) Lucretius’ account thatMagnes Lapiswas quarried in

the now Grecian region of Magnesia that was inhabited by
Magnetes.3b Personally, I suspect that the magic of magnets,
i.e., the easily observable, relatively strong force that either
attracts or repels like, was first noticed by cave children playing
in front of their abode, but as is the case for all discoveries in
science, it needed to be recorded for time immemorial, prefer-
ably in a peer-reviewed journal, but an unsigned cave drawing
would have been more than adequate.

The study of magnets benefited enormously from attracting
the attention of the first experimentalist, Petrus Peregrinus de
Maricourt.3b Petrus de Maricourt identified that magnets had
two poles, labeled by him as north and south, and that opposite
poles attracted, as is universally known today. He also noted
that breaking a magnet leads to two magnets, not its destruction.
It is essential to note that these discoveries were documented
in his Epistola de Magnetein 1269. Petrus de Maricourt
provided a long-lasting service to all society by setting an
important example of how the scientific method leads to new
knowledge and technology. The study of magnets, and science
in general, received an enormous boost when Queen Elizabeth
I’s physician, William Gilbert, Galileo’s choice as the first
experimentalist, devoted an enormous effort to scientifically
reviewing the growing trove of myths and superstitions. He
debunked all except the facts that stood up to the test of scientific
scrutiny.2 Gilbert also made an unprecedented revelation by
deducing that the earth itself was a magnet and prepared the
first man-made magnet, iron metal.1 In so doing, he associated
solid-state chemical syntheses as being literally “heat and beat”
(Figure 1). Gilbert noted that upon heating iron lost its strong
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magnetic behavior, which returned on cooling. Most importantly,
Gilbert documented his observations for generations to appreci-
ate and to provide a foundation for the future in his treatise
entitled “de Magnete” in 1600.2 With the solid base of discarded
superstitions as well as being armed with facts, the study of
magnetism was poised to lead a scientific assault that led to an
explosive growth in man’s understanding and exploitation of
nature. In 1819, Hans Christian Øersted discovered that electric-
ity affects magnets,7a and in 1821 Michael Faraday invented
the electromagnet.7b Magnets were subsequently essential to the
introduction of low-cost ac electricity by Westinghouse in
Buffalo, NY in 1886.8 The fundamental aspects of magnetism,
nonetheless, continued to be elusive until quantum mechanics
led to the revelation that the key ingredient of magnetic behavior
is the electron spin.9

The number, proximity, and coupling among electron spins
dictate all magnetic behaviors. The magnetic susceptibility (ø)
of isolated spins obey the Curie law,ø ) C/T, where the Curie
constantC is Ng2µB

2S(S + 1)/(3kB) with N ) Avogadro’s
number,g ) Landég value,µB ) Bohr magneton,S ) spin
quantum number (1/2, 1, ...), andkB ) Boltzmann’s constant.10a

When spins get closer together, most frequently they interact
such that the spins oppose each other and lead to a reduced
value of the susceptibility with respect to that expected from
the sum of the independent spins. This is termed antiferromag-
netic coupling. Albeit relatively rare, ferromagnetic coupling,
where spin alignment enhances the susceptibility with respect
to that expected from the sum of the independent spins, can
also occur. Both ferromagnetic and antiferromagnetic coupling
can be modeled by the Curie-Weiss law,ø ) C/(T - θ), where
θ is determined from the intercept of the extrapolated slope of
the higher temperatureø-1(T) data with the temperature axis
(Figure 2). Positive values ofθ indicate ferromagnetic coupling,
negative values indicate antiferromagnetic coupling, and|θ|
indicates the magnitude of the coupling.10b

The study and use of magnetically ordered materials has been
ongoing for over 2600 years with man-made magnets appearing
400 years ago as noted above. More recently, man-made
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Schuster: New York, 1988; p267. (b) p 281.

(8) Wood, R.Understanding Magnetism; TAB Books, Inc.: Blue Ridge
Summit, PA, 1988; p 51.

(9) Hoddeson, L.; Braun, E.; Teichmann, J.; Weart, S.Out of the Crystal
Maze; Oxford University Press: Oxford, U.K., 1992; Section 6.2.

(10) (a) Carlin, R. L.Magnetochemistry; Springer-Verlag: New York, 1986;
Section 1.5. (b) Section 1.6.
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Figure 1. Illustration of a early solid-state chemist honing the “heat
and beat” method to prepare magnetized iron. The iron rods are aligned
north/south (septentrio/avster). Adapted from ref 2, p 212.

Figure 2. Schematic illustration of the temperature dependence of
ø-1(T) obeying the Curie-Weiss expression at high temperature. The
high-temperature linear curve is extrapolated to∼0 K, and the intercept
θ indicated ferromagnetic coupling (θ > 0) or antiferromagnetic
coupling (θ < 0).
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magnets have evolved from those with electron spins residing
on metal sites in d orbitals to those with electron spins residing
on metal sites in f orbitals. However, all of these magnets were
prepared by high-temperature metallurgical methods, and today
improved man-made magnets continue to be an active research
area.11

[Metallocene][TCNE]-Based Magnets

The quest to make a magnet with electron spins residing on
nonmetal sites in p orbitals evolved from the revelation that
metal-like dc electrical conductivity could be achieved in some
organic materials possessing segregated chains of reduced
TCNQ (TCNQ) 7,7,8,-tetracyano-p-quinodimethane,1). Stud-

ies of one phase of [FeIIICp*2][TCNQ] (Cp* ) pentamethyl-
cyclopentadienide) led to the characterization that this material
was a metamagnet; i.e., it had an antiferromagnetic ground state,
which above a critical field of 1500 Oe had a transition to a
high-moment ferromagnetic-like state.12 [FeIIICp*2][TCNQ] was
structurally characterized to have parallel linear (1-D) chains
comprised of alternating [FeIIICp*2]•+ (2+) cations and [TCNQ]•-

anions, with each ion having an unpaired electron spin.12b

The rare observation of magnetic ordering, albeit to an
antiferromagnet state, which had a low-lying ferromagnetic-
like state, led to the development of ideas for the stabilization
of the ferromagnetic ground state. Noting that magnetic ordering
requires spin coupling in the bulk, the use of a smaller radical
anion acceptor with respect to [TCNQ]•-, e.g., [TCNE]•-;
tetracyanoethylene,3, with the same amount of spin but
delocalized over fewer atoms would have a greater spin density
and being smaller should lead to enhanced spin coupling and
stabilization of the ferromagnetic with respect to the antiferro-
magnetic ground state. Hence, [FeIIICp*2]•+[TCNE]•- was
targeted and ultimately prepared.13 It should be noted that
[FeCp2][TCNE] (Cp ) cyclopentadienide) was known at the
time, but TCNE is insufficient to oxidize FeIICp2, and conse-
quently, [FeCp2][TCNE] is a diamagnetic donor/acceptor com-
plex.14

The [FeIIICp*2]•+[TCNE]•- electron-transfer salt was prepared
and structurally characterized as the acetonitrile solvate to
have the targeted structure of parallel 1-D chains of alternating
[FeIIICp*2]•+ cations and [TCNE]•- anions13b (Figure 3). The
temperature dependence of the susceptibility,ø(T), for
[FeIIICp*2]•+[TCNE]•- above 150 K can be fit to the afore-
mentioned Curie-Weiss expression with a substantial positive
θ value of 30 K indicating relatively strong ferromagnetic
coupling. Inorganic coordination or organometallic complexes
with positiveθ values are scarce, and those with double-digit
values are exceptionally rare, if they even exist. The necessity
for spins to exist on both the cation and anion to stabilize
ferromagnetic coupling was confirmed by removing the spin
from the cation via the synthesis of isomorphous [CoIIICp*2]+-
[TCNE]•- with diamagnetic [CoIIICp*2]+ and removing the spin
from the anion via the synthesis of similarly structured
[FeIIICp*2]•+[C3(CN)5]- with diamagnetic [C3(CN)5]-. These
compounds haveθ values of-1.0 and-1.2 K, respectively,
typical of inorganic coordination or organometallic complexes.15

The magnetic data15a for [FeIIICp*2]•+[TCNE]•-, however,
deviate from Curie-Weiss behavior at low temperature, and
the compound undergoes a magnetic phase transition to a

(11) (a) Robinson, A, L.Science1984, 223, 920. Buschow, K. H. J.Mater.
Sci. Rep.1986, 1, 1. Cohen, M.AdVancing Materials Research; Psaras,
P. A., Langford, H. D., Eds.; National Academy Press: Washington,
DC, 1987; p 91. Croat, J. J.; Herbst, J. F.MRS Bull.1988, 13 (6), 37.
White, R. M. Science1985, 229, 4807. Wallace, W. E.J. Less-
Common Met.1984, 100, 85. Chaudhari, P.; Flemings, M.Materials
Science and Engineering for the 1990s; National Research Council,
National Academy Press: Washington, DC, 1989; p 94. (b) Long, G.
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J., Gradjean, F., Eds.; Kluwer Academic Publishers: Dordrecht, The
Netherlands; Chapter 1.
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E.; Ritsko, J. J.; Saleneck, W. R.; Kovnat, L.; Cape, T. W.; Van Duyne,
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Private communication. Sullivan, B. W.; Foxman, B.Organometallics
1983, 2, 187. Miller, J. S.; Calabrese, J. C.; Reiff, W. M.; Glatzhofer,
D. T. Manuscript in preparation.

(15) (a) Miller, J. S.; Epstein, A. J.Angew. Chem., Int. Ed.1994, 33,385.
(b) Miller, J. S.; Epstein, A. J. InResearch Frontiers in Magnetochem-
istry; O’Connor, C. J., Ed.; World Scientific: NJ, 1993; p 283-303.

Figure 3. Segment of a single 1-D chain of [FeIIICp*2]•+[TCNE]•-‚
MeCN (red) Fe, blue) N, white ) H, and gray) C).
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magnetically ordered state at 4.8 K (Tc) and exhibits hysteretic
behavior (Figure 4) characteristic of magnetic ordering. The
1000 Oe coercive field for [FeIIICp*2]•+[TCNE]•- at 2 K (Figure
4) exceeds the values for conventional magnets used for
magnetic storage, suggesting that these materials might be
suitable for magnetic data storage shouldTc be raised above
room temperature. The highest magnetization attainable for
single crystals aligned along the chain axis of [FeIIICp*2]•+-
[TCNE]•- in an applied magnetic field is 16 300 emu Oe/mol.13c

Assumingg| of 4, the expectation for antiferromagnetic spin
alignment, i.e., the spin on Fe(III) opposed the spin on the
[TCNE]•-, is 5585 emuOe/mol, while that expected for ferro-
magnetic spin alignment, i.e., the spin on Fe(III) is aligned with
the spin on the [TCNE]•-, is 16 755 emu Oe/mol. Hence,
[FeIIICp*2]•+[TCNE]•- orders as a ferromagnet, and its mag-
netization exceeds that of iron metal by 37% on a per mole or
per iron basis, but, of course, owing to the high density of iron,
not on a volume or gram basis. The ferromagnetic ordering was
confirmed by the results from powder neutron diffraction
studies.15 AboveTc the 23 K powder neutron diffraction shows
several reflections due to the Bragg structure, whereas below
Tc the 1.5 K data show additional intensity in the same
reflections that is attributed to it possessing a ferromagnetic
magnetic structure.

Single-crystal polarized neutron diffraction studies18 of [N(n-
Bu)4][TCNE] show that the spin density of [TCNE]•- is
delocalized over all atoms and that 33% resides on each sp2 C,
13% on each N, and-5% on each sp C (Figure 5).

Thus, [FeCp*2]•+[TCNE]•- orders as a bulk 3-D ferromagnet
at 4.8 K and is sufficiently strongly magnetic that at low
temperature a pellet of it can be attracted to a strong magnet15a

(Figure 6). [FeCp*2]•+[TCNE]•- is (a) the first magnet that relies
on a spin residing in a p orbital, albeit delocalized over several
p-based orbitals, and (2) the first soluble magnet as it lacks ex-
tended network bonding (zero dimensional) (i.e., is comprised
of isolated ions) and is more ionic than NaCl and exhibits
hysteresis.

Replacement of Fe(III) with Mn(III)19 and Cr(III)20 in either
the [TCNE]•- or [TCNQ]•- salt leads to ferromagnets with the

Tc’s of the [TCNE]•- salts exceeding those of the [TCNQ]•-

salts. Additionally, theTc’s decrease as Mn> Fe > Cr for
[MIIICp*2]•+[TCNE]•-,15,19-21 which deviates from the expecta-
tion thatTc ∝ S(S+ 1) (i.e., Cr> Mn > Fe). These trends are
depicted in Figure 7.

(16) These red/cyan stereoviews require glasses with red/cyan or red/green
lens, using the red lens over the left eye. These glasses can be ac-
quired at http://stereoscopy.com/3d-images/glasses.html or http://www.
stereoscopy.com/reel3d/anaglyph-glasses.html or made, http://ww-
w.chem.utah.edu/chemistry/faculty/miller/3d_glasses.pdf.

(17) Miller, J. S. Low-Cost Stereo Overhead Vu-graphs Displaying
Chemical Concepts; ACS Meeting, San Francisco, CA, March 1997;
Vol. 213, Abstract CHED767.

(18) Zheludev, A.; Grand, A.; Ressouche, E.; Schweizer, J.; Morin, B.;
Epstein, A. J.; Dixon, D. A.; Miller, J. S.J. Am. Chem. Soc.1994,
116, 7243.

(19) (a) Yee, G. T.; Manriquez, J. M.; Dixon, D. A.; McLean, R. S.; Groski,
D. M.; Flippen, R. B.; Narayan, K. S.; Epstein, A. J.; Miller, J. S.
AdV. Mater. 1991, 3, 309. (b) Broderick, W. E.; Thompson, J. A.;
Day, E. P.; Hoffman, B. M. Science1990, 249, 401.

Figure 4. MagnetizationM as a function of applied fieldH for
[FeIIICp*2]•+[TCNE]•- showing a hysteresis loop at 2 K.

Figure 5. Experimental spin density on [TCNE]•- in [N(n-Bu)4]-
[TCNE].18

Figure 6. Photograph of a compacted powder sample of [FeCp*2]•+-
[TCNE]•- being attracted to a Co5Sm magnet at low temperature in a
liquid helium Dewar. As the Dewar warms, the sample becomes less
magnetic and drops away from the Co5Sm magnet. Upon cooling again,
it is again attracted to the Co5Sm magnet. (Photo due to the efforts of
J. V Caspar and R. S. McLean.) Reproduced with permission from ref
15a. Copyright 1994 Wiley-VCH.
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M[TCNE] x-Based Magnets

The electron-transfer salt with the highestTc is [MnIIICp*2]+-
[TCNE]•-,19aand because V0(C6H6)2 is isoelectronic with MnII-
Cp2*, the reaction of V0(C6H6)2 with TCNE was targeted to
lead to the formation of a magnet of [VI(C6H6)2]+[TCNE]•-

composition.22,23 The reaction of V0(C6H6)2 and TCNE, how-
ever, leads to many surprises. First, unlike [MIIICp*2]+[TCNZ]•-

(M ) Cr, Mn, Fe, Co; Z) E, Q), which forms soluble crystals,
a black insoluble amorphous precipitate forms, which is secondly
pyrophoric. Third, theνCH vibration in V0(C6H6)2 disappears
in the product. Fourth, the black precipitate can be separated
from the solution via a stirring bar (Figure 8) because the
precipitate is a strong magnet at room temperature.

V[TCNE]x‚yS (S) solvent) is proposed to be composed of
[TCNE]•-’s being bound toup to four V’s most likely linearly,
although some may be bent and each [TCNE]•- is planar (e.g.,
4a). Because of the expected hexacoordination of V(II), on

average each [TCNE]•- binds to three V(II)’s, although the
occupancy of some coordination sites with S will lead to a
reduction of this average number, as will the fast precipitation
of the magnet leaving some sites vacant. Additionally, because

of the presence of some [TCNE]2- (vide infra), which because
of free rotation about the central C-C bond, it may be planar
(e.g., ∼4b) or more likely twisted (e.g.,4c) as structurally
observed for isolated [TCNE]2- 24 and µ-[TCNE]2-.25 The
V‚‚‚TCNE linkages are proposed to be present in differing
proportions in the V[TCNE]x‚yCH2Cl2 magnet. Chelating
[TCNE]•-, as observed for TlI[TCNE] (5), is attributed to the

larger cation radius, higher coordination number, and more
complex electrostatic bonding and is unexpected.26

The mechanism of formation of the V[TCNE]x‚yCH2Cl2
magnet from the reaction of V0(C6H6)2 and TCNE was studied.27

Electron transfer,

was anticipated to initially occur, forming [VI(C6H6)2]+ and
[TCNE]•-. Because the disproportionation of [VI(C6H6)2]+ in
the presence of nucleophiles, such as [TCNE]•-, was reported,28

the reaction

(20) (a) Zuo, F.; Epstein, A. J.; Vazquez, C.; McLean, R. S.; Miller, J. S.
J. Mater. Chem.1993, 3, 215. (b) Zuo, F.; Zane, S.; Zhou, P.; Epstein,
A. J.; McLean, R. S.; Miller, J. S.J. Appl. Phys.1993, 73, 5476.
Zhou, P.; Makivic, M.; Zuo, P.;. Zane, S.; McLean, R. S.; Miller, J.
S.; Epstein, A. J.Phys. ReV. B 1994, 49, 4364. (c) Miller, J. S.; O’Hare,
D. M.; A. Chackraborty, A.; Epstein, A. J.J. Am. Chem. Soc.1989,
111, 7853. (d) Broderick, W. E.; Hoffman, B. M.J. Am. Chem. Soc.
1991, 113, 6334.

(21) Broderick, W. E.; Eichorn, D. M.; Liu, X.; Toscano, P. J.; Owens, S.
M.; Hoffman, B. M. J. Am. Chem. Soc.1995, 117, 3641.

(22) (a) Manriquez, J. M.; Yee, G. T.; McLean, R. S.; Epstein, A. J.; Miller,
J. S.Science1991, 252, 1415. Miller, J. S.; Yee, G. T.; Manriquez, J.
M.; Epstein, A. J. InConjugated Polymers and Related Materials:
The Interconnection of Chemical and Electronic Structure, Proceedings
of Nobel Symposium NS-81; Oxford University Press: Oxford, 1993;
p 461.Chim. La Ind.1992, 74, 845. Epstein, A. J.; Miller, J. S. In
Conjugated Polymers and Related Materials: The Interconnection of
Chemical and Electronic Structure, Proceedings of Nobel Symposium
NS-81; Oxford University Press: Oxford, 1993; p 475.Chim. Ind.
(Milan) 1993, 75,185. (b) Zhou, P.; Morin, B.; Epstein, A. J.; Miller,
J. S.Phys. ReV. B 1993, 48, 1325. (c) Zhou, P.; Long, S. M.; Miller,
J. S.; Epstein, A. J.Phys. Lett. A1993, 181, 71. (d) Du, G.; Joo, J.;
Epstein, A. J.; Miller, J. S.J. Appl. Phys.1993, 73, 6566.

(23) Miller, J. S.; Epstein, A. J.J. Chem. Soc., Chem. Commun. 1998, 1319.

(24) Dixon, D. A.; Miller, J. S.J. Am. Chem. Soc.1987, 109, 3656. Fox,
J. R.; Foxman, B. M.; Guerrer, D.; Miller, J. S.; Reis, A. H., Jr.J.
Mater. Chem.1996, 6, 1627.

(25) Yee, G. T.; Calabrese, J. C.; Vazquez, C.; Miller, J. S.Inorg. Chem.
1993, 32, 377.

(26) Johnson, M. J.; Campana, C.; Foxman, B. M.; Desmarais, W.; Vela,
M. J.; Miller, J. S.Eur. J. Chem.2000, 6, 1805.

(27) Gordon, D. C.; Deakin, L.; Arif, A. M.; Miller, J. S.J. Am. Chem.
Soc.2000, 122, 290.

(28) (a) Avilés, T.; Teuben, J. H.J. Organomet. Chem.1983, 253, 39. (b)
Calderazzo, F.; De Benedetto, G. E.; Pampaloni, G.; Mo¨ssmer, C. M.;
Strähle, J.; Wurst, K.J. Organomet. Chem.1993, 451, 73.

Figure 7. Dependence ofTc (left) andθ (right) as a function ofM for
both the TCNE and TCNE electron-transfer salts of [MIIICp*2][TCNZ]
(Z ) E, Q) composition.

Figure 8. Photograph of a Teflon-coated stir bar magnet separating
the room-temperature V[TCNE]x‚yCH2Cl2 magnet after preparation.

V0(C6H6)2 + TCNE f [V I(C6H6)2]
+ + [TCNE]•- (1)
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was expected to occur to form [VII(C6H6)2]2+ and to generate
additional V0(C6H6)2. [VII(C6H6)2]2+ could then react with
[TCNE]•- to form the V[TCNE]x‚yCH2Cl2 magnet,

or with the solvent, S, to form solvated V(II),

which could react with [TCNE]•- to form the V[TCNE]x‚
yCH2Cl2 magnet,

Alkyl substitution of C6H6 should facilitate the oxidation of the
V0 complex without significantly affecting the mechanism.
However, the reaction of the sterically more encumbering
V0[1,3,5-C6H3(t-Bu)3]2 and TCNE unexpectedly led to the
formation of [VI1,3,5-C6H3(t-Bu)3]+[TCNE]•-,

which is not a magnet. [VI1,3,5-C6H3(t-Bu)3]+[TCNE]•- was
structurally and magnetically characterized. It can be fit to
the Curie-Weiss law above 2 K and hence is not magnetic-
ally interesting except to demonstrate that eq 2 is mechanistic-
ally unimportant because of the longevity and stability of
[V I(C6H6)2]+.27

Instead of [VI(C6H3R3)2]+ disproportionating, it could react
with TCNE to form [VII(C6H3R3)2]2+ and an additional [TCNE]•-,

or with [TCNE]•- to form [TCNE]2-,

Equation 8, however, has to be ruled out on the basis of
electrochemical potentials. Hence, the key intermediate
[VII(C6H3R3)2]2+ has yet to be isolated but reacts with [TCNE]•-

to form the V[TCNE]x‚yCH2Cl2 magnet (eq 3) or with the
solvent S to form solvated V(II) (eq 4), which reacts with
[TCNE]•- to form the V[TCNE]x‚yCH2Cl2 magnet (eq 5). The
overall mechanism is described by Scheme 1.

Formation of the V[TCNE]x‚yCH2Cl2 magnet is easily ac-
complished; however, the preparation of V0(C6H6)2 is tedious.22

Additionally, the V[TCNE]x‚yCH2Cl2 magnet is a material; thus,
the properties depend on the synthetic route and alternative
routes may lead to materials with different and ideally enhanced
magnetic properties. Hence, alternative V precursors of the
V[TCNE]x‚yCH2Cl2 magnet were sought and several were
tried.29 Among several V precursors that when reacted with
TCNE led to magnets, V0(CO)6 was studied in the greatest
detail:

From infrared and Toefler pump studies, the CO content,z,
was determined to be zero; hence, the magnet prepared from

V0(CO)6 was nominally the same composition as that prepared
from V0(C6H6)2.

Temperature-dependent magnetization,M(T), studies show
that the extrapolation ofM(T) to M(T) ) 0 leads to an estimate
of Tc ≈ 400 K, as do magnets prepared from V0(C6H6)2.
However, the shape ofM(T) differs for magnets prepared from
V(CO)6 and V0(C6H6)2 such thatM at 4 K and at room
temperature are∼133% and∼233% as great for magnets made
from V0(CO)6 with respect to V0(C6H6)2 (Figure 9). Thus, in
addition to being easier to prepare, because V0(CO)6 is easier
to make from commercially available precursors than V0(C6H6)2,
magnets made from V0(CO)6 have enhanced magnetic properties
with respect to those made from V0(C6H6)2.29

Establishment that V[TCNE]x‚yCH2Cl2 was one member of
a general family of magnets of M[TCNE]x‚yS composition was
achieved with the development of new chemistry.30 The reaction
of MI2‚xMeCN (M ) Mn, Fe, Ni, Co) with TCNE, preferably
in dichloromethane, led to M[TCNE]2‚yS magnets. Each of these
materials, like M ) V but unlike M ) Cr (vide supra),
magnetically ordered nominally as a ferrimagnet. TheTc’s
ranged from 44 to 100 K. Unfortunately, M[TCNE]2‚yS
represents a family of magnets whose structures are unknown.
Replacement of TCNE with TCNQ for M) Mn, etc. also leads
to magnetically ordered materials,31but as noted for the [MCp*2]-
[TCNZ] (Z ) E, Q), the family the TCNQ salts15ahave reduced
Tc’s with respect to the TCNE salts.31

For the study of the family of M[TCNE]2‚yS magnets, crystals
of a nonmagnetically ordered paramagnetic material were
isolated for M) Mn and Fe. The single-crystal X-ray structure
determination revealed that they possessed the M[TCNE]2‚

(29) Zhang, J.; Zhou, P.; Brinckerhoff, W. B.; Epstein, A. J.; Vazquez, C.;
McLean, R. S.; Miller, J. S.ACS Symp. Ser.1996, 644, 311.

(30) Zhang, J.; Ensling, J.; Ksenofontov, V.; Gu¨tlich, P.; Epstein, A. J.;
Miller, J. S.Angew. Chem., Int. Ed.1998, 37, 657.

(31) Cowan, J.; Cle´rac, R.; Heintz, R. A.; O’Kane, S.; Ouyang, X.; Zhao,
H.; Dunbar, K. R.Mol. Cryst. Liq. Cryst.1999, 335, 113. Zhao, H.;
Heintz, R. A.; Ouyang, X.; Grandinetti, G.; Cowan, J.; Dunbar, K. R.
In NATO ARW Supramolecular Engineering of Synthetic Metallic
Materials: Conductors and Magnets; Veciana, J., Rovira, C., Am-
abilino, D., Eds.; Springer: Berlin, 1998; Vol. C518, p 353.

2[VI(C6H6)2]
+ f V0(C6H6)2 + [V II(C6H6)2]

2+ (2)

[V II(C6H6)2]
2+ + x[TCNE]•- f V[TCNE]x‚yS magnet (3)

[V II(C6H6)2]
2+ + 6Sf [V IIS6]

2+ + 2C6H6 (4)

[V IIS6]
2+ + x[TCNE]•- f V[TCNE]x‚yS magnet (5)

[V I(C6R6)2]
+ + [TCNE]•- f [V I(C6H6)2]

+[TCNE]•- (6)

[V I(C6R6)2]
+ + TCNE f [V II(C6H6)2]

2+ + [TCNE]•- (7)

[V I(C6R6)2]
+ + [TCNE]•- f [V II(C6H6)2]

2+ + [TCNE]2-

(8)

V0(CO)6 + TCNE f V[TCNE]x‚zCO‚yCH2Cl2 (9)

Figure 9. Temperature dependence of the magnetization for the
V[TCNE]x‚yCH2Cl2 magnet prepared from V0(CO)6 (O) and V0(C6H6)2

(b).

Scheme 1
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2MeCN‚S (M ) Mn, Fe) stoichiometry, with each M being
hexacoordinate with twotrans MeCNs and aµ4-octacyanobu-
tanediide dianion, [C4(CN)8]2-, 6, bound to four MIIs. The

central C-C bond of the ligand is long 1.59(2) Å (M) Mn)
and 1.627(14) Å (M) Fe), suggesting that it is a weak bond.32,33

Heating M[C4(CN)8]‚2MeCN‚S leads to the formation of a
magnetically ordered material. As noted in Scheme 2, this is
attributed to (a) loss of MeCN solvent opening up two
coordination sites per M, (b) breakage of the weak central C-C
bond forming twocis-µ-[TCNE]•-s, and (c) having on average
one N percis-µ-[TCNE]•- bond to another M. These three steps
with expected further rearrangements lead to the formation of
the magnet.

Scheme 2 suggests that the elusive Cr[TCNE]x‚yS may be
accessible via reaction of [CrII(C6H3R3)2]2+ and TCNE. Previ-
ously, the reaction of Cr0(C6H3R3)2 and TCNE led only to stable
electron-transfer salts of [CrI(C6H3R3)2]+[TCNE]- composi-
tion.34 Since [CrI(C6H3R3)2]+ is more stable and harder to
oxidize than [VI(C6H3R3)2]+, routes to electron-poor analogues
with more labile ligands were sought and Cr0Np2 (Np )
naphthalene) was identified and reacted with TCNE.27 Cr0Np2

can be readily oxidized to the dication [E1/2
+/0 ) -1.19;E1/2

2+/+

) +0.20 V (vs Ag/AgNO3; THF)],35 and the Np ligand is more
labile than benzene-based arene ligands.36 Furthermore, these
potentials render the production of either [TCNE]2- or CrIII

unlikely. As expected, black Cr[TCNE]x‚yS immediately formed,
and in addition to supporting the proposed mechanism (Scheme

1), Cr[TCNE]x‚yPhMe was available for study. Surprisingly,
Cr[TCNE]x‚yPhMe does not magnetically order above 2 K.27

Solvent-free thin films of the V[TCNE]x magnet have been
recently prepared via the low-temperature chemical vapor
deposition (CVD) of V0(CO)6 and TCNE37 in the apparatus
depicted in Figure 10. The films are typically 1-5 µm in
thickness and can be prepared at 40°C on a myriad of rigid
and/or flexible substrates including glass, quartz, mica, Teflon,
NaCl, CsI, gold, silver, aluminum, Si wafers, and amorphous
carbon. These films are sufficiently magnetic at room temper-
ature that they are attracted to a magnet (Figures 11 and 12). In
contrast to solvent-prepared V[TCNE]x‚yS bulk samples, which
decompose at the diffusion rate of oxygen, sometimes pyro-
phorically, these V[TCNE]x films are relatively air-stable and
can be handled in the air (Figure 11). The availability of these
thin films enables the determination of the oxidation state of
vanadium by X-ray photoelectron spectroscopy (XPS). Peaks
characteristic of V(II) are observed at 514.0 and 521.5 eV.37

Hence, the magnet is best formulated as VII{[TCNE]•-}x-
{[TCNE]2-}1-x/2 or V1-y

IIVy
III{[TCNE]•-}x-y{[TCNE]2-}1-x/2+y

for x < 2, as experimentally observed, and is consistent with
the νCN IR data showing that [TCNE]•- (4a,b) and [TCNE]2-

(4c) are present.
As Tc exceeds room temperature, commercial applications

for this magnet can be envisioned.38 One application is for
magnetic shielding, the attenuation of magnetic fields found in
many electronic applications, e.g., high-voltage lines. The

(32) Zhang, J.; Liable-Sands, L. M.; Rheingold, A. L.; Del Sesto, R. E.;
Gordon, D. C.; Burkhart, B. M.;. Miller, J. SJ. Chem. Soc., Chem.
Commun. 1998, 1385.

(33) Similar results are observed forσ-[TCNQ]22- dimers. Hoffman, S.
K.; Corvan, P. J.; Singh, P.; Sethuklekshmi, C. N.; Metzer, R. M.;
Hatfield, W. E.J. Am. Chem. Chem. 1983, 105, 4608. Harms, R. H.;
Keller, H. J.; Nöthe, D.; Werner, M.; Grundel, D.; Sixl, H.; Soos, Z.
G.; Metzger, R. M.Mol. Cryst. Liq. Cryst.1981, 65, 179. Zhao, H.;
Heinz, R. A.; Dunbar, K. R.; Rogers, R. D.J. Am. Chem. Soc.1996,
118, 12844. Mikami, S.; Sugiura, K.-i.; Miller, J. S.; Y. Sakata, Y.
Chem. Lett.1999, 41.

(34) Miller, J. S.; O’Hare, D. M.; Chackraborty, A.; Epstein, A. J.J. Am.
Chem. Soc.1989, 111, 7853.

(35) Bush, B. F.; Lagowski, J. J.J. Organomet. Chem.1990, 386, 37.
(36) Elschenbroich, C.; Mockel, R.Angew. Chem., Int. Ed. Engl. 1977,

16, 870.
(37) Pokhodnya, K. I.; Epstein, A. J.; Miller, J. S.AdV. Mater. 2000, 12,

410.

Scheme 2

Figure 10. Schematic illustration of the CVD apparatus used to prepare
thin films of the V[TCNE]x magnet from the gas-phase reaction of
V0(CO)6 and TCNE. Reproduced with permission from ref 37.
Copyright 2000 Wiley-VCH.

Figure 11. Photograph of ca. 5µm coating of the V[TCNE]x magnet
on a glass cover slide being attracted to a Co5Sm magnet at room
temperature in the air. Reproduced with permission from ref 37.
Copyright 2000 Wiley-VCH.
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feasibility of using V(TCNE)x‚y(CH2Cl2) for this applications
has been demonstrated39 (Figure 13).40

[Mn(porphyrin)][TCNE]-Based Magnets

TCNE forms yet another class of magnets exemplified by
[MnIIITPP]+[TCNE]•- (H2TPP) meso-tetraphenylporphyrin),
which forms a coordination polymer (1-D) that was character-
ized as a ferrimagnet with a 13 KTc.23,41Unlike the [MIIICp*2]-
[TCNE] and M[TCNE]x families of magnets, modification of
the substituent groups on the cation leads to modulation of the
magnetic ordering behavior. Hence, to identify the importance
of 1-D with respect to 3-D interactions, to develop structure-
function relationships for this class of magnetic materials, and
to prepare new molecule-based magnets with enhancedTc’s,
many related materials have been prepared.23

[MnIIITPP]+[TCNE]•- forms uniform parallel 1-D chains in
the solid state with each S) 2 MnIII bonded to four porphyrin

N’s (ca. 2.00 Å) and axially to two [TCNE]•- N’s (ca. 2.30 Å)
and each S) 1/2 [TCNE]•- is trans-µ-bonded to two MnIII

species23,41a (Figure 14a). The magnetic susceptibility of
[MnTPP]+[TCNE]•-‚2PhMe can be fit by the Curie-Weiss
expression above 280 K withθ ≈ -15 K and between 115 and
250 K with an effectiveθ, θ′, of +61 K. A minimum inøT(T),
characteristic of 1-D ferrimagnetic behavior, is observed at∼310
K, and field-dependent susceptibility is observed below 50 K.
Magnetic ordering occurs below 13 K, and hysteresis with a
coercive field of 375 Oe was obtained at 5 K.41aThus, [MnTPP]-
[TCNE] is a prototype of a new structure type of organic-based
magnetic materials and is a model for studying a number of
unusual magnetic phenomena, for example, the magnetic
behavior of mixed quantum/classical spin systems. It should
be noted that antiferromagnetic coupling of parallel chains of
alternating organic radicals and metal ions to form ferrimag-
nets was pioneered by the Gatteschi and Rey groups42 and
more recently extended to layered systems withTc’s as high as
46 K.43

In addition to [MnTPP][TCNE]‚2PhMe,41athe [TCNE]•- salts
of 4-methoxyphenyl,44a4-chlorophenyl,44b2-fluorophenyl,44aand
meso-tetrakis(3,5-di-tert-butyl-4-hydroxyphenyl)porphinatoman-
ganese(III), MnTP′P,44c have been studied by single-crystal
X-ray diffraction. Also, the analogous TCNE electron-transfer
salt was prepared with the easier-to-oxidize MnOEP (H2OEP
) octaethylporphyrin).45

[MnOEP][TCNE] has weak ferromagnetic coupling as evi-
denced by the fit ofø(T) to the Curie-Weiss expression with
a θ′ of +7 K.45 The differences in the magnetic properties are
attributed to structural differences. Both [MnTPP][TCNE]‚
2PhMe and [MnOEP][TCNE] form parallel 1-D chains (Figure
14), but a uniform chain is observed for [MnTPP][TCNE]‚
2PhMe,41a and a nonuniform chain is observed for [MnOEP]-
[TCNE].45 Thus, uniform chains appear to be essential to achieve
magnetic ordering.45

The substituted [MnTPP][TCNE]‚2PhMe electron-transfer
salts exhibit different magnetic behavior. To elucidate a cor-
relation between the magnetic behavior and the structure,
numerous structural features were correlated with the effective
θ, θ′, and theTc; hence, the former relates to intrachain 1-D
interactions while the latter relates to interchain 3-D interactions
(Table 1). Although a correlation between the magnetic behavior
and the 3-D interactions remains elusive, a correlation between
the dihedral angle,φ, between the [MnIIITPP]+ MnN4 core and
[TCNE]•- mean planes with the magnitude of magnetic coupling
has been observed for the aforementioned ditoluene solvate
(Figure 15).46

The smaller theφ the stronger the magnetic coupling, i.e.,
the greater theθ′ (Figure 15). Hence, to attain strong intrachain
coupling, systems with more acute dihedral angles are sought

(38) Landee, C. P.; Melville, D.; Miller, J. S. InNATO ARW Molecular
Magnetic Materials; Kahn, O., Gatteschi, D., Miller, J. S., Palacio,
F., Eds.; Springer: Berlin, 1991; Vol. E198, p 395. Miller, J. S.;
Epstein, A. J.CHEMTECH1991, 21, 168. (d) Miller, J. S.AdV. Mater.
1994, 6, 322.

(39) Morin, B. G.; Hahm, C.; Epstein, A. J.; Miller, J. S.J. Appl. Phys.
1994, 75, 5782.

(40) Miller, J. S.; Epstein, A. J.Chem. Eng. News1995, 73 (40), 30.
(41) (a) Miller, J. S.; Calabrese, J. C.; McLean, R. S.; Epstein, A. J.AdV.

Mater. 1992, 4, 498. (b) Zhou, P.; Morin, B. G.; Epstein, A. J.;
McLean, R. S.; Miller, J. S.J. Appl. Phys.1993, 73, 6569. (c)
Brinckerhoff, W. B.; Morin, B. G.; Brandon, E. J.; Miller, J. S.;
Epstein, A. J.J. Appl. Phys.1996, 79, 6147.

(42) Gatteschi, D.AdV. Mater. 1994, 6, 635. Caneschi, A.; Gatteschi, D.
Prog. Inorg. Chem.1991, 37, 331. Caneschi, A.; Gatteschi, D.; Sessoli,
R.; Rey, P.Acc. Chem. Res.1989, 22, 392.

(43) Inoue, K.; Hayamizu, T.; Iwamura, H. Hashizume, D.; Ohashi, Y.J.
Am. Chem. Soc.1996, 118, 1803.

(44) (a) Brandon, E. J.; Arif, A. M.; Burkhart, B. M.; Miller, J. S.Inorg.
Chem.1998, 37, 2792. (b) Brandon, E. J.; Rittenberg, D. K.; Arif, A.
M.; Miller, J. S.Inorg. Chem.1998, 37, 3376. (c) Bo¨hm, A.; Vazquez,
C.; McLean, R. S.; Calabrese, J. C.; Kalm, S. E.; Manson, J. L.;
Epstein, A. J.; Miller, J. S.Inorg. Chem.1996, 35, 3083.

(45) Miller, J. S.; Vazquez, C.; Jones, N. L.; McLean, R. S.; Epstein, A. J.
J. Mater. Chem.1995, 5, 707.

(46) (a) Brandon, E. J.; Kollmar, C.; Miller, J. S.J. Am. Chem. Soc.1998,
120,1822. (b) Brandon, E. J.; Miller, J. S.NATO ARW Supramolecular
Engineering of Synthetic Metallic Materials: Conductors and Magnets;
Veciana, J., Rovira, C., Amabilino, D., Eds.; Springer: Berlin, 1998;
Vol. C518, p 197.

Figure 12. Photograph of a thin coating of the V[TCNE]x magnet on
Teflon tape (a) being attracted to a Co5Sm magnet at room tempera-
ture (b).
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and, as empirically observed, 3,5-disubstituted [MnTPP]+'s are
preferred over two- or four-substituted [MnTPP]+’s because they
have the greatestφ values.46 To test this postulate, several 3,5-
disubstituted systems are being studied. Likewise, pressure also
may force such systems to have reducedφ angles and may lead
to higherTc values.

The aforementioned correlation betweenφ andθ′ is ascribed
to an overlap between the [TCNE]•- N-bound to the MnIII π*
SOMO and the four MnIII SOMO d orbitals [E(dxy)1 (b2) <
E(dxz

1), E(dyz
1) (e) < E(dz21) (a1) < E(dx2-y2) (b1)47]. Chemical

intuition based on the well-established back-bonding suggests

that the key overlap is dπ-π* overlap between the singly occu-
pied π* x (and π* y) of the [TCNE]•- and the singly occupied
dxz (and dyz) on the Mn(III) (Figure 16a). From semiempirical
MO calculations this intuitive dπ-π* overlap is less significant
than theσ-dz2MnIII -pz[TCNE]•- overlap (Figure 16).46a Fur-
thermore, the smaller theφ, the greater theσ-dz2MnIII -pz-
[TCNE]•- overlap, which leads to an increased intrachain coup-
ling as reflected inθ′ (Figure 17). The decreased importance

(47) Dugad, L. B.; Behere, D. V.; Marathe, V. R.; Mitra, S.Chem. Phys.
Lett. 1984, 104, 353.

Figure 13. Illustration of the V(TCNE)x‚y(CH2Cl2) magnet being an effective magnetic shield at room temperature. Rods (paper clips) of soft-iron
(red) are attracted to a Co5Sm permanent magnet (left) when a 1.7 mm pellet of V(TCNE)x‚y(CH2Cl2) placed between the Co5Sm magnet and the
rods (red) hang freely (right), demonstrating magnetic shielding.40

Figure 14. Stereoview of a segment of a uniform chain of the ferrimagnetic [MnIIITPP][TCNE]‚2PhMe41a coordination polymer (the solvent is
omitted for clarity) (a) and a segment of nonuniform chain as observed for paramagnetic [MnIIIOEP][TCNE] coordination polymer45 (b).
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of the expected dπ-π* overlap is attributed to the significant
dπ-π overlap between the dxz and dyz orbitals with the px,y

system of the porphyrin ring.
While theπ overlap between the [TCNE]•- pz and the Mn

dz2 orbitals controls the intrachain magnetic exchange, the three-
dimensional magnetic ordering temperature,Tc, depends on this

term and the interchain coupling. The latter term is governed
by the competition between antiferromagnetic exchange due to
orbital overlap between porphyrin moieties of adjacent chains
and an effective exchange due to dipolar interactions between
chains. The dipolar term can be ferromagnetic or antiferromag-
netic depending on the structural order in the compound and
the role of single ion anisotropy.48

Recently, high coercivity and remanent magnetizations were
observed at low temperature for many members of the [MnTPP]-
[TCNE] family of magnets. As a prototype, the desolvated phase
of [MnIIITBrPP]+[TCNE]•-‚2CH2Cl2 [H2TBrPP ) meso-tet-
rakis(4-bromophenyl)porphyrin] exhibits a temperature-depend-
ent hysteresis (Figure 18), with relatively low coercivity (Hcr

< 500 Oe) forT g 5 K and dramatically increasingly large
coercivities below 5 K.49 Below 5 K, the initialM(H) curves
are characteristic of metamagnets with a critical field needed
to induce the phase transition to a new state of higher
magnetization.50 Unlike typical metamagnetic behavior, reversal
of the magnetic field leads to a substantial hysteretic behavior
with large-field remanence.

Hysteresis with a 27.0 kOe coercive field and an 11 500 emu
Oe/mol remanent magnetization is observed for [MnIIITBrPP]-
[TCNE]. Metamagnets do not exhibit hysteresis or remanence.50

The 27.0 kOe coercive field is very large and comparable to
the metamagnetic critical field. This behavior is observed for
virtually all members of the [MnIII (porphyrin)][TCNE]
family of organic-based magnets.49 The large coercivity for
[MnIIITBrPP][TCNE] is comparable to the largest values of
commercial magnets at room temperature, namely, 6 kOe for
SmCo5 and 21.3 kOe for Nd2Fe14B.11bHigh coercivity is usually
associated with significant single-ion anisotropy and is present
for many iron- and cobalt-based magnets. In contrast, Mn(III),
however, is only weakly anisotropic.51

The critical field also has an unusual temperature dependence,
increasing linearly with decreasing temperature between 2 and
∼5 K (Figure 19) and is 28.1 kOe at 2.0 K. The critical
temperature,Tc, for the metamagnetic transition of [MnIIITBrPP]-
[TCNE], as determined from a plot ofHc(T) where Hc

extrapolates to zero, is 5.3( 0.1 K (Figure 19).49

Organic Magnets

In addition to the magnetically ordered organic and organo-
metallic-based materials discussed above, purely organic sys-
tems, i.e., spins that reside solely in a p orbital, have been
reported. The earliest report of an organic species magnetically

(48) Wynn, C. M.; Gıˆrtu, M.; Brinckerhoff, W. B.; Sugiura, K.-i.; Miller,
J. S.; Epstein, A. J.Chem. Mater.1997, 9, 2156.

(49) Rittenberg, D. K.; Sugiura, K.-i.; Sakata, Y.; Mikami, S.; Epstein, A.
J.; Miller, J. S.AdV. Mater. 2000, 12, 126.

(50) Stryjewski, E.; Giordano, N.AdV. Phys.1977, 26, 487.
(51) Behere, D. V.; Mitra, S.Inorg. Chem.1980, 19, 992. Yates, M. L.;

Arif, A.; Manson, J. L.; Kalm, B.; Burkhart, B. M.; Miller, J. S.Inorg.
Chem.1998, 37, 840. Behere, D. V.; Marathe, V. R.; Mitra, S.Chem.
Phys. Lett.1981, 81, 57. Goldberg, D. P.; Telser, J.; Krzstek, J.;
Montalban, A. G.; Brunel, L.-C.; Barret, A. G. M.; Hoffman, B. M.
J. Am. Chem. Soc.1997, 119, 8722.

Table 1. Summary of the Structural and Magnetic Parameters for Several [TCNE]•- Magnets46a

magnet
Mn-NTCNE

distance, Å
dihedral angle,

φ, deg
distance,a

Å
Mn‚‚‚Mn θ′,

K

[MnTPP][TCNE]‚2PhMe 2.306 55.4 10.116 61
[MnTClPP][TCNE]‚2PhMe 2.267 86.8 10.189 13
[MnTOMePP][TCNE]‚2PhMe 2.289 78.1 10.256 21
[MnTFPP][TCNE]‚2PhMe 2.313 55.4 10.185 45
[MnTP′P][TCNE]‚2PhMe 2.299 33.6 8.587 90

a Intrachain.

Figure 15. Correlation of the dihedral angle,φ, between the MnN4
and [TCNE]•- mean planes with the effectiveθ value,θ′. Reproduced
with permission from ref 46a. Copyright 1998 American Chemical
Society.

Figure 16. Illustration ofπdπ MnIII andπ* [TCNE] •- overlap (a) and
σdz2 MnIII and pz [TCNE]•- overlap (b).

Figure 17. Correlation of the dihedral angle,φ, between the MnN4
and [TCNE]•- mean planes with the semiempirical INDO/SCF calcu-
lated dyz-, dxz-, dxy-, dz2-like overlap integrals,S, with the [TCNE]•- π*
SOMO, and the sum of the squares of these overlap integrals,∑S2.
Reproduced with permission from ref 46a. Copyright 1998 American
Chemical Society.
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ordering was that of a tanol suberate, which was ultimately
characterized to be a metamagnet with aTc of 0.38 K.52 The
first and most extensively characterized organic compounds
having a ferromagnetic ground state were theâ-phase of
4-nitrophenylnitronyl nitroxide (Tc ) 0.6 K)53 and [tetrakis-
(dimethylamino)ethylene][C60] (Tc ) 16.1 K).54 More recently,
theâ-phase of the 4′-cyanotetrafluorophenyldithiadiazolyl radi-
cal was characterized to be a weak ferromagnet with aTc of
35.5 K.55

Mono- and Bimetallic Ion-Based Magnets

Magnets prepared from nonmetallugical preparative meth-
ods have attracted the attention of several groups world-

wide.15a,23,40,42,53,56These magnets rely on electron spin interac-
tions among paramagnetic metal ions linked with organic
ligands, of variable degrees of complexity, which do not
contribute to the magnetization and only serve to position the
spin sites. While in general these materials rely on two different
metal ions, the first magnet reported of this type was intermedi-
ate spinS) 3/2 FeIII (S2CNEt2)2Cl, which orders as a ferromagnet
at 2.46 K but does not exhibit hysteresis.57 The next class of
magnets prepared via molecular chemistry were ferromagneti-
cally ordered [CrIII (NH3)6]3+[FeIIICl6]3- (Tc ) 0.66 K)58a and
ferrimagnetically ordered [CrIII (NH3)6]3+[CrIII (CN)6]3- (Tc )
2.85 K) ionic bimetallic magnets.58bSubsequently, the deliberate
study of network-structured solids with spins residing on
adjacent sites being in orthogonal orbitals and thereby leading
to ferromagnetic coupling and ferromagnetic ordering evolved.59

These fruitful studies led to reports of several classes of
ferromagnets, e.g., layered (2-D) structured Cs2[CrIICl4] (Tc )
58 K),60 3-D Prussian-blue structured CsNiII[CrIII (CN)6]‚2H2O
(Tc ) 90 K) (Figure 20),61 and [N(n-Bu)4]Ni II[CrIIox3] (ox )
oxalato) (Tc ) 14 K).62 In 1981, chains composed of structurally
ordered alternating metal ion sites with a differing number of

(52) Chouteau, G.; Veyret-Jeandey, C. L.J. Phys.1981, 42, 1441.
(53) Kinoshita, M. Philos. Trans. R. Soc. London1999, 357A, 2855.
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Figure 18. M(H) for [MnIIITBrPP][TCNE] at 2.0 (b), 3.0 (9), 4.0 (curved diamond), 4.8 (2), 5.2 (×), 5.5 (-), 6.1 (|), and 6.8 (•) K. Reproduced
with permission of ref 49. Copyright 2000 Wiley-VCH.

Figure 19. Temperature dependence of the critical field,Hc, for
[MnIIITBrPP][TCNE].49
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spins per site led to ferrimagnetic coupling.63,64Exploitation of
this synthetic approach has led to many ferrimagnetically
ordered materials, e.g., [N(n-Bu4)]2CoII

2[CuII(obpo)]3‚2H2O
[obpo ) o-phenylenebis(oxamato)] (Tc ) 32 K).65 By use of
this paradigm, 3-D Prussian blue structured V[Cr(CN)6]0.86‚
2.8H2O was developed and observed to have aTc above room
temperature (Tc ) 315 K).66

Unlike most magnetic materials discussed in this paper, with
the notable exception of M[TCNE]x magnets, VII/III [CrIII -
(CN)6]0.86‚2.8H2O is a complex nonstoichiometric and mixed
valent material.66 It is a material in the broader sense that, unlike
molecule-based magnets (or materials in general), the preparative
procedure dictates the properties. Thus, different routes to a
material may lead to different propertiesschemical and/or
physical. Given this nature and our extended group’s desire to
replicate data in our laboratory, Prof. Michel Verdaguer kindly
supplied us with the preparative procedure,67 and in our hands
even more complex and air-stable (Figures 21 and 22) related
materials withTc’s up to 372 K (99°C) (Figure 22) were
prepared.68 Independently and virtually simultaneously, Giro-
lami’s group reported additional related materials.69 Conclusion

Magnets based on organometallic and organic chemistry have
been made. These are the latest materials in the multimillennium
quest to prepare, study, exploit, and commercialize magnets.
These molecule-based magnets differ from conventional magnets
in that they are fabricated by low-temperature organic chemistry
methodologies, in contrast to the high-temperature metallurgical
methods typical of classical magnets. Additionally, molecule-
based magnets have low densities and are, in general, electrical
insulators and optically transparent over a significant frequency

(63) Gleizes, A.; Verdaguer, M.J. Am. Chem. Soc.1981, 103, 7373.
(64) Kahn, O.AdV. Inorg. Chem. 1995, 43, 179.
(65) Stumpf, H. O.; Pei, Y.; Michaut, C.; Kahn, O.; Renard, J. P.; Ouahap,

L. Chem. Mater.1994, 6, 257.
(66) Ferlay, S.; Mallah, T.; Ouahes, R.; Veillet, P.; Verdaguer, M.Nature

1995, 378, 701.
(67) Verdaguer, M. Private communiation.
(68) Hatlevik, Ø.; Buschmann, W. E.; Zhang, J.; Manson, J. L.; Miller, J.

S. AdV. Mater. 1999, 11, 914.
(69) Holmes, S. D.; Girolami, G.J. Am. Chem. Soc.1999, 121, 5593.

Figure 20. Stereoview of an idealized Prussian blue structure of M′[M(CN)6].

Figure 21. Photograph of a polycrystalline sample of nominal
K0.058VII/III [CrIII (CN)6]0.79‚(SO4)0.058‚0.93H2O composition being attracted
to a Teflon covered magnet in air at room temperature. Reproduced
with permission from ref 68. Copyright 1999 Wiley-VCH.
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regime. In addition to work in our laboratory, work worldwide
has expanded the list of families as well as properties of organic
and molecule-based magnets. So far,Tc’s up to 400 K and that
are controllable have been achieved.22 Likewise, high saturation
and remanent magnetizations as well as both high and low
coercive fields have been reported. Nonetheless, opportunities
abound for synthetic chemists with inclinations toward organic,
organometallic, inorganic coordination, or polymers chemistry.
Much additional work is needed for modeling and computational
studies of electron and/or band structures and the magnetization
of the materials in the ordered state. Detailed experimental
studies on the specific heat, ac susceptibility, optical properties,
ferromagnetic resonance, and pressure dependencies, to name
a few, are needed. Finally, new theories and twists on existing
theories, not to mention new phenomena, are essential for the
continued development of the field.

The development of molecule-based magnets, like other areas
of chemistry focusing on materials derived from molecular
precursors, is a multifaceted interdisciplinary effort and certainly
not the result of the efforts from a single group. Because the
design, preparation, and study of the chemical and subsequently
the magnetic properties require a plethora of skill and expertise,
collaborations are essential. This constructive, dynamic, and
ongoing necessity for collaborations along with the paramount
requirement for electron spins to couple ferromagnetically is
depicted in the following illustration:

This illustration was adapted from a 1916 article, which in
cartoon fashion depicted the structure of Magnus Green salt,
among others.70 Clairvoyantly, the author suggested that the
strong interactions between the cations and anions within a chain
of alternating cations and anions led to the structure and unusual
color of Magnus Green salt, [PtII(NH3)4][PtIICl4]. I took the
liberty of adding the arrows aligned in the same direction to
emphasize that electron spins must interact cooperatively to
achieve stabilization of magnetic ordering. But more impor-
tantly, it is essential for interdisciplinary interactions among
synthetic (organic, inorganic, as well as organometallic) chem-

ists, physical chemists, physicists, and materials scientists to
propel research in this growing area forward. Among the many
collaborations that we have been involved with, the ongoing
collaboration with Prof. Arthur J. Epstein and his group at The
Ohio State University, in addition to being exemplary, has been
essential for the development of my career and progress of the
research reported herein. We both joined the Xerox Webster
Research Laboratory within a 6-week period in 1972 and soon
thereafter joined forces to study the then embryonic area of
molecule-based conductors. Our first joint paper appeared in
1976, and we have published papers each year in the past quarter
of a century. To date, we have approximately 166 joint papers
published, even though both of us have changed careersshe
twice and I five times. Our first joint paper on molecule-based
magnets appeared in 1985 when we reported that [FeCp*2]-
[TCNE] was a ferromagnet.13a

Future

It is clear that magnetism is enjoying a renaissance, since it
is being expanded in part by contributions from organometallic
and organic chemistry. These include (i) the discovery of bulk
ferro- and ferrimagnets based on organic/molecular compo-
nents15a,23,40,42,53,56with critical temperatures exceeding room
temperature, as discussed in this article,15a,22,66,68,69(ii) the
discovery that clusters in high, but not necessarily the highest,
spin states, due to a large magnetic anisotropy or zero field
splitting, have a significant relaxation barrier that traps magnetic
flux, enabling a single molecule/ion (cluster) to act as a magnet
at low temperature,71(iii) the discovery of materials exhibiting
large, negative magnetizations,41c,72(iv) the discovery that spin-
crossover materials can have large hysteretic effects above room
temperature,73 (v) photomagnetic74 and (vi) electrochemical75

modulation of the magnetic behavior in molecule-based magnets,
(vii) the Haldane conjecture76 and its experimental realization,77

(viii) valence tautomers exhibiting spin crossover,78 and (ix)
quite-high-spin organic molecules.79 Also, (x) giant80 and (xi)
colossal81 magnetoresistance effects observed for 3-D network
solids have been observed and are being considered for
commercial application.

The curiosity of new science as well as the quest for new
technology will undoubtedly be the driving force for continued

(70) Scott, A.J. Chem. Soc.1916, 338.
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Lett. 1994, 27, 159.

(72) Mathoniere, C.; Carling, S. G.; Yusheng, D.; Day, P.J. Chem. Soc.,
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Soc.1993, 115, 9810.
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(79) E.g., Iwamura, H.Pure Appl. Chem.1996, 68, 243. Rajca, A.Chem.
ReV. 1994, 94, 871.

(80) E.g., Rao, C. N. R.; Cheetham, A. K.; Mahesh, R.Chem. Mater.1996,
8, 2421.

(81) E.g., Jin, S.; McCromack, M.; Tiefel, T. H.; Ramesh, R.J. Appl. Phys.
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Figure 22. Temperature dependence of the magnetization of nominally
K0.058VII/III [CrIII (CN)6]0.79‚(SO4)0.058‚0.93H2O upon exposure to air and
pure oxygen, up to 106 h in air and an additional 20 h in O2. Note that
the 372 KTc is not altered. Reproduced with permission from ref 68.
Copyright 1999 Wiley-VCH.
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developments in the area of magnetism. In short, magnetism
has a bright future.

What is around the corner in the next millennium? Such
answers are risky propositions. I firmly believe that solid-state
chemists are the primary blame for failures in predicting the
future, as perfection of the crystal ball has not been achieved.
Nonetheless, a condition of acceptance of an American Chemical
Society Award is delivering a talk at an ACS meeting. Given
that the talk was to be given in the last year of the 20th century,
the precipice of the next millennium, it was strongly requested
that a prognostication into the next millennium be included. As
one of many who has not contributed to perfecting the crystal
ball, I prefer not to speculate on what will happen in the 21st
century and beyond but simply present a few goals to be
conquered. One can be grandiose, but I only list targets related
to magnetism and refrain from including others in the larger
sector of materials or even science as a whole. My short list of
such targets for the next millennium includes the following:

•transparent insulating magnets
•flexible magnets
•photomagnets
•“ultrahard’ magnets (very high coercivity)
•high permeability (very “soft”) magnets (very large response

to small applied magnetic fields)
•liquid magnets
•detection of the magnetic monopole
•understanding of the reversal of the Earth’s magnetic poles
In addition to the anticipation of progress in the broad area

of magnetism, continued growth with the increasing utility of
molecule-based materials will be a hallmark of the next
millennium. Historically, materials commonly utilized through
the millennia for construction, clothing, etc. are metals, ceramics,
polymers, and their composites (Figure 23).82,83 Initially,
naturally occurring materials in these broad classes were used,
but as society evolved, man-made materials supplanted natural
materials.82 This is especially true in the past century, since man-
made materials have led to high-tech electronic devices.

Molecule-based materials as a subset of polymers are an
embryonic new class of materials because they are now
acknowledged to exhibit many properties never previously
associated with molecular materials,84 e.g., metal-like electrical
conductivity, superconductivity, as well as bulk ferromagnetism
as discussed in this article. Commercial use of organic materials
ranging from liquid crystal displays to conducting solid-state
electrolytes85 beckon a bright future86 for the continued use of
molecule-based materials in electronic, optical, and magnetic
applications.
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